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Abstract

This thesis describes two searches for new physics using measurements
of the Higgs boson at the Compact Muon Solenoid (CMS) experiment.
The first search looks for the direct production of a new boson, X, which
decays to two Higgs bosons, or a Higgs boson and a new scalar boson, Y.
This search is performed in final states including two photons and two tau
leptons, and considers mX between 260 and 1000 GeV, and mY between
50 and 800 GeV. The second search considers a scenario where new parti-
cles have masses too large to be produced on-shell at the LHC but where
their existence can be probed instead by their indirect effects on measure-
ments of single Higgs boson production. In this search, these effects are
interpreted in the Standard Model Effective Field Theory (SMEFT).

The searches use data collected by the CMS experiment at the LHC
between 2016 and 2018 in proton-proton collisions at a centre-of-mass en-
ergy of 13 TeV, corresponding to an integrated luminosity of 138 fb−1. In
the direct search, an excess consistent with others seen by the CMS exper-
iment is observed at (mX,mY) = (650, 95)GeV with a local significance
of 2.3 standard deviations, and other local excesses are observed up to
3.2 standard deviations, depending on mX and mY. Upper limits are also
reported on the production cross sections, and ranges of mX and mY are
excluded assuming different theoretical scenarios. In the indirect search,
individual constraints on up to 43 SMEFT Wilson coefficients (WCs) are
reported, where a discrepancy with respect to the SM prediction is ob-
served for the C

(3)
Hq WC, corresponding to a p-value of 0.01. Additionally,

the simultaneous constraints on up to 17 linear combinations of WCs are
reported.
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Chapter 1

Introduction

It is the goal of particle physics to formulate a theory that accurately predicts the fun-
damental constituents of matter and their interactions. The Standard Model (SM) of
particle physics [3–5] is the most successful theory to date, describing the electromag-
netic, weak, and strong interactions. At its inception, the SM predicted the existence of a
number of unseen fundamental particles, all of which have since been discovered. The last
of these particles, the Higgs boson, was discovered in 2012 at the Large Hadron Collider
(LHC) at CERN [6, 7] and marked the completion of the SM.

Despite its many successes, the SM fails to describe several key observations including
dark matter [8], neutrino oscillations [9], and the matter-antimatter asymmetry of the
universe [10]. Therefore, the search for a theory beyond the Standard Model (BSM) that
can also explain these observations is a key goal of modern particle physics. There are
already a great number of theories that have been proposed, but it is not clear which
theory is the correct one, so particle physics experiments continue to look for signatures
of new physics that could point towards a particular theory or family of theories.

At the LHC, data continues to be taken in the search for new physics, now at higher
collision energies and more intense luminosities than were needed for the Higgs boson
discovery. Searches can be generally grouped into two categories: direct and indirect.
Direct searches look for the on-shell production of a BSM particle and, if successful, would
provide a measurement of the mass and couplings of the new particle. Indirect searches,
on the other hand, look for deviations from the SM predictions in the measurements of SM
particles and processes, and would only provide information about the ratio of the new
particle’s couplings to its mass. Therefore, a direct observation of new physics is usually
preferred, and often considered more convincing evidence. However, if the mass of the
new particle is so large that it cannot be produced on-shell at the LHC, then indirect
searches are the only option, making direct and indirect searches complementary to each
other.
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20 Chapter 1. Introduction

This thesis describes both a direct and an indirect search for new physics involving
measurements of the Higgs boson at the LHC, specifically at the Compact Muon Solenoid
(CMS) experiment, which is one of four major experiments situated around the LHC ring.
The direct search is for a new boson, X, which decays to two SM Higgs bosons (X → HH),
or to a new scalar boson, Y, and to a SM Higgs boson (X → YH). In this thesis, this
search will be referred to as the di-Higgs search. The indirect search uses measurements of
Higgs boson cross sections, combined across Higgs boson decay channels, and interprets
them in an Effective Field Theory (EFT) framework, which provides constraints on a
variety of BSM scenarios.

In Chapter 2, an introduction to the SM is provided, with a focus on the Higgs boson
and its phenomenology. This chapter also introduces EFTs, and the BSM theories that
motivate the direct search for X → HH and X → YH. In Chapter 3, the LHC and
CMS experiment are described, and in Chapter 4, the statistical methods used in the
searches are discussed. Finally, Chapters 5 and 6 describe the direct and indirect searches
respectively, and a conclusion is drawn in Chapter 7.



Chapter 2

Theory

The Standard Model (SM) of particle physics describes interactions between all known
elementary particles via the strong, weak, and electromagnetic forces. It is capable of
making astonishingly precise and accurate predictions. For example, the prediction and
measurement of the anomalous magnetic dipole moment of the electron agree to one part
in 1012 [11]. Furthermore, measurements made of high energy collisions, like those at the
LHC, remain consistent with SM predictions. However, the SM cannot explain several
key observations, including dark matter [8], neutrino oscillations [9], and the matter-
antimatter asymmetry of the universe [10]. It is anomalies like these that motivate the
formulation of theories that go beyond the SM.

Anomalous observations are not the only source of motivation when developing new
theories. There are also theoretical problems with the SM such as the hierarchy prob-
lem [12] and that the SM does not include a description of gravity. From a scientific
perspective, a BSM theory does not need to solve these problems, it only needs to pro-
vide predictions that accurately describe our measurements. However, history teaches us
that when pursuing solutions to theoretical problems, we can also make scientific break-
throughs. The prediction of the charm quark in 1970 [13] before its discovery in 1975 [14]
is a great example of this.

This chapter begins with an explanation of the SM, starting with the particle con-
tent and the allowed interactions before moving onto a mathematical description of the
theory. Following this, the content is tailored towards the results discussed later in this
thesis, those being the di-Higgs search in Chapter 5 and the Effective Field Theory (EFT)
interpretation in Chapter 6. This content includes Higgs boson phenomenology at the
LHC and relevant extensions to the SM, including EFTs and two BSM theories that
motivate the search in Chapter 5, namely Warped Extra Dimensions (WED) and the
Next-to-Minimal Supersymmetric Standard Model (NMSSM).
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22 Chapter 2. Theory

2.1 The Standard Model of Particle Physics

The SM is formulated as a relativistic quantum field theory (QFT) where each particle
in the theory is represented by its own field and excitations of those fields are then the
physical particles that we observe in nature. Particles can interact with each other via
the exchange of a subset of SM particles called force carriers. The types of allowed
interactions and their corresponding strengths are encoded in a Lagrangian density, LSM,
together with the particle properties (mass and spin).

2.1.1 Particle Content

A schematic of the SM particle content, including every SM particle with its properties and
categorizations is provided in Fig. 2.1. The particle content can be initially categorized
into two groups: spin-12 fermions which are matter constituents, and spin-integer bosons
which are force carriers and are spin-1 except for the Higgs boson which is spin-0.

There are four spin-1 bosons in the SM: the photon (γ) which mediates the elec-
tromagnetic force, the W± and Z bosons which mediate the weak force, and the gluon
(g) which mediates the strong force. Particles that interact with photons carry electric
charge; particles that interact with gluons carry a colour charge, which comes in three
possible states: r, g and b, and particles that interact with W± and Z bosons carry charges
called weak isospin and/or weak hypercharge. More details on these charges are given in
Section 2.1.4.

The fermions are split by those that interact with the strong force, called quarks, and
those that do not, called leptons. Leptons are further split into those which are electrically
charged (l), and those which are not, called neutrinos (ν). Quarks are similarly split
by electric charge into up-type quarks and down-type quarks, with charge 2

3 and −1
3

respectively (in units of elementary charge, e).
The fermions can be also categorized into three generations based on a mass hierar-

chy, where the first generation is the least massive. Each generation contains an up-type
quark, a down-type quark, a charged lepton, and a neutrino. The first generation con-
tains the main constituents of the visible matter in the universe, those being the up and
down quarks, and the electron. Additionally, all charged fermions have a corresponding
antiparticle which has the same mass but opposite charge and parity.

The remaining particle is the Higgs boson which plays a special role in the SM. We
will see later on that its introduction to the model is necessary to correctly describe the
distribution of masses for particles in the theory.
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2.1.2 Interactions

The electromagnetic and weak forces are described together by a single force: the elec-
troweak force. Particles that interact via the electroweak force include all fermions and
the electroweak bosons: Z, W, γ and H (all bosons except the gluon). Feynman diagram
vertices for these interactions are given in Fig. 2.2. All fermions can interact via the
exchange of Z boson and all left-handed particles/right-handed anti-particles can interact
via the exchange of a W boson. All electrically charged fermions can interact via the
exchange of a photon and all massive fermions can interact with the Higgs boson. The
three and four-point interactions involving only electroweak bosons, shown in Figs. 2.3
and 2.4, are also allowed. In the strong force, quarks and gluons interact with each other
according to the Feynman diagram vertices shown in Fig. 2.5.

f

f

Z

f±

f∓

γ

fm

fm

H

f−

L

ν̄R

W
−

uL

d̄R

W
−

Figure 2.2: Feynman diagram vertices allowed in the SM involving electroweak interactions with
fermions. Interactions with a photon, Z boson, or a Higgs boson, require the fermion
(f) flavour to be the same. Massive fermions are denoted by fm and exclude neutri-
nos. Interactions with W bosons can involve fermions from different generations and
must involve either a lepton (l) and a neutrino (ν) or an up-type quark (u) and a
down-type quark (d). The L and R subscripts denote left-handed and right-handed
fermions respectively. Charged-conjugated versions of the W-interaction diagrams
are also possible if the handedness is reversed.
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Figure 2.5: Feynman diagram vertices allowed in the SM that involve a strong interaction. On
the left, q refers to a quark (or antiquark) of the same flavour.



26 Chapter 2. Theory

2.1.3 Quantum Field Theory

The SM can be described by a Lagrangian density, LSM, which is a function of the particle
fields and their derivatives. By applying the Euler-Lagrange equations to LSM, we can
then derive equations of motion that describe the dynamics and interactions of these fields.
In this section, concepts related to QFT that will help to understand the construction of
LSM will be described. In the rest of this section, Lagrangian densities will be represented
by L and referred to as “Lagrangians” (omitting “density”).

Real Scalar Fields

One of the simplest particle theories one could write down consists of a single Lorentz
real scalar field, φ(x, y, z, t), with a Lagrangian:

L =
1

2
∂µφ∂

µφ− 1

2
m2φ2 (2.1)

and after applying the Euler-Lagrange equations:

0 =
∂L
∂φ

− ∂µ
∂L

∂(∂µφ)
(2.2)

this becomes:
0 = ∂µ∂

µφ+m2φ (2.3)

which can be identified as a relativistic wave equation, namely the Klein-Gordon equation,
which describes a particle with mass m. In this theory, the particles are non-interacting.
To introduce interactions, we need to add terms that are higher orders of φ, for example:

L =
1

2
∂µφ∂

µφ− 1

2
m2φ2 + λ3φ

3 + λ4φ
4 (2.4)

where λ3φ
3 and λ4φ

4 correspond to three-point and four-point interactions respectively.
Generally, a term containing greater than two fields, including powers of the same field,
corresponds to an interaction involving that combination of fields. Adding terms that
have powers of φ greater than four are not allowed if one wants a renormalizable theory,
i.e. a theory that has finite predictions at arbitrarily high energy scales [17]. Strictly
speaking, a renormalizable Lagrangian must have dimensions [L] = GeV4. Given that
[∂µφ] = GeV2, [φ] = GeV and [m] = GeV, this is satisfied in Eq. 2.4.
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Regardless of renormalizability, a Lagrangian must additionally:

1. be real since the action, S, which is an integral over the Lagrangian, must be real;

2. be a local function of the fields and their derivatives calculated at the same spacetime
point;

3. be invariant under any symmetries of the theory.

Equation 2.4 is invariant under Poincaré transformations, which include translations and
rotations in space, as well as Lorentz boosts. According to Noether’s theorem, a continu-
ous symmetry has a corresponding conservation law and in the case of Poincaré transfor-
mations, the conserved quantities are energy, momentum, and angular momentum. The
full SM Lagrangian has additional symmetries which will be highlighted throughout the
rest of this section.

Lorentz invariance is an assumed requirement for all Lagrangians in this chapter. The
condition on renormalization is also required except for effective field theories which will
be discussed in Section 2.3.3.

Vector Fields

In the SM, the spin-1 force carriers are represented by vector fields. The most general
Lagrangian that is Lorentz invariant and contains a real vector field is:

L = aS2 + bFµνF
µν + cGµνG

µν + dAµA
µ (2.5)

where:

S = ∂µA
µ, is a Lorentz scalar; (2.6)

Fµν = ∂µAν − ∂νAµ, is an antisymmetric rank 2 tensor; (2.7)

Gµν = ∂µAν + ∂νAµ − 1

2
ηµνS, is a symmetric and traceless rank 2 tensor; (2.8)

and a, b, c and d are arbitrary constants. If we want the Lagrangian to also be gauge
invariant, meaning that it is invariant under transformations of the form:

Aµ → Aµ − ∂µλ (2.9)

where λ is an arbitrary scalar function of spacetime, only one of the terms is viable and
the most general Lagrangian is:

L = FµνF
µν . (2.10)

This is the Maxwell Lagrangian for the free electromagnetic field.
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Complex Scalar Fields

Returning to scalar fields but now considering the field to be complex, the most general
Lagrangian becomes:

L = ∂µφ
∗∂µφ− V (φ∗φ) (2.11)

where the potential, V (φ∗φ), is a polynomial of order two or less. The three-point inter-
action term is now missing due to the requirement that L be real, and the Lagrangian has
a new symmetry compared to the real scalar field Lagrangian. The Lagrangian is now
invariant under the rotation of a complex phase:

φ(x) → eiθφ(x) (2.12)

where θ is a real number. The symmetry is called Abelian because the transformations
commute:

e−iθ1e−iθ2 = e−iθ2e−iθ1 , (2.13)

and is called a global symmetry because the same transformation is applied at all points
in spacetime, i.e. θ is a constant.

The Lagrangian of Equation 2.11 is not invariant under a local transformation of the
type:

φ(x) → eiθ(x)φ(x) (2.14)

but an invariant Lagrangian can be created if a new vector field, Aµ, is introduced which
simultaneously transforms as

Aµ(x) → Aµ(x)−
1

e
∂µθ(x) (2.15)

which is the same as the gauge transformation in Eq. 2.9 where λ = θ(x)/e. The simulta-
neous transformation of φ and Aµ is referred to as a local gauge transformation and the
new vector field is known as a gauge field. The Lagrangian is given by:

L = (Dµφ)
∗Dµφ− V (φ∗φ) (2.16)

where the covariant derivative, Dµ, is defined as:

Dµφ ≡ ∂µφ+ ieAµφ. (2.17)

Now adding the FµνF
µν term (Eq. 2.7), we arrive at the most general gauge invariant
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Lagrangian for a complex scalar field:

L = FµνF
µν + (Dµφ)

∗Dµφ− V (φ∗φ). (2.18)

In the SM, local gauge symmetries are imposed on the Lagrangian which give rise
to the existence of vector bosons, which are the force carriers: the gluons, photon, and
the W± and Z bosons. Given that they are related to gauge transformations, the force
carriers are also referred to as gauge bosons.

Non-Abelian Gauge Fields

The simultaneous transformation of φ and Aµ in Eqs. 2.14 and 2.15 is a U(1) transfor-
mation. When generalizing to U(N), the Lagrangian in Eq. 2.16 becomes:

L = (Dµφ)
†Dµφ− V (φ†φ) (2.19)

where φ and Aµ transform as

φ → Mφ (2.20)

Aµ → MAµM
† +

i

g
(∂µM)M † (2.21)

where M(x) is an element of the U(N) group. Equation 2.21 holds if Aµ is an element of
the Lie algebra, meaning that it can be written as Aµ = Aa

µT
a where Aa

µ are real constants,
T a are the generators of some representation of the Lie algebra, and a ∈ {1, . . . , D} where
D = N2 is the dimensionality of U(N). Therefore, imposing a local U(N) symmetry has
lead to the introduction of D gauge bosons, where each gauge boson is represented by a
component, Aa

µ.
In the non-Abelian case, the FµνF

µν term is no longer gauge invariant. In an attempt
to find a similar term that is gauge invariant, we redefine Fµν as:

Fµν = − i

g
[Dµ, Dν ] (2.22)

= ∂µAν − ∂νAµ + ig[Aµ, Aν ] (2.23)

which is still consistent with the Abelian case since [Aν , Aν ] would be zero. With this
definition, FµνF

µν is still not invariant, but its trace is. Therefore, the most general scalar
field Lagrangian with a U(N) gauge symmetry is:

L = −1

2
TrFµνF

µν + (Dµφ)
†Dµφ− V (φ†φ). (2.24)
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Writing the first term alone and in terms of the gauge field components, Aa
µ, we find:

L =− 1

2
TrFµνF

µν = −1

4
F a
µνF

µνa (2.25)

= −1

4
(∂µA

a
ν − ∂νA

a
µ)(∂νA

a
µ)(∂

µAνa − ∂νAµa)(∂νA
a
µ) (2.26)

+
g

2
fabc(∂µA

a
ν − ∂νA

a
µ)A

µbAνc − g2

4
fabcfadeAb

µA
c
νA

µdAνe (2.27)

where the last two terms represent three-point and four-point interactions of the gauge
bosons, in an analogous way to Eq. 2.4.

The conclusions reached here about non-abelian gauge fields apply to any subset of
U(N), including SU(N) groups which are seen in the SM.

Spinors

In addition to the Klein-Gordon equation (Eq. 2.3), particles that have spin 1
2 must also

satisfy the Dirac equation:
iγµ∂µψ −mψ = 0 (2.28)

where m is the mass of the particle, ψ is the particle field, and γµ are the 4 × 4 gamma
matrices [12].

A Lorentz scalar that can be constructed out of spinor fields is ψ̄ψ where we have
introduced the Dirac adjoint, ψ̄, as:

ψ̄ ≡ ψ†γ0. (2.29)

For any pair of spinors, ψ and χ, ψ̄γµχ is a Lorentz vector, and for any Lorentz vector,
aµ, ψ̄/aχ is a Lorentz scalar where we have introduced the Dirac slash notation:

/a ≡ γµaµ. (2.30)

This also applies when the vector is a derivative so ψ̄ /∂ψ is also a Lorentz scalar.
In the SM, spinors are decomposed into their left and right-handed components. To

define these components, we first introduce a fifth gamma matrix:

γ5 = iγ0γ1γ2γ3. (2.31)

The left/right-handed component of a spinor, ψL/R, is given by PL/Rψ where:

PL =
1

2
(1 − γ5) and PR =

1

2
(1 + γ5). (2.32)
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Figure 2.6: The potential of a complex scalar field, V (φ) = m2φ∗φ + 1
2λ(φ

∗φ)2, where m2 < 0
and λ > 0.

Under a parity transformation, a left/right-handed spinor transforms as:

ψL/R → γ0ψL/R (2.33)

and it can be shown that PL/R(γ
0ψL/R) = 0, i.e. a parity transformation changes a left-

handed spinor into a right-handed spinor and a right-handed spinor into a left-handed
spinor. Given this transformation property, we can create a parity-violating theory by
writing a Lagrangian that has different terms for ψL than for ψR. This will be essential
in describing the weak interaction that behaves differently with left and right-handed
fermions.

Spontaneous Symmetry Breaking

So far, we have interpreted a field, φ, in a Lagrangian as the field of a physical particle.
This has the implicit assumption that a field value of zero corresponds to the vacuum
state of the Lagrangian, i.e. the state with the lowest energy. However, this need not be
the case. Consider the complex scalar Lagrangian of Eq. 2.11, which has a global U(1)

symmetry, with the potential:

V (φ∗, φ) = m2φ∗φ+
1

2
λ(φ∗φ)2. (2.34)

If m2 < 0 and λ > 0, then the potential will look like that shown in Fig. 2.6 and have a
circle of minima in the complex plane at:

φ =
v√
2
eiθ, θ ∈ [0, 2π] (2.35)
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where we have used the conventions, µ2 = −m2 and v = µ/
√
λ, where v is real and

referred to as the vacuum expectation value (vev). We can choose a particular minimum,
φ = φ0 = v/

√
2, and expanding around this vacuum state we get:

φ(x) =
1√
2
(v + ρ(x)), ρ ∈ C (2.36)

=
1√
2
(v + ϕ(x) + iχ(x)), ϕ, χ ∈ R (2.37)

and the potential becomes:

V (φ∗, φ) = −µ4

2λ
+ µ2ϕ2 +

1

2
λvϕ(ϕ2 + χ2) +

1

8
λ(ϕ2 + χ2)2 (2.38)

where the second term is a mass term for ϕ and there are no mass terms for χ. By
expanding around the vacuum state, we have revealed the physical particle spectrum
for this Lagrangian, which is two scalar particles, ϕ and χ, where mϕ =

√
2µ and χ is

massless. The massless scalar particle is known as a Goldstone boson.
This Lagrangian is invariant under a global U(1) transformation: φ → eiθφ, but

since eiθφ0 ̸= φ0, this does not correspond to the analogous transformation: ρ → eiθρ.
We therefore say that the global U(1) symmetry is spontaneously broken. The original
symmetry is still present, but not apparent now that the Lagrangian is written in terms
of the physical particle fields.

We can now generalize to theories that are invariant under any symmetry group, G,
whereby the field transforms as φ → Mφ, where M is an element of the group. The
symmetry is spontaneously broken if Mφ0 ̸= φ0 for any M , or unbroken if Mφ0 = φ0 for
all M . Considering an infinitesimal transformation of φ0:

φ0 → φ0 + iθaT aφ0 (2.39)

where T a are the generators of the group, and θa are infinitesimally-small real constants,
we identify broken generators as ones where Tφ0 ̸= φ0 and unbroken generators as ones
where Tφ0 = φ0. The set of unbroken generators corresponds to a residual symmetry
group, H, which is a subgroup of the original group.

When Tφ ̸= 0 for all T , there may still exist linear combinations of the generators,
T̂ = caT a where T̂ φ0 = 0. To determine these linear combinations, we first define the
symmetry breaking matrix:

Sab = φ†
0{T a, T b}φ0. (2.40)

For U(N) and SU(N) symmetry groups where T a are Hermitian, Sab is real and symmetric
and therefore has D real eigenvectors, ci, with eigenvalues λi. It can be shown that a
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new generator defined as T̂
i
= cai T

a, is an unbroken generator when λi = 0, and a broken
generator when λi ̸= 0. It can be further shown that every broken generator gives rise to
a massless Goldstone particle. This is known as Goldstone’s theorem [18] and holds for
theories with global symmetries. To determine the particle spectra of a gauge theory, we
turn to the Higgs mechanism.

The Higgs Mechanism

Consider the Lagrangian of Eq. 2.16, which has a local U(1) symmetry, with the same
potential as Eq. 2.34. Now that the vector field, Aµ, is introduced, the vacuum state is
specified by values of Aµ and φ simultaneously. In the temporal gauge (A0 = 0), this is
given by Eq. 2.35 and Aµ = 0.

Once again expanding the scalar field as φ = (v + ϕ + iχ)/
√
2, we regain the same

potential as Eq. 2.38 and new terms from the expansion of FµνF
µν and (Dµφ)

∗Dµφ.
Writing only the quadratic terms and transforming to the unitary gauge (θ(x) = −χ/v)
we find:

L = FµνF
µν +

1

2
e2v2AµA

µ +
1

2
∂µϕ∂

µϕ− µ2ϕ2 + · · · (2.41)

where we can identify two distinct fields, Aµ and φ, which have masses
√
2µ and ev

respectively. As in the global case, the U(1) symmetry is broken, but unlike the global
case, the symmetry breaking has not led to any massless particles. Instead, the originally-
massless vector boson has been given a mass.

When generalizing to theories that are invariant under any symmetry group, a similar
conclusion is found. If there are D generators of the group, where D

′ are broken, then
there are D

′ massive vector particles and D−D
′ massless vector bosons. In the SM, this

is the mechanism by which the gauge bosons of the weak force, W± and Z, acquire mass.

2.1.4 The Standard Model Lagrangian

Quantum Electrodynamics

The QFT of electromagnetism is known as quantum electrodynamics (QED). It describes
the interaction between charged fermions and photons which are represented by a spinor,
ψ, and a vector field, Aµ, respectively. The QED Lagrangian is:

LQED = −1

4
FµνF

µν + ψ̄(i /D −m)ψ, (2.42)

and is invariant under global and local U(1) transformations which lead to the conservation
of particle number and electric charge respectively. It also is symmetrical under parity,
charge conjugation, and time reversal transformations. However, experiments have shown
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that parity symmetry is only approximate, and can be violated [19]. Therefore, the QED
Lagrangian does not sufficiently describe the behaviour of charged fermions in nature. In
the SM, parity violation is introduced via the weak force which couples only to left-handed
fermions.

We can start to consider how we can introduce parity violation by writing the fermionic
components of the QED Lagrangian in terms of the left and right-handed components of
the fermion:

LQED = ψ̄Li/∂ψL + ψ̄Ri/∂ψR −m(ψ̄LψR + ψ̄RψL). (2.43)

If the fermion is massless, then the left-handed and right-handed components are de-
coupled from each other and we can write a Lagrangian containing only a left-handed
spinor:

L = ψ̄Li/∂ψL + · · · (2.44)

which would be parity-violating. Therefore, parity violation can be introduced by treat-
ing left-handed and right-handed fermions differently in the SM, and this is done in elec-
troweak theory which supersedes QED as a description of electromagnetism and describes
the weak interaction at the same time.

Quantum Chromodynamics

The QFT of the strong interaction is known as quantum chromodynamics (QCD). The
Lagrangian is required to be invariant under local SU(3) transformations which implies
the existence of eight gauge bosons called gluons. The Lagrangian is given by:

LQCD =
∑

f

iψ̄
f
i ( /Dij −mfδij)ψ

f
j − 1

4
GcµνGc

µν (2.45)

and the covariant derivative is written as:

(Dµ)ij = ∂µδij + igsG
c
µ

λc
ij

2
(2.46)

where the strength of the interaction is characterized by gs, the gluons are represented
by Ga

µ, and λc are the Gell-Mann matrices which are a set of 3× 3 matrices that generate
SU(3) [12]. The quark spinors are given by ψf

i where f ∈ {u, d, c, s, t, b} corresponds to a
quark flavour and i ∈ {r, g, b} corresponds to a quark colour.

Since the SU(3) symmetry is non-abelian, the gluons are self-interacting and this
has profound consequences for the strong interaction. Firstly, gs increases as the energy
scale of an interaction decreases (see Fig. 2.7) which is opposite to the behaviour seen
in the electromagnetic interaction where there are no self-interactions. This means that
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αs(MZ
2) = 0.1179 ± 0.0010

α s
(Q

2
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Figure 2.7: Summary of measurements of αs (αs = g2s/4π) as a function of the energy scale,
Q, taken from Ref. [15]. Each set of coloured points corresponds to a different set
of measurements and the degree of QCD perturbation theory used to extract αs is
indicated by the brackets in the legend. Further details about the measurements
and αs calculations can be found in Ref. [15].

at energy scales below O(1GeV) where gs ∼ 1, calculations using perturbation theory
are no longer possible, making predictions from QCD more challenging. Fortunately, for
energies O(> 100GeV) such as those probed by the LHC, gs ∼ 0.1 and perturbation
theory is applicable.

A further consequence of gluon self-interactions is the concept of colour confinement
which means that quarks and gluons cannot be observed as isolated free particles. Instead,
they must exist within colourless bound states called hadrons. States with even and odd
numbers of quarks are called mesons and baryons respectively. The two-quark and three-
quark variants of these states are commonly produced by QCD interactions at the LHC,
and states with higher than three quarks such as tetraquarks and pentaquarks have also
been observed [20].
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Electroweak Gauge Theory

In the SM, the electroweak bosons arise from an SU(2) × U(1) gauge symmetry of LSM.
The representation of some field, χ, under SU(2) is given by generators {T a}, a ∈ {1, 2, 3},
and the generator of U(1) can be any real number, Y , such that a gauge transformation
is given by:

χ → eiθ
aTa+iηY χ (2.47)

where θa and η are real numbers. The generators T a and Y are called weak isospin and
weak hypercharge respectively. The covariant derivative is given by:

Dµ = ∂µ + ig2A
a
µT

a + ig1Y Bµ (2.48)

where Aa
µ and Bµ are the SU(2) and U(1) gauge fields respectively.

Experiments have measured the mass of the W and Z bosons to be non-zero [15]
and in the SM, these masses are introduced via the Higgs mechanism. This necessitates
electroweak theory to include a complex scalar field, φ, which is the Higgs field, and is in
the fundamental representation of SU(2) and Y = 1/2. By defining a fourth generator:

t4 =
g1
2g2

1, (2.49)

and A4
µ = Bµ, the gauge fields can be represented by a single vector field in the covariant

derivative of the Higgs field:

Dµφ = ∂µφ+ ig2A
a′

µ t
a′φ, (2.50)

which is useful for applying the ideas of the symmetry breaking matrix introduced in
Eq. 2.40. The Lagrangian of the theory is:

L = −1

2
TrWµνW

µν − 1

4
FµνF

µν + (Dµφ)
†Dµφ+ µ2φ†φ− λ(φ†φ)2 (2.51)

where Wµν and Fµν are the field strength tensors of the SU(2) and U(1) gauge fields
respectively. After electroweak symmetry breaking, the residual symmetry group is U(1)

and in terms of the original gauge fields, the physical gauge boson spectrum is:

Aµ = cos θWBµ + sin θWA3
µ, with mass mγ = 0 (2.52)

W±
µ =

1√
2
(A1

µ ∓ iA2
µ), with mass mW =

g2v

2
(2.53)

Zµ = cos θWA3
µ − sin θWBµ, with mass mZ =

v

2

»
g21 + g22 (2.54)
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which are the photon, W± bosons, and Z boson respectively where θW is the Weinberg
angle, and is related to g1 and g2 by:

sin θW =
g1»

g21 + g22

and cos θW =
g2»

g21 + g22

. (2.55)

In addition, the Higgs field gives rise to a physical scalar boson, the Higgs boson, with
mass mH =

√
2µ.

In the physical mass basis, the covariant derivative is written as:

Dµ = ∂µ + i
g1g2»
g21 + g22

(T 3 + Y )Aµ + i
g22T

3 − g21Y»
g21 + g22

Zµ +
ig2√
2
(W+

µ T
+ +W−

µ T−) (2.56)

where T± = T 1 ± iT 2. From the second term, we see that the electric charge, e, which
characterizes the strength of interactions with photons, is given by:

e =
g1g2»
g21 + g22

= g2 sin θW . (2.57)

The Weinberg angle can be determined by the ratio of the W and Z masses:

cos θW =
mW

mZ
≈ 80.377GeV

91.188GeV = 0.88145± 0.00013. (2.58)

The parameter, e, can be determined from the fine structure constant, α:

e =
√
4πα ≈

…
4π

137
≈ 0.30 (2.59)

and the SU(2) and U(1) gauge couplings are:

g2 =
e

sin θW
≈ 0.64, g1 =

e

cos θW
≈ 0.34 (2.60)

The Higgs vev, v, can be determined by the W boson mass:

v =
2mW

g2
≈ 246GeV (2.61)

and given a measurement of the Higgs boson mass, mH = 125.38± 0.14 [16], the Higgs
self-coupling is determined:

λ =
m2

H

2v2
≈ 0.13. (2.62)
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Electroweak Interactions with Fermions

The interactions of the fermions with the electroweak force are determined by the rep-
resentation that the fermions take under the SU(2) and U(1) gauge transformations.
Initially, we will consider only the first generation of fermions: the electron (e) and elec-
tron neutrino (ν), and the up (u) and down (d) quarks. Since the weak interaction can
change leptons into neutrinos and up into down quarks, left-handed fermions are written
in doublets which are in the fundamental representation of SU(2):

lL =

(
νL

eL

)
, qL =

(
uL

dL

)
. (2.63)

The generators of U(1), Y , take the value of −1/2 and 1/6 for the left-handed leptons
and quarks respectively, where these values are determined by requiring that the fermions
have the correct electric charges. Given that the right-handed fermions do not interact
with the weak force, they are said be neutral under SU(2) meaning they do not transform
under SU(2) and the corresponding generator is zero. Additionally, the right-handed
neutrino is neutral under U(1) since it has no electric charge. Therefore, it does not
interact with any SM forces, and consequently, it is left out of the theory. The rest of
the right-handed fermions are written as singlets, denoted by eR, uR and dR and have
Y = −1, 2/3, and − 1/3 respectively.

Terms involving fermions and the covariant derivative, referred to as kinetic terms,
encode electroweak interactions in the Lagrangian and are:

LEW = l̄Li /DlL + ēRi /DeR + q̄Li /DqL + ūRi /DuR + d̄Ri /DdR + · · · (2.64)

where D is the covariant derivative defined in Eq. 2.48. We must also add terms that en-
code the mass of the fermions. Since the left-handed and right-handed fermions transform
differently under SU(2) and U(1), mass terms like:

−m(ēLeR + ēReL) (2.65)

are not gauge invariant and cannot be included in LSM. Instead, the fermion masses are
introduced via the Higgs field and spontaneous symmetry breaking similarly to how the
gauge bosons acquired their masses. This is achieved with Yukawa terms:

LEW = −ye(l̄lφlR + l̄Rφ
†lL)− yu(q̄Lφ̃uR + ūRφ̃

†
qL)− yd(q̄lφdR + q̄Rφ

†dL) + · · · (2.66)

where y are real constants called Yukawa couplings and φ̃ ≡ iσ2φ
∗. After spontaneous
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symmetry breaking, these terms become:

LEW = −yev√
2
(ēLeR + ēReL)−

yuv√
2
(ūLuR + ūRuL)−

ydv√
2
(d̄LdR + d̄RdL) + · · · (2.67)

which corresponds to masses of yev/
√
2, yuv/

√
2 and ydv/

√
2 for the electron and up

and down quarks respectively. No mass term is given to the neutrino and it is therefore
massless in the SM. Given the observation of neutrino oscillations [9], we know that
neutrinos are, in fact, not massless in nature, however, for the results discussed in the
rest of this thesis, the neutrino masses are small enough that mν = 0 is a safe assumption.
Therefore, neutrino masses will not be discussed further.

Generalizing to three generations, we define three-component column vectors:

LL =

Ö
l1L
l2L
l3L

è
, LR =

Ö
l1R
l2R
l3R

è
, QL =

Ö
q1L
q2L
q3L

è
, DR =

Ö
d1R
d2R
d3R

è
, UR =

Ö
u1R
u2R
u3R

è

(2.68)
and then write the kinetic and Yukawa terms as:

LEW = L̄Li /DLL + L̄Ri /DLR + Q̄Li /DQL + D̄Ri /DDR + ŪRi /DUR

−(L̄LYlφLR + Q̄LYdφDR + Q̄LYuφ̃UR + h.c.) + · · ·
(2.69)

where Yl,d,e are complex 3 × 3 Yukawa matrices and h.c. corresponds to the Hermitian
conjugate. By redefining the fermion fields such that the Yukawa matrices are diagonal,
we can find the physical mass basis for the fermions. The fields would be redefined
according to:

LL → VlLLL, LR → VlRLR, UR → VuRUR, DR → VdRDR,

QL =

(
UL

DL

)
→

(
VuLUL

VdLDL

)
(2.70)

where the V matrices are determined by singular value decomposition of the Yukawa
matrices. For the leptons, this leaves the kinetic terms:

LEW =
∑

f

l̄
f
Li /DlL + l̄

f
Ri /DlfR + · · · (2.71)

where f ∈ {e, µ, τ}, unchanged. Since the terms are the same across flavour, the leptons
interact identically in the SM, and this is known as lepton universality. Furthermore, the
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terms are invariant under transformations of the type:

lfL → eiθ
f

lfL, lfR → eiθ
f

lfR, θf ∈ R (2.72)

meaning that there is a global U(1)e × U(1)µ × U(1)τ symmetry. This symmetry corre-
sponds to a conserved lepton number for each generation.

After the field redefinitions of Eq. 2.70, the kinetic terms for the right-handed quarks
remain the same in an analogous way to the leptons. However, the kinetic terms for the
left-handed quarks do not if VuL ̸= VdL. When writing the covariant derivative in the
physical mass basis, we find that the photon and Z boson terms are the same as before.
Therefore, interactions with photons and Z bosons are identical across quark generation.
On the other hand, the W boson terms are changed. In terms of the redefined quark
fields, the kinetic W boson term is:

LEW = − g2√
2
(V fg

CKMūfLγ
µW+

µ dgL + h.c.) + · · · (2.73)

where VCKM ≡ V †
uLVdL is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. If VCKM is

not diagonal, it allows the interaction between left-handed quarks and the W boson to
change quark flavour. There are four free parameters of the CKM matrix which are
three mixing angles: θ12, θ13, θ23, and a complex phase: δ. These parameters have been
measured and the corresponding CKM matrix is given by:

VCKM ≈

Ö
0.974 0.227 0.004

0.226 0.973 0.041

0.009 0.040 0.999

è
(2.74)

where the magnitudes of each element, |V fg
CKM|, are shown. This indicates that there are

small levels of mixing between neighbouring generations, and even smaller mixing between
the first and third generations.

The full electroweak Lagrangian is given by the combination of the gauge terms in
Eq. 2.51 with the fermion terms in Eq. 2.69:

LEW =− 1

2
TrWµνW

µν − 1

4
FµνF

µν

+ (Dµφ)
†Dµφ+ µ2φ†φ− λ(φ†φ)2

+ L̄Li /DLL + L̄Ri /DLR + Q̄Li /DQL + D̄Ri /DDR + ŪRi /DUR

− (L̄LYlφLR + Q̄LYdφDR + Q̄LYuφ̃UR + h.c.).

(2.75)
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Fermion masses mu,mc,mt,md,ms,mb,me,mµ,mτ

Gauge couplings gs, g1, g2
Higgs λ, µ2

CKM θ12, θ13, θ23, δ
Strong CP phase θCP(≈ 0)

Table 2.1: The 19 free parameters of the SM.

The Standard Model Lagrangian

To write the full SM Lagrangian, we combine LEW with LQCD to get:

LSM =− 1

4
GcµνGc

µν −
1

2
TrWµνW

µν − 1

4
FµνF

µν

+ (Dµφ)
†Dµφ+ µ2φ†φ− λ(φ†φ)2

+ L̄Li /DLL + L̄Ri /DLR + Q̄Li /DQL + D̄Ri /DDR + ŪRi /DUR

− (L̄LYlφLR + Q̄LYdφDR + Q̄LYuφ̃UR + h.c.)

(2.76)

where the covariant derivative is:

Dµ = ∂µ + igsG
c
µ

λc

2
+ ig2A

a
µT

a + ig1Y Bµ, (2.77)

and where the quark mass terms in LQCD have been dropped since they are now accounted
for with the Yukawa terms. In addition to the 18 free parameters mentioned already, there
is also the strong CP phase, θCP, that can lead to CP violation in the strong interaction.
Experimentally, θCP, is known to be very small, θCP ≃ 0. More information about this
parameter can be found in Ref. [21]. All 19 free parameters of the SM are listed in
Table 2.1.
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2.2 Higgs Boson Phenomenology

2.2.1 Higgs Boson Production and Decay Modes

In the SM, the Higgs boson directly couples to all particles except the gluon and photon,
meaning that the Higgs boson can be produced in many different ways at the LHC, and
can decay into a variety of final states. In this section, the main production and decay
modes of the Higgs boson at the LHC are catalogued, and a discussion about the types of
new physics that can be probed via each of them is begun. This is particularly relevant
for the EFT interpretation in Chapter 6 where that discussion will continue, and will also
be useful for the di-Higgs search in Chapter 5.

For proton-proton collisions at a center-of-mass energy of
√
s = 13TeV, the dominant

production modes of the Higgs boson (those with the largest cross section) are gluon-
gluon fusion (ggH), vector boson fusion (VBF), associated production with a vector boson
(VH), and associated production with a top quark-antiquark pair (ttH). Further, sub-
dominant production modes include single-top associated production (tH), gluon-initiated
associated production with a Z boson (ggZH), and associated production with a bottom
quark-antiquark pair (bbH). Leading order diagrams for these processes are shown in
Figs. 2.8 and 2.9 and their cross sections are provided in Table 2.2.

The Higgs boson decay modes can be categorized by whether they lead to a two-body
final state, or a four-body final state. The two-body final states include decays to massive
fermions, and decays to gluons or photons. Since the Higgs boson does not couple directly
to gluons or photons, the decays to these particles proceed via loops of predominantly top
quarks, where in H → γγ decays, loops of W± bosons are also allowed. The LO Feynman
diagrams for these decays are shown in Fig. 2.10. The four-body decays arise from the
decay of the Higgs boson to WW or ZZ, where the vector bosons further decay into leptons
or quarks. The most common decay channels are H → bb, H → WW, H → gg, H → ττ ,
H → cc, H → ZZ, and H → γγ, and their branching fractions are shown in Table 2.3.

Table 2.2: Standard Model predictions of the cross sections for different Higgs boson production
modes in proton-proton collisions at

√
s = 13TeV for mH = 125GeV [22].

Production mode ggH VBF WH ZH bbH ttH ggZH tHq tHW

Cross section [ pb ] 48.6 3.78 1.37 0.761 0.528 0.507 0.123 0.074 0.015
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Figure 2.8: LO Feynman diagrams for the dominant production modes of the Higgs boson in
proton-proton collisions at

√
s = 13TeV. From left to right: gluon-gluon fusion

(ggH), associated production with a vector boson (VH), vector boson fusion (VBF),
and associated production with a top quark-antiquark pair (ttH).
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Figure 2.9: LO Feynman diagrams for the subdominant production modes of the Higgs boson
in proton-proton collisions at

√
s = 13TeV. From left to right: gluon-initiated as-

sociated production with a Z boson (ggZH), single-top associated production with
a quark (tHq), single-top associated production with a W boson (tHW), and asso-
ciated production with a bottom quark-antiquark pair (bbH).
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Table 2.3: Branching fractions for the dominant Higgs boson decay modes at mH = 125GeV [22].

Decay mode bb WW gg ττ cc ZZ γγ Other
Branching fraction [%] 58.2 21.4 8.19 6.27 2.89 2.62 0.227 0.194
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Figure 2.10: LO Feynman diagrams for the decay of the Higgs boson to two gluons (top) or two
photons (bottom).

2.2.2 Simplified Template Cross Sections

Measurements of the Higgs boson take several forms where the simplest measurement
is perhaps of the inclusive production cross section of the Higgs boson. This is often
presented as a signal strength, µ, which is the ratio of the measured cross section to
the SM prediction. A combination of CMS analyses of Higgs boson events from proton-
proton collisions at

√
s = 13TeV, corresponding to an integrated luminosity of 138 fb−1,

measured this signal strength to be µ = 1.014+0.055
−0.053 [2]. This measurement is consistent

with the SM (µ = 1) and therefore does not suggest any strong presence of new physics.
However, if there was a large deviation, this measurement alone would not provide great
insight into the type of new physics that may be present. The discrepancy could be
explained by a difference in any one of the production or decay modes.

To gain a better understanding of the type of new physics that may be present,
the Higgs boson is also studied in a more differential way. This is facilitated by the
Simplified Template Cross Section (STXS) framework [22], which provides a common
binning scheme to be used across decay channels. The binning scheme is designed to
maximize sensitivity to BSM effects whilst remaining as model-independent as possible,
allowing interpretations in a variety of new physics models such as an Effective Field
Theory (EFT), which is the topic of Chapter 6.

The STXS framework is divided into stages of progressively greater granularity. It
begins with stage 0, with bins according to production mode only, where the grouping is
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slightly different to the production modes previously mentioned. This binning is shown
in Fig. 2.11. There are bins for the ggH, VBF, ttH and bbH modes, a VH hadronic bin
which is the VH mode where the V boson decays hadronically, WH and ZH leptonic bins
for where V boson decays leptonically, and a tH bin which includes both the tHq and
tHW modes. The ZH leptonic bin is further split by whether the event was gg or qq

initiated (ggZH or qqZH). Finally, an analysis can choose to merge any of the bins if
there is not enough data to measure them separately.

Results under the STXS framework can be presented in a number of ways. When mak-
ing measurements in a single Higgs boson decay channel, the results are often presented
as σi · Bf , where σi is a cross section corresponding to a particular STXS bin, and Bf is
the branching fraction for the given decay channel. In a combination of decay channels,
the results may be presented as several sets of σi · Bf , one for each decay channel, or as
σi · BZZ and ratios of branching fractions, Bf/BZZ, where the H → ZZ decay channel is
arbitrarily chosen as the reference channel.

In the CMS combination mentioned previously [2], results are given in terms of σi ·BZZ

and Bf/BZZ for the stage 0 STXS where the bbH bin is merged into the ggH bin, and
the ggZH and qqZH bins are also merged to form a single ZH leptonic bin. These results,
shown in Fig. 2.12, allow for deviations in specific production and/or decay modes to be
highlighted. In this case, the measured cross sections in the WH and ZH leptonic modes
are higher than their predictions, and there is a notable deviation for BZγ/BZZ, which
together, suggest enhanced Higgs boson couplings to W and Z bosons. There is also an
enhancement for tH production, and a discrepancy for Bbb/BZZ. Overall, there is poor
compatibility with the SM, corresponding to a p-value of 0.01.

Additional information can be extracted by splitting the stage 0 bins further by e.g.
the Higgs boson pT , and this is where the later stages of the STXS come in. Schematics
for the stage 1.2 binning are shown in Figs. 2.13 to 2.16. The variables used to split the
bins, and the number of bins depends on the production mode. The stage 0 ggH bin is
split according to the Higgs boson transverse momentum, pHT , the number of jets in the
event, and in cases of ≥ 2 jets, the invariant mass of the two leading jets, mjj, and the
transverse momentum of the Higgs boson and the two jets, pHjj

T . For pHT > 200GeV, there
is further splitting according to pHj

T /pHT , where pHj
T is the transverse momentum of the

Higgs boson and the leading jet. Excepting pHj
T , the stage 0 qqH bin is split according

to the same variables. The VH bins are split by the transverse momentum of the vector
boson, pVT , and the number of jets in the event. The ttH bin is split by pHT only. Finally,
the bbH and tH bins are not split further in stage 1.2 as there is limited experimental
sensitivity to them.

The number of bins defined per production mode depends on the expected sensitivity,
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Figure 2.12: STXS stage 0 cross sections and branching fraction ratios measured by the CMS
experiment in a combination of Higgs boson decay channels in proton-proton col-
lisions at

√
s = 13TeV corresponding to an integrated luminosity of 138 fb−1 [2].

Theoretical uncertainties which affect the normalizations of the measured param-
eters are not included in the fit.
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where ggH, qqH, VH, and ttH have 27, 24, 45, and 6 bins respectively where in Figs. 2.13
to 2.16, dashed lines indicate suggested places for bins to be merged. In the CMS com-
bination [2], a total of 32 bins were measured simultaneously: 13 for ggH, 5 for qqH, 4
for WH leptonic, 4 for ZH leptonic, 5 for ttH, and a single bin for tH. The results, in
terms of σi · BZZ and Bf/BZZ, are shown in Fig. 2.17. The compatibility with the SM
is slightly better than the stage 0 results, with a p-value of 0.06. Now, in this stage 1.2
splitting, the WH and ZH disagreement can be identified as originating primarily by the
pVT > 250GeV bins.

Finally, the results are also presented in terms of σi · Bf for every input decay channel
as shown in Fig. 2.18. Now, the origins of the disagreements in the cross sections can be
identified from the individual decay channels and consistency checks can be performed.
For example, enhancements in the high pVT WH leptonic bins are driven by the H → bb,
H → WW and H → ττ channels, and the excess for tH is driven by the H → γγ channel
which is the only channel with enough sensitivity to measure it separately from ttH.

A particular BSM theory can be confronted with these results by parameterizing the
cross sections and branching fractions in terms of the theory’s parameters, and then
performing a fit to the data to place constraints on the theory parameters. This CMS
combination does this with an Effective Field Theory (EFT), specifically the Standard
Model EFT (SMEFT). The theoretical details underpinning this interpretation is dis-
cussed in Section 2.3.3 and the derivation of the SMEFT parameterization and the final
results are discussed in Chapter 6.
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Figure 2.17: STXS stage 1.2 cross sections and branching fraction ratios measured by the CMS
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Theoretical uncertainties which affect the normalizations of the measured param-
eters are not included in the fit. In cases where the best-fit values and/or 68%
CL intervals lie outside the range of the plot, their location (above or below) is
indicated by arrows.
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Figure 2.18: STXS stage 1.2 cross section times branching fractions measured by the CMS experiment in a combination of Higgs boson decay
channels in proton-proton collisions at

√
s = 13TeV corresponding to an integrated luminosity of 138 fb−1 [2]. Theoretical

uncertainties which affect the normalizations of the measured parameters are not included in the fit. In cases where the best-fit
values and/or 68% CL intervals lie outside the range of the plot, their location (above or below) is indicated by arrows. In the
H → γγ and H → ZZ decay channels, the results are constrained to be positive as indicated by the hatched grey lines.
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2.3 Theories Beyond the Standard Model

Theories beyond the Standard Model (BSM) can be used to explain anomalous obser-
vations such as dark matter [8], and to solve theoretical problems like the hierarchy
problem [12]. In this section, three theories (or families of theories) relevant to the exper-
imental work presented in this thesis are discussed: Warped Extra Dimensions (WED), the
Next-to-Minimal-Supersymmetric Standard Model (NMSSM), and Effective Field Theo-
ries (EFTs).

2.3.1 Warped Extra Dimensions

In the Warped Extra Dimensions (WED) model [23, 24], a five-dimensional geometry is
proposed where a small spatial dimension is added to the traditional 4D spacetime. This
theory alleviates the hierarchy problem and introduces two new gravity particles: a spin-0
boson called the Radion which we denote X(0), and a spin-2 boson called the Graviton
which we denote X(2). Two theoretical scenarios are described in Ref. [24], one where
the SM particles are not allowed to propagate along the extra dimension and another
where they are allowed, and these scenarios are referred to as the RS1 and Bulk scenarios
respectively.

The decay channels and branching fractions for the Radion and Graviton are shown
in Fig. 2.19. In the Bulk scenario, the branching fraction to two SM Higgs bosons is
about 30% and about 10% for the Radion and Graviton respectively for masses above
300 GeV. There are higher branching fractions to other decay channels such as WW but
more sensitive searches can be achieved with HH if the right Higgs boson decay channels
are chosen. One of the most competitive HH decay channels is bb̄γγ which has lower
backgrounds and better mass resolution compared to X → WW.

Even better constraints can be achieved by performing searches with additional Higgs
boson decay channels and then combining these searches, and this motivates the X → HH

search in the γγττ final state presented in Chapter 5. In the RS1 scenario, the X(2) → HH

decay channel has a significantly lower branching fraction of around ∼ 0.5%. Therefore,
the search in Chapter 5 only considers the Bulk scenario. Production cross sections for
the Radion and Graviton at

√
s = 13TeV in the Bulk scenario are shown in Fig. 2.20 for

particular values of kl, ΛR and k̃ which are free parameters of the theory and described
in Ref. [24]. The dominant production mode for both the Radion and Graviton is gluon-
gluon fusion.
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Figure 2.19: Branching fractions for the Graviton (top) and Radion (bottom) as functions of
the particle masses. The RS1 and Bulk scenarios for the Graviton are shown in the
top-left and top-right respectively whereas for the Radion, they are shown on the
same plot and are differentiated by dashed and solid lines respectively. Figures are
taken from Ref. [24].
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Figure 2.20: Production cross sections at the LHC with
√
s = 13TeV for the Radion (R∗) on

the left, and the Graviton (G∗) on the right, shown as functions of the resonance
masses. The Radion cross sections are shown for kl = 35 and ΛR = 3TeV and the
Graviton cross sections are shown for k̃ = 0.1. Figures are taken from Ref. [24].

2.3.2 The Next-to-Minimal-Supersymmetric Standard Model

In supersymmetric theories, every SM particle has a superpartner which differs in spin
by 1/2. In other words, every SM boson has a fermionic superpartner, and every SM
fermion has a bosonic superpartner. Supersymmetric extensions of the SM are motivated
by a solution to the hierarchy problem, an automatic unification of the running gauge
couplings at a Grand Unified (GUT) scale MGUT, and the introduction of a stable neutral
particle which can be identified as a dark matter candidate [25].

In the Minimal Supersymmetric Standard Model (MSSM), there are two Higgs SU(2)-
doublets, Φ1 and Φ2, which lead to three neutral and two charged Higgs bosons [26, 27].
An unattractive property of the MSSM is that the Lagrangian must contain a supersym-
metric mass term for the Higgs doublets, which has to be of the order of the SUSY breaking
scale, MSUSY, for phenomenological reasons. Ideally, the electroweak scale generated by
the Higgs vevs would depend only on MSUSY, which would be the only remaining scale
asking for an explanation as to why it is far below MGUT or the Planck scale MPlanck. This
issue with the MSSM, denoted as the “µ-problem”, is rectified in the Next-to-Minimal Su-
persymmetric Standard Model (NMSSM) [25] and the solution requires the introduction
of a singlet field, S. Models with this scalar structure are referred to as two-Higgs-doublet
+ singlet models (2HDM+S).

In 2DMH+S models, there are 3 CP-even and 2 CP-odd neutral scalars, and in the
gauge eigenbasis these are denoted HSM, HNSM, HS and ANSM, AS for the CP-even and
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Figure 2.21: Feynman diagram for the decay of the CP-odd Higgs boson, a, to two photons
mediated by a chargino (χ±) loop.

CP-odd bosons respectively. The couplings of these states to SM particles are:

HSM(f1, f2,VV) = (gSM, gSM, gSM),

HNSM(f1, f2,VV) = (gSM/tanβ,−gSM tanβ, 0),

HS(f1, f2,VV) = (0, 0, 0),

ANSM(f1, f2,VV) = (gSM/tanβ,−gSM tanβ, 0),

AS(f1, f2,VV) = (0, 0, 0)

where f1 (f2) are SM fermions that couple to Φ1 (Φ2), VV corresponds to pairs of W or Z
bosons, gSM is the coupling of a SM Higgs boson to such particles, and tanβ is the ratio
of vacuum expectation values: tanβ = v1/v2 where v1 ≡ ⟨Φ1⟩ and v2 ≡ ⟨Φ2⟩ [28].

The CP-even and CP-odd mass eigenstates obtained after mixing of gauge eigenstates
are denoted hi = {h125, H, h} and ai = {A, a} respectively where h125 is identified as the
125 GeV SM-like state observed at the LHC. The mass ordering is such that mH > mh

and mA > ma. In the alignment limit where h125 = HSM, couplings for interactions
involving h125h125 and one of the other scalars go to zero. On the other hand, couplings
for Hhh125 and Aah125 are non-zero, which allows for so-called cascade decays: H → hh125

and A → ah125. This motivates the X → YH search in Chapter 5 where X and Y are new
scalars, and H is the SM Higgs boson.

Y → γγ in the NMSSM at Low mY

If the lightest CP-odd Higgs in the mass basis, a, is very singlet-like, i.e. its main com-
ponent is AS , then its couplings to SM particles are heavily suppressed, and therefore,
the typical hierarchy of Higgs decays: bb,WW, ττ, ZZ, . . . becomes irrelevant. It is still
possible for a to decay to SM particles through loop interactions (see Fig. 2.21). The
Higgs decay to two photons, which is suppressed in the SM, can now become the domi-
nant decay mode for a, with a branching fraction up to 85% depending on the theoretical
scenario [29]. Since a couples weakly to SM particles, its direct production, pp → a is also
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suppressed. The couplings of a to BSM particles are however, not suppressed. Therefore,
a search for pp → A → ah125, where a → γγ, is uniquely placed to study this region of
the NMSSM phase space. This motivates the inclusion of Y → γγ in the X → YH search
in Chapter 5.

In Ref. [30], maximally-allowed cross sections for this process are calculated given con-
straints from a set of relevant measurements. These cross sections are shown in Fig. 2.22.
If in the search for this process, we can set upper limits for the cross sections below
the maximally-allowed, it means that our search will provide tighter constraints on the
NMSSM than available at the time that Ref. [30] was published (May 2022).
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Figure 2.22: Maximally-allowed cross sections for pp → A → h125a(→ γγ) in the NMSSM
provided experimental constraints [30].
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2.3.3 Effective Field Theory

Fermi Theory

An effective field theory (EFT) is a low-energy approximation of another theory that is
capable of making accurate predictions up to a particular energy scale. For example, the
weak interaction can be approximated by an EFT called Fermi theory [31] which contains
no description of the W or Z bosons. In the SM, muon decay is mediated by the exchange
of a W boson but in Fermi theory, this is calculated using a four-point interaction (see
Fig. 2.23).

In the SM diagram, the mediating W boson, which is also referred to as a propagator,
introduces a term to the matrix element:

M = −i
gµν − qµqν

m2
W

q2 −m2
W + imWΓW

× · · · (2.78)

where q is the four-vector of the momentum transferred by the W boson, ΓW = 2.09GeV
is the decay width of the W boson, and gµν is the Minkowski metric. In muon decay,√

q2 ≪ mW since q2 = m2
µ and given that ΓW ≪ mW as well, the propagator term is

approximately:
igµν
m2

W

(2.79)

which, ignoring the vector indices, is a constant and can be absorbed into the coupling
strength parameter of the Fermi theory, i.e. the theories are the same except for a factor of
1/m2

W in the coupling strengths. The full calculation in Fermi theory predicts the decay
width to be:

Γ =
G2

F

(h̄c)6
(mµc

2)5

192π3
(2.80)
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Figure 2.23: LO Feynman diagrams for muon decay in the SM (left) and in Fermi theory (right).
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where GF is the Fermi constant which characterizes the strength of the interaction. This
can be related to the electroweak SU(2) coupling, g2, with:

GF =
1

4
√
2

g22
m2

W

(2.81)

and therefore, a measurement of the muon decay width provides a relationship between
the couplings of the weak interaction and the W boson mass.

More generally, an interaction involving a propagator can be approximated by a point
interaction if q2 ≪ Λ2 where Λ is the mass of the propagator. Then, measurements of
interactions in that energy regime can be used to place constraints on the relationship
between g and Λ, where g is a coupling parameter for these interactions. This extends to
propagators outside the SM and therefore, EFT can be used to place constraints on new
physics when using measurements at an energy scale much less than the mass of the new
particle.

Standard Model Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) extends the SM Lagrangian by
adding terms of higher dimension:

LSMEFT = LSM +
1

Λ

∑

i

C
(5)
i O

(5)
i +

1

Λ2

∑

i

C
(6)
i O

(6)
i + · · · (2.82)

where O
(d)
i are dimension-d terms called operators that contain the SM fields and are

invariant under the same gauge group as the SM, and C
(d)
i are complex numbers called

Wilson coefficients that characterize the magnitude of each operator’s contribution to
LSMEFT. Since LSMEFT is a perturbative expansion, it requires that Ci/Λ

d < O(1) for all
Ci.

We neglect all operators that violate lepton-number or baryon-number conservation
and any operators that are dimension-7 or higher since they are suppressed by higher
orders of 1/Λ. At dimension five, one operator remains which generates a Majorana mass
term for neutrinos, and we also neglect this. The rest of this section will focus on the
remaining dimension-6 terms which we denote by L6.

We use a non-redundant basis for the operators called the Warsaw basis [32]. The
basis definition is written in Table 2.4, using the following notation:

X̃
µν

=
1

2
ϵµνρσXρσ, H†i

←→
D H = H†(iDµH)− (iDµH

†)H, (2.83)

σµν =
i

2
[γµ, γν ], H†i

←→
D

i
H = H†σi(iDµH)− (iDµH

†)σiH. (2.84)
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ρ QeB (l̄pσ
µνer)HBµν Quu (ūpγµur)(ūsγ

µut)

QW ϵijkW iν
µ W jρ

ν W kµ
ρ QuG (q̄pσ

µνT aur)H‹Ga
µν Qdd (d̄pγµdr)(d̄sγ

µdt)

Q
W› ϵijkW̃

iν

µ W jρ
ν W kµ

ρ QuW (q̄pσ
µνur)σ

iH‹W i
µν Qeu (ēpγµer)(ūsγ

µut)

L(2)
6 – H6 QuB (q̄pσ

µνur)H‹ Bµν Qed (ēpγµer)(d̄sγ
µdt)

QH (H†H)3 QdG (q̄pσ
µνT adr)H Ga

µν Q
(1)
ud (ūpγµur)(d̄sγ

µdt)

L(3)
6 – H4D2 QdW (q̄pσ

µνdr)σ
iHW i

µν Q
(8)
ud (ūpγµT

aur)(d̄sγ
µT adt)

QH□ (H†H)□(H†H) QdB (q̄pσ
µνdr)H Bµν

QHD

(
DµH†H

) (
H†DµH

)

L(4)
6 – X2H2 L(7)

6 – ψ2H2D L(8c)
6 – (L̄L)(R̄R)

QHG H†H Ga
µνG

aµν Q
(1)
Hl (H†i

←→
D µH)(l̄pγ

µlr) Qle (l̄pγµlr)(ēsγ
µet)

Q
HG‹ H†H G‹a

µνG
aµν Q

(3)
Hl (H†i

←→
D

i

µH)(l̄pσ
iγµlr) Qlu (l̄pγµlr)(ūsγ

µut)

QHW H†HW i
µνW

Iµν QHe (H†i
←→
D µH)(ēpγ

µer) Qld (l̄pγµlr)(d̄sγ
µdt)

Q
HW› H†H W̃

i

µνW
iµν Q

(1)
Hq (H†i

←→
D µH)(q̄pγ

µqr) Qqe (q̄pγµqr)(ēsγ
µet)

QHB H†H BµνB
µν Q

(3)
Hq (H†i

←→
D

i

µH)(q̄pσ
iγµqr) Q

(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
HB‹ H†H B‹µνB

µν QHu (H†i
←→
D µH)(ūpγ

µur) Q
(8)
qu (q̄pγµT

aqr)(ūsγ
µT aut)

QHWB H†σiHW i
µνB

µν QHd (H†i
←→
D µH)(d̄pγ

µdr) Q
(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
HW›B

H†σiH W̃
i

µνB
µν QHud + h.c. i(H‹†

DµH)(ūpγ
µdr) Q

(8)
qd (q̄pγµT

aqr)(d̄sγ
µT adt)

L(5)
6 – ψ2H3 L(8a)

6 – (L̄L)(L̄L) L(8d)
6 – (L̄R)(R̄L), (L̄R)(L̄R)

QeH (H†H)(l̄perH) Qll (l̄pγµlr)(l̄sγ
µlt) Qledq (l̄

j

per)(d̄sqtj)

QuH (H†H)(q̄purH‹) Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt) Q
(1)
quqd (q̄jpur)ϵjk(q̄

k
sdt)

QdH (H†H)(q̄pdrH) Q
(3)
qq (q̄pγµσ

iqr)(q̄sγ
µσiqt) Q

(8)
quqd (q̄jpT

aur)ϵjk(q̄
k
sT

adt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Q
(1)
lequ (l̄

j

per)ϵjk(q̄
k
sut)

Q
(3)
lq (l̄pγµσ

ilr)(q̄sγ
µσiqt) Q

(3)
lequ (l̄

j

pσµνer)ϵjk(q̄
k
sσ

µνut)

Table 2.4: L6 operators in the Warsaw basis [32], categorized into eight classes L(n)
6 as in [33].

Only baryon number-conserving invariants are retained. The flavor indices p, r, s, t
are suppressed in the operators’ labels.
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In Table 2.4, there are 59 independent operators and naively, one might expect there-
fore, that there are only 59 Wilson coefficients that need to be measured to specify the
theory. However, some operators carry flavour indices of which all combinations need to
be summed over:

L6 =
1

Λ2

∑

i

3∑

p,r=1

Ci,prQi,pr + · · · (2.85)

and this leads to a higher number of Wilson coefficients. In total, there are 2599 free
parameters in L6, counting real and imaginary components of the Wilson coefficients
separately. It is not currently possible to experimentally constrain all of these parameters
simultaneously and nor will it be in the short-term future. Therefore, we use flavour
assumptions to reduce the number of free parameters to a more reasonable level.

Flavour Assumptions

The most restrictive flavour assumption we can make is the symmetry of the kinetic
terms: U(3)5 = U(3)q × U(3)u × U(3)d × U(3)l × U(3)e, where each field is assigned to
a three-component representation of the associated group. In this assumption, the terms
in Eq. 2.85 become:

L6 =
1

Λ2

∑

i

3∑

p,r=1

CiXi,prQi,pr + · · · (2.86)

where the flavour structure of each operator is factored out into Xi,pr leaving a single
Wilson coefficient per operator. Under the U(3)5 flavour assumption, there are a total of
85 free parameters.

If a set of measurements can distinguish an operator’s effect on one flavour of fermion
from another, e.g. by combining measurements of top-quark production and light-jet pro-
duction, then we need not be so restrictive with our flavour assumption. A less restrictive
option compared to U(3)5 is the so-called topU3l assumption [34] where the quarks of the
first two generations and quarks of the 3rd are described by independent fields, denoted
(qp, up, dp) and (Q, t, b) respectively. The fermionic operators in this basis are provided in
Table 2.5. A U(2)3 = U(2)q×U(2)u×U(2)d symmetry is imposed in the quark sector and
paired with a U(3)2 = U(3)l × U(3)e symmetry in the lepton sector. With this flavour
assumption, an operator can contribute differently to processes involving the first two
generations from processes involving the third. Therefore, we can probe new physics ef-
fects that have a hierarchical structure in the quark sector. In the SMEFT interpretation
described in Chapter 6, the topU3l assumption is used.



L(5)
6 − ψ2H3

QuH (H†H)(q̄ Y †
u uH̃) QdH (H†H)(q̄ Y †

d dH) QeH (H†H)(l̄perH)

QtH (H†H)(Q̄H̃t) QbH (H†H)(Q̄Hb)

L(6)
6 − ψ2XH

QeW (l̄pσ
µνer)σ

iHW i
µν QuW (q̄ Y †

u σµνu)σiH̃W i
µν QuB (q̄ Y †

u σµνu)H̃Bµν QuG (q̄ Y †
u σµνT au)H̃Ga

µν

QeB (l̄pσ
µνer)HBµν QtW (Q̄σµνt)σiH̃W i

µν QtB (Q̄σµνt)H̃Bµν QtG (Q̄σµνT at)H̃Ga
µν

QdW (q̄ Y †
d σµνd)σiHW i

µν QdB (q̄ Y †
d σµνd)HBµν QdG (q̄ Y †

d σµνT ad)HGa
µν

QbW (Q̄σµνb)σiHW i
µν QbB (Q̄σµνb)HBµν QbG (Q̄σµνT ab)HGa

µν

L(7)
6 − ψ2H2D

Q
(1)
Hl (H†i

←→
D µH)(l̄pγ

µlr) Q
(3)
Hl (H†i

←→
D

i

µH)(l̄pσ
iγµlr) QHe (H†i

←→
D µH)(ēpγ

µer)

Q
(1)
Hq (H†i

←→
D µH)(q̄γµq) Q

(3)
Hq (H†i

←→
D

i

µH)(q̄σiγµq) QHu (H†i
←→
D µH)(ūγµu) QHd (H†i

←→
D µH)(d̄γµd)

Q
(1)
HQ (H†i

←→
D µH)(Q̄γµQ) Q

(3)
HQ (H†i

←→
D

i

µH)(Q̄σiγµQ) QHt (H†i
←→
D µH)(t̄γµt) QHb (H†i

←→
D µH)(b̄γµb)

QHud i(H̃
†
DµH)(ū YuY

†
d γµd) QHtb i(H̃

†
DµH)(t̄γµb)

L(8a)
6 − (L̄L)(L̄L)

Q
(1)
lq (l̄pγµlr)(q̄γ

µq) Q
(3)
lq (l̄pσ

iγµlr)(q̄σ
iγµq) Qll (l̄pγµlr)(l̄sγ

µlt)

Q
(1)
lQ (l̄pγµlr)(Q̄γµQ) Q

(3)
lQ (l̄pσ

iγµlr)(Q̄σiγµQ) Q
(1)
QQ (Q̄γµQ)(Q̄γµQ) Q

(8)
QQ (Q̄T aγµQ)(Q̄T aγµQ)

Q
(1,1)
qq (q̄γµq)(q̄γ

µq) Q
(1,8)
qq (q̄T aγµq)(q̄T

aγµq) Q
(3,1)
qq (q̄σiγµq)(q̄σ

iγµq) Q
(3,8)
qq (q̄σiT aγµq)(q̄σ

iT aγµq)

Q
(1,1)
Qq (Q̄γµQ)(q̄γµq) Q

(1,8)
Qq (Q̄T aγµQ)(q̄T aγµq) Q

(3,1)
Qq (Q̄σiγµQ)(q̄σiγµq) Q

(3,8)
Qq (Q̄σiT aγµQ)(q̄σiT aγµq)

L(8b)
6 − (R̄R)(R̄R)

Qeu (ēpγµer)(ūγ
µu) Qed (ēpγµer)(d̄γ

µd) Qee (ēpγµer)(ēsγ
µet)

Qet (ēpγµer)(t̄γ
µt) Qeb (ēpγµer)(b̄γ

µb) Qtt (t̄γµt)(t̄γ
µt) Qbb (b̄γµb)(b̄γ

µb)

Q
(1)
uu (ūγµu)(ūγ

µu) Q
(8)
uu (ūT aγµu)(ūT

aγµu) Q
(1)
tu (t̄γµt)(ūγ

µu) Q
(8)
tu (t̄T aγµt)(ūT

aγµu)

Q
(1)
dd (d̄γµd)(d̄γ

µd) Q
(8)
dd (d̄T aγµd)(d̄T

aγµd) Q
(1)
bd (b̄γµb)(d̄γ

µd) Q
(8)
bd (b̄T aγµb)(d̄T

aγµd)

Q
(1)
ud (ūγµu)(d̄γ

µd) Q
(8)
ud (ūT aγµu)(d̄T

aγµd) Q
(1)
td (t̄γµt)(d̄γ

µd) Q
(8)
td (t̄T aγµt)(d̄T

aγµd)

Q
(1)
ub (ūγµu)(b̄γ

µb) Q
(8)
ub (ūT aγµu)(b̄T

aγµb) Q
(1)
tb (t̄γµt)(b̄γ

µb) Q
(8)
tb (t̄T aγµt)(b̄T

aγµb)

Q
(1)
utbd (YuY

†
d )pr(ūpγµt)(b̄γ

µdr) Q
(8)
utbd (YuY

†
d )pr(ūpT

aγµt)(b̄T
aγµdr)

L(8c)
6 − (L̄L)(R̄R)

Qlu (l̄pγµlr)(ūγ
µu) Qld (l̄pγµlr)(d̄γ

µd) Qqe (q̄γµq)(ēpγ
µer) Qle (l̄pγµlr)(ēsγ

µet)

Qlt (l̄pγµlr)(t̄γ
µt) Qlb (l̄pγµlr)(b̄γ

µb) QQe (Q̄γµQ)(ēpγ
µer)

Q
(1)
qu (q̄γµq)(ūγ

µu) Q
(1)
Qu (Q̄γµQ)(ūγµu) Q

(1)
qt (q̄γµq)(t̄γ

µt) Q
(1)
Qt (Q̄γµQ)(t̄γµt)

Q
(8)
qu (q̄T aγµq)(ūT

aγµu) Q
(8)
Qu (Q̄T aγµQ)(ūT aγµu) Q

(8)
qt (q̄T aγµq)(t̄T

aγµt) Q
(8)
Qt (Q̄T aγµQ)(t̄T aγµt)

Q
(1)
qd (q̄γµq)(d̄γ

µd) Q
(1)
Qd (Q̄γµQ)(d̄γµd) Q

(1)
qb (q̄γµq)(b̄γ

µb) Q
(1)
Qb (Q̄γµQ)(b̄γµb)

Q
(8)
qd (q̄T aγµq)(d̄T

aγµd) Q
(8)
Qd (Q̄T aγµQ)(d̄T aγµd) Q

(8)
qb (q̄T aγµq)(b̄T

aγµb) Q
(8)
Qb (Q̄T aγµQ)(b̄T aγµb)

Q
(1)
qQtu (Y †

u )pr(q̄pγµQ)(t̄γµur) Q
(8)
qQtu (Y †

u )pr(q̄pT
aγµQ)(t̄T aγµur) Q

(1)
qQbd (Y †

d )pr(q̄pγµQ)(b̄γµdr) Q
(8)
qQbd (Y †

d )pr(q̄pT
aγµQ)(b̄T aγµdr)

L(8d)
6 − (L̄R)(R̄L), (L̄R)(L̄R)

Qledq (l̄
j

per)(d̄ Yd qj) QlebQ (l̄
j

per)(b̄Qj) Q
(1)
leQt (l̄

j

per)ϵjk(Q̄
k
t) Q

(3)
leQt (l̄

j

pσµνer)ϵjk(Q̄
k
σµνt)

Q
(1)
lequ (l̄

j

per)ϵjk(q̄
k Y †

u u) Q
(3)
lequ (l̄

j

pσµνer)ϵjk(q̄
k Y †

u σµνu) Q
(1)
QtQb (Q̄

j
t)ϵjk(Q̄

k
b) Q

(8)
QtQb (Q̄

j
T at)ϵjk(Q̄

k
T ab)

Q
(1)
quqd (q̄j Y †

u u)ϵjk(q̄
k Y †

d d) Q
(8)
quqd (q̄j Y †

u T au)ϵjk(q̄
k Y †

d T ad) Q
(1)′
quqd (Y †

u )sr(Y
†
d )pt(q̄

j
p ur)ϵjk(q̄

k
s dt) Q

(8)′
quqd (Y †

u )sr(Y
†
d )pt(q̄

j
p T

aur)ϵjk(q̄
k
s T

adt)

Q
(1)
Qtqd (Q̄

j
t)ϵjk(q̄

k Y †
d d) Q

(8)
Qtqd (Q̄

j
T at)ϵjk(q̄

k Y †
d T ad) Q

(1)
quQb (q̄j Y †

u u)ϵjk(Q̄
k
b) Q

(8)
quQb (q̄j Y †

u T au)ϵjk(Q̄
k
T ab)

Q
(1)
Quqb (Y †

u )pr (Q̄
j
ur)ϵjk(q̄

k
p b) Q

(8)
Quqb (Y †

u )pr (Q̄
j
T aur)ϵjk(q̄

k
p T

ab) Q
(1)
qtQd (Y †

d )pr (q̄
j
p t)ϵjk(Q̄

k
dr) Q

(8)
qtQd (Y †

d )pr (q̄
j
p T

at)ϵjk(Q̄
k
T adr)

Table 2.5: Basis of fermionic operators for the topU3l flavor assumptions. Here (q, u, d), Yu, Yd

denote quarks of the first 2 generations and their 2×2 Yukawa matrices. Quark fields
of the 3rd generation are (Q, t, b). Flavor indices p, r, s, t run over {1, 2} for light
quarks and {1, 2, 3} for leptons. Whenever flavor indices are not specified, they are
implicitly contracted within each current.
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Field Redefinitions

Some operators in the SMEFT generate terms that are the same form as those in LSM and
act as a simple scaling of the SM terms. For example, the kinetic terms of the physical
Higgs boson field become:

LSM + L6 =
1

2
∂µ∂

µh[1− 2∆κH ] + · · · (2.87)

where
∆κH = C̄H□ − C̄HD

4
, and we define C̄ ≡ v2

Λ2
Ci. (2.88)

The original particle basis can be recovered if we redefine the Higgs boson field as:

h → [1 + ∆κH ]h (2.89)

and the effect of this is an overall scaling of the SM Higgs couplings by factors of 1 +

∆κH . Therefore, the Wilson coefficients, CH□ and CHD should appear in the SMEFT
parameterization of any Higgs boson process.

Similarly, the QHWB operator introduces a kinetic mixing between the B and W 3

fields of the form:
L6 = −CHWB

2

v2

Λ2
W 3

µνB
µν + · · · (2.90)

which can be removed if we redefine the fields with a rotation:
(
W 3

µ

Bµ

)
→

(
1 −C̄HWB/2

−C̄HWB/2 1

)(
W 3

µ

Bµ

)
. (2.91)

which leads to a shift in the Weinberg angle which is now:

tan θW =
g1
gW

+
1

2
C̄HWB

Å
1− g21

g2W

ã
(2.92)

Therefore, CHWB introduces modifications to all couplings involving a photon or a Z

boson.

Input Parameters

To determine the free parameters of the SM (Table 2.1), a sufficiently large set of indepen-
dent observables, O, must be chosen, measured, and then compared with SM predictions
for the observables that are functions of the free parameters. In the SMEFT, the observ-
ables, O, can receive contributions from higher-dimension operators, and therefore, the
corresponding shifts in the SM free parameters must be calculated. For example, with
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the topU3l flavour assumption, the shift in the Fermi constant is given by:

∆GF = 2C̄
(3)
Hl − C̄

′

ll (2.93)

and therefore, C(3)
Hl and C

′

ll lead to a scaling for electroweak processes in a similar way to
how field redefinitions lead to a scaling in Higgs processes by CH□ and CHD.

In the electroweak gauge sector, there are four free parameters: g1, g2, v, λ which are
usually determined by using 4 observables from the set:

{αem, GF ,mZ,mW,mH}. (2.94)

The Higgs mass, mH, is always used to fix λ, but the choice of the other three observables
is free. This choice will have consequences for which SM parameters obtain shifts and this
can affect the validity of an EFT parameterization. If shifts are applied to mZ and/or mW,
the Wilson coefficient dependence can become highly non-linear in diagrams containing
the Z or W bosons as a propagator [35] since the relevant term in the matrix element is
proportional to:

1

q2 − (mV +∆mV)2 + imVΓV
, mV ∈ {mZ,mW}. (2.95)

For this reason, the {GF ,mZ,mW} scheme is preferred where mZ and mW are fixed to
their measured values. In this scheme, the electroweak parameter shifts are:

g21 = ĝ21

ï
1 + 2

δg1
ĝ1

ò
,

δg1
ĝ1

= −1

2

ñ
∆GF +

∆m2
Z

sin θŴ
2

ô
, (2.96)

g2W = ĝ2W

ï
1 + 2

δgW
ĝW

ò
,

δgW
ĝW

= −∆GF

2
, (2.97)

v2T = v̂2
ï
1 + 2

δv

v̂

ò
,

δv

v̂
=

∆GF

2
, (2.98)

λ = λ̂

ï
1− δλ

λ̂

ò
,

δλ

λ̂
= −∆GF −∆m2

h, (2.99)

where the ĝ notation refers to the SM (unshifted) values of these parameters and ∆m2
Z

and ∆m2
h are given by:

∆m2
Z =

C̄HD

2
+

2g1gW
g21 + g2W

C̄HWB (2.100)

∆m2
h = 2∆κH − 3

2λ
C̄H . (2.101)

The {GF ,mZ,mW} scheme is adopted in the EFT interpretation in Section 2.3.3.
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In the Yukawa sector, the input parameters are the fermion masses, from which the
Yukawa couplings are inferred. Therefore, operators that lead to fermion mass terms,
propagate into shifts in the Yukawa couplings where:

Yψ → Ŷ ψ + δYψ, δYψ = −∆GF

2
Ŷ ψ +∆Mψ (2.102)

and with the topU3l flavour assumption:

∆Ml =
1

2
C̄

∗
eHYl, ∆Mu,c =

1

2
C̄

∗
uHYu, ∆Mt =

1

2
C̄

∗
tH (2.103)

∆Md,s =
1

2
C̄

∗
dHYd, ∆Mb =

1

2
C̄

∗
bH . (2.104)

Therefore, all hψψ couplings will be affected by one of CeH , CuH , CtH , CdH or CbH .

General Form for SMEFT Parameterizations

To constrain the Wilson coefficients, we need to first parameterize some observables in
terms of the coefficients. Consider the matrix element, M, for a generic process which
can be expressed as:

M = MSM +ML6 (2.105)

where MSM is the SM matrix element, and ML6 is the matrix element resulting from
L6 contributions, where the contributions can generally be split into those that generate
new vertices, e.g. the four-point vertex for muon decay (Fig. 2.23), and those that modify
existing vertices, e.g. through field redefinitions and input parameter shifts. The latter can
also be interpreted as generating new vertices if the modified SM vertices are considered
separately as the original SM vertex and a new vertex that represents the shift in the
vertex coupling strength [34].

If we restrict ourselves to Feynman diagrams with single insertions of SMEFT vertices,
the SMEFT matrix element becomes:

ML6 =
1

Λ2

∑

i

CiMi (2.106)

and squaring the total matrix element and taking the ratio to |MSM |2 gives us:

|M|2
|MSM |2 = 1 +

1

Λ2

∑

i

2Re(M∗
SMMi)

|MSM |2 Ci +
1

Λ4

∑

ij

2Re(M∗
iMj)

|MSM |2 CiCj . (2.107)

= 1 +
1

Λ2

∑

i

αiCi +
1

Λ4

∑

ij

βijCiCj . (2.108)
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t
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g

H
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H

g

Figure 2.24: LO Feynman diagrams for ggH production in the SM (left) and the SMEFT (left
and right). In the SM, gluons do not directly couple to the Higgs boson so the LO
diagram is loop-induced, mediated predominately by top quarks. In the SMEFT,
the SM diagram is affected by contributions to the ttG vertex by the QtG operator.
There also exists a new diagram (right) where the gluons couple directly to the
Higgs boson which is possible with the introduction of QHG.

For observables, O, like cross sections and decay widths that can be expressed as integrals
of |M|2 over phase space, the SMEFT parameterization then takes the general quadratic
form:

µ(C⃗) ≡ O(C⃗)

OSM
= 1 +

1

Λ2

∑

i

AiCi +
1

Λ4

∑

ij

BijCiCj (2.109)

where Ai and Bij are real constants, the sum over i and j are sums over all contributing
Wilson coefficients, and OSM is the SM prediction for the observable. In this thesis, Λ is
arbitrarily taken to be 1 TeV and the parameterizations and constraints presented can be
obtained at a different value, Λ = X, by scaling the values by a factor of (X/1TeV)2.

Gluon-Gluon Fusion Higgs Boson Production

In the SM, gluon-gluon fusion Higgs boson production (ggH) is the dominant production
mode for the Higgs boson (see Table 2.2). Furthermore, in BSM theories where the top-
quark loop (see left of Fig. 2.24) can be replaced by a loop containing a new particle, BSM
contributions enter at the same order as the SM, meaning that ggH is particularly sensitive
to new physics. This process is therefore important for the SMEFT interpretation of Higgs
boson measurements in Chapter 6.

In ggH, the L6 contributions from field redefinitions and input parameter shifts are
given, to linear order, by:

µggH = 1 + 2∆κH +∆GF − 2|∆Mt/Yt| (2.110)

= 1 +
1

4

v2

Λ2

Ä
4CH□ − CHD − 4C

(3)
Hl + 2C

′

ll − 4|CtH |
ä

(2.111)

≈ 1 + 0.12CH□ − 0.03CHD − 0.12C
(3)
Hl + 0.06C

′

ll − 0.12|CtH | (2.112)
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where we have used v = 246GeV and Λ = 1TeV. In the second group, there are contri-
butions from QtG and QHG:

QtG = (Q̄σµνT at)H̃Ga
µν , QHG = H†H Ga

µνG
aµν (2.113)

which after electroweak symmetry breaking, lead to terms including:

QtG =
ṽ√
2
(Q̄σµνT at)Ga

µν + · · · , QHG = 12vhGa
µνG

aµν + · · · (2.114)

which in turn lead to ttg and ggh vertices. Therefore, contributions from QtG appear in
the loop-induced diagram at the ttg vertices, and contributions from QHG arise via the
introduction of a new diagram, shown in Fig. 2.24 (right) containing only a three-point
vertex, ggh. The magnitude of these contributions depend on the energy of an interaction
and therefore, are more easily calculated with MC simulation. The relevant details for
this are left for Chapter 6.

Higgs Boson to Four Leptons Decay

The H → l+l−l+l− (H → 4l) decay channel, is one of the most sensitive decay channels
when making measurements of the Higgs boson. Therefore, like ggH production, it is
important in the EFT interpretation of Chapter 6. At LO in the SM, this process proceeds
via mediating Z bosons: H → ZZ∗ → 4l, where at least one Z boson must be off-shell, and
the other is predominately on-shell. The Feynman diagram for this is shown in Fig. 2.25.
As with ggH production, the global scaling of Higgs couplings leads to the following terms:

µH→4l = 1 + 0.12CH□ − 0.03CHD + · · · (2.115)

but with H → 4l, there are no terms relating to scaling of the Yukawa couplings, and the
contributions of Q3

Hl and Q
′

ll are non-trivial to calculate because, as well as global scalings
of the electroweak couplings, they also lead to new diagrams involving a hZll vertex (see
Fig. 2.25).

Further contributions arise from the QHW , QHB and QHWB operators:

QHW = H†HW i
µνW

Iµν , QHB = H†H BµνB
µν , QHWB = H†σiHW i

µνB
µν (2.116)

which after electroweak symmetry breaking, leads to terms involving hZγ and hγγ ver-
tices. These lead to the Feynman diagrams shown in Fig. 2.26 which lead to significant
enhancements of the H → 4l process where the invariant mass of an opposite-sign lepton
pair, mll, is small. This is because the photon propagator term (Eq. 2.95) is proportional
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Figure 2.25: LO Feynman diagram for the H → 4l decay in the SM (left) and a new diagram
from L6 (right) with a hZll vertex that is generated by the Q
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Figure 2.26: LO Feynman diagrams for the H → 4l decay that include hZγ (left) and hγγ
(right) vertices that are generated from the QHW , QHB and QHWB operators.

to 1/q2 since the photon is massless. This can cause issues for reweighting-based ap-
proaches to calculating the QHW , QHB and QHWB contributions since these techniques
rely on the assumption that only small changes to the distributions of kinematic variables
occur. Furthermore, the parameterization is highly dependent on any selection placed on
mll, meaning that consideration from the analysis selection is important. Both of these
issues are discussed further in Chapter 6.

A further consideration in the H → 4l process, and others containing a W or Z boson
propagators, is the total width, Γ, of the bosons. These acquire their own L6 corrections
and since the propagator term (Eq. 2.95) contains the total width, this leads to another
correction to these types of processes. These so-called propagator corrections are dominant
in the on-shell regime where q2 ∼ m2

V . Therefore, we can approximate their impact with
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the on-shell expression. In the limit q2 = m2
V , the propagator term becomes:

1

imVΓV
=

1

imVΓ
SM
V

Ç
1 +

δΓV

ΓSM
V

å−1

≈ 1

imVΓ
SM
V

Ç
1− δΓV

ΓSM
V

å
(2.117)

where the expansion is fair if δΓV ≪ ΓV. In the SMEFT interpretation of Chapter 6, these
corrections are applied with the SMEFTsim tool [34] which parameterizes δΓV to linear
order in the Wilson coefficients and then propagates this effect to the parameterization
of cross sections and partial widths using the expansion in Eq. 2.117.



Chapter 3

The CMS Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [36] is the world’s largest and most powerful accelerator.
It is situated at CERN, the European Organization for Nuclear Research, near Geneva,
Switzerland, in a circular tunnel of 27 km circumference about 100 m underground. It
is designed to accelerate hadrons to high enough energies to study fundamental physics
at the electroweak scale. The hadrons collide at four interaction points (IPs), where
the ATLAS [37], CMS [38], ALICE [39], and LHCb [40] experiments are located. More
description about the CMS experiment, which the work presented in this thesis is based
on, is given in the next section. The rest of this section will describe the LHC operation
with protons as it was during the 2015–2018 data-taking period, which is the period that
measurements presented in this thesis were taken in.

The LHC does not operate as a single, independent machine, rather it is the final
destination in a chain of accelerators that prepare protons for collision. This series of
accelerators are part of the CERN accelerator complex, shown in Fig. 3.1. Hydrogen gas
is ionized to create a source of protons, which is then accelerated by the Linear Accelerator
2 (LINAC 2) to 50 MeV, then to 1.4 GeV in the BOOSTER, and then to 25 GeV by the
Proton Synchrotron (PS). Here, the protons are collected into bunches, with about 1011

protons per bunch and a spacing of 25 ns, before being injected into the Super Proton
Synchrotron (SPS) where they are accelerated to 450 GeV. Finally, up to 2556 bunches of
protons are injected into the LHC in two counter-rotating beams, and accelerated to their
final energy of 6.5 TeV per beam before they are allowed to collide at the four interaction
points at a centre-of-mass energy of

√
s = 13TeV.

The number of events produced at an LHC experiment for a particular physics process

69
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Figure 3.1: An illustration of CERN accelerator complex as of August 2018. The LHC, with
its four interaction points and associated experiments, is shown together with the
series of preceding accelerators, those being LINAC 2, BOOSTER, PS and SPS.
Additional accelerators and beam destinations related to other CERN activities are
also shown. The figure is taken from Ref. [41].
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Figure 3.2: Delivered and recorded luminosity at CMS, cumulative over 2015 to 2018. Figure
taken from Ref. [45].

is given by:
σ(
√
s)

∫

time
Lint (3.1)

where σ is the cross section for the process and Lint is the integrated luminosity. During
the 2015–2018 data-taking period, the LHC delivered a total integrated luminosity of
164 fb−1 to the CMS experiment. However, the experiment was not recording data all the
time, meaning that the recorded integrated luminosity was instead 151 fb−1. Figure 3.2
shows how this luminosity was cumulated from 2015 to 2018. A further reduction in
the luminosity occurs when only considering the data that is certified for physics anal-
ysis, leaving 2.3 fb−1, 36.3 fb−1, 41.5 fb−1, and 59.8 fb−1 for 2015, 2016, 2017, and 2018
respectively [42–44]. In the majority of CMS analyses using data collected during this
period, the 2015 dataset is discarded since it is not big enough to justify the additional
work required to account for year-dependent operating conditions. The work in this thesis
follows suit, using only the 2016–2018 dataset, corresponding to 138 fb−1 in total.
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3.2 The CMS Detector

3.2.1 Introduction

The Compact Muon Solenoid (CMS) [38] is one of two general-purpose detectors at the
LHC. One of the main goals for CMS was the discovery of the Higgs boson, which since
its observation in 2012 [6, 7], has evolved into a goal of understanding the Higgs boson’s
properties and assessing their compatibility with the SM. Further motivation for the CMS
experiment is the search for physics beyond the Standard Model, like supersymmetry,
extra dimensions, and dark matter. These physics goals led to the following priorities for
the design of the CMS detector:

1. good muon identification and momentum resolution, good dimuon mass resolution,
and the ability to unambiguously determine the charge of muons;

2. good charged-particle momentum resolution and reconstruction efficiency, and effi-
cient triggering and tagging of tau leptons and b-jets, requiring pixel detectors close
to the interaction point;

3. good electromagnetic energy resolution and good diphoton and dielectron mass
resolution, as well as efficient π0 rejection;

4. good dijet-mass resolution, and good missing momentum resolution, requiring her-
metic geometric coverage.

The centre-of-mass energy provided by the LHC allows CMS to probe physics up to the
TeV scale. Therefore, the detector is designed such that the above requirements should
hold for particles with momenta up to 1 TeV.

Besides its collision energy, the LHC is also unprecedented in its luminosity, with
bunch crossings occurring every 25 ns, and multiple interactions per bunch crossing. The
number of coincident interactions per bunch crossing is referred to as pileup, and during
the 2015–2018 data taking period, had an average value of 34 at CMS1 [45]. This high
luminosity environment requires a high level of spatial and timing granularity in the
detector, and a fast readout system. Furthermore, high radiation levels are expected,
which requires radiation-hard detectors and front-end electronics.

A schematic of the CMS detector is given in Fig. 3.3. The structure takes a cylindrical
shape, with the beam pipe running through the central axis. The detector is divided into a
barrel region, which covers the central region of the detector, and two endcaps, which cover

1An experiment can have a reduced luminosity if desired by choosing to cross the LHC beams with a
smaller overlap. Typically, the CMS and ATLAS experiments operate at the maximum possible luminosity
whilst the LHCb experiment chooses a lower luminosity that is preferable for measuring b decays.
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Figure 3.3: A schematic of the CMS detector. Taken from Ref. [46].

each end of the detector. Key to the design of CMS, is a 13-m-long, 6-m-inner-diameter,
3.8-T superconducting solenoid magnet centred around the beam pipe which provides
a high bending power for charged particles which in turn allows for precise momentum
measurements. The solenoid envelopes the inner tracker and calorimetry while the muon
system is located outside the solenoid, and is embedded in the return yoke of the magnet.

The di-Higgs search of Chapter 5 uses all key aspects of the CMS detector since it
involves the measurements of photons, and the measurement of tau leptons, whose decay
products include charged and neutral hadrons, electrons, and muons. In the di-Higgs
analysis, good resolution for the diphoton and ditau invariant masses is crucial to separate
signal from background, and identify the mass of a new particle, if found. Therefore, the
electromagnetic calorimeter (ECAL) and the inner tracker are of particular importance
because they determine the energy and momentum of photons and charged particles
(majority of tau lepton decay products) respectively.
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3.2.2 Coordinate System

The CMS coordinate system has the origin centred at the nominal collision point, with
the y-axis pointing vertically upwards, the x-axis pointing radially towards the centre of
the LHC ring, and the z-axis pointing along the beam line in the direction of the counter-
clockwise beam. An alternative, cylindrical coordinate system is also adopted, with the
azimuthal angle φ measured from the x-axis in the x-y plane, the polar angle θ measured
from the z-axis, and the radial coordinate r measured from the beam line. Instead of θ,
pseudorapidity η is often used, defined as:

η = − ln[tan(θ/2)]. (3.2)

Particles with high values of η correspond to particles that are close to the beam
line, and are said to be forward. Distance between particles in η–φ space is measured by
∆R =

√
∆η2 +∆φ2.

Transverse momentum, pT , is defined as the magnitude of the component of momen-
tum perpendicular to the beam line, and is given by pT =

»
p2x + p2y. In many processes

of interest, the outgoing particles are produced with a large pT and therefore this is an
important quantity. Furthermore, since the incoming protons have zero pT , the sum of
pT over all outgoing particles should be zero due to conservation of momentum. In cases
where particles, such as neutrinos, are not detected, their total pT can be inferred from
the imbalance in the transverse momentum, which is called missing transverse momentum
(pmiss

T ). Similarly, transverse energy, ET , is defined as ET = E sin θ.

3.2.3 Inner Tracker

The inner tracker is designed to perform precise measurements of charged-particle trajec-
tories and precise reconstruction of secondary vertices originating from the decay of tau
leptons and long-lived hadrons. It surrounds the interaction point and has a length of
5.8 m and a diameter of 2.5 m. Silicon-based detector technology was chosen for its great
granularity, fast response, and reasonable radiation hardness. The tracker is divided into
two main components: the pixel detector, which is closest to the interaction point, and
the strip tracker, which surrounds the pixel detector. Figure 3.4 shows a sketch of one
quarter of the inner tracker.

Originally, the pixel detector consisted of three barrel layers at r = 4.4 cm, 7.3 cm

and 10.2 cm, and two forward/backwards disks at |z| = 34.5 cm and 46.5 cm, extending
in radius from about 6 cm to 15 cm. In total, the pixel detector had 66 million pixels,
covering an area of 1.06 m2 [38]. To accommodate higher luminisoties, the pixel detector
was upgraded with increased granularity in the end-of-year technical stop of the LHC
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Figure 3.4: Sketch of one quarter of the CMS inner tracker after the 2016/2017 upgrade in the
r-z plane. The pixel detector is shown in green, while the single-sided and double-
sided strip modules are shown in red and blue respectively. Figure adapted from
Ref. [49].

in 2016/2017 [47]. The new pixel detector consists of four barrel layers at r = 2.9 cm,
6.8 cm, 11 cm, and 16 cm, and three forward/backwards disks at |z| = 29 cm, 40 cm, and
52 cm, extending in radius from 4.5 cm to 16.1 cm. In total, the upgraded pixel detector
has 124 million pixels, of size 100 µm × 150 µm, covering a total area of 1.9 m2 [48].
This geometry is designed to measure four space points (hits) along a charged particle’s
trajectory, in the pseudorapidity range |η| < 2.5. This results in a spatial resolution of
12 µm in the transverse (r-φ) plane, and 22 µm in the longitudinal (z) direction [48].

At radii between 20 cm and 116 cm, lower occupancies allow for the use of strip
detectors. The strip tracker consists of three subsystems. The Tracker Inner Barrel and
Disks (TIB/TID) subsystem comprises four barrel layers and three forward/backward
disks which extend to a radius of 55 cm and use 320 µm thick silicon microstrip sensors.
Depending on the layer, the strip pitch2 is 80–141 µm in the TIB/TID. With the strips
laying parallel to the beam axis in the TIB, and radially in the TID, the TIB/TID provides
up to 4 φ measurements per track, leading to a spatial resolution in rφ of 23–35 µm.
Extending to a radius of 116 cm, the Tracker Outer Barrel (TOB) subsystem consists
of six barrel layers, which use 500 µm thick silicon microstrip sensors with a pitch of
122–183 µm. The TOB provides up to 6 φ measurements per track, leading to a spatial
resolution in rφ of 35–53 µm.

The TID/TIB and TOB subsystems extend to |z| = 118 cm. Beyond this are the
Tracker EndCaps (TEC), which extend to |z| = 282 cm and cover 22.5 < |r| < 113.5 cm.
Each endcap consists of nine disks, with up to 7 rings of silicon strip detectors of 320 µm
thickness for the inner 4 rings, and 500 µm thickness for the outer 3 rings with radial

2Strip pitch refers to the centre-to-centre distance between adjacent strips
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strips of 97–184 µm pitch. Therefore, they provide up to 9 measurements of φ per track.
Finally, the first two layers and rings of the TIB, TID and TOB, as well as rings

1,2 and 5 of the TECs are fitted with a second strip detector module which is mounted
back to back with the first module. These modules have their strips rotated at an almost
perpendicular angle to the first module, and therefore provide a measurement of a second
coordinate, that being z in the barrel and r on the disks. The spatial resolution of these
measurements are 230 µm and 530 µm in the TIB and TOB respectively, and varies with
pitch in the TID and TEC.

This tracker layout ensures at least ≈ 9 hits per trajectory in the silicon strip tracker
for |η| < 2.4, with the ultimate acceptance of the tracker ending at |η| = 2.5. In total,
the strip tracker has 9.3 million strips and 198 m2 of active silicon area [38].

3.2.4 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is designed to reconstruct the energy of electro-
magnetic showers originating from electrons and photons for |η| < 3. It is a homogenous
calorimeter composed of scintillating crystals which emit light as a result of the charged
particles created by electron and photon showers in the ECAL. By measuring the amount
of light emitted, the energy of the particles can be inferred.

Lead-tungstate (PbWO4) was chosen to be the crystal material due to the following
properties:

• short radiation length: X0 = 0.89 cm, allowing for a compact calorimeter;

• narrow Moliére radius: RM = 2.2 cm, resulting in a fine granularity;

• fast response time: 80% of the scintillation light is emitted within 25 ns;

• good radiation hardness.

The ECAL is divided into two main components: the barrel (EB) and the endcaps (EE).
The EB covers the region |η| < 1.479, while the EE covers the region 1.479 < |η| < 3.0 [38].
The overall structure of the ECAL is shown in Fig. 3.5.

The EB is composed of 61200 crystals, with a 360-fold granularity in φ, and a 170-
fold granularity in η. The crystals are tapered, with a front and rear cross-section of
22 × 22 mm2 and 26 × 26 mm2 respectively. The length of the crystals is 230 mm

(25.8X0) and the front faces of the crystals are 1.3 m from the beam line. To avoid
particles from the IP aligning with cracks between crystals, the crystals are arranged in
a quasi-projective geometry such that they point 3◦ away from the vector that points
towards the nominal IP.
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Figure 3.5: A schematic of the ECAL. Figure adapted from Ref. [38].
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The EE is composed of 14648 crystals that are arranged 1.3 m away from the nominal
IP. The crystals have a front and rear cross-section of 28.6×28.6 mm2 and 30.0×30.0 mm2

respectively, with a length of 220 mm (24.7X0). Similar to the EB, the EE crystals are
arranged in a quasi-projective geometry, and point towards a focus point 1.3 m away from
the nominal IP, pointing between 2◦ and 8◦ from the nominal IP.

Additionally, a sampling calorimeter called the Preshower detector is placed in front of
the endcap crystals. This detector has one layer of lead as an absorbing material, followed
by two layers of orthogonally-placed silicon strip sensors of 1.9 mm pitch. It provides a
precise position measurement of incident electrons and photons which is particular useful
for discriminating against photons originating from π0 decays.

The Lead-tungstate (PbWO4) crystals emit only 4.5 photoelectrons per MeV, which
is relativity low compared to other scintillating materials. To compensate for this, pho-
tomultipliers are used to amplify the signal. In the EB, silicon avalanche photodiodes
(APDs) are used, with a gain of 50, and in the EE, vacuum phototriodes (VPTs) are
used, with a gain of 10. The choice of the respective photomultipliers is due to the dif-
ferent configuration of the magnetic field and expected levels of radiation found in the
barrel and endcaps [38].

Finally, the intrinsic energy resolution of the ECAL is modelled by:

( σ

E

)2
=

Å
S√
E

ã2
+

Å
N

E

ã2
+ C2, (3.3)

where E is expressed in units of GeV, and S = 2.8% is the stochastic term, N = 12%

is the noise term, and C = 0.3% is the constant term, where the values are determined
from test-beam data [38]. For photons with energy E = 1

2mH ≈ 62.5GeV, the energy
resolution is approximately 0.3 GeV (0.5%).

3.2.5 Hadronic Calorimeter

Quarks and gluons produced in proton-proton collisions are not directly detected. They
instead hadronize into sprays of hadrons, called jets, which we can detect, and the mea-
sured properties of the jet can then be used to infer information about the original quark
or gluon. The hadronic calorimeter (HCAL) is designed to measure the energy and posi-
tion of the constituent hadrons, allowing the jet to be reconstructed. This is particularly
important for neutral hadrons which do not leave any hits in the inner tracker and de-
posit little energy in the ECAL. Furthermore, the HCAL is designed to be as hermetic
as possible, covering |η| < 5.2, and is deep enough such that the majority of the energy
from visible particles in a collision are absorbed, except for muons which are measured in
the muon system. This is crucial for a precise measurement of pmiss

T .
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Figure 3.6: A schematic of one quarter of the HCAL in the r-z plane. The interaction point is
the lower-left corner of the diagram and the dashed lines represent constant lines of
η. Figure taken from Ref. [38].

The HCAL is a sampling calorimeter, with steel and brass used as the absorbing
material, and plastic scintillator or quartz fibres as the active material. Hadrons shower
via nuclear interactions with the detector material as they travel through the HCAL, and
the light produced by this in the active material is read out via fibres. The energy of the
hadrons is then inferred from the amount of light measured. The layout for one quarter
of the HCAL is shown in Fig. 3.6.

The barrel (HB) extends from the ECAL to the inner coil of the CMS solenoid and
covers the region |η| < 1.3. Plastic scintillator is used as the active material and it is
segmented into 16 η sectors, and 72 φ sectors, leading to a granularity of ∆η × ∆φ =

0.087× 0.087. The thickness of the absorber corresponds to 5.82 interaction lengths (λI)
at η = 0 and grows to 10.6 λI at η = 1.3. Including the ECAL provides about 1.1 λI

of additional material, but this is still not enough to fully contain the hadronic showers.
Therefore, an outer calorimeter (HO), with similar technology to the HB, is placed outside
the solenoid and acts as a tail catcher, leading to a minimum depth of 11.8 λI in the barrel
region.

The hadronic calorimeter endcaps extend the coverage to |η| < 3. Again, the active
material is a plastic scintillator and the granularity is the same as the HB for 1.3 < |η| <
1.6, and reduces to ∆η ×∆φ = 0.17 × 0.17 for 1.6 < |η| < 3. Including the ECAL, the
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total depth of the HE corresponds to about 10λI .
The forward calorimeter (HF) extends the HCAL to its ultimate coverage of |η| < 5.2.

This detector will absorb 88% of the energy produced by a proton-proton interaction and
is therefore subjected to intense doses of radiation. To withstand this, quartz fibres were
chosen as the active material where charged particles generate light via the Cherenkov
effect. The fibres are embedded in a steel absorber and run parallel to the beam line. Since
the ECAL does not cover this pseudorapidity region, the HF also designed to discriminate
electromagnetic showers from hadronic ones. It does this by taking advantage of the fact
that electromagnetic showers have a smaller typical depth than hadronic showers. Only
half of the fibres run the full length of the HF, whereas the other half start 22 cm from
the front, therefore allowing the depth of a shower to be inferred.

3.2.6 Muon System

Muons traverse the CMS detector with minimal interaction, and make up the majority of
the visible particles that emerge through the calorimeter systems. This provides an op-
portunity to improve the identification, momentum resolution, and charge determination
of muons by placing a final detector beyond the calorimeters. The CMS muon system
is embedded in the return yoke of the solenoid magnet and covers the pseudorapidity
|η| < 2.4. A schematic showing the layout of the muon system is given in Fig. 3.7.

The muon system is composed of layers of gaseous detectors which provide multiple
measurements of a muon’s trajectory. In the barrel, covering the |η| < 1.2 region, drift
tube (DT) chambers are used. The chambers are made from 42× 13 mm2 drift cells with
wires arranged either parallel to the beam line or perpendicular depending on which layer
the cells are in, thereby providing a measurement in the r-φ or r-z plane respectively [51].

In the endcap regions, cathode strip chambers (CSC) are installed and cover a range
0.9 < |η| < 2.4. The CSCs are multi-wire proportional chambers with cathode strips and
anode wires arranged perpendicular to each other which provide measurements in the r-φ
plane and of η respectively. A third type of gaseous detector, resistive plate chambers
(RPC), are used in both the barrel and endcaps in the |η| < 1.9 range. These detectors
have a fast response time and are primarily used to provide timing information to the
muon trigger.

Using this system, muons with pT > 30GeV can be identified with an efficiency
greater than 95% with a misidentification rate of less than 1%. Furthermore, for muons
with pT < 200GeV, the momentum resolution is better than 3%, and for muons with
200 > pT > 1000GeV, where the addition of the muon system is especially beneficial, a
resolution of 6% or better is found [50].
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Figure 3.7: A schematic of one quarter of the CMS muon system in the r-z planes. The inter-
action point is the lower-left corner of the diagram and the dashed lines represent
constant lines of η and θ. Figure taken from Ref. [50].
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3.2.7 Trigger

The beam crossing interval at the LHC is 25 ns, corresponding to an event rate of 40 MHz.
With event sizes of about 1 MB, this corresponds to a data rate of 38 TB/s [38]. This
is an unfeasible data rate to store and process, and therefore a trigger system is used to
reduce the rate to a manageable level. The CMS trigger system operates in two stages: a
level-1 (L1) trigger which brings the rate down to 100 kHz, and a high-level trigger (HLT)
which further reduces the rate to 1 kHz.

To provide a decision within the allowed latency of 3.2 µs, the L1 trigger uses only
coarse information about an event provided by the calorimeters and the muon system, and
uses fast, custom-made electronics, primarily field-programmable gate arrays (FPGAs).
A decision is made based upon the presence of high-pT muons, electrons, tau leptons,
photons, jets, and missing transverse energy. Information about the isolation of these
objects can also be used. If an event passes the L1 trigger, the full event data is read out
and passed to the HLT, which is software-based and runs on a CPU farm. The HLT is
able to perform more complex reconstruction, and apply more sophisticated algorithms
to make a trigger decision. There are hundreds of algorithms in the HLT (also referred
to as HLT paths) which are tuned to provide high signal efficiencies for the wide range of
physics processes that the CMS experiment is interested in. The di-Higgs search described
in Chapter 5 uses diphoton HLT paths which are described in more detail in Section 5.4.
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3.3 Object Reconstruction

The outputs from the CMS detector, after some processing of the raw signals, are essen-
tially, hits in the tracking systems and energy deposits in the calorimeters. To perform a
physics analysis, we want to identify what physics objects were produced in the collisions
and what their properties were. Physics objects include electrons, muons, taus, photons
and jets. An example of an important property is the four-momentum of the object.
The process of interpreting the outputs of the detector as physics objects is known as
reconstruction.

In the CMS experiment, object reconstruction begins with the particle-flow (PF) al-
gorithm and its creation of the basic elements: tracks and energy clusters [52]. These
elements are linked within and across detector systems to form blocks of elements, which
are then used to create object candidates. By combining information across systems,
the particle-flow algorithm is able to create object candidates with great resolution and
efficiency and this concept was key to the design of the algorithm. Further details on
tracking, clustering and the link algorithm are provided in Sections 3.3.1 to 3.3.3.

PF object candidates are input to specialized algorithms that complete the object
reconstruction. In most cases, these algorithms are used to apply final identification
criteria and calibration but in some cases, they also create more complex objects such as
jets. These algorithms are described in Sections 3.3.4 to 3.3.7 where details are restricted
to those which are most relevant to the di-Higgs search in Chapter 5.

3.3.1 Tracking

The algorithm [53–56] for reconstructing tracks in the inner tracker is based on the com-
binatorial Kalman filter (CKF) [57–60]. Initially, tracking seeds are generated from a few
hits consistent with a charged-particle trajectory. The seeds provide a coarse estimate
of the track trajectory and from that, the CKF propagates through the tracker, looking
for compatible hits in each tracker layer and updating the trajectory estimate as it does
so. If multiple compatible hits are found in a layer, the CKF will create multiple track
candidates and propagate them all (hence combinatorial). After exhausting all tracker
layers, the tracks are refitted with greater precision and then selected based on quality
criteria such as the number of hits and the χ2 of the fit.

Given the combinatorial nature of the algorithm, CKF can be computationally expen-
sive. This could be handled by, for example, only propagating tracks that have a high pT

or that coincide with the interaction point, but this would lead to a loss of efficiency for
low pT tracks or tracks that originate from displaced vertices. To mitigate this, an itera-
tive approach is used where multiple runs of the CKF are performed, with varying types
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of seeds and selection criteria which target different types of tracks, for example, high pT

in one run and displaced tracks in the next. After each stage, the hits associated with the
selected tracks are removed from the list of hits available to the CKF. This reduces the
combinatorial complexity of the problem and allows the CKF to focus on the remaining
hits. Ultimately, this iterative approach leads to higher reconstruction efficiency whilst
keeping the misconstruction rate low [52].

In the muon systems, a separate Kalman-filter based algorithm is used to reconstruct
standalone-muon tracks [50]. These muon tracks can then be matched with inner tracks to
create global-muon tracks. Similarly, inner tracks are propagated to the muon system to
create tracker-muon tracks. Due to the high reconstruction efficiency in the inner tracker
and muon systems, about 99% of muons within the geometrical acceptance of the muon
systems are reconstructed as global muons or tracker muons, and often as both [52].

Electrons emit a sizeable fraction of their energy as bremsstrahlung photons before
reaching the ECAL. If the momentum of an electron changes enough along its trajectory,
the iterative CKF algorithm can fail to reconstruct the track. Therefore, for electrons, a
Gaussian Sum Filter (GSF) algorithm is instead used which allows for more sudden and
significant energy losses along the particle’s path [61].

3.3.2 Calorimeter Clustering

Energy deposits in the calorimeters are grouped into clusters where each cluster is hy-
pothesized to originate from a single particle incident on the ECAL [52]. The clustering
is performed independently in the ECAL barrel, ECAL endcaps, HCAL barrel, HCAL
endcaps, Preshower and the HF. In the HF, the electromagnetic and hadronic components
of each cell directly give rise to separate clusters. In the rest of the calorimeters, a more
complex algorithm is used which is described below.

First, cluster seeds are identified as cells with energy larger than a given threshold
and larger than any neighbouring cells, where neighbouring cells are the four cells that
share a side with the seed cell or the eight cells that share a side or corner, depending on
the calorimeter system. The seed cells are then grown into topological clusters by adding
cells that share a corner and have an energy of at least twice the noise level of the cell.

Particles that are close to each other in η-φ space can have overlapping energy deposits,
which in turn, can lead to a topological cluster having multiple seeds. In these cases, the
energies from the cells are split and shared amongst the seeds. This is done using a
Gaussian-mixture model that postulates that the energy deposits in the M individual
cells come from N different Gaussian energy deposits, one for each seed. After fitting
the model, the energy and positions of the N Gaussian deposits are taken as cluster
parameters [52].
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Electrons and photons have a significant probability of undergoing bremsstrahlung
radiation or photon conversion prior to reaching the ECAL leading to several distinct
clusters in the ECAL. To measure the energy of the original electron or photon, the
clusters are grouped into a supercluster which is then used to create the electron or
photon candidate. A supercluster (SC) is first formed by including all clusters in an ET -
dependent zone in φ− η space centred around the seed cluster [62]. Then, a conversion-
finding algorithm [38] is used to identify tracks and associated ECAL deposits consistent
with a photon conversion. Furthermore, at each tracker layer, tangents from an electron’s
trajectory are extrapolated to look for clusters from bremsstrahlung photons. All of this
information is then fed into the PF link algorithm which builds electron and photon
candidates.

3.3.3 Link Algorithm

After the creation of the PF elements (tracks and clusters), a linking algorithm is used
to form particle candidates by creating associations between elements that are likely to
have originated from the same particle [52]. Firstly, inner tracks are linked to calorimeter
clusters when the track’s extrapolated trajectory overlaps with the cluster. Similarly,
clusters in different calorimeters are linked if the cluster’s centre from the calorimeter
with greater granularity is within the cluster of the calorimeter with coarser granularity.
If there are multiple possible links, the link with the smallest distance in φ-η space, or x-y
space for ECAL-Preshower links, is chosen. Finally, links between tracks can be created
if the tracks share a common secondary vertex.

Particle candidates are now formed sequentially, starting with muons, then electrons
and photons, then charged and neutral hadrons [52]. Identification of muons and pho-
tons are also revisited at later stages to recover candidates that were missed by initially
stringent criteria. At each stage, the PF elements related to the particle candidates are
removed from the list of elements available to the link algorithm. This ensures that the
algorithm does not link the same element to multiple candidates and that the same ele-
ment is not used to create multiple candidates. Finally, an event post-processing step is
performed to correct for artificially-large pmiss

T [52].

3.3.4 Muons

Muon Identification

In CMS, there are five main identification (ID) types for muons: loose, medium, tight,
soft, and high momentum [50]. Each type is defined by cuts on a number of variables
including the track fit χ2, number of hits per track, the compatibility of the muon track
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with the PV, the compatibility of the inner track with the standalone muon track (for
global muons), and a related quantity called muon segment compatibility [63] which takes
a value between 0 and 1 where 1 represents high compatibility. Additionally, a kink-finding
algorithm is used to discriminate against charged hadrons which are more likely to interact
with the tracker material than muons are. This algorithm, at several places along the
track, splits the inner track (if present) in two and tests if the two halves are compatible
with a single track.

The loose muon ID is designed to have a low efficiency for hadrons, and to select
muons originating from the interaction vertex (prompt muons) or from light and heavy
flavour decays. It is defined as a muon selected by the PF algorithm which is a tracker or
global muon. The medium muon ID, which is used in the di-Higgs search in Chapter 5,
is designed for prompt muons and muons from heavy flavour decay. A medium muon is
a loose muon which passes the following additional requirements:

• has an inner track with hits from more than 80% of the tracker layers it traverses;
• if the muon is only a tracker muon, the muon segment compatibility must be greater

than 0.451;
• if the muon is a global muon, the muon segment compatibility must be greater than

0.303 and the global track fit χ2/dof must be less than 3;
• the position match between the inner track and the standalone muon track must

have χ2 < 12;
• and the maximum χ2 computed by the kink-finding algorithm must be less than 20.

These requirements were tuned to provide an identification efficiency of 99.5% for muons
in simulated W → µν and Z → µµ events [50].

The tight muon ID is designed to suppress muons from decay in flight and from
hadronic punch-through, the soft muon ID is designed for low-pT muons from b-hadron
decays, and the high momentum muon ID is designed for muons with pT greater than
200 GeV. The definition for these IDs can be found in Ref. [50].

Further requirements can also be made on the particle-flow isolation, IPF, of the muon,
which is defined as the pileup-corrected sum of the pT of the charged hadrons, photons,
and neutral hadrons in a cone of ∆R < 0.3 around the muon. The pileup correction
subtracts the expected contribution originating from pileup interactions. Tight and loose
working points are defined to achieve muon ID efficiencies of 95% and 98% respectively
in simulated Z → µµ events [50].

Reconstruction, identification, and isolation efficiencies are measured in data and com-
pared to simulation. The ratio of the efficiencies, referred to as scale factors, are then
used to correct the simulation to match data by multiplying the simulation events weights
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Figure 3.8: Medium muon ID efficiency in 2018 as measured in data and simulation as a function
of muon pT for |η| < 0.9 (left) and 2.1 < |η| < 2.4 (right).

by these factors. These scale factors are derived separately for each year of data-taking to
account for varying detector conditions, and in bins of muon pT and η to account for the
dependence of the muon kinematics and detector geometry on the simulation mismod-
elling. The full details of the derivation of these scale factors can be found in Refs. [50,
64–68].

As an example, the efficiency of the medium muon ID as measured in data and sim-
ulation for 2018 is shown in Fig. 3.8 for two η regions. For |η| < 0.9, the efficiency in
simulation is about 99.5% as expected, and in data is slightly lower, at about 99%. For
2.1 < |η| < 2.4, where fewer inner tracker hits are expected due to the tracker geometry
(see Fig. 3.4) the efficiency is lower at about 99% and 96% for simulation and data respec-
tively. In both cases, and especially for 2.1 < |η| < 2.4, there is disagreement between
data and simulation, highlighting the need for scale factors.

Muon Momentum

Muon momentum is determined by the Tune-P algorithm [69] which selects the pT mea-
surement from different refits of the muon track based on the goodness-of-fit informa-
tion and estimated pT resolution. The types of refits include tracker-only, tracker and
first muon detector plane, global without muon chambers with high occupancies, and a
dynamic-truncation fit which propagates the track to the muon stations but stops as soon
as no compatible hit is found in two consecutive stations.

The momentum scale calibration and resolution estimation are derived from Z/γ∗ →
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µµ, J/ψ → µµ and Υ(1S) → µµ events in data [70]. The momentum scale corrections
are about 0.2% and 0.3% in the barrel and endcap respectively, and the resolution is
about 1% in the barrel and 3% in the endcap for muons with pT up to 100 GeV. The
momentum resolution of intermediate and high pT muons is additionally measured in
cosmic ray events by comparing the momentum measurements in the upper and lower
halves of the detector [63]. The momentum resolution, as measured with this method in
2015 data, is shown in Fig. 3.9.

3.3.5 Electrons and Photons

Electrons and photons share many of the same reconstruction and identification algo-
rithms because, with the exception of an electron’s track, the two particle leave similar
signatures in the detector. Both particles are expected to be contained within the ECAL,
and have almost identical showering properties. In this section, reconstruction for electron
and photon (e/γ) objects will be described together, with differences highlighted where
necessary.
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Electron and Photon Identification

Background sources for prompt electrons include photon conversions, hadrons misiden-
tified as electrons, and secondary electrons from semileptonic decays of b or c quarks.
Background sources for prompt photons are primarily secondary photons from light neu-
tral mesons (π0 and η). Using variables related to the isolation and shower shape of the
electrons and photons, multivariate (MVA) discriminators are trained to separate real
electrons and photons from these background sources [62]. Additional tracker-related
variables are also used for the identification of electrons.

The isolation variables are constructed by considering a cone of ∆R < 0.3 around the
e/γ candidate and summing the pT of the charged hadrons (Ich), photons (Iγ), and neutral
hadrons (In) inside the cone. As is done for IPF, a pileup correction is applied in these
sums, and these variables are useful for discriminating against backgrounds originating
from jets. Another important variable is the ratio of energy of associated HCAL clusters
to the supercluster energy (H/E), which is expected to be lower for e/γ objects than for
hadrons.

The shower shape variables exploit differences in the showering of prompt e/γ objects
from photons from neutral hadron decays, which are expected to have a wider profile on
average. One such variable is σiηiη, which is the standard deviation of the shower in η

in terms of the absolute number of crystal cells [62]. Another important variable is R9,
which is a measure of how localized the energy deposit is, and is defined as the ratio of
the energy of the 3 × 3 cell grid surrounding the SC seed to the energy of the SC. For
electrons, variables related to the compatibility of the track with the SC are also used
which include the differences between the energy, η and φ of the electron, measured by
the track and the SC.

These discriminating variables are combined into single discriminators using BDTs.
This is done separately for electron and photons and the BDTs are trained on simulated
DY + jets and γ + jets events for electrons and photons respectively. In both cases, the
dependence on η and ET is included, either by introducing these variables as inputs to
the BDT, or by training several BDTs in different bins of η and ET . The performance of
these algorithms as measured by simulation for 2017 is shown in Fig. 3.10. Two working
points are defined: WP90 and WP80, corresponding to signal efficiencies of about 90%
and 80% respectively and physics analyses are left to choose which point to use based
upon their level of background.

The electron ID efficiencies are measured in data using Z → ee events. The photon
ID efficiencies are also measured in Z → ee events, where the electrons are reconstructed
in the same way as photons by omitting the information from the electron track. This
is motivated by the fact that electrons and photons shower similarly in the ECAL and is
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Figure 3.10: Performance of the electron (left) and photon (right) IDs in the ECAL barrel
and endcaps evaluated for 2017 with simulated events. Different algorithms are
shown for comparison’s sake. For electrons, three algorithms are shown: a BDT
trained without the isolation variables, the same BDT with isolation cuts applied
separately, and a BDT with isolation variables included in training, where the last
algorithm is the most performant. For photons, BDT-based and cut-based IDs are
shown where the former is the most performant. Figures taken from Ref. [62].

validated using Z → µµγ events. The measured electron and photon ID efficiencies and a
comparison to simulated efficiencies are shown for the WP90 working points in Fig. 3.11.
Scale factors are derived separately for each year and in bins of η and ET to correct the
simulation to match data, and are up to 5% [62].

Finally, when searching for photon candidates, a conversion-safe electron veto (CSEV)
can be used [71]. This veto requires that there are no charged-particles tracks pointing
to the photon SC, where the tracks are required to have a hit in the first layer of the
pixel detector, and are not matched to a reconstructed conversion vertex. This leads to
photon and electron efficiencies of about 99% and 5% for the barrel, and 98% and 20% for
the endcap respectively. An even more stringent veto, the pixel veto, rejects any photon
where there exists at least two pixel hits that form a track pointing to the SC. This leads
to photon and electron efficiencies of about 95% and 1% for the barrel, and 80% and
5% for the endcap respectively [71]. In a similar fashion to the ID efficiencies, the veto
efficiencies are measured in data using Z → µµγ events for photons, and Z → ee events
for electrons and scale factors are used to correct the simulation.
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Figure 3.11: Signal efficiencies of the electron (top) and photon (bottom) BDT IDs at the WP90
working points. In the top halves of each figure, the efficiencies as measured in
2018 data with Z → ee events are shown. In the bottom halves, the ratio of
the efficiencies in data to simulation (scale factors) are shown. The vertical error
bars indicate combined statistical and systematic uncertainties. Figures taken from
Ref. [62].
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Energy Calibration

The energy deposited in an ECAL crystal, Ei, is given by the following equation [72]:

Ei = G · LCi(t) · Ci ·Ai (3.4)

where:

• Ai is the pulse amplitude in ADC (analogue-to-digital converter) counts,

• G are global factors that convert ADC counts to GeV,

• Ci are intercalibration coefficients that account for differences between individual
crystal’s light-yield and photodetector response,

• and LCi(t) are time-dependent corrections due to radiation-induced response changes
to the crystals.

The derivation of these corrections is described in Refs. [72, 73]. The reconstructed energy
of a supercluster, ESC, is typically lower than the true energy, Etrue, of the originating
electron and photon due to imperfect containment of a shower, energy loss in the tracker
material, and the application of thresholds when forming clusters. To correct this, sim-
ulated events with photons and electrons are studied and the distribution of Etrue/ESC

is parameterized by a Double Crystal Ball (DCB) function, which is an extension of the
Crystal Ball function [74] with power law tails on both sides. A multivariate regressor is
used to fit the DCB shape parameters as functions of the shower shape variables, H/E,
and the supercluster’s uncorrected energy and position in the detector [75]. Then, for a
given supercluster, the energy is corrected by the mean of the Gaussian core of the DCB
function, and the energy resolution is given by the width of the Gaussian core. Separate
regressions are trained for electrons and photons to account for the small differences in
how they shower.

For electrons with energies less than 200 GeV, the supercluster energy is combined
with the momentum of the GSF track to improve the energy resolution. The combined
energy measurement, Ecombined is given by:

Ecombined =
EECAL/σ

2
E + pGSF/σ

2
p

1/σ2
E + 1/σ2

p

(3.5)

where EECAL is the regression-corrected supercluster energy, pGSF is the momentum of
the GSF track, and σE and σp are the energy and momentum resolutions respectively.
A final regression is applied to correct Ecombined which uses the inputs to Eq. 3.5 as well
as additional tracker quantities [62]. The distribution of Etrue/Ecombined before and after
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Figure 3.12: Ratio of the true to the reconstructed electron energy for 15 < pT < 30GeV
with and without regression corrections, and before and after the combination of
the ECAL and tracker measurements, with a DCB function fit overlaid, in 2016
simulated events for barrel (left) and endcap (right) electrons. Vertical bars on the
markers represent statistical uncertainties. Figure taken from Ref. [62].

the energy corrections, and after the combination with the track momentum is shown
in Fig. 3.12 for electrons in 2016 simulated events. After corrections, the distribution is
centred around 1, and the width is reduced, indicating that the energy is corrected, and
the resolution is improved. The resolution improves further after the combination with the
track momentum. The distributions before the combination with the track momentum
are indicative of those for photons.

After these simulation-based corrections, there are differences between data and simu-
lation in the energy scales and resolutions of e/γ objects. Further corrections are applied
to correct the energy scale in data to match simulation, and since the resolution in sim-
ulation is better than that in data, smearings are applied to the simulation to match the
data [62]. These corrections are derived with Z → ee events by comparing the distribution
of the invariant mass of the Z boson in data and simulation. This is done in several stages.

In the first stage, energy scale corrections are derived in about 18 hour intervals and
in bins of η corresponding to 0 < |η| < 1, 1.00 < |η| < 1.44, 1.57 < |η| < 2.00 and
2.00 < |η| < 2.50. The region, 1.44 < |η| < 1.57 represents the transition between the
barrel and endcap regions and is not used. These initial corrections account for long-
term drifts in the energy scale and accounts for η-dependent radiation damage. In the
second stage, the energy scale and resolution is corrected in 50 categories, corresponding
to 5 bins of η and 10 bins of R9. The magnitude of these corrections is up to 1.5% and
the systematic uncertainty associated with them is 0.05–0.1 (0.1–0.3)% in the EB (EE),
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Figure 3.13: Invariant mass distribution of the Z boson in Z → ee events, after scale and smear-
ing corrections. Results are shown for barrel (left) and endcap (right) electrons
in high R9 categories. The vertical bars on the markers represent the statistical
uncertainties in data and the hatched regions show the combined statistical and
systematic uncertainties in the simulation. The lower panels display the ratio of
the data to the simulation with the bands representing the uncertainties in the
simulation. Figure taken from Ref. [62].

depending on the R9 bin [62].
The final agreement between data and simulation in Z → ee events is shown in

Fig. 3.13 in two representative categories. The final energy resolution is found to be
2–5%, depending on the η and R9 of the electron [62].

3.3.6 Jets

Quarks and gluons (partons) produced in a proton-proton collision shower and hadronize
into collimated sprays of particles. To make a measurement of an outgoing parton, these
particles are first clustered into jets and the parton’s properties are inferred from prop-
erties of the jet, such as its energy. In most CMS analyses, including the di-Higgs search
in Chapter 5, jets are reconstructed using the anti-kT algorithm [76, 77] with a distance
parameter of 0.4.

Jet energy corrections are derived from simulation studies so that the energy of recon-
structed jets match the energy of particle-level jets, where the difference between recon-
structed jets and particle-levels jets is whether the jet constituents are reconstructed or
taken directly from the generator (truth-level). Further corrections are made using dijet,
γ+jets, and Z+ jet events to account for differences between data and simulation [78, 79].
The jet energy resolution for jets with pT = 30GeV is about 15–25% depending on the
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level of pileup, and improves to 10–15% at pT = 100GeV and 5% at pT = 1TeV [79].
The identification of jets originating from b quarks (b jets) is performed used a deep

neural network algorithm, DeepJet [80]. The algorithm uses properties of the particle-flow
constituents of a jet as well information from associated secondary vertices. Three working
points are defined: loose, medium, and tight, corresponding to a rate of misidentifying a
light jet as a b jet of about 10%, 1% and 0.1% respectively.

3.3.7 Tau Leptons

Tau leptons decay into a variety of final states, which are summarized in Table 3.1. About
one third of the time, tau leptons decay leptonically into an electron or muon, and two
neutrinos. In such a decay, the electrons and muons are reconstructed as described in
Sections 3.3.4 and 3.3.5, and properties of the neutrinos are inferred from the missing
transverse momentum. The other two thirds of the time, tau leptons decay hadronically
into hadrons and a neutrino. These types of tau leptons, denoted τh, are reconstructed
with the hadrons-plus-strips (HPS) algorithm.

Hadrons-Plus-Strips Algorithm

The HPS algorithm [81, 82] begins by searching the constituents of reconstructed jets for
charged hadrons and neutral mesons. A π0 meson promptly decays into two photons,
which are then likely to convert into e+e− pairs as they traverse the tracker material.
The energy of the π0 meson is therefore spread over a ∆η ×∆φ region which is referred
to as a strip. The basic ingredients of the HPS algorithm are charged hadrons and strips,
hence the name.

A strip is reconstructed by clustering electrons and photons inside a jet, and begins
by seeding the strip with the highest pT electron or photon in the jet. Then, a ∆η ×∆φ

area centred on the seed is defined and the next-highest pT electron or photon inside the
area is added to the strip. The strip position, which was originally defined by the seed,
is then recomputed using a pT -weighted average of all electrons and photons in the strip
and the process is repeated until no more electrons or photons can be added.

The size of the ∆η × ∆φ area is dynamic and is dependent on the pT of the strip
and of the candidate electron or photon to account for several effects [82]. Firstly, the
likelihood of a photon converting into an e+e− pair is higher at lower pT , so the strip size
is expected to be larger for lower pT strips. Furthermore, the decay products for a τh with
higher pT tend to be boosted in the direction of the τh, leading to a smaller strip. The
functions used to define the strip size are derived from simulation of τh decays and are
designed such that 95% of all electrons and photons arising from a τh decay are included
in the strip.
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Decay mode Resonance B (%)
Leptonic decays 35.2

τ− → e−ν̄eντ 17.8
τ− → µ−ν̄µντ 17.4

Hadronic decays 64.8
τ− → h−ντ 11.5
τ− → h−π0ντ ρ(770) 25.9
τ− → h−π0π0ντ a1(1260) 9.5
τ− → h−h+h−ντ a1(1260) 9.8
τ− → h−h+h−π0ντ 4.8
Other 3.3

Table 3.1: Decays of τ leptons and their branching fractions (B). Where appropriate, the known
intermediate resonances for a decay are indicated. Charged hadrons are denoted by
the symbol h± and although only τ− decays are shown, the values are also valid for
the charge-conjugated processes.

Based on the set of charged hadrons and strips in a jet, the HPS algorithm identifies
the decay mode from Table 3.1. To reduce misidentification with jets, the mass of the
sum of the hadron candidates is required to be compatible with a ρ(770) or a1(1260)

resonance, depending on the decay mode. Additionally, τh candidates are required to
have a charge of ±1, and to have no charged particles or strips outside a signal cone,
defined by Rsig = (3.0GeV)/pT , where the pT is that of the hadronic system, and the
cone size is limited to 0.05–0.10. Finally, a single τh candidate is allowed per jet by
selecting the candidate with the highest pT . The τh reconstruction efficiency is measured
in data with Z → ττ events and is found to be about 75% for τh with pT > 30GeV [83].

DeepTau ID

The DeepTau ID algorithm [83] is a deep neural network that is used to identify τh candi-
dates and reject jets, electrons and muons misidentified as τh candidates. The algorithm
uses a combination of higher-level inputs, which are summary variables related to the τh

candidate, and lower-level inputs, which are variables related to reconstructed particles in
the vicinity of the τh candidate. Higher-level inputs include the τh four momentum, num-
ber of charged and neutral particles used to reconstruct the τh candidate, and isolation
variables. To construct the lower-level inputs, particles within a ∆η ×∆φ = 0.05 × 0.05

area centred around the τh candidate are considered, and properties such as the parti-
cle type, pT , η, φ, charge, and compatibilities with primary and secondary vertices are
included.

The network is a multiclassifier with four outputs: jet, µ, e, and τh, and it is trained
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VVTight VTight Tight Medium Loose VLoose VVLoose VVVLoose
De 60% 70% 80% 90% 95% 98% 99% 99.5%
Dµ — — 99.5% 99.8% 99.9% 99.95% — —
Djet 40% 50% 60% 70% 80% 90% 95% 98%

Table 3.2: Target τh identification efficiencies for different working points defined for the three
different discriminators. The target efficiencies are evaluated with simulated H → ττ
events for τh with pT ∈ [30, 70]GeV.

with a modified cross-entropy loss function on simulated events from the following pro-
cesses: Z+jets, W+jets, tt̄, QCD multijet production, and Z

′ → ττ , Z′ → ee and Z
′ → µµ

where 1 < mZ′ < 5TeV. The final discriminators against jets, muons, and electrons are
given by:

Dα =
yτ

yτ + yα
(3.6)

where α ∈ {jet, µ, e} and yi are the four outputs of the network. Working points are
defined for each discriminator based upon the expected τh identification efficiencies as
measured in H → ττ events for τh candidates with 30 < pT < 70GeV. These working
points are summarized in Table 3.2.

The combined efficiency of τh reconstruction and identification as measured in different
bins of τh pT with simulated Z → ττ decays is shown in Fig. 3.14. After applying the
Loose, Medium or Tight Djet working points, the efficiency increases with τh pT and for
pT > 30GeV, the efficiency is above 40%, 50%, and 60% for the respective working points.
The corresponding misidentification rates for jets, electrons, and muons as a function of
the τh identification efficiency are shown in Fig. 3.15. At a τh identification efficiency of
80%, the misidentification rate for electrons is about 0.1%, for muons is less than 0.03%,
and for jets is between 1 and 4%, depending on τh pT .

The τh reconstruction and identification efficiencies are also measured in data with
Z → µτh and W ∗ → ντh events [83] and scale factors are derived to correct the simulation
to match data. These scale factors are derived in bins of pT and their values and uncer-
tainties are shown in Fig. 3.14. The corrections are at most 10% and have an uncertainty
of 2–5% [83].

τh Energy Scale

The τh energy scale is measured in data with µτh events by fitting the distributions of
the µτh invariant mass, mvis, and the reconstructed τh mass, mτh . Simulated templates
of the mvis and mτh distributions are created for τh energy shifts between ±3% in steps of
0.2% and a maximum likelihood fit is performed for each shift. This is performed in bins
of the τh decay mode and separately for mvis and mτh . The corresponding energy scale
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Figure 3.14: Reconstruction and identification efficiency of τh candidates as measured in sim-
ulated Z → ττ events (left) and corresponding scale factors measured with data
collected in 2018 (right). In both plots, the results are shown as functions of the
true (generated) τh pT , and the efficiencies after applying the Loose, Medium and
Tight DeepTau ID working points are calculated after excluding 2-prong decays,
which are those containing missing charged hadrons. In the right plot, the vertical
bars represent combined statistical and systematic uncertainties in the scale factors,
and the red line and hatched region represents a constant fit to the scale factors
for pT > 40GeV and the associated uncertainty. Figures taken from Ref. [83].
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Figure 3.15: Misidentification rates for jets (top), electrons (bottom left), and muons (bottom
right) as a function of the τh identification efficiency for the Djet, De, and Dµ

discriminators respectively. Also shown is the performance of previous τh iden-
tification algorithms and the ratio of misidentification rates between one of the
alternate algorithms and DeepTau is shown in the bottom half of each plot. In
all cases, DeepTau outperforms the alternate algorithm. For jets, efficiencies are
shown for jets with 20 < pT < 100GeV (top left) and pT > 100GeV (top right)
and they indicate that higher pT jets are less likely to be misidentified. For elec-
trons and muons, the efficiencies are only shown for 20 < pT < 100GeV since the
misidentification rate is approximately constant with pT for these objects. Vertical
bars represent statistical uncertainties and the full red circles represent the working
points. Figures taken from Ref. [83].
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corrections are shown in Fig. 3.16 and are found to be up to 2% with uncertainties of
0.6–0.8% depending on decay mode. The results from measuring mvis and mτh are found
to be consistent with each other and the final energy scale corrections are derived from
a combination of the two approaches. After applying the corrections, good agreement is
found in the mvis and mτh distributions as shown in Fig. 3.17.
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Figure 3.17: Distribution of the reconstructed visible invariant mass of the µτh system, mvis
(left) and of the visible invariant τh mass (right) in 2018 data (black dots) and
simulated events (filled histograms). Vertical bars correspond to statistical un-
certainties. The τh is required to pass the Tight Djet working point, and have
pT > 20GeV and |η| < 2.3. The distributions incorporate all measured scale fac-
tors and energy corrections and are scaled to the outcome of a maximum likelihood
to the observed data with the Z → ττ contribution freely floating. In the m(τh)
distribution, the Z → ττ contributions are shown separately for the different τh
decay modes. Figures taken from Ref. [83].
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3.3.8 Summary

Object reconstruction at the CMS experiment is a complex process that involves dedicated
algorithms for each type of object, often combining information from different subdetec-
tors to maximize performance. All the reconstruction algorithms described in this Section
have some relevance to the di-Higgs search presented in Chapter 5 but the most relevant
are those for the photons and τh objects. The excellent ECAL energy resolution leads to
a resolution of about 1% on the diphoton invariant mass, mγγ , for values of mγγ around
125 GeV. In H → γγ analyses, this leads to a narrow signal peak in the mγγ distribution
which is used to identify the signal above a large background. On the τh side, signal
is separated from background using the Loose Djet WP which identifies τh candidates
with an 80% efficiency whilst maintaining a jet misidentification rate between 1% and 4%
depending on the τh pT .



Chapter 4

Statistical Procedures

In Chapter 5, a search is performed for the pp → X → H(H/Y) → γγττ (di-Higgs) pro-
cess, and in Chapter 6, measurements of the STXS (Section 2.2) are interpreted in the
SMEFT (Section 2.3.3). Statistical tests are performed to determine the compatibility
of the data with both the SM and, in the case of Chapter 5, with the presence of new
resonances leading to a γγττ final state, or in the case of Chapter 6, with the presence of
new physics originating from one or more L6 operators. Practically, these tests are per-
formed using the combine framework [84], which is a publicly-available software package
designed by the CMS collaboration. A full description of this package is found in Ref. [84]
and this chapter summarizes the details that are relevant to Chapters 5 and 6.

The construction of likelihood functions is described in Section 4.1. The determination
of p-values (and significances) that provide numerical measures of the compatibility of the
data is described in Section 4.2.1. The determination of upper limits on the cross section
of the di-Higgs process is described in Section 4.2.2, and the estimation of confidence
intervals for the Wilson coefficients of the SMEFT is described in Section 4.2.3. Lastly, a
short description of χ2 fits is also given in Section 4.2.4.

103
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4.1 Likelihood Function

To make statistical inferences from some data, first a statistical model, p(data; Φ⃗), is con-
structed that describes the probability of observing the data given the model parameters,
Φ⃗. Model parameters are divided into two categories: parameters of interest (POIs), µ⃗,
and nuisance parameters, ν⃗. In this thesis, the primary POIs are the cross section of
the di-Higgs process, or the Wilson coefficients of the SMEFT, and the nuisance param-
eters model systematic uncertainties, such as the uncertainty in the measurement of the
LHC luminosity at the CMS experiment. The data is summarized by a set of primary
observables, x⃗, and a set of auxiliary observables, y⃗. The primary observables are those
that are intended to constrain µ⃗, and the auxiliary observables are those related to the
systematic uncertainties where each nuisance parameter is associated with a particular
auxiliary observable.

The statistical model is given by:

p(x⃗, y⃗; Φ⃗) = p(x⃗; µ⃗, ν⃗)
∏

k

pk(yk; νk), (4.1)

where p(x⃗; µ⃗, ν⃗) and pk(yk; νk) are the probability distributions for the primary and aux-
iliary observables respectively. Then, for a set of independently distributed observables,
{x⃗d}, a likelihood function is given by:

L(Φ⃗) =
∏

d

p(x⃗d; µ⃗, ν⃗)
∏

k

pk(yk; νk), (4.2)

where d labels the entries in the dataset. An element of x⃗ could be the event count in
an analysis category, or the value of a continuous variable. These elements are treated as
statistically independent so that p(x⃗; µ⃗, ν⃗) can be expressed as:

p(x⃗; µ⃗, ν⃗) =
∏

i

pi(xi; µ⃗, ν⃗) (4.3)

where pi is the probability density function (pdf) for the observable xi. Constructing the
likelihood then becomes a task of determining pk(yk; νk) and pi(xi; µ⃗, ν⃗), where the form
of pi(xi; µ⃗, ν⃗) depends on the type of analysis being performed.

4.1.1 Counting Analyses

The simplest type of analysis is a counting analysis in a single category, where the primary
observable is the observed number of events, n. In this case, p(x; µ⃗, ν⃗) is a Poisson
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distribution, and the likelihood is given by:

L(Φ⃗) = λ(µ⃗, ν⃗)n
e−λ(µ⃗,ν⃗)

n!

∏

k

pk(yk; νk). (4.4)

In an analysis without systematic uncertainties where there is an expected number of
signal and background events, s and b, and where the only parameter of interest is a
signal strength, µ, that scales the expected number of signal events, the natural log of
the likelihood is given by:

lnL(µ) = n ln(µs+ b)− (µs+ b)− ln(n! ). (4.5)

Expanding this to more than one category with observed counts, ni, and expected signal
and background counts, si and bi, this likelihood becomes:

lnL(µ) =
∑

i

ni ln(µsi + bi)− (µsi + bi)− ln(ni! ) (4.6)

where µ scales the expected signal counts in each category equally. Equation 4.6 is the
likelihood used for a simplified upper limit calculation that is described in Section 5.5.4
and used in the development of the di-Higgs search in Chapter 5.

4.1.2 Shape Analyses

More sensitive results can be obtained by using choosing primary observables that go
beyond the number of events in a category. For this reason, the final results extraction
in the di-Higgs search uses the invariant mass of the selected diphoton candidate, mγγ , of
every event in one or more categories as the primary observables. The shape of an mγγ

distribution is described by an analytical function, fpc(mγγ , µ⃗, ν⃗), which is the probability
density function for mγγ for a process, p, in a category, c. The probability density function
for the primary observables, p(x⃗; µ⃗, ν⃗), takes into account the relative contributions of each
process in a category, and sums over all categories, and is given by:

p(x⃗; µ⃗, ν⃗) =
∑

p,c

λpc(µ⃗, ν⃗)fpc(mγγ ; µ⃗, ν⃗)∑
p,c λpc(µ⃗, ν⃗)

(4.7)

where λpc(µ⃗, ν⃗) is the expected number of events for a process, p, in category, c. Finally,
for a dataset of n events, a Poisson term, P(n;

∑
p λp(µ⃗, ν⃗)), is also added to the likelihood

of Eq. 4.2.
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4.1.3 Systematic Uncertainties

In the combine framework, the probability densities for the auxiliary observables, pk(yk; νk),
are given by normal, Poisson, and uniform distributions, depending on the auxiliary ob-
servable [84]. In the di-Higgs search in Chapter 5, only normal distributions:

p(y; ν) = N(y; ν, σν) =
1

σν
√
2π

exp

Å
−(y − ν)2

2σ2
ν

ã
(4.8)

are used. By default, y is set to zero so that ν = 0 is the most likely value of the nuisance
parameter based upon p(y; ν) alone. This is also referred to as the nominal value of the
nuisance parameter.

For a process p, and category c, the expected number of events for a process, λpc(µ⃗, ν⃗),
is factorized into a component related to the POIs, and components related to the nuisance
parameters:

λpc(µ⃗, ν⃗) = gpc(µ⃗)
∑

k

hpck(νk) (4.9)

where µ⃗ and ν⃗ are assumed to be statistically independent. For a given set of µ⃗ values,
the g(µ⃗) component, represents the nominal value of the expected number of events, e.g.
in an analysis where the LHC luminosity is part of the measurement, the calculation of
g(µ⃗) assumes the best-fit value for the luminosity from the auxiliary measurement. Then,
the h(ν) components encode how λ should change if a nuisance parameter is shifted from
their nominal values, and these components are approximated by:

h(ν) =





κνup if ν > 0.5

κ−ν
down if ν < −0.5

exp(νK(κup, κdown, ν)) otherwise

(4.10)

where K takes a form [84] such that the first and second derivatives of h(ν) are continuous
for all values of ν and that when κ = κdown = 1/κup, the form reduces to:

h(ν) = κν . (4.11)

The values of κup and κdown are taken from the impact that the nuisance parameter has
on the rate of the process at ν = −1 and ν = 1, where a value of ν = 0 represents no
impact at all. For example, if the LHC luminosity measurement is X+10%

−5% , then for a
nuisance that encodes this uncertainty, κup = 1.1 and κdown = 0.95.

In shape analyses, the dependence of the distribution’s shapes on the nuisances pa-
rameters must also be encoded. In the di-Higgs search, this is achieved by first fitting an
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analytical function, f(mγγ ; µ⃗, Ψ⃗), to the simulated events where the nuisance parameters,
νk, are at their nominal values. The fitted shape parameters, Ψ̂⃗Ψ, are treated as nominal
values, and then the dependence of the shape parameters on the nuisance parameters are
encoded by:

Ψi = Ψ̂i(1 +
∑

k

αikνk) (4.12)

where αik are determined by studying how the distributions of the simulated events change
where the nuisance parameters are shifted. More details on this procedure are provided
in Section 5.8.
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4.2 Inference

4.2.1 Significances

In the search for the pp → X → H(H/Y) → γγττ process in Chapter 5, there is a single
parameter of interest, µ, which is the cross section for the process. The significance of the
observed data with respect to the background-only hypothesis is calculated using a test
statistic, q0, defined from the likelihood function:

q0 =





−2 ln
L(0, ν⃗̂νˆν(0))
L(µ̂, ν⃗̂ν)

if µ̂ > 0,

0 otherwise
(4.13)

where µ̂ is the maximum likelihood estimator for µ, and ν⃗̂ν
ˆ
ν(µ) and ν⃗̂ν are the values of ν⃗

that maximize the likelihood assuming a specific value of µ and µ = µ̂ respectively [85].
A measure of the compatibility of the data with the background-only hypothesis is given
by the p-value, p0, which is calculated as:

p0 =

∫ ∞

qobs
0

f(q0|0)dq (4.14)

where qobs is the test statistic for the observed data, and f(q0|0) is the distribution of the
test statistic determined by the generation of pseudo-data sets assuming the background-
only hypothesis where the nuisance parameters are set to ν⃗̂ν

ˆ
ν(µ) and the auxiliary observ-

ables are sampled from their probability distributions. The significance, Z, is then defined
by the p-value according to:

Z = Φ−1(1− p0) (4.15)

where Φ−1 is the inverse of the cumulative distribution of the standard normal distribu-
tion.



4.2. Inference 109

4.2.2 Limit Setting

To calculate upper limits on the cross section of the di-Higgs process, a different test
statistic, q(µ), is used [85], which is defined by:

q(µ) =





−2 ln
L(µ, ν⃗̂νˆν(µ))
L(µ̂, ν⃗̂ν)

if 0 ≤ µ̂ ≤ µ,

−2 ln
L(µ, ν⃗̂νˆν(µ))
L(0, ν⃗̂νˆν(0))

if µ̂ < 0,

0 if µ̂ > µ

(4.16)

and two p-values, pµ and pb, are calculated with:

pµ =

∫ ∞

qobs(µ)
f(q(µ)|µ)dq (4.17)

and
pb =

∫ ∞

qobs(µ)
f(q(µ)|0)dq (4.18)

where f(q(µ)|µ) is the distribution of the test statistic determined by the generation of
pseudo-data sets like in the calculation of a significance, except now assuming a non-zero
value for µ. The p-values, pµ and pb, are measures of the compatibility of the data with the
signal-plus-background hypothesis, assuming a particular value of µ, or assuming µ = 0

(background-only) respectively.
Any value of µ which has a pµ < α can then be said to be excluded at the 100(1−α)%

confidence level. However, this approach is considered too aggressive because a downward
fluctuation in the background would lead to smaller values of pµ, thereby excluding a
greater range of µ. To counteract this, µ values are instead excluded according to the
CLs = pµ/pb criterion [15, 86, 87], and an upper limit at the 100(1−α)% confidence level
is quoted as the value of µ which satisfies CLs = α.

Expected upper limits are calculated by first generating pseudo-data sets assuming
the background-only hypothesis. Then, values of the test statistic that correspond to the
2.5, 16, 50, 85 and 97.5% quantiles are taken from the generated distribution, and the
corresponding upper limits are calculated by replacing qobs with these values. The upper
limit for the 50% quantile is referred to as the median expected limit.

The upper limits can also be calculated without generating pseudo-data sets by relying
on an asymptotic approximation for f(q(µ)|µ) according to the prescription in Ref. [85].
This is the approach taken during the category optimization in the di-Higgs search in
Chapter 5 because for the sake of an optimization study, the approximation is good
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enough, and the asymptotic approach is computationally faster than generating pseudo-
data sets, which is useful since the optimization requires the upper limits to recalculated
thousands of times.

4.2.3 Maximum Likelihood Estimates and Confidence Intervals

In the EFT interpretation of Chapter 6, the Wilson coefficients are estimated by maximiz-
ing the likelihood function, L(µ⃗, ν⃗), with respect to the Wilson coefficients, and confidence
intervals are estimated using the profile likelihood ratio:

q(µ⃗) = −2 ln
L(µ⃗, ν⃗̂νˆν(µ⃗))
L(µ̂⃗µ, ν⃗̂ν)

(4.19)

where µ̂⃗µ are the maximum likelihood estimates for the POIs, which are the Wilson co-
efficients in this case, and ν⃗̂ν

ˆ
ν(µ⃗) and ν⃗̂ν are the values of the nuisance parameters that

maximize L for a particular set of µ⃗ and for the maximum likelihood estimates (µ̂⃗µ) re-
spectively. In the absence of large non-Gaussian uncertainties, Wilks’ theorem states that
the profile likelihood ratio test statistic is approximately χ2 distributed [88–90] with k

degrees of freedom, where k is the number of POIs. In Chapter 6, scans of the likeli-
hood function are performed one Wilson coefficient at a time (k = 1) where the other
Wilson coefficients are either set to zero, or left floating (are profiled). So, using Wilks’
theorem, an approximate 68% (95%) confidence interval is given by the values of µ where
q(µ⃗) = 1 (3.84).

4.2.4 Binned χ
2 Fits

In the case of a simple binned fit where there are no nuisance parameters, the likelihood
function is a product of Poisson terms:

L(µ⃗) =
∏

i

1

ni!
λi(µ⃗)

nie−λi(µ⃗) (4.20)

where ni and λi(µ⃗) are the observed and expected number of events in bin i. Assuming
that λ is large (≳ 10), a Poisson distribution can be approximated by a normal distribution
with a mean and variance equal to λ:

L ≈
∏

i

1√
2πλi(µ⃗)

exp

Å
−(ni − λi(µ⃗))

2

2λi(µ⃗)

ã
(4.21)
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and the test statistic (Eq. 4.19) becomes:

q(µ⃗) ≈ χ2(µ⃗) =
∑

i

(ni − λi(µ⃗))
2

σ2
i

(4.22)

where σ2
i = λi(µ⃗) is the variance, and χ2 is referred to as the chi-squared test statistic.

Often, a further approximation is made by estimating the variance from the observed
number of events using σi =

√
ni, which is a fair approximation when λ is large [15].

This chi-squared test statistic is often used in fits to weighted simulated events where the
distribution of events in each bin cannot be described by a Poisson distribution. In these
fits, the variance in each bin is given by σ2

i =
∑

j w
2
ij . This type of fit is used in the γγττ

search in Chapter 5, primarily to derive models of the mγγ distribution for the single and
di-Higgs processes (Section 5.8.1).
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Chapter 5

Search for Di-Higgs in Final States
with Photons and Tau Leptons

5.1 Introduction

The cross section for the simultaneous production of a pair of Higgs bosons (di-Higgs
production) at the LHC has a SM prediction of about 35 fb at

√
s = 13TeV [22]. This

is three orders of magnitude lower than the cross section for the production of a single
Higgs boson, and as such, makes the search for di-Higgs production exceedingly difficult.
Nevertheless, the CMS and ATLAS collaborations have performed these searches [91–93]
and while they have not discovered di-Higgs production yet, they still act as important
tests of the SM. One of the LO Feynman diagrams for di-Higgs production, shown in
Fig. 5.1 (left), includes the HHH vertex, thereby allowing these searches to place direct
constraints on the Higgs self-coupling, λ, or alternatively on κλ = λ/λSM.

The type of di-Higgs production in the SM is nonresonant, meaning that it does not
proceed via an intermediate resonance. In some BSM theories, di-Higgs production can
proceed via new resonances (resonant production), with a rate substantially higher than

H

g

g

λ

H

H

X

g

g Y/H

H

Figure 5.1: Examples of LO Feynman diagrams for nonresonant (left) resonant (right) di-Higgs
production. In the resonant diagram, Y is a new scalar.
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Figure 5.2: Branching fractions of HH to different final states in the SM. For example, B(HH →
γγττ) = 2.8× 10−4.

the SM prediction. An example for resonant production is shown in the Feynman diagram
in Fig. 5.1 (right). In the WED and NMSSM theories described in Sections 2.3.1 and 2.3.2,
the possible resonant processes include X(0) → HH and X(2) → HH, where X(0) and X(2)

are new spin-0 and spin-2 particles, respectively, and X → YH, where X and Y are new
spin-0 particles. To gain a complete understanding of di-Higgs production at the LHC, it
is important to search for both resonant and nonresonant production, and for a particular
final state, the two are often done in parallel.

In designing a search for di-Higgs production, one must select which final states to use.
To maximize sensitivity, it is important to choose a final state that has a combination
of a high branching fraction, high signal efficiency, and low background contamination.
Figure 5.2 shows the HH branching fractions for the most common Higgs boson decays.
The HH → bb̄bb̄ decay has the highest branching fraction at 33% but suffers from a
large QCD multi-jet background, and relatively poor resolution on the reconstructed
Higgs boson mass. By substituting one of the bb̄ decays with γγ, background levels are
greatly reduced, and the analysis benefits from the good mγγ resolution. This makes the
HH → bb̄γγ decay one of the most sensitive channels for HH production at the LHC,
despite its lower branching fraction of 0.26%.

Searches for nonresonant and resonant di-Higgs production in the bb̄γγ final state
have been performed by the CMS experiment with data from proton-proton collisions
at

√
s = 13TeV corresponding to an integrated luminosity of 138 fb−1 [94, 95]. The
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nonresonant search observed an upper limit on σ(pp → HH → bb̄γγ) of 5.2 times the
SM prediction, and constrained the Higgs self coupling to −3.3 < κλ < 8.5 [94]. The
resonant search explored X → HH and X → YH production, with mX ∈ [260, 1000]GeV
and mX ∈ [300, 1000]GeV respectively. In X → YH production, the Y → bb̄ decay with
mY ∈ [70, 800]GeV was considered. In the X → HH searches, no significant deviations
from the background-only hypothesis were observed, and upper limits on σ(pp → X →
HH → bb̄γγ) were reported as 0.82–0.07 and 0.87–0.06 fb depending on mX for the spin-
0 and spin-2 scenarios respectively. In the X → YH search, an excess with a local
(global) significance of 3.8 (2.8) standard deviations was observed at mX = 650GeV and
mY = 90GeV [95]. All upper limits and confidence intervals were set at 95% CL.

The excess at mX = 650GeV and mY = 90GeV in the X → YH search is particularly
interesting because it aligns with several others excesses reported by the CMS experi-
ment. Searches for new scalars decaying to WW, ττ , and γγ final states have reported
local (global) significances of 3.8 (2.6), 2.8 (2.2) and 2.9 (1.3) standard deviations for
scalar masses of 650 GeV, 100 GeV and 95 GeV respectively [96–98]. Assuming that these
excesses are real and hint toward a new particle sector, they imply that σ(X → YH) and
decay rates of the new scalars to bb̄, WW, ττ , and γγ are high enough to be observed (or
almost observed) at the LHC.

This motivates a search for X → YH production in the γγττ final state, which has
not been explored yet. Furthermore, for low values of mY (∼ 100GeV) in the Y → γγ

search, this analysis provides a unique opportunity to constrain regions of the NMSSM
phase space, as discussed in Section 2.3.2. In the X → HH searches, the results are not
expected to be more sensitive than those reported by the bb̄γγ search since the H → ττ

branching fraction is lower than for H → bb, but the search is motivated nonetheless by a
future combination of results that will use all available final states to search for X → HH

production with greater sensitivity than the individual analyses.
This chapter presents a search for resonant di-Higgs production in the γγττ final state

using proton-proton collision data collected by the CMS experiment between 2016 and
2018 at

√
s = 13TeV, corresponding to an integrated luminosity of 138 fb−1. The search

consists of four main analyses, each targeting a different process:

1. X(0) → HH: resonant HH production via a spin-0 particle (X(0))

2. X(2) → HH: resonant HH production via a spin-2 particle (X(2))

3. X → Y(ττ)H(γγ): resonant YH production via a scalar, X, where Y → ττ

4. X → Y(γγ)H(ττ): resonant YH production via a scalar, X, where Y → γγ

For the X → HH searches, mX ∈ [260, 1000]GeV, and for the X → YH searches, mX ∈
[300, 1000]GeV and mY ∈ [50, 800], where in the X → Y(γγ)H(ττ) search, the lower
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bound on mY is instead 70 GeV due to triggering requirements. While these processes
are motivated by the WED and NMSSM theories, the searches are designed to be model-
independent, except for the assumption that the new particles have a narrow width. The
final results are significances in the case of signal excesses, and upper limits on the cross
section of the targeted processes.
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5.2 Analysis Strategy

Events are selected beginning with one of two different diphoton triggers, one which
requires mγγ > 90GeV, and another than requires mγγ > 65GeV but has a reduced lu-
minosity of 132 fb−1. The former is used for all searches except for the X → Y(γγ)H(ττ)

search when mY < 125GeV. The X → Y(γγ)H(ττ) search is therefore treated as two
different searches, a low-mass search for mY < 125GeV and a high-mass search for
mY > 125GeV. Following the trigger, preselection criteria are applied which includes
the requirement of at least one tau lepton candidate, and a selection on mγγ which cor-
responds to 100–180 GeV for the X → HH and X → Y(ττ)H(γγ) searches, while in
the low and high-mass X → Y(γγ)H(ττ) searches, it corresponds to 65–150 GeV and
100–1000 GeV respectively. The triggering and preselection requirements are described in
greater detail in Section 5.4.

Toy examples of the mγγ distributions for the signal and background processes for each
search are shown in Fig. 5.3. In every search, there is a nonresonant background which
is predominantly comprised of prompt photon and diphoton production with associated
jets (γ+jets and γγ+jets), where the jets are misidentified as photons and/or tau leptons.
There are also smaller contributions from V+ γ, tt̄, tt̄ + γ, and tt̄ + γγ where the vector
bosons (from direct production or the decay of top quarks) can decay into tau leptons
and associated jets can be misidentified as photons. This nonresonant background forms
a smoothly-falling distribution in mγγ .

Furthermore, there is a resonant background in every search from single Higgs boson
production in the SM, where the Higgs boson decays to two photons. This background
leads to a peak in the mγγ distribution at the Higgs boson mass (≈ 125GeV). In the
low-mass X → Y(γγ)H(ττ) search, there is another resonant background present at about
91 GeV from Z → e+e− decays where both electrons are misidentified as photons. This
background is referred to as the DY background since it predominantly comes from the
Drell-Yan (DY) process.

The signal process forms a peak in the mγγ distribution at a location depending on the
search and mY. In the X → HH and X → Y(ττ)H(γγ) searches, the two photons originate
from a Higgs boson and therefore form a peak at about 125 GeV. In the X → Y(γγ)H(ττ)

searches, the photons originate from the Y scalar and therefore form a peak at mY.
To improve the sensitivity of the search, signal events are separated from background

events using a machine learning classifier. Neural networks that are trained to be para-
metric in mX, and mY in case of the X → YH searches, are used for this purpose. A
parametric neural network (pNN) is one whose classification behaviour is dependent on
the specified mX (and mY) and leads to better signal-to-background separation at each
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Figure 5.3: Toy examples of the mγγ distributions of the background and signal processes for
each search. In each search, there is a smoothly-falling nonresonant background
(blue), and a background from SM single Higgs production (orange). In the low-mass
search, there is also a DY background (red) originating from the misidentification
of electrons as photons in Z → e+e− decays. The signal peaks at about 125 GeV in
the X → HH and X → Y(ττ)H(γγ) searches, and at mY in the X → Y(γγ)H(ττ)
searches, where examples at mY = 80 and 400 GeV are shown for the low and high-
mass searches respectively. The shape and relative rates of every process are not
exact and are for illustrative purposes only.
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mass point than possible with a single non-parametric neural network. The training and
performance of the pNNs is described in Section 5.5.

In every search, and for every mass point, a set of analysis categories are defined using
the pNN output that are optimized for the best expected sensitivity. The granularity
in mX (and mY) that the results are reported at depends on the behaviour of the pNN
selection, and on the mγγ resolution in the case of the X → Y(γγ)H(ττ) searches. The
granularity is set such that the search is sensitive to any signal within the mass range(s)
of interest, and the procedure that specifies this is described in Section 5.6.

Results are extracted through maximum likelihood fits to the mγγ distributions in the
analysis categories. The signal and background models are defined as analytic functions
of mγγ , where the signal and background models are determined by fits to simulated
events or to data, depending on the process. The creation of these models is described in
Section 5.8, and the final results are presented in Section 5.9.
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5.3 Samples

This analysis uses data collected by the CMS experiment in pp collisions with
√
s = 13TeV

during 2016, 2017 and 2018, corresponding to integrated luminosities of 36.3, 41.5 and
59.8 fb−1 for each year respectively, and a total of 138 fb−1 [42–44]. In 2018, the HLT
path used for the low-mass X → Y(γγ)H(ττ) search was not introduced until after the
first 5.1 fb−1 of data was collected, and therefore the luminosity for this search in 2018 is
reduced to 54.7 fb−1, corresponding to a total of 132 fb−1 across 2016, 2017, and 2018.

Monte-Carlo (MC) simulation is generated for the signal processes at LO accuracy
using MadGraph5_amc@nlo v2.6.5 [99]. The values of mX (and mY for X → YH

searches) that samples are generated at is shown in Fig. 5.4. In this Chapter, these values
are referred to as nominal mass points. Results are reported at these values, as well as
at intermediate mass points, which are defined in Section 5.6.

The γ+jets and γγ+jets backgrounds are modelled with MadGraph5_amc@nlo
v2.6.5 [99, 100] and sherpa v2.2.1 [101] respectively, both at LO accuracy. The other
nonresonant backgrounds: V+ γ, tt̄, tt̄ + γ, and tt̄ + γγ, are modelled at NLO accuracy
in perturbative QCD with MadGraph5_amc@nlo v2.6.5 [99, 100, 102] except for tt̄

which uses MadGraph5_amc@nlo v2.6.1.
To model the SM single Higgs background, simulated events are generated for the

ggH, VBF, VH and ttH production modes using MadGraph5_amc@nlo v2.4.2 [99, 100,
102] at NLO accuracy in perturbative QCD. Further production modes are not simulated
because their contributions are negligible. The samples are normalized to the SM cross
sections and branching fractions provided by the LHC Higgs Cross Section Working Group
(Tables 2.2 and 2.3), which are calculated at higher orders in perturbative QCD and EW
theory [22].

In the generation of all simulated samples, parton distribution functions are taken
from the NNLO NNPDF 3.1 set [103]. Samples are interfaced with pythia 8.240 [104]
with the CP5 tune [105, 106] for parton showering, fragmentation with the standard pT -
ordered parton shower scheme, and the underlying event description. Finally, the detector
response is modelled using the Geant4 package [107] and the events are reconstructed
using the same algorithms as for the data.
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Figure 5.4: Granularity in mX (and mY) that MC samples are generated at for the X → HH
(green), X → Y(γγ)H(ττ) (orange) and X → Y(ττ)H(γγ) (orange and blue) pro-
cesses. These points define the so-called nominal mass points.
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5.4 Trigger and Preselection

Events from data-taking periods that are certified for physics events are first selected
according to HLT paths that require two photons that pass a set of criteria on the pT

of the photons and the invariant mass of the diphoton system. The HLT path used in
the low-mass X → Y(γγ)H(ττ) search requires mγγ > 55GeV and pT > 30(18)GeV for
the leading (subleading) photon. The HLT path used for all of the other searches in
this analysis requires mγγ > 90GeV and has the same photon pT requirements except in
2017 and 2018 where the subleading photon threshold was increased to 22 GeV. The HLT
paths also apply a set of loose requirements on shower shape and isolation variables of the
photons. The impact of including tau lepton triggers was studied, but the improvement
in signal efficiencies was found to be less than 1% and therefore, these triggers were not
used in the final analysis.

Triggered events are then required to pass a set of preselection criteria. This selection
requires tau lepton candidates in the event, applies the particle identification algorithms
described in Section 3.3, and places loose requirements on kinematic properties of the
photons and tau lepton candidates. Selections are also placed on a number of shower
shape and isolation variables for the photons: Ich, H/E, R9, σiηiη and Iγ (all defined in
Section 3.3.5), and on impact parameters dxy and dz, which are the shortest distances of
the corresponding particle track to the primary vertex in the transverse and longitudinal
directions respectively.

The preselection requirements are kept as loose as possible, either aligning with the
trigger (HLT) requirements, which were originally tuned to maximize the signal efficiency
for SM H production for a particular trigger rate/bandwidth, or aligning with require-
ments used to derive simulation corrections, e.g. the electron ID efficiency scale factors
(Section 3.3.5) were calculated for electrons with pT > 10GeV. Later, the pNN will be
used to apply the final selection designed to optimize the sensitivity of the analysis.

Beginning with the photons, the preselection requirements depend on which search is
being performed where different requirements are made for the low-mass X → Y(γγ)H(ττ)

search compared to the rest of the searches. Starting with the requirements for the rest
of the searches, all photon candidates are required to have:

• pT > 25GeV,
• |η| < 2.5 and not 1.44 < |η| < 1.57 (to exclude the barrel-endcap transition region),
• Ich < 20GeV,
• Ich/p

γ
T < 0.3,

• H/E < 0.08,
• Photon ID WP90
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Table 5.1: A subset of the preselection requirements on photon candidates that are based upon
η, R9, σiηiη, Iγ , and Itk.

R9 σiηiη Iγ ( GeV) Itk ( GeV)

Barrel [0.50, 0.85] <0.015 <4.0 <6.0
>0.85 — — —

Endcaps [0.80, 0.90] <0.035 <4.0 <6.0
>0.90 — — —

Table 5.2: Preselection requirements on electrons, muons, τh, and jets. Descriptions about the
ID algorithms for electrons, muons and τh can be found in Section 3.3. In addition to
the listed criteria, selected electrons, muons and τh are required to have ∆R > 0.2 with
respect to each other and selected photons, and jets are required to have ∆R > 0.4
with respect to all selected objects. Finally, electrons whose trajectories are consistent
with the barrel-endcap transition region (1.44 < |η| < 1.57) are excluded.

pT |η| |dxy| |dz| ID

Electrons >10 GeV <2.5 <0.045 <0.2 WP90
Muons >15 GeV — <0.045 <0.2 Medium cut-based
τh >20 GeV <2.3 — <0.2 VVLoose De, VLoose Dµ, Loose Djet

Jets >25 GeV <2.4 — — —
IsoTracks >5 GeV — <0.2 <0.1 —

and pass additional η-dependent requirements on R9, σiηiη and Iγ , which are summarized
in Table 5.1. These requirements also include a selection on track isolation, Itk, which is
the sum of track pT in a hollow cone with a smaller (larger) annulus of ∆R = 0.04 (0.33).
For the X → HH and X → Y(ττ)H(γγ) searches, diphoton candidates are then formed
by pairing photons that have 100 < mγγ < 180GeV and where the leading (subleading)
photon has pT > 35 (25)GeV. Additionally, the leading (subleading) photon is required
to have pT /mγγ > 0.33 (0.25). The same requirements are applied in the high-mass X →
Y(γγ)H(ττ) search except the mγγ requirement is changed to 100 < mγγ < 1000GeV.

In the low-mass search, the pT requirement on photon candidates is lowered to 18 GeV,
and the pixel veto (Section 3.3.5) is applied to reduce contamination from the DY back-
ground. All other photon requirements are the same. When forming diphoton candidates,
the leading (subleading) photon is required to have pT > 30 (18) GeV, the pT /mγγ re-
quirements are removed, and 65 < mγγ < 150GeV is required. In all searches, if more
than one diphoton candidate is found, the candidate with the highest pT is chosen.

Electron, muon, τh, and jet candidates are selected according to the criteria sum-
marized in Table 5.2. This includes selection on the candidate pT , η, ID variables, and
the impact parameters, dxy and dz, which are the shortest distances of the track to the
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primary vertex in the transverse and longitudinal directions respectively.
Ditau candidates are formed by creating pairs of candidates from the selected τh,

muon, electron candidates according to the following priority: τhτh, τhµ, τhe, µe, µµ, ee,
where a particular pairing is referred to as a channel. If there is one τh candidate, and no
electron or muon candidates, tracks with Ich < 5GeV and pT > 5GeV, or Ich/pT < 0.2

are considered as additional tau lepton candidates. These isolated tracks (IsoTracks) are
used to create an additional channel: τh + IsoTrack. Events are selected if they have a
ditau candidate, or if there is a single τh, which is the final channel: τh.

Events with an opposite-sign same flavour ee or µµ pair are rejected if they are con-
sistent with a Z → ll or Z → llγ (l = e,mY) decay. This is done by rejecting any events
where 80 < mll < 100GeV or 86 < mllγ < 96GeV where mllγ is calculated with respect
to both the leading and subleading photons.

The efficiency of the triggering and preselection requirements for signal events is cal-
culated in simulation with a number of corrections applied. These corrections include the
object energy scale, energy resolution, and ID corrections discussed in Section 3.3. They
also include corrections for the triggering and photon preselection requirements which are
derived from data with the “tag-and-probe” method using Z → e+e− events [108], and
are applied by reweighting the simulated events in bins of pT , R9 and η [16, 109, 110].

The signal efficiency after triggering and preselection requirements is shown as a func-
tion of the resonance mass, mX, for the X → HH searches in Fig. 5.5, which is seen to
increase as a function of mX. This is expected since a higher mX will lead to candidates
with higher pT , which will be more likely to pass the pT requirements. Furthermore, the
efficiency of ID requirements tend to increase with higher pT (see Fig. 3.14).

The preselection efficiency in the X → YH searches is shown in Fig. 5.6 as functions of
mX and mY. As in the X → HH searches, the efficiency increases with mX. In the high-
mass X → Y(γγ)H(ττ) search, the trend in mY is such that the highest efficiencies are
found at low mY, whereas in the low-mass search less of a significant trend is seen, though
that is likely due to the smaller range of mY being considered. In the X → Y(ττ)H(γγ)

search, a more complex trend in mY is seen, where the highest efficiencies are seen for
median values of mY. The is possibly because at lower values of mY, the tau lepton
candidates will be less separated and the ∆R requirement between tau lepton candidates
will reduce the efficiency.
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Figure 5.5: Preselection signal efficiency as a function of mX in the X(0) → HH (left) and
X(2) → HH (right) searches. The contributions from the different channels are
shown by the stacked filled histograms and the combined efficiency shown by the
black points. The statistical uncertainty in the combined uncertainty is plotted but
is too small to be seen.
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Figure 5.6: Preselection signal efficiency as a function of mX and mY in the X → Y(ττ)H(γγ)
(top), low-mass X → Y(γγ)H(ττ) (bottom-left), and high-mass X → Y(γγ)H(ττ)
(bottom-right) searches.
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5.5 Event Selection

5.5.1 Training Features

Variables considered as inputs to the pNN (training features) are mostly kinematic vari-
ables of the photons, tau lepton candidates, jets, and MET in the event. This includes
angular relations (∆η, ∆φ, ∆R) between these objects, and the invariant masses of combi-
nations of them. Also included are the b jet ID for selected jets, particle multiplicities, the
event channel, and the data-taking year. The full set of 67 variables is listed in Table 5.3.

The variables for the leading and subleading tau lepton candidates only include in-
formation from the visible decay products of the tau lepton whereas in the ditau system,
the variables are computed with the svfit algorithm [111] which incorporates a correc-
tion from the MET. The invariant mass of the diphoton and ditau systems, m(γγττ),
and the invariant mass of the diphoton system, the leading tau lepton candidate, and the
MET, m(γγτ1MET), are included as estimators of mX. The latter variable was calculated
neglecting the z-component of the MET, and was created specifically in mind of the τh

category where there is only a single tau lepton candidate.
When selecting input features for the pNNs, it is important to consider the background

modelling. The techniques described in Section 5.8.2 assume that the nonresonant back-
grounds are smoothly falling in the mγγ distribution. If they are not, a peak in the
background could be mistakenly reported as a signal excess. To avoid this, input fea-
tures that are highly correlated with mγγ are removed or transformed. Therefore, mγγ is
not included as a feature. However, it is not always obvious whether other features will
lead to sculpting until after the pNN has been trained and therefore, feature selection
and training can be a recursive process. In this section, the initial steps made to reduce
sculpting and the subsequent feature selection are first described. Then, at the end of
this section, final alterations made to the training features after studies into sculpting are
described.

Initial steps to reduce sculpting are to divide the photon pT by mγγ since its scale is
partially (completely if the Higgs boson is produced at rest) determined by mγγ . This
is standard practice for H → γγ analyses in the CMS collaboration [110] and whilst it
will not completely remove the correlation, it is found sufficient to remove any significant
sculpting. For similar reasons, the m(γγττ) and m(γγτ1MET) variables are also divided
by mγγ .

Not all the 67 considered variables provide good discrimination power and their in-
clusion can lead to longer training times which in turn slows down studies into the event
selection. Therefore, a subset of features which retain the majority of the discrimination
power is desired. A feature selection procedure was performed for the X(2) → HH search
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Leading and subleading photon pT /mγγ , η, φ

Leading and subleading tau candidates pT , η, φ,m, charge, PDG ID

Leading and subleading jet pT , η, DeepJet ID

Highest b-tag scoring jet DeepJet ID

MET pT , φ

Diphoton system pT /mγγ , η, φ,∆η,∆φ,∆R,

Ditau system pT , η,∆η,∆φ,∆R,m

Angular variables ∆φ(γγ,MET), ∆φ(ττ,MET),
∆φ(τ1,MET),∆φ(τ2,MET),

∆[η, φ,R](γγ, τ1), ∆[η, φ,R](γγ, τ2),
∆[η, φ,R](γγ, ττ),

∆R(γ1, [ττ, τ1, τ2]), ∆R(γ2, [ττ, τ1, τ2])

Multiplicity Ne, Nµ, Nτ , NIsoTracks, Njets, Nb-jets

Invariant masses m(γγττ)/mγγ , m(γγτ1MET)/mγγ ,
m(ττγ1), m(ττγ2)

Other channel, year

Table 5.3: Training features considered for the training of pNNs before feature selection. There
are 67 features in total. Leading and subleading particles are denoted by p1 and p2
respectively. The [x, y, z] notation means there is a variable for each choice in [x, y, z],
e.g. ∆[η, φ,R](γγ, τ1) corresponds to ∆η(γγ, τ1),∆φ(γγ, τ1),∆R(γγ, τ1).
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Photons pγγT /mγγ , pγ1T /mγγ , pγ2T /mγγ , ∆R(γγ), ∆φ(γγ)

Tau candidates pτ1T ,m(τ1), p
ττ
T ,m(ττ),∆R(ττ), ∆η(ττ), ∆φ(ττ)

Reconstructed mX m(γγττ)/mγγ , m(γγτ1MET)/mγγ

Additional angular ∆φ(γγ,MET), ∆φ(ττ,MET),
variables ∆[η, φ,R](γγ, τ1), ∆[η, φ,R](γγ, τ2),

∆φ(γγ, ττ), ∆η(γγ, ττ),
∆R(γ1, ττ), ∆R(γ1, τ1), ∆R(γ2, τ1)

Other m(ττγ1), pMET
T , pj1T , channel

Table 5.4: The most important features found after a selection procedure based on the feature
importance from BDTs trained on the X(2) → HH signal samples. There are 31
features in total. Leading and subleading particles are denoted by p1 and p2 respec-
tively. The [x, y, z] notation means there is a variable for each choice in [x, y, z], e.g.
∆[η, φ,R](γγ, τ1) corresponds to ∆η(γγ, τ1),∆φ(γγ, τ1),∆R(γγ, τ1).

and the results were used for all searches. The beginning of the procedure is as follows:

1. For every generated mass point (Fig. 5.4), train a Boosted Decision Tree (BDT)
using all considered features to separate the X(2) → HH sample from all background
samples. The BDT is trained using the xgboost package [112] with the default
model parameters.

2. For every generated mass point, identify the least important training feature using
the ‘gain’ feature importance from xgboost and remove it from the list of features.

3. Iteratively train the BDTs, removing features one-by-one until a significant drop in
performance is seen. The metric for performance was chosen as the signal efficiency
at a 1% background efficiency and the iterations were stopped after 17 features
remained in each BDT which corresponded to a maximal loss of 0.5% signal efficiency
across all mass points. Removing further features led to > 1% loss in signal efficiency
which was considered too significant.

4. Create a set of features from the union of the remaining features from each BDT.
This ensures that the feature set is appropriate for any kinematic regime dictated
by the range of mX.

Following these steps, a set of 31 features is found (see Table 5.4). This size of this set
can be further reduced without significant loss of information by removing features which
are highly correlated with each other.
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mX AUC full AUC subset Sig. eff. full Sig. eff. subset Sig. eff. difference
260 0.9292 0.9279 48.43% 48.13% -0.30%
300 0.9513 0.9505 50.71% 51.77% -1.06%
400 0.9928 0.9926 86.05% 85.58% -0.47%
500 0.9980 0.9980 96.44% 96.48% +0.04%
800 0.9998 0.9998 99.85% 99.84% -0.01%
1000 0.9999 0.9999 99.95% 99.95% 0.00%

Table 5.5: Comparison of a BDT’s performance to discriminate X(2) → HH signal samples from
background when using the full set of 67 considered training features and when using
the subset of 28 features found after the BDT feature importance procedure and the
removal of three highly correlated features. The signal efficiencies are calculated at a
background efficiency of 1%.

A dataset is created with an equal number (∼ 35K) of unweighted events sampled
from the mX = 300GeV signal sample and the combined background sample. Only events
which belong to categories with two tau lepton candidates are used so that all the variables
are well-defined. The Spearman’s rank correlation between the remaining 31 features in
this dataset is calculated and shown in Fig. 5.7. As expected, blocks of high correlation
can be found for variables which are derived from the same objects, and particularly high
correlation is found for related variables, e.g. pT /mγγ and ∆R for the diphoton system.

When trialling features to remove, the impact on the efficiencies for the mX = 260,
300, 400, 500, 800 and 1000 GeV signal samples (including single tau lepton candidate
category) was checked. After removing three features from the most correlated blocks of
features, the greatest difference in signal efficiency was found to be 1%, at which point
the removal of features was stopped, leaving 28 selected features. These features, which
are highlighted in red in Fig. 5.7 are: ∆R(γγ), ∆φ(γγ, τ1) and ∆φ(γγ, τ2). The changes
in signal efficiencies for the different mass points are shown in Table 5.5.

When training the pNNs with this selection of 28 features, sculpting of the mγγ dis-
tribution was found and this lead to the removal of m(γγτ1MET)/mγγ . For all but the
high-mass X → Y(γγ)H(ττ) search, this was sufficient to eliminate any sculpting. In the
high-mass X → Y(γγ)H(ττ) search, which has a significantly wider range in mγγ than
the rest, it was found necessary to also remove m(γγττ)/mγγ and m(ττγ1). The final set
of features used for training the pNNs is shown in Table 5.6.

Distributions of the data and MC given the standard preselection (except for low-
mass Y → γγ) in all of the 27 final training features are given in Figs. 5.8 to 5.13. Also
shown in these plots are signal distributions for the X(2) → HH process for mX = 260,
500 and 1000 GeV. For variables which are undefined in cases where there is a single tau
candidate, e.g. mττ , the single tau events are not included in the histograms.
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Figure 5.7: The Spearman rank correlation between the 31 features found after a selection pro-
cedure based on the feature importance from BDTs trained on the X(2) → HH signal
samples. The dataset that the correlation is calculated in is a combination of the
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red are subsequently removed.
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Photons pγγT /mγγ , pγ1T /mγγ , pγ2T /mγγ , ∆R(γγ), ∆φ(γγ)

Tau candidates pτ1T ,m(τ1), p
ττ
T ,m(ττ),∆R(ττ), ∆η(ττ), ∆φ(ττ)

Reconstructed mX m(γγττ)/mγγ
∗

Additional angular ∆φ(γγ,MET), ∆φ(ττ,MET),
variables ∆[η,R](γγ, τ1), ∆[η,R](γγ, τ2),

∆φ(γγ, ττ), ∆η(γγ, ττ),
∆R(γ1, ττ), ∆R(γ1, τ1), ∆R(γ2, τ1)

Other m(ττγ1)
∗, pMET

T , pj1T , category

Table 5.6: The 27 final features selected to train the pNNs determined by a feature importance
procedure, removing highly correlated variables, and removing variables which lead
to sculpting of the mγγ distribution. The features, m(γγττ)/mγγ and m(ττγ1),
are marked with an asterisk to indicate that they are not used in the high-mass
X → Y(γγ)H(ττ) search. Leading and subleading particles are denoted by p1 and p2
respectively. The [x, y, z] notation means there is a variable for each choice in [x, y, z],
e.g. ∆[η, φ,R](γγ, τ1) corresponds to ∆η(γγ, τ1),∆φ(γγ, τ1),∆R(γγ, τ1).

In general, better separation is seen for the mX = 1000GeV signal compared to
260 GeV. This is particularly apparent in variables such as pγγT /mγγ (Fig. 5.8), and
m(γγττ)/mγγ (Fig. 5.13), but there are also variables such as ∆R(γ1, τ1) (Fig. 5.10)
which are more useful at lower mX. This highlights the need for a selection of training
features that considered the whole range of mX.

The signal distributions of the ∆R variables that represent the angular separation
of the diphoton and ditau systems, or components thereof, e.g. ∆R(γγ, τ1) in Fig. 5.9,
have shapes that might be difficult to understand initially. However, the shapes can be
explained by separately considering the ∆φ and ∆η components to ∆R. At higher values
of mX, the Higgs bosons from the X → HH process are produced with higher pT and
approach the maximum separation in the x − y plane that corresponds to ∆φ = π (see
∆φ(γγ, ττ) in Fig. 5.10). Consequently, the ∆R variables peak at ∼ π and have a spread
corresponding to the spread in ∆η (see ∆η(γγ, τ1) in Fig. 5.9). At lower values of mX,
e.g. mX = 260GeV, there is less separation in the x − y plane and therefore, the ∆R

variables spread towards lower values, and still retain a “soft” maximum at ∼ π due to
the ∆φ component.
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Figure 5.8: Distributions of data, background MC, and X(2) → HH signals for mX = 260, 700
and 1000 GeV, in a subset of the variables used to train the pNN. Background MC
is normalized to data and the signal’s normalization is arbitrary. The statistical
uncertainty in the background simulation is shown by the grey shaded bands.
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and 1000 GeV, in a subset of the variables used to train the pNN. Background MC
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Figure 5.11: Distributions of data, background MC, and X(2) → HH signals for mX = 260, 700
and 1000 GeV, in a subset of the variables used to train the pNN. Background MC
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Figure 5.12: Distributions of data, background MC, and X(2) → HH signals for mX = 260, 700
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is normalized to data and the signal’s normalization is arbitrary. The statistical
uncertainty in the background simulation is shown by the grey shaded bands. The
bottom-right plot shows the channel of an event, where the numbering scheme is
given in Table 5.7.
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Figure 5.14: Distributions of data, background MC, and X(2) → HH signals for mX = 260, 700
and 1000 GeV, in a subset of the variables used to train the pNN. Background MC
is normalized to data and the signal’s normalization is arbitrary. The statistical
uncertainty in the background simulation is shown by the grey shaded bands.
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Channel Number Tau candidates
1 τhµ
2 τhe
3 τhτh
4 µµ
5 ee
6 µe
7 τh + IsoTrack
8 τh

Table 5.7: Numbering scheme used to describe the channels in the analysis which differ based
upon the types and number of tau lepton candidates reconstructed.

5.5.2 Parametric Neural Networks

In analyses like this one where there are different target signals and many different res-
onance masses to search for, there are several approaches available to help discriminate
signal from background. Examples include:

1. Training a classifier for every target signal and every mass point. In this approach,
every combination of process and mass point is treated as a separate analysis whose
job is to only target this specific signal. This approach lends itself to good sensitivity
since each analysis can be optimized to its signal without compromise introduced
by the consideration of other processes and mass points. However, in this analysis,
this would lead to the training of 208 classifiers in total and doing this, including
hyperparameter optimization, could be a lengthy task.

2. Training a single classifier for all the processes and all the mass points. In this
approach, all the signal MC is included in the training at once. Whilst this simpli-
fies the classifier training, it is also non-optimal since it applies the same logic to
discriminate against all the different signals. A more sensible approach would be to
train a classifier per process with all mass points included, but this would still not
be as optimal as approach 1.

3. Grouping together signals which are kinematically similar. Here, multiple classifiers
would be trained per process, where each classifier is designed to target a particular
kinematic regime. This is the approach taken by a resonant HH → bbγγ analysis
performed by the CMS collaboration where signals are grouped based upon a ‘boost
factor’ defined as mX/(mH + mY) [95]. This represents a compromise between
approach 1, which is more sensitive but also more complex, and approach 2, which
is more simple but less sensitive.
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An alternative to the approaches described above are Parameterized Neural Networks
(pNNs) [113]. Per process, a single pNN could be trained that would, in principle, be
as optimal as the first approach described above. This is possible because the pNN can
change how it uses the discriminating (training) features depending on the value of a
mass parameter(s). In more colloquial terms, it changes how to discriminate signal from
background depending on the mass point it is asked to discriminate for.

To understand how a pNN works, first consider one of the X → HH processes, and a
NN trained on a single mass point. This network is a function, f(x⃗), which can be roughly
thought of as the probability that an event, described by training features, x⃗, is signal.
If following approach 1, one would have a set of such functions {f1, f2, · · ·} where f i is
a NN trained with signal samples corresponding to mi

X. One could put these functions
together to create:

f(x⃗;mX) =





f1(x⃗) if mX = m1

f2(x⃗) if mX = m2

...
...





. (5.1)

When using this function, picking a value of mX is equivalent to picking a particular NN
to use. When training a pNN, the target function is f(x⃗;mX), i.e. a single function, which
given a value of mX, will provide a discriminator specific to that value of mX. In practice,
this is achieved by:

1. Including mX as an additional training feature (this is a different feature to the
reconstructed mX features described in Section 5.5.1).

2. Training the NN on all of the signal MC simultaneously where the events are assigned
a value of mX which corresponds to the dataset they originated from, i.e. events from
the mX = 300 GeV dataset will be given a value of 300 for the training feature mX.

3. Constructing training batches such that there are an equal number of signal events
and background events in each batch. Then, randomly pairing each signal event
with a background event in the batch and giving the background event the same
value of mX as the signal event. This ensures that on a per-batch basis, that there
is no power to discriminate between signal and background using the mX training
feature.

4. Renormalizing the signal datasets (mX = 300, 400, . . . , 1000GeV) such that the sum
of weights in each is the same.

5. Renormalizing the signal (all masses collectively) and background datasets such that
the sum of weights is the same between the two.
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Figure 5.15: Toy examples of distributions of m(γγττ) in background and in signal for the mX =
300, 350 and 400 GeV X → HH signals. In each case, a selection represented by
the dashed black lines on m(γγττ) is proposed to separate signal from background.
This selection is used to illustrate the selection that a pNN may effectively apply to
this variable. By training the pNN on the mX = 300 and 400 GeV signals, it may
learn to apply a selection for the 350 GeV mass point that is somewhere between
the selection used for 300 and 400 GeV.

The last two steps are not necessary to make a network parametric in mX, but they ensure
that the network is not biased towards any particular mass point and lead to better overall
performance.

It is possible to gain an intuition about what the pNN is doing implicitly. Consider a
network trained on a single mass point. At each layer in the network, more complicated
features can be made from the outputs of the previous layer. At the end of the network,
these features are combined to make a single discriminator, f(x⃗). If mX is included
as a training feature, then the features can be made to change depending on mX. For
example, the mean value of a feature in signal may scale with mX, e.g. m(γγττ) or pγγT .
By including mX in the network, it is possible that features such as x1 = mX −m(γγττ)

or x2 = mX − a ∗ pγγT (a ∈ R) could be created. Then, the network could give high scores
to events where x1 and x2 are close to zero.

Another advantage to pNNs is their ability to interpolate between mass points. Unlike
Eq. 5.1, the function provided by a pNN is defined for all values for mX. It is therefore
possible that a pNN can be used to discriminate for mass points that were not seen
during training. Consider training on mX = 300 and 400GeV. A pNN will learn how
to discriminate for those two masses, and it could “guess” that to discriminate at mX =

350GeV it must apply logic that is somewhere in between that used for 300 and 400 GeV.
This concept is illustrated in Fig. 5.15.
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To justify their use in this analysis, a pNN must fulfil two criteria:

1. Good performance at every mass point: when evaluating on individual mass points,
the pNN performs similarly to using a set of NNs where each NN is trained only on
a single mass point (as in approach 1),

2. Good performance at interpolated mass points: the pNN is able to discriminate well
at mass points which it has not been trained on and that are in the ranges of masses
used during training.

In Section 5.5.3, tests are devised to investigate this and the degree to which the pNNs
meet these criteria is presented.

For the NMSSM models, the pNNs must be parametric in mX and mY. This is done
by introducing both mX and mY as training features instead of just mX, and following
the same techniques.

5.5.3 Training and Performance

The pNN is implemented in PyTorch [114] and is a multilayer perceptron network of 3
layers of 50 nodes activated by exponential linear unit (ELU) functions with a dropout
probability of 0.05. A schematic is given in Fig. 5.16. This architecture, was chosen after a
grid search of the hyperparameters shown in Table 5.8. This optimization procedure was
performed for the X(2) → HH search and the set of hyperparameters chosen were those
that lead to high AUC scores for the mX = 260, 500 and 1000 GeV signals. With this
set of hyperparameters as a baseline, further grid searches were performed on the other
searches but no significant improvement in AUC scores was found by moving away from
the baseline hyperparameters so the same hyperparameters were used for all searches.

In each search: X(0) → HH, X(2) → HH, X → Y(ττ)H(γγ), low-mass X → Y(γγ)H(ττ),
and high-mass X → Y(γγ)H(ττ), a pNN is trained using the features described in Sec-
tion 5.5.1. The number of events for the background processes, and for the signal processes
in each search are summarized in Table 5.9. From these, 50% of the events are reserved
for testing and later for signal modelling, 40% forms a training dataset used for loss min-
imization, and 10% is used as a validation dataset used to track the pNN performance
during training.

Number of layers 2, 3, 4
Number of nodes 25, 40, 50, 60, 75

Dropout probability 0, 0.025, 0.05, 0.075, 0.1

Table 5.8: Values of hyperparameters used in a grid search to optimize the pNN architecture.
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Input Features
(Nf  nodes)

Linear, 
Dropout,

ELU
(50 nodes)

Linear, 
Dropout,

ELU
(50 nodes)

Linear, 
Dropout,

ELU
(50 nodes)

Linear, 
Sigmoid
(1 node)

mX

mY

Figure 5.16: Architecture for the pNN. The parametric features, mX and mY, are connected
in the same way that the input features are, but are not included in the count of
the input features, Nf . In the X → HH pNNs, the mY node and connections do
not exist, which is why they are drawn with a grey colour in the diagram. For the
high-mass X → Y(γγ)H(ττ) search, Nf = 25, and for all other searches, Nf = 27.
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Process Number of events Average per mass point
Background 274K —
X(0) → HH 625K 37K
X(2) → HH 680K 40K

X → Y(ττ)H(γγ) 7.5M 82K
Low-mass X → Y(γγ)H(ττ) 2.9M 73K
High-mass X → Y(γγ)H(ττ) 3.8M 75K

Table 5.9: Sum of the number of background and signal events across all simulated datasets.

During training, two of the background samples, γ+jets and tt̄, are not used, because
despite having relatively high numbers of expected events in this analysis, the samples
have small numbers of events which means that their inclusion reduces the effective sta-
tistical power of the dataset. This leads to overtraining and studies into the X(2) → HH

analysis found a 5–13% worsening to the expected upper limits with their inclusion. Sim-
ilarly, negatively weighted events are excluded when training because their omission was
found to lead to marginal improvements in the expected limits.

The network is trained by minimizing the average binary cross entropy (BCE) loss
function:

− 1

N

N∑

i

wi

[
yi log(f(x⃗i;m

i
X,m

i
Y)) + (1− yi) · log(1− f(x⃗i;m

i
X,m

i
Y))

]
(5.2)

where the sum is over N events, f(x⃗;mX,mY) is the network output, wi is the event
weight, and y is a truth label that is equal to zero for background events and one for
signal events. The minimization is performed using the adam optimizer [115] with a
batch size of 128 and an initial learning rate of 0.01 which is reduced by a factor of 0.9
at every epoch where the training loss does not decrease. These values of the training
hyperparameters were found to lead to good performance and reasonably-fast convergence
of the loss function. Changes around these values did not lead to substantially different
performance which is why they were not included in the grid search of hyperparameters
discussed previously.

Batches are constructed by randomly sampling, without replacement, 64 events from
the signal component of the training dataset and 64 events from the background com-
ponent. When sampling events from the signal or background components, the weights
of events are taken into account and therefore, the events are treated as unweighted in
the BCE loss calculation for the batch. An epoch is defined as one pass through the
background component of the dataset.

The evolution of the loss on the training and validation datasets when training the
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X(2) → HH pNN is shown in Fig. 5.17. To gain insight into the pNN training, the training
and validation datasets are split according to the signal processes where an equal number
of background events are given to each split, and the losses over each split are studied.
These losses for mX = 260, 500 and 1000 GeV are also shown in Fig. 5.17. As expected,
the overall contribution to the loss at the end of training is greatest from the 260 GeV
dataset since this signal is more difficult to discriminate for than the 500 or 1000 GeV
signals. Furthermore, greater improvements to the loss are seen in the 260 GeV dataset
over the training duration which implies that the training was driven more by the 260 GeV
signal than the 500 and 1000 GeV signals. Or in other words, there was more that had to
be learned for the lower mX signals than the higher mX signals. The loss evolution of the
pNNs for the other searches are shown in Fig. 5.18.

The training duration is determined by the validation dataset. During training, the
pNN parameters are saved to disk after each epoch, and the individual validation losses
for every signal process are tracked. If no relative improvement of > 0.1% is seen in any
of the losses over a 15 epoch period, then the training is stopped. This ensures that the
training is not stopped whilst there is a signal process for which the discrimination is still
improving. Finally, the pNN parameters from the epoch with the lowest total validation
loss are used.

To test the pNN’s performance, datasets are created for every mass hypothesis with
simulated signal events corresponding to that hypothesis and simulated background events
which include all processes described in Section 5.3. These events are all taken from the
testing dataset so that they are independent of the events used in training. In each
dataset, the pNN is evaluated, setting the mX and mY (parametric) training features to
the mass hypothesis of the dataset. Equivalent datasets are created using events from the
training dataset to look for signs of overtraining.

In each dataset (mass hypothesis), the signal efficiency is calculated as a function of
the background efficiency to create a receiver operating characteristic (ROC) curve, where
these efficiencies are calculated with respect to the events that pass preselection. The area
under the ROC curve (AUC) is then calculated to give a single number that represents
the performance of the pNN for that mass hypothesis. For illustrative purposes, the
ROC curves are plotted reversed in this section, i.e. background efficiency against signal
efficiency. However, AUC scores still refer to the area under the ROC curve as it is
normally defined, i.e. signal efficiency against background efficiency.

ROC curves for the X(2) → HH pNN at mX = 260, 300, 500 and 1000 GeV are shown
in Fig. 5.19 and AUC scores for the rest of the mass hypotheses, and for the other searches
are shown in Figs. 5.20 and 5.21. AUC scores for the testing dataset are in the range
0.9 to 0.9999 and are typically higher for signals with higher mX and lower mY, which
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Figure 5.17: Total (not averaged) BCE loss for the X(2) → HH pNN after every epoch of training
for both the training and validation datasets. The datasets are split into compo-
nents corresponding to the mX = 260, 500, and 1000 GeV signals and the cor-
responding losses are shown in the top three plots, with the loss over the whole
datasets shown in the bottom plot. The total normalization of the dataset, and
therefore, the scale of the loss, is arbitrary, but the normalization of each signal
component is equal. The first loss values shown at Epoch 1 correspond to the losses
after 1 epoch of training. The opaque lines represent a rolling average in a centred
window of 10 epochs of the true loss values, shown by the faint lines of the same
colour.
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Figure 5.18: Total (not averaged) BCE loss for the X(0) → HH (top-left), X → Y(ττ)H(γγ) (top-
right), low-mass X → Y(γγ)H(ττ) (bottom-left) and high-mass X → Y(γγ)H(ττ)
(bottom-right) pNNs after every epoch of training for both the training and val-
idation datasets. The total normalization of the dataset, and therefore, the scale
of the loss, is arbitrary. The first loss values shown at Epoch 1 correspond to the
losses after 1 epoch of training. The opaque lines represent a rolling average in a
centred window of 10 epochs of the true loss values, shown by the faint lines of the
same colour.
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Figure 5.19: ROC curves for the X(2) → HH pNN for mX = 260 (top-left), mX = 300 (top-
right), mX = 500 (bottom-left) and mX = 1000GeV (bottom-right). The curves
are shown for the training and testing datasets. The efficiencies are calculated with
respect to the events that pass preselection.

correspond to processes with higher boosted H and Y bosons.
In Figs. 5.19 and 5.20, the ROC curves and AUC scores are shown for the training

dataset as well. The ROC curves for the X(2) → HH pNN are almost indistinguishable,
especially for background efficiencies of > 1% which is representative of the final catego-
rization (see Section 5.5.4). Similarly, small differences between the train and test AUC
scores can be seen across the whole mX range for X(2) → HH, and for the X(0) → HH

pNN. This indicates that the pNNs have not been overtrained. This is also observed in
the other searches. Regardless, only the events from the testing dataset are used for signal
modelling to avoid any bias.
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Figure 5.20: AUC scores for the X(0) → HH (left) and X(2) → HH (right) pNNs for as a function
of mX. The scores are shown for the training and testing datasets. The signal and
background efficiencies used to create the underlying ROC curves are calculated
with respect to the events that pass preselection.

In Section 5.5.2, it was stated that the pNNs must fulfil two criteria to justify their
use in this analysis: 1. there is good performance at every mass point, and 2. there is
good performance at interpolated mass points. To study these criteria, the following tests
are performed:

1. Good performance at every mass point

(a) Train a pNN using all of the mass points (‘all’ network)

(b) Train a separate NN for each mass point (‘only’ network)

(c) Compare the performance between (a) and (b) where the performance is eval-
uated on the (only) mass point that the NN was trained on

2. Good performance at interpolated mass points

(a) Train a pNN using all of the mass points (‘all’ network)

(b) Train a separate pNN on all mass points except one (‘skip’ network)

(c) Compare the performance between (a) and (b) where the performance is eval-
uated on the excluded (skipped) mass point

The performance metric used is the signal efficiency found at a background efficiency of
1% which is representative of the final categorization in the analysis. In a search, the first
test is performed at every mass point, and the second test is performed at every mass point
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Figure 5.21: AUC scores calculated on the testing datasets for the X → Y(ττ)H(γγ) (top), low-
mass X → Y(γγ)H(ττ) (bottom-left), and high-mass X → Y(γγ)H(ττ) (bottom-
right) pNNs as functions of mX and mY. The signal and background efficiencies
used to create the underlying ROC curves are calculated with respect to the events
that pass preselection.
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except those at the boundaries of the mass ranges. This excludes scenarios where the pNN
is asked to extrapolate to a mass point that is outside the range of masses used during
training. The results of these tests are shown in Figs. 5.22 to 5.25 for the X(2) → HH,
X → Y(ττ)H(γγ), low-mass X → Y(γγ)H(ττ), and high-mass X → Y(γγ)H(ττ) pNNs
respectively. The X(0) → HH pNN was not tested but is expected to perform similarly to
the X(2) → HH pNN.

Across all searches, the majority of the tests show differences of less than 1%. The
‘only’ tests tend to show larger differences where the biggest differences are typically found
at lower mX and higher mY, being up to 5% and 2% for the ‘only’ and ‘skip’ comparisons
respectively. This trend in mX and mY is not entirely unexpected. As evident from the
shape of the training features (Section 5.5.1), the evolution of the loss for different masses
(Fig. 5.17), and the AUC scores (Figs. 5.20 and 5.21), signals at lower mX and higher
mY present a more complex discrimination problem. Therefore, it in unsurprising that
dedicated networks (the ‘only’ networks) show greater chances for improvement, and that
it is more difficult to interpolate the behaviour of the network accurately.

The majority of the tests show differences of less than 1%, with a few losses up to
5%. Given the benefits of using a pNN, the small number of larger losses are considered
acceptable and pNNs are chosen as the final discriminators for the analysis. In future
analyses, the losses could be minimized by splitting up the kinematic regime and training
more specialized networks, or by investigating more complex architectures for the pNN.
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Figure 5.22: For the X(2) → HH search, results from the tests designed to check whether the
pNN performs well at every mass point (top) and at interpolated mass points
(bottom). Signal efficiencies correspond to a background efficiency of 1%. The ‘all’
efficiencies correspond to a pNN trained on all mass points. The ‘only’ efficiencies
correspond to a NN trained only on the mass point which the efficiency is quoted
for. The ‘skip’ efficiencies correspond to a pNN trained on all mass points except
for the mass point where the efficiency is quoted for. The grey dashed lines in the
bottom half of each plot correspond to differences of 1%.
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Figure 5.23: For the X → Y(ττ)H(γγ) search, results from the tests designed to check whether
the pNN performs well at every mass point (top) and at interpolated mass points
(bottom). Signal efficiencies correspond to a background efficiency of 1%. The ‘all’
efficiencies correspond to a pNN trained on all mass points. The ‘only’ efficiencies
correspond to a NN trained only on the mass point which the efficiency is quoted
for. The ‘skip’ efficiencies correspond to a pNN trained on all mass points except
for the mass point where the efficiency is quoted for. The grey dashed lines in the
bottom half of each plot correspond to differences of 1%.
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Figure 5.24: For the low-mass X → Y(γγ)H(ττ) search, results from the tests designed to check
whether the pNN performs well at every mass point (top) and at interpolated mass
points (bottom). Signal efficiencies correspond to a background efficiency of 1%.
The ‘all’ efficiencies correspond to a pNN trained on all mass points. The ‘only’
efficiencies correspond to a NN trained only on the mass point which the efficiency
is quoted for. The ‘skip’ efficiencies correspond to a pNN trained on all mass points
except for the mass point where the efficiency is quoted for. The grey dashed lines
in the bottom half of each plot correspond to differences of 1%.
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Figure 5.25: For the high-mass X → Y(γγ)H(ττ) search, results from the tests designed to check
whether the pNN performs well at every mass point (top) and at interpolated mass
points (bottom). Signal efficiencies correspond to a background efficiency of 1%.
The ‘all’ efficiencies correspond to a pNN trained on all mass points. The ‘only’
efficiencies correspond to a NN trained only on the mass point which the efficiency
is quoted for. The ‘skip’ efficiencies correspond to a pNN trained on all mass points
except for the mass point where the efficiency is quoted for. The grey dashed lines
in the bottom half of each plot correspond to differences of 1%.
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5.5.4 Category Optimization

For a pair of masses, (mX,mY) = (mi
X,m

j
Y), a set of analysis categories are defined based

upon f(x⃗;mX = mi,mY = mj), where f(x⃗;mX,mY) is the pNN output score. Before
defining these categories, the raw output score from the network is transformed such that
the background MC from the test dataset is flat in the transformed score. The transformed
score is denoted f̃(x⃗;mX,mY). Like in training, the γ+ jets and tt̄+ jets datasets are not
used for the transformation. This transformation is motivated by the interpolation that is
necessary to create signal models for the intermediate mass points. When placing a cut on
f̃(x⃗;mX,mY), it is equivalent to placing a cut on the training background efficiency, and
at a fixed background efficiency, the signal efficiency is expected to be a smooth function
of mX and mY. Figs. 5.20 to 5.25 already suggest that this is indeed the case.

Distributions of the transformed output score for a selection of mass points are shown
for the X → HH and X → YH searches in Figs. 5.26 and 5.27. The background distri-
butions are almost flat, but not exactly since the γ + jets and tt̄ + jets datasets, which
are not in the transformation, are included in these plots. The signal distributions peak
sharply at f̃(x⃗;mX,mY) = 1, meaning that the optimized categories can be expected to
be defined at high values of f̃(x⃗;mX,mY).

To optimize the category boundaries, a metric for the performance of a set of bound-
aries must be chosen. Given that the normalization of the signal is not known a priori,
a metric independent of the normalization is desired, and here, the expected upper limit
at the 95% CL is used. The procedure used to calculate this limit is a simplified and
computationally faster version of the final procedure used in the analysis. For a given
nominal mass point, the upper limit is calculated as follows:

1. In each analysis category:

(a) Fit an exponential function to the mγγ distribution in the nonresonant MC
samples.

(b) Define a signal region as the ±1σ window centred around m̂γγ , where σ and
m̂γγ are the standard deviation and mean values respectively of mγγ in the
signal MC events.

(c) Determine the expected number of background events in the signal region by
integrating the fitted exponential over that range.

(d) Determine the expected number of signal events in the signal region by sum-
ming the weights of the signal MC events that in the region.

2. Use the expected number of signal and background events in the signal regions
to perform a counting experiment and determine the upper limit according to the
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Figure 5.26: Transformed pNN output distribution in the X(2) → HH search, evaluated at mX =

260GeV (left) and mX = 800GeV (right). The filled histograms represent the
background simulation, and the corresponding statistical uncertainty is shown by
the grey bands. The data are shown by black points, and the signal is shown by a
black line. The background MC simulation is normalized to data and the signal is
normalized to an arbitrary cross section for representation purposes.

techniques described in Chapter 4 using an asymptotic approximation for the dis-
tribution of the test statistic [85].

The expected upper limit at an intermediate mass point cannot be determined in the
same way because there is no signal MC for those points. The signal yields could instead
be interpolated from those at the nominal mass points, but this would complicate the
categorization optimization procedure. Instead, a procedure which used only the nominal
mass points, but is still applicable, and optimal (or close to) at the intermediate mass
points was devised.

At first, a categorization procedure was investigated where the same boundaries on
f̃(x⃗;mX,mY) were used for every mass point. This was tested on the X(2) → HH search,
and the boundary values were determined by a grid search of 3 categories that optimized
the expected limit at mX = 280GeV. This strategy may bias itself towards the mX =

280GeV mass point, so the resulting expected limits at other masses were compared to
those found by performing the grid search at those masses instead. The comparison,
shown in Fig. 5.28, finds up to 25% differences in the expected upper limit and this was
considered an unacceptable loss in sensitivity and therefore, alternative procedures were
considered.

During the grid search, it was imposed that the minimum number of expected back-
ground events be 10 in each category. This requirement is made to ensure a bias of
less than 20% is induced in the observed significances because of the choices of back-
ground functions used in the nonresonant background modelling. It was noticed that
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Figure 5.27: Transformed pNN output distribution in the X(0) → HH (upper left), X(2) → HH
(upper right), X → Y(ττ)H(γγ) (middle), low-mass X → Y(γγ)H(ττ) (lower left)
and high-mass X → Y(γγ)H(ττ) (lower right) searches. The pNNs are evaluated
at the mass points where the largest excess with respect to the background-only
hypothesis is observed. The filled histograms represent the background simulation,
and the corresponding statistical uncertainty is shown by the grey bands. The data
are shown by black points, and the signal is shown by a black line. The background
MC simulation is normalized to data and the signal is normalized to an arbitrary
cross section for representation purposes.
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Figure 5.28: Comparison between the 95% CL expected upper limit on σ(pp → X → HH →
γγττ) reached when using the boundaries optimized for each mass point and when
using the boundaries found for mX = 280GeV for all mass points.

the grid search would routinely hit this boundary, defining the highest-scoring categories
to have 10 expected background events, and then defining the last category such that
the remaining signal was accepted. This was observed regardless of which mass point
was being optimized for. This motivated defining the analysis categories in terms of the
number of expected background events, which can be later converted into boundaries on
f̃(x⃗;mX,mY) by using the background MC events, where this conversion is possible for
both nominal and intermediate mass points. The procedure is as follows:

1. Order the background MC events by their f̃(x⃗;mX,mY) score.

2. Begin by defining a category with the 10 highest scoring events.

3. For every nominal mass point, find the corresponding boundary in f̃(x⃗;mX,mY),
and then calculate the expected upper limit using the simplified procedure described
previously.

4. Consider a new category, with the next 10 highest scoring background events, and
recalculate the expected limit at every nominal mass point.

5. If adding this category improves any of the limits by ≥ 1%, keep this new category
and consider further categories of 10 events.

6. If the improvement is not great enough, consider adding 20 events instead. If that is
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Figure 5.29: Comparison between the 95% CL expected upper limit on σ(pp → X → HH →
γγττ) found with the new categorization approach (in orange) and those found via
a grid search performed at for each mass point individually.

still not enough, consider adding 40 and keep multiplying the number by two until
either a significant improvement is found or all of the background MC is exhausted.

Once again, this procedure may lead to less sensitive limits than a grid search approach
that optimizes the limit at every mass point. So, expected limits at the nominal mass
points in the X(2) → HH search were compared between the new categorization approach
and a grid search of 4 categories optimized at every nominal mass point. A grid search
of 4 categories was chosen since the addition of extra categories was found to only lead
to sub-percent improvements in the expected limits. The results of the comparison are
shown in Fig. 5.29. At most a 1% loss in the expected limit is found using the new
approach which was adopted for the final results.

The new procedure is applied to all searches individually, and the resulting category
definitions are shown in Table 5.10. All searches have 4 categories with 10 expected
background events each, followed by a category of 20, and then a category of 80. In the
X → YH searches, a final category of 320 expected background events is also defined. After
the preselection for the X → HH and X → Y(ττ)H(γγ) searches, there are about 44K
data events. Assuming that the majority of these events are background, this means the
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Category 0 1 2 3 4 5 6

X(0) → HH 10 10 10 10 20 80 —
X(2) → HH 10 10 10 10 20 80 —

X → Y(ττ)H(γγ) 10 10 10 10 20 80 320
Low-mass X → Y(γγ)H(ττ) 10 10 10 10 20 80 320
High-mass X → Y(γγ)H(ττ) 10 10 10 10 20 80 320

Table 5.10: Number of expected background events in each category for each analysis. The
categories’ boundaries in terms of f̃(x⃗;mX) are defined such that these numbers are
satisfied and the top scoring events belong to category 0. There is one last category
in addition to the ones shown here that contains the remainder of the events.

categorization in these searches, summing over all categories, corresponds to a background
efficiency of 0.3% or 1.0% for the X → HH and X → Y(ττ)H(γγ) searches respectively.

5.5.5 Sculpting of the Diphoton Mass Distribution

In this analysis, the nonresonant background model is derived from data assuming that
the shape of the mγγ distribution is smoothly falling, and can be well described by func-
tions such as exponential and power law functions. In Fig. 5.30, the distribution of the
mγγ distribution after the standard preselection (except low-mass Y → γγ) is shown for
nonresonant background MC with a fit of a power law function. The fit function de-
scribes this distribution well, so at this stage, the nonresonant background modelling is
valid. However, after applying the pNN selection, there is a risk that the shape of the
mγγ distribution will change (be sculpted) and invalidate the modelling. This is possible
because variables that are correlated with the mγγ , such as photon pT /mγγ are included
in the pNN as a training features.

To investigate the presence of such an effect, binned χ2 fits of power law functions
are performed to the mγγ distribution of the nonresonant background MC after applying
different pNN selections. These tests are applied at every nominal mass point and in
every search. Then, the tests that show poor goodness of fit are investigated further.

First, the nonresonant background MC that is fitted includes the γ+jets, γγ+jets,
V + γ, tt̄, tt̄ + γ and tt̄ + γγ samples, and two pNN selections: f(x⃗;mX,mY) > zi, are
applied, which correspond to a relative statistical uncertainty in the yield of the remaining
background of 5% and 10%. The selection is chosen in this way to ensure that there are
enough simulated events to study the shape of the mγγ distribution.

As an example, these two fits in X(2) → HH search for mX = 550GeV are shown
in Fig. 5.31. In both cases, the power law function describes the distribution well, with
p-values of 0.47 and 0.29 for the 10% and 5% uncertainty selections respectively. Given
that the γ+jets dataset has poor statistics, and its inclusion reduces the overall statistical
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Figure 5.30: Distribution of the diphoton mass (mγγ) in nonresonant background samples after
the X → HH and X → Y(ττ)H(γγ) preselection. A power law function resulting
from a χ2 fit to the MC is shown by the blue line. Statistical uncertainties in the
background MC are shown by the shaded bands.

power of the dataset, further fits are performed where the γ+jets dataset is removed.
Whilst the background MC will therefore be less representative of the data, it leads to
tighter selections of the pNN score. For the same reason, more fits are performed where
only the γγ+jets dataset is included since it has the greatest statistical power. In all
cases, no significant evidence of sculpting is found.

In all the searches, the χ2 fit is performed with 10 bins. In the X → HH searches
and the X → Y(ττ)H(γγ) search, the χ2 fits are performed in the range 100–180 GeV.
In the low-mass X → Y(γγ)H(ττ) search, the range is 65–150 GeV. In the high-mass
X → Y(γγ)H(ττ) search, the range is a 200 GeV window centred around mY, with a
lower bound of 100 GeV.

Initially, this procedure highlighted an issue with the high-mass X → Y(γγ)H(ττ)

search, when m(γγττ) and m(ττγ1) were included as training features of the pNN. The
same fits described above for the X(2) → HH search at mX = 550 GeV but for the
X → Y(γγ)H(ττ) search at (mX,mY) = (400, 200)GeV are shown in Fig. 5.32. As the
pNN selection becomes tighter, the presence of sculpting is clear, with a peak forming
at mY = 125GeV. This is also reflected in the higher χ2 values. After removing the
m(γγττ) and m(ττγ1) features from training, the same plots, shown in Fig. 5.33, show
that the sculpting is no longer present. Sculpting that was present in other mass points
was similarly removed. The same procedure was then applied to the other searches and
no sculpting was observed.
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Figure 5.31: Distributions of mγγ in nonresonant background samples in the X(2) → HH search
with different pNN selections applied targetting mX = 550GeV. In the top plots,
all nonresonant background samples are included. In the middle plots, the γ+jets
dataset is removed. In the bottom plots, only the γγ+jets dataset is included.
The pNN boundary is given by the value that corresponds to a relative statistical
uncertainty in the yield of the remaining background of 10% and 5% for the left
and right plots respectively. Power law functions resulting from χ2 fits to the MC
are shown by the blue lines. Statistical uncertainties in the background MC are
shown by the shaded bands.
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Figure 5.32: When including m(γγττ) and m(ττγ1) in the pNN training, distributions of mγγ

in nonresonant background samples in the X → Y(γγ)H(ττ) search with different
pNN selections applied targetting (mX,mY) = (400, 200)GeV. In the top plots,
all nonresonant background samples are included. In the middle plots, the γ+jets
dataset is removed. In the bottom plots, only the γγ+jets dataset is included.
The pNN boundary is given by the value that corresponds to a relative statistical
uncertainty in the yield of the remaining background of 10% and 5% for the left
and right plots respectively. Power law functions resulting from χ2 fits to the MC
are shown by the blue lines. Statistical uncertainties in the background MC are
shown by the shaded bands.
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Figure 5.33: When excluding m(γγττ) and m(ττγ1) in the pNN training, distributions of mγγ

in nonresonant background samples in the X → Y(γγ)H(ττ) search with different
pNN selections applied targetting (mX,mY) = (400, 200)GeV. In the top plots,
all nonresonant background samples are included. In the middle plots, the γ+jets
dataset is removed. In the bottom plots, only the γγ+jets dataset is included.
The pNN boundary is given by the value that corresponds to a relative statistical
uncertainty in the yield of the remaining background of 10% and 5% for the left
and right plots respectively. Power law functions resulting from χ2 fits to the MC
are shown by the blue lines. Statistical uncertainties in the background MC are
shown by the shaded bands.
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5.6 Search Granularity

If one searched only at the nominal mass points, i.e. those defined by the generated MC
samples (Fig. 5.4), then it is possible that a signal excess at a mass point between nominal
mass points could be missed. This is because the analysis categories are designed to target
a particular mass point, and could have a selection that is sensitive only to a narrow
range of masses around the targeted mass point. The most direct way to understand
this is to consider the m(γγττ)/mγγ variable that is an input to the pNN selection.
This distribution is shown in Fig. 5.14 for simulated background and signal events in the
X(2) → HH search. For mX = 260GeV, a highly discriminating cut would be a window
around the peak of the signal distribution, however this would almost completely exclude
the 500 GeV and 1000 GeV signals also shown in the plot.

In practice, the pNN selection is more complex than this, and there are more nominal
mass points than shown in the plot, but the principle remains the same. To ensure that
there is good sensitivity to all mass points in the search region, analysis categories are
created at intermediate mass points, and the corresponding signals are also searched for.
The granularity at which these intermediate mass points are chosen is determined by a
procedure that is described in the rest of this section.

The sensitivity to signals in between nominal mass points is studied by evaluating
the expected upper limit for a nominal mass point when using the analysis categories
designed for neighbouring mass points. Examples of this in the X(2) → HH search are
shown in Fig. 5.34. For the mX = 350GeV signal, the categories that are designed for
mX = 350 lead to the lowest expected upper limit, as expected. However, if using the
categories designed for mX = 320GeV, the limit is worse by about 50%. Assuming that
the reduction in sensitivity is linear with the distance in mX between a signal and a
nominal mass point, this suggests that a signal between mX = 320 and 350 GeV may
have a reduced sensitivity of up to 25%. By introducing an intermediate mass point at
335 GeV, the maximum reduction in sensitivity to signals in the 320–350 GeV range is
estimated to be 12.5%, or if two points are added at 330 and 340 GeV, the maximum
reduction in sensitivity is estimated to be 8.3%.

In the X → HH searches, this is how the granularity of the search is determined,
where the number of points added to intervals between nominal mass points is such
that the estimated loss in sensitivity is at most 10%. In the 320–350 GeV example, one
could have also considered how the 320 GeV signal performed when using the 350 GeV
categories, which could have lead to a greater or lesser worsening in sensitivity than seen
when testing the 350 GeV signal with the 320 GeV categories. Therefore, for a given
interval, the granularity procedure is performed both ways, and the greatest number of
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Figure 5.34: Relative changes in expected upper limits found for the mX = 260 (top-left), 350
(top-right), 500 (bottom-left) and 1000 GeV (bottom-right) X(2) → HH signals
when using categories designed to target different mass points. The changes are
shown for mass points close to the signal mass, and the change is with respect to
the limit found with the categories targeting the signal mass.
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Figure 5.35: Search granularity for the X → HH searches. Shown are the nominal mass points
(blue) and the intermediate mass points (orange) for the X(0) → HH (top) and
X(2) → HH (bottom) searches.

intermediate points determined to be needed is used. The final granularities for the X(0) →
HH and X(2) → HH searches were determined separately and are shown in Fig. 5.35,
where 9 intermediate mass points are added to each search. These points are added
primarily at low values of mX where the largest changes in sensitivity are found when
using neighbouring categories. At higher values of mX, such as 500 and 1000 GeV, smaller
changes in expected limits are found when using neighbouring categories (Fig. 5.34) and
therefore fewer intermediate mass points are needed.

In the X → YH searches, a hollowed-out grid is first formed by applying the same
procedure as in the X → HH searches along the mX and mY axes independently, in slices
of mY and mX respectively, where the slices correspond to nominal mass points. Then,
the grid must be filled in. For every mass point, (mi

X,m
j
Y), that has an intermediate

value of mj
Y, the granularity across the mX axis between mi

X and the next nominal mX

point is given by the granularity at the previous nominal mY point. The granularities for
the X → YH searches are shown in Figs. 5.36 to 5.38. In the X → Y(ττ)H(γγ), low-mass
X → Y(γγ)H(ττ) and high-mass X → Y(γγ)H(ττ) searches, 310, 93, and 197 intermediate
mass points are added. The granularity is again finer at lower mX, and also at higher mY

where the discrimination between signal and background is more challenging.

In the Y → γγ analyses, an even finer granularity in mY is defined corresponding to
the width of the signal peak in the mγγ distribution. Given that the pNN selection does
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Search Number of mass points

X(0) → HH 27
X(2) → HH 27

X → Y(ττ)H(γγ) 398
Low-mass X → Y(γγ)H(ττ) 1765
High-mass X → Y(γγ)H(ττ) 2547

Table 5.11: The total (nominal plus intermediate) mass points considered in each search.

not change substantially over changes in mY corresponding to the mγγ resolution, it is
not necessary to create dedicated categories for these additional mass points. Instead, the
categories defined for the nearest mass point are used. The final number of mass points
(nominal plus intermediate) in each search is given in Table 5.11.
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Figure 5.36: Search granularity for the X → Y(ττ)H(γγ) search. Shown are the nominal mass
points (blue) and the intermediate mass points (orange).
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Figure 5.37: Search granularity for the low-mass X → Y(γγ)H(ττ) search. Shown are the nom-
inal mass points (blue) and the intermediate mass points (orange). In addition
to the points shown in this plot, searches are also performed at intervals in mY

corresponding to the width of the signal peak in mγγ .
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Figure 5.38: Search granularity for the high-mass X → Y(γγ)H(ττ) search. Shown are the
nominal mass points (blue) and the intermediate mass points (orange). In addition
to the points shown in this plot, searches are also performed at intervals in mY

corresponding to the width of the signal peak in mγγ .
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5.7 Sources of Systematic Uncertainty

In this analysis, systematic uncertainties affect the normalization and shape of the mγγ

distribution for the single and di-Higgs processes. The other contributing processes: the
nonresonant background, and in the case of the low-mass X → Y(γγ)H(ττ) analysis, the
DY background, are fit entirely from data and have no associated systematic uncertain-
ties. Normalization and shape changes due to systematic uncertainties are modelled in the
likelihood with the techniques described in Section 4.1.3. The majority of systematic un-
certainties affect only the normalization of the processes. This section details the sources
of systematic uncertainty considered, and where appropriate, values that indicate the size
of the uncertainty. Systematic uncertainties can be split into theoretical and experimental
uncertainties, which are described in Section 5.7.1 and Section 5.7.2 respectively. Further
details about systematic uncertainties and their impact can be found in Section 5.8 and
Section 5.9.

5.7.1 Theoretical Uncertainties

Theoretical modelling of the single and di-Higgs processes have uncertainties related to
QCD renormalization (µR) and factorization (µF ) scales, the strong coupling constant
(αs), and parton distribution functions (PDFs). These uncertainties enter the calculation
of the inclusive cross sections for the single Higgs processes [22], which lead to an overall
scaling of the normalization of single Higgs processes in every analysis category. The
largest contribution comes from the uncertainty related to the µR and µF scales and is of
the order of 5–10%, depending on H production mode [22]. These theoretical uncertainties
also enter the MC simulation used to calculate the efficiency of each single and di-Higgs
process in each analysis category, and lead to category-specific scalings of each process.
However, the corresponding impacts on the efficiencies were found to be less than 1% and
were therefore not included in the final results extraction. There are also uncertainties
on the H → γγ and H → ττ branching fractions whose values are around 2% [22].

5.7.2 Experimental Uncertainties

Experimental uncertainties consist mostly of uncertainties related to object calibration
and the integrated luminosity measurement. The dominant sources of systematic uncer-
tainty in this analysis are:

• Photon energy calibration: calibration of the photon energy scale and resolution
that is described in Section 3.3.5 and in more detail in Refs. [62, 72, 73]. The
corresponding uncertainties affect both the rate and shape of the processes and the
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size of these impacts are described in Section 5.8.

• Preselection: scale factors described in Section 5.4 that are used to correct the
efficiency of the preselection requirements in simulation to match data. The corre-
sponding uncertainties on the signal efficiencies are between 4 and 5%.

• Integrated luminosity: integrated luminosities for the 2016, 2017 and 2018 data-
taking periods, which have individual uncertainties between 1.2 and 2.5% [42–44].

• DeepTau ID scale factors: scale factors described in Section 3.3.7 that are used
to correct the efficiency of selections made using the DeepTau ID algorithm. The
corresponding uncertainties on the signal efficiencies are up to 7%.

• Photon ID scale factors: scale factors described in Section 3.3.5 that are used to
correct the efficiency of selections made using the photon ID. The corresponding
uncertainties on the signal efficiencies are up to 2%.

• τh energy scale calibration: calibration of the τh energy scale described in Sec-
tion 3.3.7 that leads to an uncertainty in the τh energy of between 0.6 and 0.8%,
depending on τh decay mode.

• Signal model interpolation: interpolation of the signal efficiency at intermediate
mass points. In each analysis category, an uncertainty is derived from the splines
used in the interpolation that corresponds to a possible migration of signal events
from one category to another. This is described further in Section 5.8.1.

Additional systematic uncertainties are considered but have impacts on the final results
less than ten times smaller than the sources described above. These include uncertainties
related to trigger efficiencies, pileup simulation, electron identification, and the scale,
resolution, and identification of muons, jets, and MET.
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5.8 Modelling

To extract the final results in Section 5.9, a statistical model for the data, and a corre-
sponding likelihood function is constructed. There is a single parameter of interest, µ,
which is the cross section for the di-Higgs signal process in fb, and the primary observable
is chosen as the diphoton mass, mγγ , in the analysis categories defined in Section 5.5.4.
The likelihood function is constructed as described in Chapter 4 for a parametric shape
analysis and the inputs to this construction, for every process, and for every analysis
category, are:

• λ(µ⃗, ν⃗) — the expected number of events

• f(mγγ ;µ, Ψ⃗) — the probability density function (pdf) for the diphoton mass

which can be optionally factorized into nominal values and components that encode the
impact of systematic uncertainties (Section 4.1.3), in which case the inputs are:

• g(µ⃗) — the nominal expected number of events (Eq. 4.9)

• Ψ̂
⃗
Ψ — the nominal shape parameters for f(mγγ ;µ, Ψ⃗)

• (κup)k and (κdown)k — parameters describing the impact of the nuisance parameter
νk on λ(µ, ν⃗) (Eq. 4.10)

• αik — parameters describing the impact of the nuisance parameter νk on Ψi (Eq. 4.12).

This section describes the determination of these inputs, where the methods used depend
on the type of process. Section 5.8.1 describes the MC-driven methods used for the
signal process and single Higgs background process. Sections 5.8.2 and 5.8.3 describe
the data-driven methods used for the nonresonant background, and the DY background,
respectively.

5.8.1 Single and Di-Higgs Production

At the nominal mass points, the single Higgs and di-Higgs processes are modelled using
MC simulation, and the methods used are identical. This section begins by describing
these methods, before moving onto the models at the intermediate mass points, which for
the di-Higgs processes, are determined using interpolation methods.

For the signal and single Higgs processes, models are created per data-taking year
(2016, 2017 and 2018). This is not strictly necessary since the final fit to data is per-
formed with all years combined, but is done for practical reasons because the systematic
uncertainties are derived per year.
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Single Higgs and Nominal Mass Points

For the di-Higgs process, the nominal expected number of events in analysis category, c,
for data-taking year, y, is parameterized as:

gcy(µ) = µ · σ · ϵcy · (Lint)y (5.3)

where (Lint)y is the integrated luminosity in fb−1 for data-taking year, y, ϵcy is an effi-
ciency which is the fraction of events that pass the selection criteria in category c for a
particular year, relative to all produced events, and σ is set to σ = 1 so that µ represents
the cross section for the process in fb where the cross section includes the branching
fractions of the Higgs boson decays. Similarly, for a single Higgs process, p, gpc is param-
eterized as:

gpc = σp · BH→γγ · ϵpcy · (Lint)y (5.4)

where µ is now omitted and the values of σp and BH→γγ are taken from the LHC Higgs
Cross Section Working Group [22], which are listed in Tables 2.2 and 2.3. For the single
and di-Higgs processes, the efficiencies, ϵ, are calculated using MC simulation.

The nominal pdfs, fpcy(mγγ ;µ, Ψ̂
⃗
Ψ), are determined by χ2 fits of a Double Crystal Ball

(DCB) function to MC events. A DCB consists of a Gaussian core which switches to
a power law function on the left and another power law function on the right of the
distribution:

f(mγγ ; m̂γγ , σ, βl,ml, βr,mr) =





exp(−x2/2) for − βl < x < βr

A(βl,ml) · (B(βl,ml)− x)−ml for x < −βl

A(βr,mr) · (B(βr,mr) + x)−mr for x > βr
(5.5)

where

x =
mγγ − m̂γγ

σ
(5.6)

A(β,m) =

Å
m

|β|

ãm
· exp

Å
−|β|2

2

ã
(5.7)

B =
m

β
− |β| (5.8)

The χ2 fits are performed in 50 bins of the mγγ distribution in a 25 GeV window centred
at 125 GeV for the single Higgs processes, and the di-Higgs processes for the X → HH

searches and the X → Y(ττ)H(γγ) searches. In the X → Y(γγ)H(ττ) searches, the
window is centred at mY, and the size of the window is scaled linearly with mY to
account for the increasing width of the mγγ distribution. Examples of these fits are
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Figure 5.39: DCB fits in category 0 in 2018 for the X → Y(ττ)H(γγ) search (top) and X →
Y(γγ)H(ττ) search (bottom). The mass points are (mX,mY) = (600, 90) (top-left),
(300, 70) (top-right), (600, 90) (bottom-left), and (1000, 800)GeV (bottom-right).

shown in Fig. 5.39. In general, the DCB is a good model for the mγγ distribution as
indicated by values of χ2 which are approximately equal to the degrees of freedom.

To study the impact of a nuisance parameter on the modelling of the single and di-
Higgs processes, simulated datasets are created when changing the nuisance parameter
to ν = −1 or ν = 1, which are referred to as down and up variations respectively. These
datasets are created either by reweighting the nominal dataset (ν = 0), or by rerunning
the simulation with ν = −1 or ν = 1, where the approach taken depends on the nuisance
parameter. Typically, nuisance parameters related to ID scale factors take the former
approach, and nuisance parameters related to energy scale and resolution corrections
take the latter approach. The κ factors that describe the impact of a nuisance parameter
are derived by taking the ratio of the expected number of events in the up and down
variations to the expected number of events in the nominal variation.

The derivation of the α parameters is more involved. Firstly, only the effect of a
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nuisance parameter on m̂γγ and σ is studied. The impact on all other shape parameters
of the DCB are assumed to be negligible. Instead of refitting the DCB to the up and
down variations, proxy variables are used to describe the changes in m̂γγ and σ. For
m̂γγ , this is simply the mean of the mγγ distribution, and for σ, it is the smallest mγγ

interval that contains 68% of the distribution, which for a Gaussian distribution, would be
equivalent to the standard deviation. Then the ratio of the proxy variable in the up and
down variations to the proxy variable in the nominal variation is taken, and the average
of those ratios is taken as the α parameter. In the X(2) → HH search in category 0, the
average value of α for the photon energy scale calibration is 0.005 and 0.014 for m̂γγ and
σ respectively, and in the high-mass X → Y(γγ)H(ττ) search, the equivalent numbers are
0.01 and 0.04.

Intermediate Mass Points

For the single Higgs processes, the modelling at the intermediate mass points follows
the same methods described above since an analysis at an intermediate mass point just
corresponds to different selection on the pNN score.

For the di-Higgs processes at the intermediate mass points, ϵ and Ψ⃗ are determined
from the values found at the closest nominal mass point, or by interpolating the values
found with neighbouring nominal mass points, depending on the parameter. The choice
of which approach to take is motivated by the level of dependence of the parameter on
mX and mY. Figure 5.40 shows ϵ at the nominal mass points as a function of mX in
the X(2) → HH search when selecting f̃(x⃗;mX) in ranges of 0.98–0.99 or 0.99–1.0. These
plots show that the ϵ can change significantly between mass points, motivating the use of
interpolation methods.

To determine ϵ at an intermediate mass point, mint
X , in the X → HH searches, for

a category defined by b1 < f̃(x⃗;mint
X ) < b2, linear and cubic splines are created from

the ϵ values derived using the nominal MC samples with selections: b1 < f̃(x⃗;mX) <

b2. Examples of this for category 0 and category 1 for mX = 375 and 433 GeV in the
X(2) → HH search are shown in Fig. 5.41. To study the robustness of the splines, they
are recreated when removing the nominal mass point closest to mint

X , and the difference
between the splines at mint

X is calculated. Then, the value for ϵ at mint
X is given by the linear

or cubic spline derived using all mass nominal points, depending on which type minimizes
this difference. A systematic uncertainty is then assigned to ϵ using the difference found
for the chosen spline.

Figure 5.43 shows how the shape parameters of the DCB change at the nominal mass
points as a function of mX in the X(2) → HH search when selecting f̃(x⃗;mX) in the range
0.99–1.0. In these plots, the dependence on m̂γγ is shown via ∆mγγ = m̂γγ − 125GeV.
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Figure 5.40: Signal efficiency as a function of mX for the X(2) → HH averaged over years. On
the left, a requirement of f̃(x⃗;mX) > 0.99 is placed, and on the right, a requirement
of 0.98 < f̃(x⃗;mX) < 0.99. These requirements illustrate the trends seen in the
purest category and a less-pure category respectively.

The ∆mγγ , σ, and βl shape parameters are seen to change significantly enough between
mass points to justify the use of interpolation methods. The approach is the same as for ϵ,
except that only linear splines are used, and no systematic uncertainty is assigned to the
interpolated shape parameters. The values of βr, ml, and mr, show smaller dependence
on mX, and are therefore fixed to the values found at the closest nominal mass point.

To validate the approach taken to determine the shape parameters, chosen nominal
mass points are treated as intermediate mass points, and the interpolated shapes are
compared to those found from a fit to the MC sample. These comparisons are shown in
Fig. 5.44. The goodness-of-fit using the interpolated shapes is still fair, validating the
approach.

In the X → YH searches, ϵ and Ψ⃗ must be studied as a function of mY as well.
Figure 5.46 shows ϵ as a function of mY when mX = 1000GeV for the X → Y(ττ)H(γγ)

and high-mass X → Y(γγ)H(ττ) searches, and Fig. 5.47 similarly shows the dependence of
the shape parameters on mY in the high-mass X → Y(γγ)H(ττ) search. These figures lead
to the same conclusions as for the X → HH searches. The parameters: ϵ, ∆mγγ , σ, and βl

must be interpolated, now as functions of mX and mY, and the βr, ml and mr parameters
are taken from the closest nominal mass point. The 2D splines are implemented using the
scipy package [116] where the cubic spline uses techniques described in Ref. [117]. To
illustrate how these splines work in 2D, a linear and cubic spline for an arbitrary function
is shown in Fig. 5.45. The choice of the type of spline, and the derivation of the systematic
uncertainty, is the same as for the 1D splines.
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Figure 5.41: Splines used to estimate the signal efficiency for mX = 375 in the X(2) → HH
search in 2018 for category 0 (top) and category 1 (bottom). In the plots, m refers
to mX. The solid and dashed lines are cubic and linear splines respectively and
the spline type chosen to calculate the signal efficiency is specified in the plot title.
The uncertainty in the interpolated signal efficiency (at mX = 375) is shown by
the green error bar and is taken from the difference between the spline found when
using all nominal mass points and the spline found when skipping the closest mass
point.
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Figure 5.42: Splines used to estimate the signal efficiency for mX = 433 in the X(2) → HH search
in 2018 for category 0 (top) and category 1 (bottom). In the plots, m refers to
mX. The solid and dashed lines are cubic and linear splines respectively and the
spline type chosen to calculate the signal efficiency is specified in the plot title. The
uncertainty in the interpolated signal efficiency (at mX =) is shown by the green
error bar and is taken from the difference between the spline found when using all
nominal mass points and the spline found when skipping the closest mass point.
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Figure 5.43: Shape parameters from DCB fits to simulated X(2) → HH events, as a function of
mX. For each fit, a requirement of f̃(x⃗;mX) > 0.99 is placed. The uncertainty in
the shape parameters are indicated by the blue error bars.



184 Chapter 5. Search for Di-Higgs in Final States with Photons and Tau Leptons

Figure 5.44: Comparisons between signal models derived via direct fits to MC events and derived
via the interpolation procedure which uses fits to MC events at neighbouring mass
points. All comparisons are for the X(2) → HH analysis in 2018. To isolate the
comparison to the shape interpolation, the signal efficiency of the interpolated
model is set to the value from the direct fit. The top and middle plots show the
mX = 270 and 500 GeV mass points respectively where the left and right plots are
for category 0 and category 1 respectively. The bottom-left and bottom-right plots
are for category 0 for the mX = 700 and 900 GeV mass points respectively.
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Figure 5.45: Examples of linear (left) and cubic (right) interpolation for an arbitrary function
in two dimensions.

Figure 5.46: Signal efficiency as a function of mY where mX = 1000GeV for the X →
Y(ττ)H(γγ) (left) and high-mass X → Y(ττ)H(γγ) (right) searches. These mod-
els are derived from MC across all years with a requirement on the pNN score of
f̃(x⃗;mX ,mY ) > 0.99 placed which is representative of the purest categories in the
analysis.
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Figure 5.47: Fitted shape parameters as a function of mY for the X → Y(γγ)H(ττ) search where
mY = 1000GeV. These models are derived from MC across all years with a re-
quirement on the pNN score of f̃(x⃗;mX ,mY ) > 0.99 placed which is representative
of the purest categories in the analysis.
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5.8.2 Nonresonant Background

The nonresonant background models are derived directly from data, where the sidebands
regions, i.e. regions of mγγ well separated from the signal peak, are able to constrain
the rate and shape of the background in the signal region. The methodology is outlined
first for the X → HH and X → Y(ττ)H(γγ) searches and then the differences for the
X → Y(γγ)H(ττ) searches are described.

X → HH and X → Y(ττ)H(γγ) Searches

The distribution of mγγ in data and background MC after preselection for the X → HH

and X → Y(ττ)H(γγ) searches is shown in Fig. 5.48. The nonresonant component of the
background has a smoothly falling mγγ distribution. There is not a single, well-motivated
analytical function to describe this distribution, so multiple families of functions, listed
in Table 5.12, are considered. Within a family, there are functions of varying orders, for
example, for a sum of exponentials, the order corresponds to the number of exponentials
in the sum. A higher order means more parameters in the function, and therefore greater
freedom in the shape of the function.

If a function is chosen that does not accurately describe the underlying mγγ distribu-
tion, that choice could bias the final results. Therefore, an approach must be taken that
introduces an uncertainty related to the choice of function. This is done by using the
discrete profiling method [118], where the choice of function is encoded as a discrete nui-
sance parameter which is profiled in the likelihood fit to data. This leads to an increased
uncertainty on the parameter of interest that corresponds to the size of the impact that
the discrete nuisance parameter has on the fit.

Ideally, the discrete nuisance parameter could correspond to the choice between an
infinite number of functions (beyond those listed in Table 5.12) but this is practically
impossible to achieve. Instead, a subset of functions, called an envelope, is chosen that
contains functions that fit well to the data, and have sufficiently different shapes such that
a fit with the envelope is a good approximation of a fit with infinitely many functions.

Every analysis category has its own envelope of functions. The building of a category’s
envelope begins by performing a maximum likelihood fit with the lowest-order function of
each family in Table 5.12 to the mγγ distribution in data in the analysis category. Only
the sidebands of the mγγ distribution are used, which excludes the 115 < mγγ < 135GeV
region, so that a signal peak at about 125 GeV will not influence the fit. This procedure
continues up to an order corresponding to 6 free parameters, or until an order is reached
where a loose goodness-of-fit criteria, p-value > 0.01, is satisfied, in which case the function
is added to the envelope.
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Table 5.12: Function families considered for modelling the nonresonant background in the X →
HH and X → Y(ττ)H(γγ) searches with the discrete profiling method. Each function
is shown for order, N , and the free parameters of the functions are denoted pi.

Name Formula

Sum of exponentials fN (x) =
∑N

i=0 p2i exp(p2i+1x)

Sum of power laws fN (x) =
∑N

i=0 p2ix
−p2i+1

Bernstein polynomials fN (x) =
∑N

i=0 pi
(N
i

)
xi(1− x)N−i

Laurent series fN (x) =
∑N

i=0 pix
−4+g(i); g(i) =

∑i
j=0(−1)jj

Exponential of a polynomial fN (x) = exp
Ä∑N

i=0 pix
i
ä
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Starting from the functions that satisfy the loose goodness-of-fit criteria, further orders
are added according to an F-test requirement [119]. When adding a function of a higher
order, the difference in −2 lnL between the two fits, ∆, is used to calculate a p-value
defined as:

p =

∫ ∞

∆
χ2(x,m) dx (5.9)

where χ2(x,m) is a χ2 distribution with m degrees of freedom, and m is the difference in
the number of free parameters between the two orders. If the p-value is less than 0.05,
the fit quality is deemed to have improved sufficiently enough, and the function is added
to the envelope. If it is more than 0.05, the function is not added, and no more functions
of that family are considered. This continues until a maximum order corresponding to 6
free parameters is reached.

The pdf of the nonresonant background in an analysis category is then given by:

f(mγγ ; Ψ⃗1, Ψ⃗2 · · · Ψ⃗n, ν) =





f1(mγγ ; Ψ⃗1) if ν = 1

f2(mγγ ; Ψ⃗2) if ν = 2
...

...

fn(mγγ ; Ψ⃗n) if ν = n

(5.10)

where ν is the discrete nuisance parameter, and fi is the ith function of the envelope
of n functions. The expected number of nonresonant background events in an analysis
category is left as a free parameter that is fit in data.

Examples of the envelope construction from the (mX,mY) = (300, 50)GeV mass point
in the X → Y(ττ)H(γγ) search, are shown in Fig. 5.49 for categories with 10, 20, 80 and
320 expected background events. In general, the envelopes contain a single function from
each family, and do not contain functions with orders greater than 2. This is a consequence
of the small number of expected background events in the analysis categories. To illustrate
this point, an envelope is constructed for a category with the remaining events that pass
preselection but not the pNN selection, and is also shown in Fig. 5.49. There, functions
of up to order 4 are included.

X → Y(γγ)H(ττ) Searches

The nonresonant background modelling in the X → Y(γγ)H(ττ) searches is done in a
similar way to the X → HH and X → Y(ττ)H(γγ) searches, but with some differences.
Firstly, the sidebands definition is changed to exclude a region of mY ± (125GeV/mY),
except for mY < 72GeV where the mγγ < 68GeV region is kept so that there are enough
events to perform the envelope construction. Only 4% of the events from a mY = 70GeV
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Figure 5.49: Envelope construction for the (mX,mY) = (300, 50)GeV mass point in the X →
Y(ττ)H(γγ) search. Shown are the mγγ distributions in data in the sideband re-
gions for categories 2, 4, 5 and 6 (top-left to middle-right) which are expected to
have 10, 20, 80 and 320 background events respectively. An additional category
(bottom) consisting of the events passing preselection but not passing the pNN
selection, is also shown to illustrate how the envelope construction works in cate-
gories with more events. The functions entering the envelope are indicated in the
legend and their fits to the mγγ distributions are shown in the plots.
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Figure 5.50: Envelope construction for the (mX,mY) = (300, 70)GeV mass point in the X →
Y(γγ)H(ττ) search. Shown are the mγγ distributions in data in the sideband
regions for categories 3, 4, 5 and 6 (top-left to middle-right) which are expected
to have 10, 20, 80 and 320 background events respectively. The functions entering
the envelope are indicated in the legend and their fits to the mγγ distributions are
shown in the plots.

signal fall into this region so the impact from a potential signal in data on the envelope
construction is likely to be small. For the low-mass search, the sideband definition is
the only difference, and the final envelopes are not substantially different from those in
the X → HH and X → Y(ττ)H(γγ) searches, as illustrated by examples for (mX,mY) =

(300, 70)GeV in Fig. 5.50.

In the high-mass X → Y(γγ)H(ττ) search, a further change is made to the function
families considered. Over the larger mγγ range (up to 1 TeV), the Bernstein polynomials
do not pass the loose goodness-of-fit criteria, so they were removed from consideration.
To reintroduce some shape flexibility to the envelope, a new family of functions, referred
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Figure 5.51: Envelope construction for the (mX,mY) = (1000, 700)GeV mass point in the
X → Y(γγ)H(ττ) search. Shown is the mγγ distribution in data for a category
consisting of the events passing preselection but not passing the pNN selection.
The functions entering the envelope are indicated in the legend and their fits to
the mγγ distributions are shown in the plots. The same plot is shown with a linear
(left) and log (right) y-scale.

to as Dijet functions, is added. The Dijet function is defined as:

fn(x) =





x−p1 , n = 1

(1− x)p1x−p2 , n = 2

(1− x)p1x−(p2+p3 lnx), n = 3

(1− x)p1x−(p2+p3 lnx+p4 ln
2 x), n = 4

(1− x)p1x−(p2+p3 lnx+p4 ln
2 x+p5 ln

3 x), n = 5

(5.11)

The suitability of this function family is demonstrated in Fig. 5.51 for the category com-
prised of the remaining events after the pNN selection for the (mX,mY) = (1000, 700)GeV
mass point where Dijet functions of up to order 3 are included in the envelope.

5.8.3 Resonant Background from Electron Misidentification

In the low-mass X → Y(γγ)H(ττ) search, there is an additional background originating
from Drell-Yan (pp → Z) where the Z boson decays to a pair of electrons which are both
misidentified as photons, and where associated jets are misidentified as tau leptons. A
smaller contribution also arises from diboson (pp → ZZ/WW/ZW) events, where a Z

boson decays to a pair of electrons which are both misidentified as photons, and the other
vector boson decays to tau lepton(s) which are then selected. If both electrons from a
Z → e+e− decay are selected to form a diphoton candidate, this would result in a peak in
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the mγγ distribution at the Z boson mass. The modelling of this background is therefore
crucial to avoid the reporting of a false signal. Given that this background primarily
arises from Drell-Yan (DY) events, it is referred to as the DY background.

Initially, simulated DY and diboson events were studied as way to model the DY
background. However, the statistics were too small to provide a reliable estimate of the
expected number of events in the analysis categories. Therefore, a data-driven approach
was instead developed, using an ABCD method with control regions based upon the pNN
selection and the CSEV and pixel veto (Section 3.3.5). At a given mass point, the regions
defined by the analysis categories are denoted Di. The objective of the ABCD method is
to create a model of the resonant background (from e → γ misidentification) in each Di

region.

Each Di region has a corresponding Bi region that has the same pNN selection but
uses a dielectron trigger and inverts the CSEV and pixel veto (inverted selection). By
inverting the vetoes, electrons from Z → e+e− decays are likely to be reconstructed and
selected as photon candidates, thereby creating a region where the mγγ peak from the
Z → e+e− decay is dominant, which is shown in Fig. 5.52 (top-right) for the D0 region
for the (mX,mY) = (650, 95)GeV mass point. In both Di and Bi, the mγγ variable
is constructed using information from the ECAL only. Given that the shower shape of
electrons and photons is similar, and that the selection on kinematic variables is the same
between regions Bi and Di, the shape of the mγγ peak is expected to be the same in both
regions. Therefore, the Bi region is used to derive the shape of the DY background in
region Di.

To determine the rate of the DY background in Di, the extracted rate from Bi is
multiplied by a transfer factor that is constrained by regions A and C. Region C is
defined by the normal preselection and an inversion of the pNN selection, i.e. contains
events that do not pass the pNN selection for any of the analysis categories. Region
A has the same pNN selection but uses a dielectron trigger and inverts the CSEV and
pixel veto. Examples of the mγγ distributions in these regions are also shown for the
(mX,mY) = (650, 95)GeV mass point in Fig. 5.52 (left).

In every region, there is a nonresonant background that is treated in the same way
as described in Section 5.8.2. The ABCD method is then implemented by adding a DY
process to every region where the expected number of events in region D is given by:

λD = λB × λC

λA
(5.12)

where λj is the number of events in region j ∈ {A,B,C}, where these values are left
as free parameters in the fit to data. The function chosen to parameterize the shape of
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Figure 5.52: Distributions of mγγ in data in regions A (top-left), B0 (top-right), C (bottom-
left), and D0 (bottom-right) for the low-mass X → Y(γγ)H(ττ) search and for
(mX,mY) = (650, 95)GeV. A signal-plus-background fit (red) is performed with
data (black points). The nonresonant background is modelled following the meth-
ods described in Section 5.8.2. The DY background is described by a DCB or
a Gaussian function depending on goodness-of-fit tests. In this example, DCB
functions are used in all regions where the shape parameters are shared between
regions A and C, and a separate set of parameters are shared between regions B0

and D0. The one (green) standard deviation and two (yellow) standard deviation
bands show the uncertainties in the nonresonant + DY background component of
the model (black dashed line).
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the DY background is the same for each pairing of Di and Bi, and can be a Gaussian
or a DCB. At first, a Gaussian function is fit to the mγγ distribution in region Bi, and
a goodness-of-fit test is performed. If the p-value is greater than 0.01, then a Gaussian
function is used, otherwise a DCB function is used. In the final fit to data, the shape
parameters, Ψ⃗i, for the function are the same in regions Di and Bi for a given i, but
change across different i, to account for how the pNN selection may influence the mγγ

shape. The shape parameters are also left to float in the final fit to data.
This ABCD method assumes that the shape of the pNN score is the same regardless of

whether the normal preselection or inverted selection is used. In other words, the variables
used to define the ABCD regions are uncorrelated. This was tested in simulated DY and
diboson events where the reconstructed photons were matched to electrons from Z → e+e−

decays at the generator level. The shapes of the pNN score for the mY = 90GeV and
mX = 300, 500, 800 and 1000 GeV mass points, for the normal preselection and inverted
selected are shown in Fig. 5.53. Within the statistical uncertainties, the two distributions
are compatible, and the same is found for other values of mX at mY = 90GeV.

The expected number of DY events (yield) in the D regions extracted from a background-
only maximum likelihood fit to data using this ABCD method are shown in Fig. 5.54.
The yields in D0 are shown as a function of mX for mY = 90 and 100 GeV, and are
found to range between about 0.03 and 0.4 with an upwards trend in mX. The numbers
are also shown in regions D0 to D3 for the (mX,mY) = (650, 100)GeV and (mX,mY) =

(325, 100)GeV where yields remain below 0.4, which is also the case for all other mass
points. Given the small expected number of events, the impact on the final results is
expected to be small. This is discussed further in Section 5.9.
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Figure 5.53: Distribution of the transformed pNN output score, f̃(x⃗;mX,mY), in the low-mass
X → Y(γγ)H(ττ) search for mY = 90GeV and mX = 300 (top-left), 500 (top-right),
800 (bottom-left) and 1000 GeV (bottom-right). The distributions are made from
simulated DY and diboson events where the reconstructed photons are matched
to electrons from Z → e+e− decays at the generator level, and with the normal
preselection (blue) applied, or with the inverted selection (red) applied. The sta-
tistical uncertainty is shown by the shaded bands and the compatibility of the two
distributions are tested with a χ2 statistic.
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Figure 5.54: Expected number of DY events (yields) in regions Di (λD) extracted from a
background-only maximum likelihood fit to data. On the top, the yields are
shown for region D0 as a function of mX for mY = 90 and 100 GeV. On the
bottom, the yields are shown for regions Di where i denotes the category, for the
(mX,mY) = (650, 100)GeV and (mX,mY) = (325, 100)GeV mass points. The er-
ror bars indicate the statistical uncertainty in the yields extracted from the fit.
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5.9 Results

In each search, and for every mass point, simultaneous maximum likelihood fits are
performed to the mγγ distributions in data in the corresponding analysis categories.
Goodness-of-fit tests are performed for the background models as part of the procedures
described in Sections 5.8.2 and 5.8.3 which ensure a p-value of greater than 0.01 is found
in every category.

The calculation of the final results requires the generation and subsequent fitting of
O(109) pseudo-datasets. To decrease the fitting time for each dataset, a pruning procedure
is applied to the categories defined in Section 5.5.4 to remove categories that do not
contribute significantly to the final results. A category’s contribution is estimated by
σi = si/bi, where si and sb are the signal and background yields in category i in a window
centred on the mγγ signal peak and of size corresponding to two times the width peak.
The pruning procedure keeps categories that have σi/σT > 0.01 where σT = (

∑
i σ

2
i )

1/2.
The procedure is most impactful for the mass points where the pNN performance is best
and the majority of the signal is captured in the first few categories. For these mass
points, it can reduce the fit time by up to a factor of 5.

This section describes the results search-by-search, starting with the X → HH searches
in Section 5.9.1, followed by the X → Y(ττ)H(γγ) search in Section 5.9.2, and finally the
low and high-mass X → Y(γγ)H(ττ) searches in Sections 5.9.3 and 5.9.4 respectively.

5.9.1 X → HH Searches

In both X → HH searches, the observed data is found to be consistent with the background-
only hypothesis with no significant excesses found. The largest excess was found in the
X(2) → HH search at mX = 375GeV with a local significance of 1.7σ. The mγγ distri-
bution in data in every category for this mass point, and the corresponding signal-plus-
background model fit, is shown in Fig. 5.55. The mγγ distributions appear to be modelled
well by the signal-plus-background model and the signal peak due to the X → HH process
is most noticeable in category 0 which is expected since this is the category designed to
have the highest signal efficiency. Beneath the signal peak, the contribution from the
single H background can be seen, which is smaller than the X → HH signal in category 0,
but becomes comparable to the signal in the rest of the categories. Given there are few
events in each category, the shape of the background is not well constrained by the data,
which can be seen by the uncertainty bands in each plot.

The expected and observed 95% CL upper limits on σ(pp → X → HH) for the
X(0) → HH and X(2) → HH searches are shown in Fig. 5.56. The limits are found
to decrease as a function of mX, which is expected given the higher preselection signal
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Figure 5.55: Distributions of mγγ in data in each analysis category and the signal-plus-
background models (red) with data (black points) for the mass hypothesis with
the largest excess in the X(2) → HH search: mX = 375 GeV. The one (green)
standard deviation and two (yellow) standard deviation bands show the uncertain-
ties in the nonresonant background component of the model (black dashed line).
The resonant single-Higgs background is plotted separately in blue (blue dashed
line). The lower panel shows the residuals after subtraction of the nonresonant
background component.
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efficiency and better signal-to-background discrimination seen at higher masses. The
observed (expected) upper limits vary between 160–2200 fb (240–1800 fb) and 180–1900 fb
(200–1800 fb) for the X(0) → HH and X(2) → HH searches respectively. Interpreting these
results in the RS bulk model (Section 2.3.1), a spin-0 Radion resonance with mass of up
to 550 GeV is excluded when ΛR = 3TeV, or up to 900 GeV is excluded when ΛR = 2TeV.
For the spin-2 KK Graviton, a resonance with a mass between 310 and 700 GeV is excluded
when assuming κ̃ = 1.

In an analogous search performed by the CMS experiment in the bb̄γγ final state [95],
the observed upper limits on σ(pp → X → HH) were found to be about 26–310 fb and
23–290 fb for the X(0) → HH and X(2) → HH searches respectively. Therefore, the γγττ

final state does not provide the most competitive results in the X → HH searches, but
this was expected given the smaller branching fraction of H → ττ relative to H → bb.
Nonetheless, the γγττ final state can be used in a future combination of final states that
should provide a sensitivity greater than any final state alone. In the X → YH searches,
which are discussed in the rest of this section, the branching fractions of the Y scalar are
unspecified and therefore, these searches can yield interesting standalone results.
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Figure 5.56: Expected and observed 95% CL upper limits on σ(pp → X → HH) for the
X(0) → HH (top) and X(2) → HH (bottom) searches. The solid and dashed
black lines represent observed and median expected limits respectively. The in-
ner (green) band and the outer (yellow) band indicate the regions containing 68
and 95%, respectively, of the distribution of limits expected under the background-
only hypothesis. The red and blue lines show WED theory predictions at values of
the theory parameters specified in the legend.



202 Chapter 5. Search for Di-Higgs in Final States with Photons and Tau Leptons

5.9.2 X → Y(ττ)H(γγ) Search

Figure 5.57 shows the local significances for every mass point in the X → Y(ττ)H(γγ)

search. Local significances of about 2 standard deviations can be seen for a band in mX and
mY that stretches between mX = 300 and 500 GeV and for values of (mX−mY) ≈ 200GeV.
The largest excess is seen at (mX,mY) = (320, 60)GeV with a local (global) significance
of 2.6 (2.2) standard deviations. The mγγ distributions in data for this mass point,
and the corresponding signal-plus-background model fit, is shown in Fig. 5.58. Looking
at these figures, the excess seems to driven primarily by the 6 events in the interval
120 < mγγ < 130GeV in category 0, although there are also noticeable, albeit smaller,
excesses in categories 3 and 5.

The observed 95% CL upper limits on σ(pp → X → YH → γγττ) for the X →
Y(ττ)H(γγ) search are shown in a 2D heatmap in Fig. 5.59, and the expected and observed
limits are shown in slices of mX and mY in Figs. 5.60 and 5.61, respectively, where the
slices are taken at the nominal mass points. Like in the X → HH searches, the lowest limits
are set at higher values of mX, and the highest limits are found at lower mX, particularly
in the band where the highest significances are found. There is less of a noticeable trend
in mY, which is reflected in the preselection signal efficiency (Fig. 5.6). The observed
(expected) upper limits vary between 0.059–1.2 fb (0.087–0.68 fb), depending on the mass
point.

In the bb̄γγ final state [95], observed upper limits on the equivalent cross section:
σ(pp → X → YH → bb̄γγ), were found to be about 0.04–0.90 fb. Therefore, for models
where B(Y → ττ) and B(Y → bb̄) are similar, the γγττ final state provides a similar
sensitivity to the bb̄γγ final state. Furthermore, this search in the γγττ state searched
for Y resonances with masses down to 50 GeV whereas the bb̄γγ search only went down
to 70 GeV.
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Figure 5.57: Observed local significances in the 2D (mX,mY) plane for the X → Y(ττ)H(γγ)
search.
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Figure 5.58: Distributions of mγγ in data in each analysis category and the signal-plus-
background models (red) with data (black points) for the mass hypothesis with
the largest excess in the X → Y(ττ)H(γγ) search: (mX,mY) = (320, 60)GeV. The
one (green) standard deviation and two (yellow) standard deviation bands show
the uncertainties in the nonresonant background component of the model (black
dashed line). The resonant single-Higgs background is plotted separately in blue
(blue dashed line). The lower panel shows the residuals after subtraction of the
nonresonant background component.
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Figure 5.59: Observed 95% CL upper limits on σ(pp → X → YH → γγττ) in the 2D (mX,mY)
plane for the X → Y(ττ)H(γγ) search.
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Figure 5.60: Expected and observed 95% CL upper limits on σ(pp → X → YH → γγττ) for the
X → Y(ττ)H(γγ) search. Limits are shown as a function of mY for the nominal
values of mX where the limits are scaled by orders of 10 as labelled in the plot.
The solid and dashed black lines represent observed and median expected limits
respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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The solid and dashed black lines represent observed and median expected limits
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regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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5.9.3 Low-Mass X → Y(γγ)H(ττ) Search

Figure 5.62 shows the local significances for every mass point in the low-mass X →
Y(γγ)H(ττ) search. Compared to the X → Y(ττ)H(γγ) search, there is less structure
in the significance plot, owing to the fact that changing mY now changes the location of
the mγγ peak in the signal model, as well as the pNN selection as before. The largest
excess is seen at (mX,mY) = (525, 115)GeV, with a local significance of 3.2 standard
deviations. The mγγ distributions in data for this mass point, and the corresponding
signal-plus-background model fit, is shown in Fig. 5.63. The excess is driven primarily by
a low background prediction and 2 events near mγγ = 115GeV in category 0.

There is also an excess with a significance of 2.3 standard deviations at (mX,mY) =

(650, 95)GeV, which is particularly interesting due to recent excesses seen by the CMS
experiment at similar mass points (see Section 5.1). Importantly, from Fig. 5.62, the
excess also appears to be fairly localized to (mX,mY) = (650, 95)GeV, which gives the
coincidence of the excesses in different final states more weight. The mγγ distributions
in data for this mass point, and the corresponding signal-plus-background model fit, is
shown in Fig. 5.64. The excess is similarly driven by a low background prediction and 2
events near mγγ = 95GeV in category 0.

At this mass point, mY is closer to mZ and therefore, the DY background modelling
may be more important. However, the expected number of DY events is at most 0.27
events across all categories, and noticeably smaller than the extracted signal peak in cat-
egory 0 seen in Fig. 5.64 (top-right). Given that the normalization of the DY background
is small, and that it’s peak does not have significant overlap with the signal peak, the
impact on the significance is small, where removing the DY background model entirely
changes the significance by less than 0.1 standard deviations. At other mass points, where
there is greater overlap between the DY background and the signal, the impact on the
results is still small. For the (mX,mY) = (1000, 90)GeV mass point, which has one of the
largest expected number of DY events (Section 5.8.3), the observed and expected upper
limits change by 2% when removing the DY background modelling.

The global significance of the low-mass X → Y(γγ)H(ττ) search is only 0.1 standard
deviations. Compared to the X → Y(ττ)H(γγ) search, the look-elsewhere effect is larger
due to the greater (about a factor of five) number of mass points searched at. Therefore, as
a standalone result, the excesses at (mX,mY) = (525, 115)GeV and (650, 95)GeV are not
particularly interesting. However, the excess at (mX,mY) = (650, 95)GeV is interesting
given the recent excesses seen with 650 and ∼ 95GeV resonances (Section 5.1).

The observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for the low-mass
X → Y(γγ)H(ττ) search are shown in a 2D heatmap in Fig. 5.65, and the expected and
observed limits are shown in slices of mX and mY in Figs. 5.66 and 5.67, respectively,
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Figure 5.62: Observed local significances in the 2D (mX,mY) plane for the low-mass X →
Y(γγ)H(ττ) search.

where the slices are taken at the nominal mass points. Similar trends in mX and mY are
seen in the limits as in the X → Y(ττ)H(γγ) search, and the observed (expected) upper
limits vary between 0.69–15 fb (0.73–8.3 fb), depending on the mass point.

The observed limits are compared to the maximally-allowed values in the NMSSM
given experimental constraints (Section 2.3.2), and the region of masses where the limit
is below the maximally-allowed value is shown in Fig. 5.65. For most values of mY in the
low-mass X → Y(γγ)H(ττ) search, this region corresponds to mX < 650GeV, or for all
values of mY in the search, this region corresponds to mX < 620GeV. This implies that
these results can be used to apply tighter constraints on the NMSSM parameter space
than previously possible. Deriving those constraints is beyond the scope of this thesis,
but could be done in a future iteration of the work presented in Ref. [30].
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Figure 5.63: Distributions of mγγ in data in each analysis category corresponding to a signal
region and the signal-plus-background models (red) with data (black points) for
the mass hypothesis with the largest excess in the low-mass X → Y(γγ)H(ττ)
search: (mX,mY) = (525, 115)GeV. The one (green) standard deviation and two
(yellow) standard deviation bands show the uncertainties in the nonresonant + DY
background component of the model (black dashed line). The resonant single-Higgs
background is plotted separately in blue (blue dashed line). The lower panel shows
the residuals after subtraction of the nonresonant background component.
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Figure 5.64: Distributions of mγγ in data in each analysis category corresponding to a signal
region and the signal-plus-background models (red) with data (black points) in
the low-mass X → Y(γγ)H(ττ) search for (mX,mY) = (650, 95)GeV. The one
(green) standard deviation and two (yellow) standard deviation bands show the
uncertainties in the nonresonant + DY background component of the model (black
dashed line). The resonant single-Higgs background is plotted separately in blue
(blue dashed line). The lower panel shows the residuals after subtraction of the
nonresonant background component.
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Figure 5.65: Observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) in the 2D
(mX,mY) plane for the low-mass X → Y(γγ)H(ττ) search. The region of points
where the observed limit is below the maximally-allowed values in the NMSSM
given experimental constraints (Section 2.3.2) is indicated by the red hatching.
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Figure 5.66: Expected and observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for
the low-mass X → Y(γγ)H(ττ) search. Limits are shown as a function of mY for
the nominal values of mX where the limits are scaled by orders of 10 as labelled in
the plot. The solid and dashed black lines represent observed and median expected
limits respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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Figure 5.67: Expected and observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for
the low-mass X → Y(γγ)H(ττ) search. Limits are shown as a function of mX for
the nominal values of mY where the limits are scaled by orders of 10 as labelled in
the plot. The solid and dashed black lines represent observed and median expected
limits respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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5.9.4 High-Mass X → Y(γγ)H(ττ) Search

Figure 5.62 shows the local significances for every mass point in the high-mass X →
Y(γγ)H(ττ) search. The largest excess is seen at (mX,mY) = (450, 161)GeV, with a
local significance of 3.2 standard deviations. As in the low-mass X → Y(γγ)H(ττ) search,
the large number of mass points searched at leads to a large look-elsewhere effect, and the
global significance is 0.3 standard deviations. The mγγ distributions in data for this mass
point, and the corresponding signal-plus-background model fit, is shown in Fig. 5.69. In
every category, there is a small background prediction, and at least one event near the
signal peak.

The observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for the high-mass
X → Y(γγ)H(ττ) search are shown in a 2D heatmap in Fig. 5.70, and the expected and
observed limits are shown in slices of mX and mY in Figs. 5.71 and 5.72, respectively,
where the slices are taken at the nominal mass points. Compared to the other X → YH

searches, there is a greater dependence of mY on the limits, where the expected limits
tend to increase with mY. This can be explained by the preselection signal efficiencies
(Fig. 5.6) which see a similar trend in mY. The observed (expected) upper limits vary
between 0.64–10 fb (0.70–7.6 fb), depending on the mass point.
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Figure 5.68: Observed local significances in the 2D (mX,mY) plane for the high-mass X →
Y(γγ)H(ττ) search.
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Figure 5.69: Distributions of mγγ in data in each analysis category and the signal-plus-
background models (red) with data (black points) in the high-mass X →
Y(γγ)H(ττ) search for (mX,mY) = (462, 161)GeV. The one (green) standard
deviation and two (yellow) standard deviation bands show the uncertainties in the
nonresonant background component of the model (black dashed line). The reso-
nant single-Higgs background is plotted separately in blue (blue dashed line). The
lower panel shows the residuals after subtraction of the nonresonant background
component.
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Figure 5.70: Observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) in the 2D
(mX,mY) plane for the high-mass X → Y(γγ)H(ττ) search.
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Figure 5.71: Expected and observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for
the high-mass X → Y(γγ)H(ττ) search. Limits are shown as a function of mY for
the nominal values of mX where the limits are scaled by orders of 10 as labelled in
the plot. The solid and dashed black lines represent observed and median expected
limits respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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Figure 5.72: Expected and observed 95% CL upper limits on σ(pp → X → YH)B(Y → γγ) for
the high-mass X → Y(γγ)H(ττ) search. Limits are shown as a function of mX for
the nominal values of mY where the limits are scaled by orders of 10 as labelled in
the plot. The solid and dashed black lines represent observed and median expected
limits respectively. The inner (green) band and the outer (yellow) band indicate the
regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis.
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5.10 Summary

This chapter presented the search for the resonant production of a pair of scalar bosons
in the γγττ final state via two primary processes: pp → X → HH where X is a new
boson that can be spin-0 or spin-2, and pp → X → YH where X and Y are new scalar
bosons, and Y is considered to decay to two photons or to two tau leptons. These two
processes are motivated by the WED and NMSSM theories respectively. The searches
were performed using data collected by the CMS experiment between 2016 and 2018 at
the LHC at

√
s = 13TeV, corresponding to an integrated luminosity of 138 fb−1.

Events were first selected with diphoton triggers and then a loose preselection on
diphoton and ditau candidates was applied. Parametric neural network (pNN) classifiers
were trained to separate signal events from background events in each of the X → HH and
X → YH searches. The pNNs are parametric in mX for the X → HH searches, and mX

and mY for the X → YH searches, meaning that the pNN can specialize its classification
behaviour to a chosen mass point, resulting in good performance at every mass point. The
granularity in mX and mY that searches were performed at was optimized to reduce the
possibility of missing an excess in the mass ranges for the search, which were 260–1000 GeV
for mX, and 50–800 GeV for mY. At every mass point, analysis categories were defined
based upon the pNN score, where the boundaries on the pNN score were optimized for
the best expected sensitivity.

In every analysis category, statistical models were created to describe the mγγ distri-
bution of the signal and background processes. The signal models were derived from sim-
ulated events, and interpolation methods were used to create models for mass points that
were not simulated. The models of the SM single Higgs production background and of the
nonresonant background were derived following typical techniques for H → γγ analyses
at the CMS experiment, whereas the DY background originating from the misidentifica-
tion of electrons as photons was modelled with a data-driven ABCD method developed
specifically for this analysis.

Observed significances and upper limits were extracted from maximum likelihood
fits to the mγγ distributions in the analysis categories and these results are summa-
rized in Table 5.13. The largest excesses were found in the X → Y(γγ)H(ττ) searches
at (mX,mY) = (525, 155)GeV and (mX,mY) = (450, 161)GeV corresponding to lo-
cal significances of 3.2 standard deviations for both. The global significances for the
X → Y(ττ)H(γγ), and the low and high-mass X → Y(γγ)H(ττ) searches were 2.2, 0.1,
and 0.3 standard deviations respectively. Therefore, as a standalone result, these searches
do not provide any significant evidence for physics beyond the SM. However, given recent
excesses reported in other CMS analyses, the excess at (mX,mY) = (650, 95)GeV in the
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Table 5.13: Summary of results from the X → HH and X → YH searches. The masses of the
largest excesses and the corresponding local significances are shown as well as the
global significance of the search where it has been calculated. The ranges of mX that
are excluded for the Radion, X(0), and Graviton, X(2), are shown, as is the range of
mX in the low-mass X → Y(γγ)H(ττ) search where the observed limits are below
their maximally-allowed values given experimental constraints [30].

Search Largest Excess
Global

Sig.

Exclusion Range /

Limits Below

Maximally Allowed

X(0) → HH
1.3σ at

mX = 366GeV
—

mX < 900GeV (ΛR = 3TeV)

mX < 550GeV (ΛR = 2TeV)

X(2) → HH
1.7σ at

mX = 375GeV
— 310 < mX < 900GeV (κ̃ = 1)

X → Y(ττ)H(γγ)
2.6σ at

(mX,mY) = (320, 60)GeV
2.2σ —

Low-mass

X → Y(γγ)H(ττ)

3.2σ at

(mX,mY) = (525, 115)GeV
0.1σ

mX < 620GeV

for 70 < mY < 125

High-mass

X → Y(γγ)H(ττ)

3.2σ at

(mX,mY) = (450, 161)GeV
0.3σ —

X → Y(γγ)H(ττ) search is important.
In a similar X → YH search in the bb̄γγ final state, the CMS experiment reported an

excess with a local significance of 3.8 standard deviations at (mX,mY) = (650, 90)GeV [95].
Furthermore, in searches for new scalars decaying to WW, ττ , and γγ final states the
CMS experiment reported local significances of 3.8, 2.8 and 2.9 standard deviations for
masses of 650 GeV, 100 GeV and 95 GeV respectively [96–98]. For the search in the γγττ

final state described in this chapter, a similar excess was observed with a local significance
of 2.3 standard deviations at (mX,mY) = (650, 95)GeV. Put together, these results form
a pattern that is worth investigating further, either from analyses in other final states, or
from the analysis of future data collected at the LHC.
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Chapter 6

Effective Field Theory
Interpretation

6.1 Introduction

So far at the LHC, no direct evidence for new physics has been observed with a significance
greater than 5 standard deviations. It could be that the searches are not looking in the
right direction, e.g. all that is needed is to search in a particular final state, or consider an
exotic signature, like a long-lived particle, which are less commonly explored at the LHC.
Alternatively, it could just be that the couplings in the new theory are small such that
the new particles are produced at a rate that is too low to be observed with the current
data set. Optimistically, one could then hope that the new particles are within reach at
the end of the LHC’s lifetime.

However, it is also possible that the mass of the new particle is larger than the LHC
energy reach, in which case, the only evidence of new physics provided by the LHC would
be through indirect effects of new particles, which can be parameterized by the Wilson
coefficients in an Effective Field Theory (EFT). The observation of a Wilson coefficient
taking a non-zero value would be an indication of new physics, and the compatibility
of that observation with BSM theories can be assessed via a procedure called match-
ing [120] where the constraints on Wilson coefficients are translated into constraints on
the parameters of a BSM theory.

The indirect effects predicted by an EFT can be seen in SM processes as a deviation in
the higher-energy tail of a distribution, as illustrated in Fig. 6.1, or as an overall scaling of
processes, or even exceptionally, as a deviation in the lower-energy tails of a distribution,
as in the case of the H → 4l decay discussed in Section 2.3.3. Therefore, indirect hints of
new physics could be present in the large variety of SM measurements already made at the
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Figure 6.1: Toy examples of invariant mass distributions, one which is from a SM resonance
(blue), and another that also includes a new resonance (orange). The dashed line
indicates the boundary of the LHC’s energy reach which is O(1TeV). Given that the
new resonance is beyond that line, its direct detection would not be possible at the
LHC, but its indirect effects, which are visible to the left of the dashed line, could
be detected. Such an effect is predicted by EFTs and could be detected in an EFT
interpretation.

LHC. Furthermore, under a common EFT framework, measurements can be combined to
provide better sensitivity to new physics than possible with a standalone analysis.

This chapter presents an SMEFT (Section 2.3.3) interpretation of a combination of
Higgs boson analyses that use data collected by the CMS experiment during proton-
proton collisions at

√
s = 13TeV between 2016 and 2018, corresponding to an integrated

luminosity of 138 fb−1 [2]. This is the same combination that reported the STXS results
discussed in Section 2.2.2. The input analyses, summarized in Table 6.1, measure the
rate of Higgs boson production in an exhaustive variety of decay channels and produc-
tion modes. Their combination allows for the isolation of new physics effects to specific
production or decay modes, and even to specific kinematic regions within those modes,
thanks to the inclusion of the STXS (Section 2.2) binning in most of the analyses. In an
EFT framework, this corresponds to the possibility to simultaneously constrain a good
number of Wilson coefficients.

The parameterization of these measurements in terms of the Wilson coefficients, de-
scribed in Section 6.2, is determined partly with the provision of analytically-derived
equations, and mostly via the use of MC-based techniques. The methodology improves
upon the previous iteration of this combination performed by the CMS experiment [131]
in a number of ways, most notably, by calculating the ggH and ggZH predictions at loop-
level, introducing propagator corrections, and including acceptance corrections for the
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Table 6.1: Summary of the analyses in the combination used for the SMEFT interpretation.
Analyses target particular final states and one or more production modes which are
indicated by the production tags. In some analyses, the measurement of particular
production modes is split according to the stage 1.2 STXS. This is indicated by a
checkmark in the final column, and the corresponding splitting is described in the
production tags. For example, the H → γγ analysis measures the ttH production
mode in pT bins, as shown in Fig. 2.17, whereas the H → 4l analysis measures this
mode inclusively.

Input analysis Final states Production tags Stage 1.2

H → γγ [110] γγ

ggH, pHT x N-jet + BSM bins
VBF, mjj x pHjj

T + BSM bins
VH hadronic
WH leptonic, pVT bins
ZH leptonic
ttH, pHT bins
tH

✓

H → 4l [121] 4µ, 2e2µ, 4e

ggH, pHT x N-jet + BSM bins
VBF, mjj x N-jet + BSM bins
VH hadronic
VH leptonic, pVT bins
ttH

✓

H → lνlν [122] eµ/µe, ee+µµ

eµ+jj, 3l, 4l

ggH, pHT x N-jet + BSM bins
VBF-like mjj + BSM bins
VH hadronic
WH leptonic
ZH leptonic

✓

H → ττ [123] eµ, eτh, µτh
τhτh

ggH, pHT x N-jet + BSM bins
VBF, mjj x N-jet + BSM
WH leptonic, pVT bins
ZH leptonic, pVT bins

✓

H → bb boosted [124] bb ggH, high pHT bins
VBF, high pHT bins

✓

VBF, H → bb [125] bb VBF, resolved

VH, H → bb [126] bb WH leptonic, pVT bins
ZH leptonic, pVT bins

✓

ttH, H → bb [127] bb ttH, pHT bins
tH

✓

ttH multilepton [128]
2l(ss), 3l, 4l

1l+2τh, 2l(ss)+1τh
3l+1τh

ttH, tH ✓

H → µµ [129] µµ ggH, VBF, VH, ttH
H → Zγ [130] l+l−γ ggH, VBF



226 Chapter 6. Effective Field Theory Interpretation

H → 4l and H → lνlν decay channels.
The final results, provided in Sections 6.3 and 6.4, are presented in two ways. First,

68% and 95% CL constraints on individual Wilson coefficients are shown, where the
other coefficients are set to their SM values of zero. These results are sensitive to very
specific types of new physics signatures (related to just one Wilson coefficient). How-
ever, it is expected that a BSM theory would lead to non-zero values of multiple Wilson
coefficients. Therefore, simultaneous constraints on multiple Wilson coefficients are also
extracted. In these results, a rotated basis for the Wilson coefficients is used to determine
the constraints, where the rotated basis is determined via a principal component analysis
(PCA).
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6.2 SMEFT Parameterization

6.2.1 Overview and Assumptions

The combination of input analyses is performed at the likelihood level [2], and for the
SMEFT interpretation, the probability distribution for the primary observables in each
analysis, p(x⃗; µ⃗, ν⃗) (Eq. 4.1), must be rewritten in terms of the SMEFT Wilson coefficients,
C⃗.

Firstly, the probability distributions for the background processes are assumed to be
independent of C⃗. This is a reasonable assumption since most background processes are
constrained well by the data, e.g. in control regions. For the signal, every STXS bin (stage
0 or 1.2 depending on the analysis) is treated as a separate process, which for an analysis
category, c, has an expected number of events given by:

N c
pd(C⃗) = σp(C⃗) · Bd(C⃗) ·Ac

pd(C⃗) · L (6.1)

where σp is the cross section for the STXS bin, Bd is the branching fraction for the decay
channel, Ac

pd is the acceptance, and L is the integrated luminosity. Here, acceptance is
taken to mean the fraction of events from a process that land in a particular analysis
category.

In shape-based analyses, p(x⃗; µ⃗, ν⃗) also includes a description of the shape of the
observable. In this interpretation, the shape is assumed to be independent of C⃗, and
therefore, only the parameterization of N c

pd(C⃗) is considered. This is a safe assumption
for observables like the diphoton invariant mass whose shape is mainly driven by the
experimental resolution of the CMS ECAL. For observables like a BDT output score,
whose inputs could be e.g. the Higgs boson pT , the assumption is less safe, but the
assumption is kept since the SMEFT impact on the shape is still expected to be a second-
order effect compared to the impact on the rate.

Furthermore, for all except the H → 4l and H → lνlν decay channels, the acceptance
is also assumed to be independent of C⃗. The validity of this assumption and the special
treatment applied to H → 4l and H → lνlν is discussed further in Section 6.2.3. For the
rest of the channels, the SMEFT parameterization is reduced to determining σp(C⃗) and
Bd(C⃗) for each STXS bin and decay channel respectively.

Only single insertions of dimension-6 operators are considered, which leads to quadratic
dependencies of σp and Γd on C⃗ (see Section 2.3.3), where Γd is the partial width for de-
cay channel i, and the branching fractions are then expressed as Γd(C⃗)/ΓH(C⃗) where ΓH

is the total width of the Higgs boson. The total width parameterization is created by
deriving the parameterization for all decay channels, including those not in Table 6.1, and
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summing the widths: ΓH(C⃗) =
∑

d Γ
d(C⃗).

The SMEFT contributions to σp and Γd are assumed to factorize from NLO (and
higher order) QCD and EW corrections so that one can write:

σp(C⃗) = σp
SM · σ

p
LO(C⃗)

σp
LO,SM

, Γd(C⃗) = Γd
SM · Γ

d
LO(C⃗)

Γd
LO,SM

(6.2)

where σp
SM and Γd

SM are the SM cross sections and decay widths calculated at the highest
order available, σp

LO,SM and Γd
LO,SM are the same calculated at LO, and σp

LO(C⃗) and
Γd

LO(C⃗) are the SMEFT equivalents, also calculated at LO. Equation 6.2 is usually written
in terms of signal strengths, µp(C⃗) and µd(C⃗), which are defined as:

µp(C⃗) =
σp

LO(C⃗)

σp
LO,SM

, µd(C⃗) =
Γd

LO(C⃗)

Γd
LO,SM

(6.3)

where the dependence of µ on C⃗ is given by:

µk(C⃗) = 1 +
∑

i

Ak
iCi +

∑

ij

Bk
ijCiCj (6.4)

where i and j run over the Wilson coefficients. Equations of the form given in Eq. 6.4
are often called scaling equations, and collectively, completely characterize the SMEFT
parameterization.

Finally, the parameterization is chosen to be derived in the Warsaw basis with the
topU3l flavour assumption and the {GF ,mZ,mW} input parameter scheme (Section 2.3.3),
and only CP-even operators are considered because the STXS stage 1.2 bins are not sen-
sitive to the differences between CP-even and CP-odd operators.

6.2.2 General Methodology

The scaling equations are derived with a mixture of techniques, summarized in Table 6.2,
which depend on the production mode and decay channel. The scaling equations are
determined entirely via MC simulation, with the exception of the H → γγ and H → Zγ

partial widths. These equations are instead taken from analytical calculations provided
in Refs. [132] and [133] respectively, where a conversion is applied to the topU3l basis.
These processes are the exceptions because they both contain an electroweak loop in their
LO Feynman diagrams and this type of diagram cannot be computed in the SMEFT with
currently-available MC tools.

To derive a scaling equation using MC simulation, the corresponding cross section or
partial width is calculated at LO using different values of the Wilson coefficients, and the
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Table 6.2: Summary of techniques used to derive every scaling equation in the SMEFT inter-
pretation. The H → γγ and H → Zγ equations are taken from analytical calculations
described in Refs. [132, 133]. All other equations are derived via MC simulation, using
either the SMEFTsim or SMEFT@NLO UFO models. The acceptance dependence
on C⃗ is accounted for in the H → 4l and H → lνlν equations. The majority of
the equations rely on event reweighting, with the exception of the inclusive (without
acceptance corrections) H → 4l and H → lνlν equations that are used in the total
width (H → all) parameterization. Those equations are instead derived by generating
dedicated samples at different values of C⃗.

Method Mode / Channel UFO Model Reweighting Dedicated Acceptance
corrections

MC ggH
SMEFT@NLO

✓

ggZH ✓

MC

qqH

SMEFTsim

✓

WH ✓

ZH ✓

bbH ✓

ttH ✓

tH ✓

H → bb ✓

H → ττ ✓

H → µµ ✓

H → lνlν ✓ ✓

H → 4l ✓ ✓

Analytical H → γγ N/A
H → Zγ

MC &
analytical

H → all SMEFTsim ✓ ✓
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A and B terms are inferred. For N Wilson coefficients, the cross section or partial width
must be calculated at 2N +(N − 1)/2 points in the Wilson coefficient space to determine
all terms.

A cross section/partial width is calculated by first generating events for the corre-
sponding process using MadGraph v2.6.7 [99, 100] where the SM is assumed. For a
partial width, the sum of weights from these events corresponds to Γd(C⃗ = 0). If a cross
section is being calculated, the events are interfaced with pythia 8.306 [104] with the
CP5 tune [105, 106] for parton showering and fragmentation before being categorized into
the STXS bins by a rivet [134] routine. Then, the sum of event weights in an STXS bin
corresponds to the value of σp(C⃗ = 0).

Two UFO (Universal FeynRules Output) [135] models are used to implement the
SMEFT contributions in the MadGraph simulations. The SMEFT@NLO [136] model
is capable of calculating SMEFT contributions at NLO in QCD and is used for the loop-
induced ggH and ggZH processes. Alternatively, ggH could be simulated using LO UFO
models like SMEFTsim, but this relies on an EFT (not SMEFT) approximation of the
process which breaks down for pHT > mt [34], and neglects SMEFT contributions that enter
via the top-quark loop (see left of Fig. 2.24). In all cases apart from ggH and ggZH, the
SMEFTsim model is used, and is preferred over SMEFT@NLO in these cases because
it also includes propagator corrections (see Section 2.3.3).

Using these UFO models, the partial widths and cross sections for different values of C⃗
are mainly determined by reweighting the events [137] and then summing the new weights
as before. This is a fair method when only minor changes to the phase space are expected
due to the SMEFT contributions, where here, phase space means the components of all
outgoing particle four-momenta. If a SMEFT contribution leads to an area of phase space
being far more likely than in the SM, then a large SMEFT contribution will be described
by a small number of events, leading to a large statistical uncertainty. This ultimately
translates into an uncertainty in the A and B terms.

In the final result extraction, the uncertainties on the A and B terms are neglected
so it is important that they remain small. However, there are cases, like that described
in Section 2.3.3 for H → 4l, where high uncertainties are expected, and are indeed found.
For example, in an equation derived using 105 reweighted events for the H → 4e partial
width, the A term for the QHW operator had an uncertainty of 740%. This cannot be
neglected and generating enough events to reduce this uncertainty to a reasonable level
would be too computationally expensive.

A similar level of uncertainty was found in the other H → 4f channels: H → lνlν,
H → llqq, H → ννqq, H → qqqq, specifically for the QHW , QHB and QHWB operators.
Therefore, in these channels, the terms involving these operators are not determined by
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reweighting. Instead, the relevant partial widths are calculated by re-generating events
(dedicated events) at the appropriate Wilson coefficient values. This leads to < 10%

uncertainty in all the corresponding terms.
In Table 6.2, one might have noticed that the H → 4l is not indicated to use dedicated

generation, which seems contradictory to the discussion above. This is because two scaling
equations are derived for H → 4l, one which corresponds to the inclusive partial width
and one that corresponds to a fiducial partial width. The former is used in a calculation
of the total width, and does require dedicated generation, hence why the total width is
indicated to use dedicated generation in Table 6.2. The latter is used to parameterize
N c

pd for the H → 4l channel, and does not require dedicated generation for reasons related
to acceptance corrections which are discussed in Section 6.2.3. For the same reasons,
H → lνlν is also not indicated to use dedicated generation in Table 6.2.

6.2.3 Acceptance Corrections

In the H → 4l analysis [121], opposite-charge, same-flavour lepton pairs are formed and
a selection of 12 < mll < 120GeV is placed. For H → 4l events, one pair of leptons
typically comes from an on-shell Z boson (mZ ∼ 91GeV) and is therefore likely to pass
this selection. The invariant mass of the pair of leptons whose mass is the furthest away
from mZ is denoted m34, and the distribution of this variable in simulated H → 4l events
is shown in Fig. 6.2. The distribution is shown for the SM and also for CHB = 0.5. A
significant enhancement is seen at low values of m34, which is explained by the SMEFT
Feynman diagrams shown in Fig. 2.26, that introduce a term like 1/m2

34 to the matrix
element. Given that the shape of the m34 distribution depends on the SMEFT, and that
the analysis criteria places a cut on this variable, the acceptance, A, is dependent on C⃗.

So far, the H → 4l scaling equation has been derived by considering the SMEFT
contribution to all H → 4l events (inclusively). To account for the acceptance dependence,
the scaling equation for H → 4l is derived using only the events that pass the analysis
selection. In this way, the scaling equation for the H → 4l branching fraction accounts
for the acceptance dependence and a separate equation for the acceptance is not needed.

Practically, this is achieved by reusing the simulated datasets originally used by the
analysis, applying the selection criteria, and then reweighting the remaining events using
a standalone reweighting tool [137, 138]. Reweighting is a valid approach here because
the previously problematic region of phase space (1/m2

ll ∼ 0) is removed by the selection
criteria.

These datasets were generated with the full CMS simulation chain, including the
detector response modelled with the Geant4 package [107], and the object reconstruction.
This is important because repeating a similar derivation by applying the selection criteria
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Figure 6.2: Distribution of m34 in the SM (blue) and in the SMEFT with CHB = 0.5 (orange).
The additional contribution from the SMEFT relative to the SM is shown in the
bottom plot where the largest contribution is seen at the smallest values of m34.
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Figure 6.3: Scaling of the H → 4l partial width as functions of CHW , CHB , and CHWB . The
solid and dashed lines show the scaling equation when not considering acceptance
corrections (an inclusive calculation), and when acceptance corrections are applied,
respectively. The ratio of these two equations is shown in the bottom plot.

to generator-level quantities could lead to different (less valid) results if, for example, the
experimental resolution on m34 was particularly poor.

The inclusive and acceptance-corrected H → 4l partial width scaling is shown in
Fig. 6.3 as functions of the Wilson coefficients whose A and B terms change the most
after considering acceptance corrections. These coefficients are CHB, CHW and CHWB,
which is expected since they all give rise to Feynman diagrams shown in Fig. 2.26. At
values of C = 1, the scaling of the partial width is different up to a factor of 5, illustrating
the need for acceptance corrections for the H → 4l decay. Similarly, selection criteria
placed in the H → lνlν analysis [122] can also lead to acceptance dependence and the
scaling equation for the H → lνlν partial width is derived using the same methods.

In the two-body decays, the decay products must always decay back-to-back and with
energy mH/2 in the Higgs boson rest frame. Therefore, SMEFT contributions cannot
change the distribution of any kinematic variable related to the decay and there cannot
be acceptance corrections. Hence, deriving the scaling equations with the approaches
described in this subsection is unnecessary for the two-body decays.
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Considering now the different production modes and their cross sections, there is the
possibility that acceptance corrections are required. Selected criteria are often placed, for
example, on pHT , and this is a variable whose distribution can be changed in the SMEFT.
However, the STXS is binned in the variables whose distributions are expected to change
the most from new physics contributions, like pHT . Therefore, for the scaling equation
for a particular STXS bin, the analysis criteria are already well aligned with the events
being used to derive the equation, at least in the variables that would lead to acceptance
dependence. So, any acceptance dependence related to production is expected to be small
and is neglected.

6.2.4 Summary

The parameterization of the Higgs boson cross sections and the decay widths are derived
up to quadratic order in the Wilson coefficients. The rate of a process, which is a product
of the cross sections and branching fractions, is then Taylor expanded up to quadratic
order in the Wilson coefficients to isolate the contributions which are suppressed by 1/Λ2

(linear terms) and 1/Λ4 (quadratic terms), and to exclude terms suppressed by higher
orders which are expected to be small. Furthermore, only the significant terms from the
expansion are kept by removing terms where |A| or |B| is less than 0.01. This is reasonable
because none of the measurements are made to greater than a few percent precision, so
they cannot be sensitive to these Wilson coefficients unless C ≫ O(1), in which case the
EFT expansion is no longer valid anyway. The resulting parameterization has 43 different
Wilson coefficients which are listed in Table 6.3.

The impacts of the Wilson coefficients on the STXS and Higgs boson branching frac-
tions are shown in Figs. 6.4 to 6.6. As discussed in Section 2.3.3, there are different classes
of contributions. The CH□ coefficient enters every process and scales them by an equal
amount (purple in top quarter of Fig. 6.4). Then, there are contributions that primarily
affect a single process, such as CHG for ggH (blue in top-middle quarter of Fig. 6.4), or
the four-fermion Wilson coefficients for the ttH process (Fig. 6.6). These sorts of con-
tributions highlight the importance of combining as many different processes as possible.
Finally, there are contributions than benefit from the STXS binning, such as C

(3)
Hq for the

VH processes (Fig. 6.5) where the high pVT bins are more sensitive to this coefficient.
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Table 6.3: A list of the 43 Wilson coefficients and their associated operators that the SMEFT
interpretation is sensitive to. This table is a subset of Tables 2.4 and 2.5 that provide
the full set of operators in the Warsaw basis under the topU3l flavour assumption.
Table taken from Ref. [2].

Group WC Operator

X3
cW ϵijkW iν

µ W jρ
ν W kµ

ρ

cG fabcGaν
µ Gbρ

ν Gcµ
ρ

H4D2
cH□ (H†H)□(H†H)

cHD (DµH†H)(H†DµH)

X2H2
cHG H†HGa

µνG
a,µν

cHW H†HW i
µνW

i,µν

cHB H†HBµνB
µν

cHWB H†HW i
µνB

µν

ψ2H3

Re(ceH) (H†H)(l̄perH)

Re(cbH) (H†H)(Q̄H̃t)

Re(ctH) (H†H)(Q̄Hb)

ψ2XH

Re(ctG) (Q̄σµνT at)H̃Ga
µν

Re(ctW ) (Q̄σµνt)σiH̃W i
µν

Re(ctb) (Q̄σµνt)H̃Bµν

Re(cbG) (Q̄σµνT ab)HGa
µν

Re(cbW ) (Q̄σµνb)σiHW i
µν

ψ2H2D

c
(1)
Hl (H†i

←→

D µH)(l̄pγ
µlr)

c
(3)
Hl (H†i

←→

D
i

µH)(l̄pσ
iγµlr)

c
(1)
Hq (H†i

←→

D µH)(q̄γµq)

c
(3)
Hq (H†i

←→

D
i

µH)(q̄σiγµq)

c
(1)
HQ (H†i

←→

D µH)(Q̄γµQ)

c
(3)
HQ (H†i

←→

D
i

µH)(Q̄σiγµQ)

Group WC Operator

ψ2H2D

cHe (H†i
←→

D µH)(ēpγ
µer)

cHu (H†i
←→

D µH)(ūγµu)

cHd (H†i
←→

D µH)(d̄γµd)

Re(cHtb) i(H†DµH)(t̄γµb)

cHt (H†i
←→

D µH)(t̄γµt)

cHb (H†i
←→

D µH)(b̄γµb)

(L̄L)(L̄L)

c
(1)
ll (l̄pγµlr)(l̄sγ

µlt)

c
(11)
Qq (Q̄γµQ)(q̄γµq)

c
(18)
Qq (Q̄T aγµQ)(q̄T aγµq)

c
(31)
Qq (Q̄σiγµQ)(q̄σiγµq)

c
(38)
Qq (Q̄σiT aγµQ)(q̄σiT aγµq)

(R̄R)(R̄R)

c
(1)
tu (t̄γµt)(ūγ

µu)

c
(8)
tu (t̄T aγµt)(ūT

aγµu)

c
(1)
td (t̄γµt)(d̄γ

µd)

c
(8)
td (t̄T aγµt)(d̄T

aγµd)

(L̄L)(R̄R)

c
(1)
qt (q̄γµq)(t̄γ

µt)

c
(8)
qt (q̄T aγµq)(t̄T

aγµt)

c
(1)
Qu (Q̄γµQ)(ūγµu)

c
(8)
Qu (Q̄T aγµQ)(ūT aγµu)

c
(1)
Qd (Q̄γµQ)(d̄γµd)

c
(8)
Qd (Q̄T aγµQ)(d̄T aγµd)
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Figure 6.4: Impact of the SMEFT operators on the STXS and Higgs boson branching fractions. The impacts are shown for operators
from the following groups: X3, H4D2, X2H2, ψ2H3 and ψ2XH (see Tables 2.4 and 2.5). The Wilson coefficients are set to
the expected symmetrized 95% CL interval value, assuming all other Wilson coefficients are set to zero (SM). The impacts are
presented relative to the SM prediction and are shown by the unfilled bars, and by the filled bars when considering only the
linear (A) terms.
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Figure 6.5: Impact of the SMEFT operators on the STXS and Higgs boson branching fractions. The impacts are shown for operators from
the ψ2H2D group (see Tables 2.4 and 2.5). The Wilson coefficients are set to the expected symmetrized 95% CL interval value,
assuming all other Wilson coefficients are set to zero (SM). The impacts are presented relative to the SM prediction and are
shown by the unfilled bars, and by the filled bars when considering only the linear (A) terms.
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Figure 6.6: Impact of the SMEFT operators on the STXS and Higgs boson branching fractions. The impacts are shown for operators from
the four-fermion groups (see Tables 2.4 and 2.5). The Wilson coefficients are set to the expected symmetrized 95% CL interval
value, assuming all other Wilson coefficients are set to zero (SM). The impacts are presented relative to the SM prediction and
are shown by the unfilled bars, and by the filled bars when considering only the linear (A) terms.
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6.3 Results in the Nominal Basis

Maximum likelihood fits (Section 4.2.3) are performed to extract individual constraints
on the 43 Wilson coefficients when fixing the other Wilson coefficients to their SM values
of zero. The observed best-fit values, and 68% and 95% CL intervals are shown in Fig. 6.7
when using the SMEFT parameterization up to linear order only, or up to quadratic order
(linear-plus-quadratic). Also shown are the 95% CL lower limits on the probed energy
scale, Λ, when assuming ci = 1.

In general, the results show good agreement with the SM, with the CHG and CHB

coefficients showing the tightest constraints corresponding to probed energy scales of up to
15 TeV. The most discrepant result is that for C(3)

Hq, which has a p-value with respect to the
SM hypothesis of 0.01, regardless of whether the linear or up to quadratic parameterization
is used. This discrepancy is expected because this coefficient has its highest impact in
the high pVT WH and ZH leptonic bins, which saw the largest disagreements with the SM
in the STXS measurements (Fig. 2.17).

The largest differences between the results when using the linear and linear-plus-
quadratic parameterizations is seen for poorly constrained coefficients, where in some
more extreme cases, the coefficients cannot be constrained with the linear contributions
alone. This trend is expected because when C ≪ 1, the quadratic terms are suppressed
but as C becomes larger, there is less suppression. These differences are important to
remember when considering the results in the rotated basis which is restricted to use the
linear parameterization.
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Figure 6.7: Observed constraints on the individual Wilson coefficients when setting the values
of the other coefficients to zero. The left panel shows the best-fit values, the SM
expectation (C = 0), and the 68% and 95% CL intervals. The results from the
linear and linear-plus-quadratic parameterizations are shown in blue and orange
respectively. For the linear parameterization, some coefficients are not constrained,
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range of the plot, it is indicated by an arrow. The right panel shows the 95% CL
lower limits on the probed energy scale, Λ, when assuming ci = 1.
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6.4 Results in the Rotated Basis

Given that BSM theories usually predict a variety of new physics effects, e.g. more than
one new particle and/or interaction, it is expected that multiple Wilson coefficients will
be non-zero. If that’s the case, then the individual constraints in the nominal basis from
Section 6.3 are not valid if one wants to draw a comparison with the predictions from a
BSM theory. Instead, one needs to constrain the Wilson coefficients simultaneously. Here,
this means providing constraints on Wilson coefficients when leaving the other coefficients
freely floating in the fit, i.e. when making no assumption about their values.

The data available in this combination is not sufficient to constrain all 43 Wilson
coefficients simultaneously since some Wilson coefficients have nearly degenerate effects
on the observables, leading to flat directions in the likelihood. This is illustrated in some
2D toy examples in Fig. 6.8, where in the first example, both coefficients, Ci and Cj , can
be simultaneously constrained, but in the second example, there is a flat direction along
the line Ci = −Cj . In this case, the linear combination of coefficients, C0 = Ci +Cj , can
be constrained, but the combination, C1 = Ci − Cj , cannot.

In the 43-dimensional case, the idea is the same, and the curvature of the log-likelihood
function is studied at its minimum to determine which directions are flat, and which
directions are sensitive to the data (the rotated basis). This is formalized in a principal
component analysis technique which derives the directions from HSMEFT, which is the
Hessian matrix corresponding to the second derivatives of the negative log likelihood
(NLL) with respect to the Wilson coefficients, evaluated at the NLL minimum. When
using the linear-plus-quadratic parameterization, this matrix is a function of the Wilson
coefficients. Since the values of the coefficients are not known a priori, they are set to
zero for the sake of deriving the rotated basis, which is equivalent to using the linear
parameterization only.

An eigenvector decomposition is used to write HSMEFT = RTΛR where R is a rota-
tion matrix that defines the linear combinations of Wilson coefficients (the eigenvectors)
via EVj =

∑
k RjkCk, and Λ is a diagonal matrix containing the corresponding eigenval-

ues, λi, which indicate the constraining power for each eigenvector where the expected
68% CL interval is given by 1/

√
λi. In the fit, combinations of Wilson coefficients with

1/
√
λi > 10 are set to zero, therefore removing flat (or approximately flat) directions in

the likelihood, and the 17 remaining eigenvectors, shown in Fig. 6.9, are included in the
final fit. Furthermore, the impacts of the eigenvectors on the per-channel σ · B STXS
measurements presented in Fig. 2.18 are shown in Figs. 6.10 and 6.11.
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Figure 6.8: Two illustrative examples of a negative log likelihood (NLL) surface in two dimen-
sions. On the left, the surface represents a scenario where it is possible to constrain
both Wilson coefficients, Ci and Cj simultaneously. On the right, there is a flat
direction along Ci = −Cj meaning neither coefficient can be constrained whilst
leaving the other floating. However, a linear combination, C0 = Ci + Cj is able be
constrained which corresponds to the direction perpendicular to the flat direction.
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Figure 6.10: Impact of the eigenvectors on the STXS cross sections times branching fractions for the H → γγ, H → 4l, H → µµ and H → Zγ
decay channels. The eigenvectors are set to the expected symmetrized 95% CL interval value in the profiled fit (when other
eigenvectors are freely floating). The impacts are presented relative to the SM prediction and shown by filled bars for the linear
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Figure 6.11: Impact of the eigenvectors on the STXS cross sections times branching fractions for the H → lνlν, H → ττ , and H → bb
decay channels. The eigenvectors are set to the expected symmetrized 95% CL interval value in the profiled fit (when other
eigenvectors are freely floating). The impacts are presented relative to the SM prediction and shown by filled bars for the linear
parameterization only.
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Using these figures and the impacts in the nominal basis (Fig. 6.4), one can understand
the construction of the eigenvectors and assign meaning to them. For example, the most
sensitive eigenvector, EV0, is a combination of CHG, which primarily affects ggH produc-
tion, and CHB, CHW and CHWB, which have the largest impact on the H → γγ branching
fraction. Therefore, this eigenvector primarily affects ggH production, specifically in the
H → γγ decay channel (see Fig. 6.10). It is unsurprising that this particular combination
has the best expected sensitivity since inclusive measurements of ggH and H → γγ in
this combination have the smallest uncertainties when compared to other production and
decay modes [2]. Similarly, it follows that the next eigenvector, EV1, primarily affects
ggH production in the other channels, and has a similar sensitivity to EV0.

Maximum likelihood fits are used to extract 1D constraints on each of the 17 eigenvec-
tors when allowing the other 16 eigenvectors to float freely. In these fits, only the linear
parameterization is used, and this is done for several reasons. Firstly, the rotated basis
is defined for the linear parameterization only and by introducing the quadratic terms,
the basis is made no longer orthogonal. Secondly, the quadratic terms lead to more local
minima in the NLL, causing the minimizer to struggle to find the true minimum, which
in turn can lead to less reliable confidence intervals.

Finally, including the quadratic terms corresponds to an inconsistent SMEFT expan-
sion in powers of 1/Λ2 because the quadratic terms enter at 1/Λ4, which is the same order
that dimension-8 contributions would begin to enter. This is an issue because the inclusion
of quadratic terms may lead to tighter constraints, which may not hold if the dimension-8
contributions were included. Therefore, it is preferred to use the linear parameteriza-
tion only, which is more conservative and may provide a more realistic indication of the
sensitivity.

The expected and observed best-fit values, 68% and 95% CL intervals, and correspond-
ing lower limits on the probed energies scales for the eigenvectors are shown in Fig. 6.12.
The 95% CL intervals range from ±0.005 to ±20 around the best-fit value depending on
the eigenvector, and lower limits on the probed energy scales are up to 11 TeV and as low
as 0.2 TeV.

Overall, fair agreement is found with the SM, with a p-value of 0.11. The most
discrepant eigenvector is EV3, which is primarily a combination of Re(CbH) and C

(3)
Hq.

This follows from the discrepancy in C
(3)
Hq seen in the nominal basis results which is

explained by disagreements with the SM in measurements of the high pVT WH and ZH

leptonic bins. Figures 6.10 and 6.11 show that this eigenvector has its largest impact in
these particular bins as well.
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Figure 6.12: Observed and expected constraints on the eigenvectors from a profiled fit where the
other eigenvectors are left freely floating. The left panel shows the best-fit values,
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beyond the range of the plot, it is indicated by an arrow. The right panel shows
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6.5 Summary

Effective field theories (EFTs) are a powerful tool in the search for new physics. In the
absence of the direct detection of new particles, EFTs provide a framework to parameterize
the indirect effects that new physics can have on SM processes. In this Chapter, a SMEFT
interpretation of a combination of Higgs boson analyses at the CMS experiment was
presented. Most of the analyses in the combination were designed to measure the STXS,
which studies the Higgs boson in a differential manner, splitting events according to the
production mode, and by kinematic variables like pHT .

In Section 6.2, the derivation of the parameterization was described, detailing the
different choices required to achieve a valid parameterization for all production and decay
modes. In the majority of cases, the scaling equations were derived including propagator
corrections by using the SMEFTsim UFO model to generate and reweight events to
different values for the Wilson coefficients. For the ggH and ggZH production modes, the
scaling equations were derived similarly, but with the SMEFT@NLO model, allowing
loop-level corrections to be included and ensuring that the parameterization is valid for the
high pHT STXS bins. For the H → 4l and H → lνlν decay channels, acceptance corrections
were derived with a new standalone reweighting procedure, and dedicated samples were
generated to derive their contributions to the total width of the Higgs boson. All possible
Wilson coefficients under the topU3l flavour assumption were considered, and the final
scaling equations contained contributions from 43 different Wilson coefficients.

Results were reported on the individual constraints of 43 different Wilson coefficients
or the simultaneous constraints of 17 linear combinations of Wilson coefficients. In the
individual results, the tightest constraint corresponded to a lower limit on the probed
energy scale of 15 TeV when assuming Ci = 1, whereas in the simultaneous results, the
tightest constraint corresponded to a lower limit of 11 TeV. Poor agreement with the SM
was found in the individual constraint on C

(3)
Hq corresponding to a p-value of 0.01 and

a similar discrepancy was also found in the simultaneous fit for a linear combination of
coefficients that heavily featured C

(3)
Hq. In both cases, the discrepancy was identified to be

driven by excesses of events in high pVT WH and ZH leptonic channels.



Chapter 7

Conclusion

The Standard Model (SM) of particle physics is a remarkably successful theory, accurately
describing the known fundamental particles and their interactions at the LHC and be-
yond. However, there are several key observations that the SM cannot explain, including
dark matter [8], neutrino oscillations [9], and the matter-antimatter asymmetry of the
universe [10]. Additionally, the SM has theoretical issues such as the hierarchy problem
and the fact that it does not provide a description of gravity. Theories beyond the Stan-
dard Model (BSM) have been proposed that explain these anomalies and/or rectify the
theoretical issues, but it is not clear which theory is correct.

Such theories include Warped Extra Dimensions (WED), which alleviates the hier-
archy problem, and the Next-to-Minimal Supersymmetric Standard Model (NMSSM),
which solves the hierarchy problem and provides a candidate for dark matter. These
theories were tested in Chapter 5 by searching for the resonant production of a pair of
scalar bosons, a process that both theories predict. More specifically, WED predicts the
production of a new boson, X, which can be spin-0 or spin-2 and decays to two SM Higgs
bosons (X → HH), and the NMSSM predicts a new boson, X, which is only spin-0 and
decays to a new scalar boson, Y, and a SM Higgs boson (X → YH).

The searches for X → HH and X → YH were performed using data collected by the
CMS experiment between 2016 and 2018 at the LHC at

√
s = 13TeV corresponding to

an integrated luminosity of 138 fb−1. Mass ranges of 260–1000 GeV and 50–800 GeV were
considered for mX and mY respectively and for the first time at the CMS experiment, these
searches were performed in final states including two photons and two tau leptons. This
final state is particularly interesting given recent excesses reported in these decay channels
for resonances around 95 and 650 GeV [96–98]. In the Y → γγ decay channel, a local excess
corresponding to 2.3 standard deviations was observed at (mX,mY) = (650, 95)GeV which
is not significant enough to claim a discovery, but does motivate the continued search for
new resonances in this mass region, especially with new data collected at the LHC from
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2022 and beyond. Other excesses were observed in the X → Y(ττ)H(γγ), and low and
high-mass X → Y(γγ)H(ττ) searches corresponding to local (global) significances of 2.6
(2.2), 3.2 (0.1), 3.2 (0.1) standard deviations respectively. Additionally, 95% CL upper
limits were placed on the cross sections of the X → HH and X → YH processes as functions
of mX and mY, and theoretically excluded ranges of mX and mY were quoted for some
of the searches.

Assuming that the WED or NMSSM theories are correct, it is possible that the new
particles have masses larger than 1 TeV, and are therefore beyond the range of masses
searched for. Similarly, the masses could be so large that the particles could not be
produced at the LHC. In this case, a direct search for these particles at the LHC would
be unfeasible. However, indirect effects of these particles could still be observed as small
deviations in distributions of SM processes, which can be parameterized by the Wilson
coefficients in an Effective Field Theory (EFT).

In Chapter 6, these indirect effects were searched for with a SMEFT interpretation
of a combination of Higgs boson measurements performed by the CMS experiment using
data collected between 2016 and 2018 at

√
s = 13TeV corresponding to an integrated

luminosity of 138 fb−1. The combination included an exhaustive variety of decay channels,
and studied the production of the Higgs boson in a differential way using the STXS
framework. This allowed for the individual constraint of 43 different Wilson coefficients
where the tightest constraint corresponded to a probed energy scale up to 15 TeV when
assuming Ci = 1, and allowed for the simultaneous constraint of 17 linear combinations
of Wilson coefficients where the tightest constraint corresponded to a probed energy scale
up to 11 TeV. Furthermore, a discrepancy with respect to the SM was observed in the
individual constraint on C

(3)
Hq corresponding to a p-value of 0.01.

Two fundamentally different types of searches for new physics have been presented
in this thesis. In both the direct and indirect searches, no evidence for new physics
was observed at the crucial level of five standard deviations, but they have shown hints
towards new physics, whether that be the 650 GeV and 95 GeV excess seen in the X → YH

search, or the discrepancy in the C
(3)
Hq Wilson coefficient. Looking forward, the CMS

experiment will continue to take data, and will do so with unprecedented rates after
the High-Luminosity LHC [139] becomes operational in the mid-2030s, resulting in a
final integrated luminosity of 3000 fb−1 at the end of the LHC’s lifetime. This dataset
represents a fantastic opportunity, and both direct and indirect searches should be utilized
to maximize the chance of discovery new physics using it.
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