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Abstract

Measurements of Higgs boson production cross sections with the Higgs boson decaying

into a pair of photons are reported. Events with two photons are selected from a

sample of proton-proton collisions at a centre-of-mass energy of 13TeV collected by

the Compact Muon Solenoid detector at the Large Hadron Collider in 2016 and 2017,

corresponding to a total integrated luminosity of 77.4 fb−1. Cross sections for gluon

fusion and vector boson fusion production, relative to the corresponding standard

model predictions, are measured to be 1.15 ± 0.15 and 0.83+0.37
−0.31 respectively. These

two production modes are further measured in kinematic regions within the simplified

template cross section framework. All results are found to be in agreement with the

standard model expectations.
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Chapter 1

Introduction

The standard model (SM) of particle physics is a theory which describes the fundamen-

tal structure of matter and its interactions [5–7]. Guided by the results of experiments

studying the behaviour of high-energy particles, the SM unifies the electromagnetic

and weak forces and places them in a coherent framework together with the strong

force. The SM has been extraordinarily successful, with many of its predictions verified

to unprecedented precision. A key aspect of the SM is the Higgs mechanism [8–10],

which breaks the symmetry of the electroweak interaction, explains how particles ob-

tain mass, and predicts the existence of a fundamental particle known as the Higgs

boson. The Higgs boson was observed experimentally by the ATLAS and CMS Collab-

orations [11–14] in 2012 with data collected during Run 1 of the Large Hadron Collider

(LHC) [15]. This discovery completed the particle content and modern understanding

of the SM, and represents another great success of the theory.

The SM is however known to be incomplete as a theory of nature. Firstly, it does

not include a description of the force of gravity. The SM also does not provide a

suitable candidate for dark matter, which is required to explain certain astrophysical

phenomena [16], and forms a key part of the modern understanding of the large scale

structure of the universe [17]. Furthermore, neutrinos are treated as massless in the

SM, whereas experimental measurements of neutrino oscillations confirm that they are

not [18]. A wide range of extensions to the SM have been proposed which provide

explanations for some or all of these phenomena [19]. These beyond standard model

(BSM) theories can predict the existence of entirely new particles, and thereby modify

the predictions made by the SM.

The results presented in this thesis test the SM predictions of Higgs boson pro-

duction in the diphoton decay channel with the CMS experiment. Data collected as

part of Run 2 of the LHC during 2016 and 2017 are analysed, yielding a dataset of

77.4 fb−1. The CMS detector is a multi-purpose apparatus able to reconstruct sev-

1
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eral types of high-energy particle. Its design is motivated in part by the objective of

precisely measuring the properties of the Higgs boson. In particular, the performance

of its electromagnetic calorimeter is excellent, which enables effective reconstruction

of the photons arising from the decay of the Higgs boson and is vital for the success

of the H → γγ analysis. The final results of the analysis are measurements of Higgs

boson production cross sections within the simplified template cross section (STXS)

framework [20]. The STXS framework provides a coherent approach to performing

measurements of Higgs boson couplings, minimising the effect of theoretical uncertain-

ties whilst simultaneously permitting the use of advanced experimental techniques.

Results within the STXS framework are presented which aim to test the SM as strin-

gently as possible. Deviations from SM predictions may indicate the presence of BSM

physics and guide the way to an improved understanding of nature, or otherwise tightly

constrain the possible forms BSM theories can take.

This thesis presents the results of the CMS H → γγ analysis using 2016 and 2017

data, which is documented in Ref. [4]. The structure of the thesis is as follows.

Chapter 2 describes the structure of the SM as a gauge field theory, before intro-

ducing the Higgs mechanism and its implications. The phenomenology of the Higgs

boson and its decay into two photons is discussed, and the latest measurements of

Higgs boson properties, including those within the STXS framework, are summarised.

Chapter 3 describes the LHC and the CMS detector itself. The role of each sub-

detector and how the various products of high energy proton-proton collisions are

captured is explained.

Chapter 4 describes the planned upgrade program for the LHC to become the High-

Luminosity LHC (HL-LHC) and the required changes to the CMS detector, focusing

on the High Granularity Calorimeter (HGCAL). The motivation for and design of

the HGCAL is presented, together with studies illustrating its performance in object

reconstruction and physics analysis.

Chapter 5 describes how events recorded by the CMS detector are reconstructed.

Emphasis is placed on the procedures used to form photon objects, and how they are

subsequently combined with a vertex hypothesis to form diphoton candidates for the

H → γγ analysis.

Chapter 6 describes the procedure for categorising events in the H → γγ analysis.

Analysis categories targeting different production processes are defined, and the sensi-

tivity of the analysis is increased by using machine learning techniques to discriminate

between signal and background processes.

Chapter 7 describes the construction of models for the signal and background con-

tributions to the diphoton invariant mass distributions of the final analysis categories.
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The treatment of systematic uncertainties in the analysis is also detailed.

Chapter 8 describes the statistical fitting procedure used to extract the final results

of the analysis and their associated uncertainties. Results of cross sections at different

levels of granularity within the STXS framework are presented, and comparisons made

to the corresponding SM predictions.

Finally, Chapter 9 discusses the conclusions drawn from the results of the analysis,

and provides a perspective on future work to build on those results.
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Chapter 2

Theory

2.1 Introduction

The standard model (SM) of particle physics is the current best description of nature

at its most fundamental level. The SM incorporates the electromagnetic, weak, and

strong forces in a single coherent framework, unifying the electromagnetic and weak

interactions in doing so. The SM is a type of quantum field theory known as a gauge

theory, which represents the fundamental constituents of matter and the forces be-

tween them as excitations of relativistic quantum fields. Many of its predictions have

been experimentally verified to unprecedented precision [21]. The spontaneous break-

ing of gauge symmetry in the unified electroweak (EW) sector of the SM results in

the prediction of the Higgs boson [8–10], the existence of which is now experimentally

confirmed [12, 14]. In this chapter, the fundamental particles and forces of the SM

are described, before its structure as a gauge field theory is explained. Spontaneous

symmetry breaking and its relation to the Higgs mechanism is elucidated. The phe-

nomenology of the Higgs boson and the consequences for experimental measurements

are then detailed. Lastly, the latest precision measurements of the Higgs boson’s prop-

erties are summarised and the simplified template cross section (STXS) framework is

introduced.

2.2 Fundamental particles and forces

In the SM, particles other than the Higgs boson are divided into spin-half fermions

and spin-one bosons. Fermions are the fundamental constituents of matter, and can

either interact via the electromagnetic and weak forces (leptons), or via the electro-

magnetic, weak and strong forces (quarks). Both leptons and quarks exist in three

distinct generations; the three particles comprising each family have identical proper-

5
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ties except for mass, which increases across generations. In addition, each particle has

a corresponding antiparticle, which has the same mass but whose charge and parity

have the opposite sign to the original particle.

The interactions between fermions are mediated by a second class of fundamental

particles, the gauge bosons. Three forces are represented by the SM gauge bosons:

the electromagnetic force, the weak force, and the strong force. The mediator of the

electromagnetic force is the massless photon, whilst the weak interaction occurs via

the exchange of three massive particles, the W+, W−, and Z bosons. Due to the

unification of these two forces into the electroweak sector of the SM, the photon, W±,

and Z bosons arise from combinations of the fundamental gauge fields. Gluons, which

mediate the strong force, are massless.

The final particle in the SM is the Higgs boson, which is the only scalar (spin-

zero) particle in the theory. The Higgs boson is a massive particle which arises due

to spontaneous symmetry breaking in the electroweak sector, and whose existence is

necessary to explain the masses of both bosons and fermions.

2.3 Gauge fields

The SM is realised as a particular type of quantum field theory (QFT) known as a

gauge field theory. The dynamics and predictions of a given QFT can be derived

from the Lagrangian (L) using the Euler-Lagrange equations, in the same way as

the equations of motion can be derived in classical field theory [22]. Typically, a

Lagrangian is constructed with the aim of respecting the symmetries of the physical

system it is attempting to describe. According to Nöther’s theorem [23], each symmetry

of a Lagrangian has a corresponding current which is conserved. Examples include the

invariance of a Lagrangian under translations in time corresponding to the conservation

of energy, and invariance under spatial translation to conservation of momentum. The

theorem therefore illustrates that the symmetries of a Lagrangian are intimately linked

with the conserved quantities and properties of the physical system described.

The defining feature of gauge field theories is that they require the Lagrangian to be

invariant under a local gauge transformation. Here a local transformation means one

which depends on spacetime co-ordinates, in contrast to a global transformation, which

is constant. Elevating a global symmetry to a local one requires the introduction of

additional fields, which facilitate interactions between particles and imply the existence

of gauge bosons. This is illustrated below, starting with the Dirac Lagrangian which

describes a free spin-half fermion [24, 25]:

L = iψ̄γµ∂µψ −mψ̄ψ, (2.1)
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where ψ is a Dirac spinor, ψ̄ is its adjoint with ψ̄ = ψ†γ0, and γµ are four 4×4 matrices

which obey the anticommutation relation {γµ, γν} = 2gµν with gµν the Minkowski

metric [25]. The Dirac Lagrangian is invariant under a global phase transformation

corresponding to the U(1) group, under which the field transforms as

ψ → eigθψ, (2.2)

where θ and g are constant real numbers. This invariance is dependent on the trans-

formed field commuting with the differential operator. Considering instead a local

gauge transformation, meaning the transformation is a function of the spacetime co-

ordinates

ψ → eigθ(x)ψ, (2.3)

where θ(x) now depends on the spacetime co-ordinates xµ. The Lagrangian is no

longer invariant; instead there is a residual term remaining after the transformation

L → L− gψ̄γµ(∂µθ)ψ. (2.4)

In order to restore gauge invariance, a new field Aµ can be introduced which transforms

as

Aµ → Aµ + ∂µθ (2.5)

This field is incorporated into the definition of the covariant derivative Dµ as

Dµ = ∂µ + igAµ, (2.6)

which transforms under the local gauge transformation in the desired way

Dµ → eigθ(x)Dµ. (2.7)

With the addition of a free term for the field Aµ, the form of which is constrained by

the requirements of being both Lorentz and gauge invariant, the Lagrangian can then

be written as

L = iψ̄γµDµψ −mψ̄ψ − 1

4
FµνFµν , (2.8)

where Fµν = ∂µAν − ∂νAµ. This Lagrangian is now fully gauge invariant. A mass

term for the boson, which would take the form mAAµA
µ, is not included since it is

forbidden by local gauge invariance. The Lagrangian in Eq. 2.8 can now be identified

as a description of quantum electrodynamics (QED). The field Aµ corresponds to a

photon, and g to the charge of the electron. The interaction vertex between photons
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and electrons is contained in the trilinear terms such as L ⊃ −eψ̄γµAµψ, and the elec-

tromagnetic field strength tensor is represented by Fµν . This illustrates the mechanism

by which local gauge invariance introduces new interacting fields with a symmetry, in

this case a U(1) symmetry with one degree of freedom. It can be shown that the num-

ber of generated bosons is equal to the number of degrees of freedom, or equivalently

the dimension, of the symmetry group [22]. The electroweak and strong sectors of

the SM follow the same principle, with the symmetry groups being SU(2)×U(1) and

SU(3) respectively. How these symmetry transformations lead to the emergence of the

desired SM properties is detailed in the following sections.

2.3.1 Strong interactions

The theory of strong interactions in the SM, known as quantum chromodynamics

(QCD), is based upon the SU(3) symmetry group. The symmetries of this group

can be represented by traceless 3 × 3 unitary matrices; this implies there are eight

independent matrices, or generators, of the group [26]. The covariant derivative is

written as

Dµ = ∂µ + igs
λa

2
Aaµ, (2.9)

where λa are the Gell-Mann matrices. The eight fields Aaµ correspond to gluons, the

massless bosons which mediate the strong force. The QCD equivalent of electric charge,

gs, is known as colour charge. Three independent colour states exist; these are labelled

red, green, and blue. Quarks are the only SM fermions which possess colour charge,

and thus transform as a triplet under transformations in colour space.

In addition, it should be noted that SU(3) is a non-Abelian group, meaning that

its transformations do not commute. This introduces additional complexity to the

theory, and has the direct consequence that gluons possess colour charge and can thus

self-interact. This is manifest in the expression for the QCD field strength tensor,

given by

F aµν = ∂µA
a
ν − ∂νA

a
µ − gsf

abcAbµA
c
µ, (2.10)

where fabc are the antisymmetric SU(3) structure constants defined by [λa, λb] =

ifabcλc. The final form of the QCD Lagrangian in the SM is then

LQCD =
∑

f

iψ̄f (γ
µDµ −mf )ψf −

1

4
F aµνF

aµν , (2.11)

where the index f denotes the six quark flavours and mf the quark mass of that

flavour. An important difference between QCD and QED is that the magnitude of

the strong force increases in strength as a function of distance, rather than weakening.
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Consequently particles with colour charge are never observed as free particles but are

instead confined to colourless, composite bound states. This is the reason quarks and

gluons are detected as hadronic showers of particles, known as jets.

2.3.2 Electroweak interactions

One of the key successes of the SM was the unification of the electromagnetic and weak

forces. This was developed by Glashow, Weinberg and Salam [5–7] and their GWS

model constitutes the formulation of the modern SM. Starting from the SU(2) group,

three fields are defined in the covariant derivative

Dµ = ∂µ + i
g

2
W i
µσ

i, (2.12)

where W i
µ are the three SU(2) gauge fields and σi are the 2 × 2 Pauli matrices. The

corresponding charge is known as weak isospin. Both quarks and leptons interact via

the weak interaction and transform as doublets under weak gauge transformations.

The weak interaction violates parity, meaning it is not invariant under an inversion in

space co-ordinates. This can be encoded explicitly by introducing the parity operators

PL,R =
1

2
(1∓ γ5), (2.13)

where PL,R are the left and right handed parity operators respectively, and γ5 =

iγ0γ1γ2γ3, which anticommutes with γµ and means that objects such as ψ̄γ5ψ are odd

under parity. In the SM, only the left-handed fermions couple to the W bosons via

SU(2) interactions, which enables parity violation. The formulation in Equation 2.12

would suggest that this is true of all three Wµ bosons; however it is known that the

Z boson interacts with both left and right-handed fermions. The key insight of EW

unification is that the three bosons arising from the SU(2) group can be combined

with a U(1) boson to form the four physically observed bosons. This is achieved in

the GWS model by constructing the SU(2)L×U(1) group with weak isospin and weak

hypercharge Y as the respective charges, and W i
µ and Bµ as the respective fields in

the covariant derivative

Dµ = ∂µ + i
g

2
W i
µσ

i + g′Y Bµ, (2.14)

with g and g′ real numbers. The left-handed fermions are represented by SU(2)L

doublets ψL, whilst the right-handed fermions are singlets ψR. The physical charged

bosons are given by

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), (2.15)
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and the physical neutral bosons expressed as a rotation in the SU(2)L × U(1) space

with

Zµ = cos θWW
3
µ − sin θWBµ,

Aµ = sin θWW
3
µ + cos θWBµ,

(2.16)

where θW is called the Weinberg angle. The relevant right-handed parts of the EW

Lagrangian can then be written

LEW ⊃ −ψ̄Rg′ cos θWYψγµAµψR. (2.17)

By comparison with the electromagnetic Lagrangian, the relation g′ cos θW = |e| for
the magnitude of the electron charge can be inferred. The hypercharge Yψ is identified

as the value of the particle’s electric charge. Finally, the left-handed terms include

LEW ⊃ −ψ̄L(g sin θW
σ3

2
+ g′ cos θWYψ)γ

µAµψL. (2.18)

In order for the doublets representing the quarks and leptons to have charges which

differ by one unit of charge, it is inferred that g sin θW = e. The hypercharges of

the quarks and leptons are then required to be +1
6 and −1

2 respectively. The theory

thus describes a photon which couples in the same way to left and right-handed fields,

whilst allowing the weak interaction to violate parity, exactly as observed in nature.

This completes the description of how fermions and bosons interact in the SM.

However an issue remains relating to the particle masses. As was described in Sec-

tion 2.3, mass terms for the bosons are not invariant under local gauge transformations.

This is not an issue for the description of the photon, but cannot be reconciled with

the experimentally observed finite masses of the W and Z bosons. Furthermore, it can

be seen that a mass term of the form

Lmass = −m(ψ̄LψR + ψ̄RψL) (2.19)

is not gauge invariant, since the left and right-handed spinors transform in different

ways. These considerations prevent the inclusion of mass terms for the quarks and

leptons in the Lagrangian. Spontaneous symmetry breaking and the Higgs mechanism

provide the resolution to this problem.
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possible to expand about the minimum with a field of the form

φ =
1√
2
(v + φ1 + iφ2), (2.22)

where φ1 and φ2 are real scalar fields. Substituting this into the Lagrangian (Equa-

tion 2.20) yields the mass terms

L ⊃ −2λv2φ21 + 2g2v2AµAµ. (2.23)

Thus the gauge boson Aµ has acquired mass; spontaneous symmetry breaking of a

Lagrangian invariant under local gauge transformations yields a massive gauge boson.

This important result underlies the generation of masses for the SM vector bosons.

Furthermore, there is now an additional massive scalar particle φ1; this will shortly be

identified as the Higgs boson.

In the SM, the scalar Higgs field transforms as an SU(2) doublet H which has the

required four degrees of freedom. Its potential is fourth order such that the Lagrangian

can be written

LEW ⊃ (DµH)†(DµH) + µ2H†H − λ(H†H)2, (2.24)

where µ and λ are positive constants and the covariant derivative is as defined in

Equation 2.14. This potential also has a degenerate set of non-zero minima with

H†H =
µ2

2λ
≡ v2

2
, (2.25)

and the choice can be made to expand about the minimum in the neutral component

of the doublet such that

H =





0
v√
2
+ h(x)



 , (2.26)

where h(x) is the physical scalar field of the theory. Parameterising the field in this

way corresponds to choosing the unitary gauge. The covariant derivative acting on the

Higgs field then results in, after the rotation described in Equation 2.16, the Lagrangian

terms

LEW ⊃ g2v2

4
W+
µ W

−µ +
(g2 + g′2)v2

8
ZµZ

µ. (2.27)

Thus the W and Z bosons have acquired mass whilst leaving the photon massless. The

Higgs mechanism is therefore able to explain the observed mass structure of the gauge

bosons. Furthermore, the ratio of the masses of the and W and Z bosons is predicted

to be equal to cos θW , which is also in agreement with experiment. This pattern of
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symmetry breaking depends on the choice of direction for the vacuum expectation

value and Higgs field; it has been chosen by construction to match the observed SM

bosons and fermions.

In addition to explaining the masses of the gauge bosons, the Higgs mechanism

enables mass terms for the fermions to be included in the Lagrangian. These terms

are known as Yukawa terms [26]

LEW ⊃ gf√
2
vψ̄LHψR + h.c. , (2.28)

where gf is the Yukawa coupling of the fermion to the Higgs boson and h.c. indicates

the Hermitian conjugate. This combination is now gauge invariant, in contrast to

the mass terms in Equation 2.19. Expanding the field H in terms of the vacuum

expectation value and the field h(x), the mass terms generated for the fermions are

mf =
gfv√
2

(2.29)

The magnitude of the Yukawa coupling is not known a priori and must be measured ex-

perimentally. It can then be seen that there are also interactions between the fermions

and the Higgs boson whose coupling strength is proportional to the fermion mass, as

well as the Higgs boson mass.

Furthermore, the Higgs boson also has interaction terms with the gauge bosons.

The relevant terms in the Lagrangian are

LEW ⊃ m2
W

(

2h

v
+
h2

v2

)

W+
µ W

−µ +
m2
Z

2

(

2h

v
+
h2

v2
ZµZ

µ

)

, (2.30)

which describe the three point and four point interactions between the massive gauge

bosons and the Higgs boson. Again the coupling strength is proportional to both the

gauge boson mass and the Higgs boson mass. The Higgs boson mass terms in the

Lagrangian together with its self-interactions are

LEW ⊃ −λv2h2 − λvh3 − 1

4
λh4, (2.31)

where the Higgs boson mass can now be identified as mH =
√
2λv. The mass itself is

unknown a priori, and must be measured experimentally. Given the Higgs boson mass,

and considering all these interaction terms involving the Higgs boson, it is possible

to infer the phenomenology of how the Higgs boson is produced and how it decays.

This phenomenology and its consequences for experimental measurements of the Higgs

boson’s properties are discussed in the following section.
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2.5 Properties of the Higgs boson

Discovering the Higgs boson, and thereby reaching observation of all elements of the

standard model, was one of the main physics objectives of the LHC. This goal was

achieved in 2012 when both the ATLAS and CMS experiments announced the discovery

of a new particle resembling the Higgs boson [12, 14]. Several Higgs boson production

modes and decay channels were analysed. Now that the existence of the Higgs boson is

confirmed, the experimental focus is to measure its properties as precisely as possible.

This enables stringent tests of the SM to be made, and in so doing either observe

discrepancies from its predictions which indicate the presence of physics beyond the

standard model (BSM), or place constraints on the permitted form of possible BSM

theories. In this section the most important production and decay modes for Higgs

boson measurements at the LHC are described, and current state-of-the-art results are

summarised.

2.5.1 Higgs boson production at the LHC

The LHC produces high energy collisions between two circulating beams of protons.

The production of the Higgs boson can be initiated in different ways, with cross sections

that depend on the centre-of-mass energy (
√
s) of the proton-proton collision and the

Higgs boson mass. For collisions at
√
s = 13TeV and a Higgs boson mass of around

125GeV, gluon fusion (ggH) is the dominant mode [20]. The ggH final state contains

only the Higgs boson. This contrasts with other modes, such as vector boson fusion

(VBF), which produces a Higgs boson together with two quarks that hadronise to

form jets. These additional objects can improve the ability to discriminate the Higgs

boson signal from background, meaning events which have similar detector signatures

to the Higgs boson but arise from other SM processes. Other important production

modes whose existence has been confirmed at the LHC include vector boson-associated

production (VH) and production in association with a top quark-antiquark pair (ttH).

Figure 2.2 shows the leading order Feynman diagrams for these four production modes,

showing explicitly the additional objects present in events produced by modes other

than ggH. The expected SM cross sections for each process, and for the rarer tH and

bbH processes, are shown in Table 2.1. Experimental sensitivity to a given process

depends not only on the signal cross section but also the amount of background.

Observations of the ggH and VBF were made during Run 1 of the LHC [27–29], with

the VH and ttH modes being observed more recently using Run 2 data [30–33].
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Decay mode bb̄ W±W∓∗ gg τ+τ− cc̄ ZZ∗ γγ

Branching fraction 58.2% 21.4% 8.2% 6.3% 2.8% 2.6% 0.23%

Table 2.2: Branching fractions of the main Higgs boson decay modes. Values are taken from
Ref. [20].

2.5.2 Higgs boson decay modes

The SM predicts that the Higgs boson has an extremely short lifetime [20]. The Higgs

boson is therefore never observed directly, but instead its presence is inferred from its

decay products. There are several permitted decay modes of the Higgs boson. Since its

coupling strength to other particles is proportional to the mass of the decay product,

it can decay directly to any massive particle1. In addition, loop diagrams permit the

decay to massless particles, including the gluon and photon. The branching fractions

for each of the seven principal decay modes is shown in Table 2.2. Observations of the

γγ, ZZ∗, W±W∓∗, and τ+τ− decay modes were made during Run 1 of the LHC [27–

29], with the bb̄ mode being observed more recently using Run 2 data [32–35].

It can be seen that the decay to bb̄ has the largest branching fraction. However

due to the large hadronic background at the LHC, this decay channel is very difficult

to utilise experimentally. The channels with the greatest sensitivity, despite their

relatively low branching fractions, are the diphoton (γγ) and ZZ∗ decays (where Z∗

indicates a virtual, or off mass-shell, Z boson). The sensitivity of these channels

depends on the relatively low background and the ability to precisely reconstruct the

mass of the Higgs boson from the decay products. The analyses of the γγ and ZZ∗

decay channels were the most important at the time of the discovery of the Higgs boson,

and for the same reasons are now are ideally suited to the study of its properties. This

analysis uses the diphoton decay channel. Three Feynman diagrams representing the

largest contributions to the effective vertex between the Higgs boson and two photons

are shown in Figure 2.3. As can be seen in the figure, the decay to two photons is

therefore sensitive to the Higgs boson’s coupling to other particles, including the top

quark and the W boson.

2.5.3 Status of Higgs boson measurements

Since its discovery, remarkable progress has been made in measuring the properties

of the Higgs boson. Several aspects of the SM Higgs boson structure can be tested

experimentally. The first is the spin of the Higgs boson; it is the only fundamental

1Only decays to pairs of particles whose mass is less than half that of the Higgs boson are permitted
kinematically. However the decay can still occur to virtual particles of greater mass, which then
themselves decay.
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couplings of the Higgs boson to bosons and fermions. The coupling modifiers κj are

defined such that

κ2j =
σj

σSMj
or

Γj

ΓSM
j

, (2.33)

where in the SM the values of all the κj are equal to unity. In addition to including

couplings to individual particles or groups of particles, effective coupling modifiers

κg and κγ , which describe the loop processes of ggH production and diphoton decay

respectively, can be defined. The combination of ATLAS and CMS Run 1 analysis

documented in Ref. [29] presents results in terms of both signal strength modifiers and

coupling modifiers.

An example of signal strength modifier measurements from the previous CMS

H → γγ analysis [1] is shown in Figure 2.4. The modifiers for the ggH, VBF, ttH

and VH production processes and the diphoton decay are shown, with the inclusive

diphoton decay modifier overlaid. In this single decay channel with one experiment,

the ggH signal strength is already measured to a precision of 20%. Combinations of

results across different decay channels performed for optimal precision, with the inclu-

sive Higgs boson signal strength now measured to a precision of around 10% [41, 42].

So far, all measurements are consistent with the SM predictions.

µ
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Figure 2.4: Signal strength modifier measurements in the H → γγ decay channel. The
modifiers for each process (black points) are shown, with the SM Higgs boson
mass profiled, compared to the overall signal strength modifier (green band)
and to the SM expectation (dashed red line). Figure first shown in Ref. [1].
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Measurements of stage 0 cross sections in the H → γγ decay channel were per-

formed in the previous CMS H → γγ analysis [1]. The results are shown in Figure 2.6,

which is similar to Figure 2.4. Aside from the change in signal bin definitions and the

absence of an inclusive measurement, the main difference is in the treatment of the

theoretical uncertainties. When performing a measurement of µ, a fit is performed for

the signal strength modifier ratio σ/σSM. This requires that the theoretical uncertainty

on the SM prediction, which enters via the denominator, be included. In contrast if the

fit parameter is just the observed cross section σ, the measurement does not depend

on the overall SM prediction and this uncertainty does not need to be included. It is

instead considered as the uncertainty on the SM prediction, as displayed in Figure 2.6.

This separation of the theoretical uncertainties means that the measurement is less de-

pendent on the theoretical prediction and remains useful even if improved theoretical

predictions are obtained in the future.
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Figure 2.6: Normalised cross sections measured for each stage 0 bin (black points) in the
STXS framework, with the SM Higgs boson mass profiled, compared to the SM
expectations and their uncertainties (blue band). The signal strength modifiers
are constrained to be non-negative, as indicated by the vertical line and hashed
pattern at zero. Figure first shown in Ref. [1].

At stage 1 of the STXS framework, a further splitting of bins into different kine-

matic regions is performed. This provides additional information for different theo-

retical interpretations of the measurements, and enhances the sensitivity to possible

signatures beyond the standard model. Measurements at stage 1 of the framework have
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already been reported by the ATLAS Collaboration [43–45]; this analysis comprises

the first CMS measurement of STXS stage 1 regions in the diphoton channel, covering

the gluon fusion (ggH) and vector boson fusion (VBF) production modes. The defini-

tions of the different bins are shown in Figures 2.7 and Figures 2.8 for ggH and VBF

production respectively. For ggH production, bins are defined using the transverse

momentum of the Higgs boson and the number of jets in the event. In addition there

are two bins for events with two jets where the event kinematics resemble those of

typical VBF events. For VBF production, the bins are defined using the kinematics

of the characteristic dijet system. The ultimate goal of this analysis is to measure the

cross sections of these bins as precisely as possible. Further detail of the exact bin

definitions and the methods used to discriminate between them is given in Chapter 6.

2.7 Summary

The SM is a gauge field theory which describes all known fundamental particles and

the forces which govern their interactions, with the exception of gravity. Its predictions

have been tested to extremely high levels of precision, and in 2012 the last remaining

unobserved particle in the SM, the Higgs boson, was discovered. The Higgs boson

is a crucial piece of the SM as its existence is required to explain the origin of the

masses of both gauge bosons and fermions. Once the mass of the Higgs boson, which

has been measured experimentally, is known, its interactions with other particles in

the SM are fully determined. Performing precision measurements of the Higgs boson

and its properties is therefore one of the foremost priorities in current particle physics

research. The STXS framework provides a coherent approach to performing these

measurements, minimising the theoretical dependence of experimental results whilst

permitting the use of advanced analysis techniques. This analysis aims to measure

STXS bins in the H → γγ decay channel at various levels of granularity, thereby

testing the SM and its predictions as stringently as possible.





Chapter 3

The Compact Muon Solenoid

3.1 Introduction

The Large Hadron Collider (LHC) at CERN is a 27 km hadron accelerator and col-

lider with a design centre-of-mass energy of up to 14TeV [46]. Its purpose is to

provide collisions sufficient in energy and number to precisely probe physics at the

electroweak scale. Four detectors, one of which is the Compact Muon Solenoid (CMS),

are situated around the LHC ring. CMS is a general-purpose detector designed to

reconstruct a wide range of physics objects. Together, the LHC and CMS facilitate a

wide-ranging programme of physics studies, from SM precision measurements to dark

matter searches, and including exploration of electroweak symmetry breaking via pro-

duction of the Higgs boson. This chapter will describe the design and operation of

both the LHC and the CMS detector.

3.2 The Large Hadron Collider

The LHC is situated in the tunnel that previously housed the Large Electron Positron

collider (LEP) [47], around 100m below ground across the French-Swiss border near

CERN. It is the final machine in a series of accelerators which form the CERN accel-

erator complex [48]; these act as the injection system for the LHC. The two counter-

circulating beams cross at four interaction points, at each of which a detector is situ-

ated. Directly opposite CMS is a second general purpose detector, ATLAS [11], whose

physics objectives are identical to those of CMS but whose design and operation are

independent. Two further detectors, LHCb [49] and ALICE [50], focus on flavour and

heavy-ion physics respectively. Three smaller experiments are also situated at the LHC;

these are MoEDAL, TOTEM and LHCf [51–53], which between them perform studies

of forward physics and searches for magnetic monopoles. Whilst the LHC is capable of

23
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producing heavy ion collisions in addition to proton-proton collisions, the remainder

of this section will be dedicated to its proton-proton operations. A schematic of the

full CERN accelerator complex and the LHC experiments is shown in Figure 3.1. The

operation of the LHC and the data it has accumulated so far are described in detail

below.

Figure 3.1: The LHC and its experiments within the CERN accelerator complex. Also
shown is the network of accelerators through which the protons pass before
reaching the LHC, including the PS and the SPS. Figure taken from Ref. [48].

The LHC design parameters allow for proton-proton collisions to occur at a max-

imum centre-of-mass energy of 14TeV with an instantaneous luminosity of up to

1× 1034 cm−2 s−1. Prior to being injected into the LHC beam pipes, bunches of pro-

tons are accelerated in several stages. First, protons are obtained by stripping the

electrons from hydrogen atoms using a strong electric field. The protons produced

are then accelerated up to an energy of 50 MeV by Linear Accelerator 2 (LINAC 2).

LINAC 2 leads into the Proton Synchrotron Booster (PSB), where the protons reach

an energy of 1.4 GeV before passing into the Proton Synchrotron (PS). Here the beam
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of additional inelastic proton-proton collisions in addition to a collision of interest,

known as pileup, occur at a rate which increases with the instantaneous luminosity.

The mean number of pileup events was 23 per bunch crossing in 2016, and 32 in both

2017 and 2018 data-taking. Figure 3.2 summarises the data collected in each year,

demonstrating the large increase in integrated luminosity obtained during Run 2. The

values shown in the figure refer to the integrated luminosity delivered to the CMS

detector. The integrated luminosity actually recorded by the detector is slightly lower,

with typical efficiencies of slightly more than 90%.

3.3 The CMS detector

CMS is a general purpose detector [13] designed to capture the full range of objects

required to achieve the goals of the LHC physics programme. The apparatus must

be able to cope with high pileup at a very high rate; around 1000 charged particles

are produced every 25 ns. Fine spatial and temporal granularity is required to obtain

the sufficiently low occupancy necessary to perform well in these conditions. The

resulting quantity of detector channels presents challenges for the detector electronics.

Furthermore, the detector and its electronics must withstand high doses of radiation

and fluence.

In addition to these technical constraints, CMS has four key physics requirements.

These are summarised as:

• Muon identification and resolution: muons must be identified and well-

measured over a wide range in energy and angle, with good dimuon mass res-

olution and the capability to accurately determine their charge. This is very

important for Higgs boson measurements, particularly in the ZZ decay channel.

• Charged particle measurement: good momentum resolution along with ef-

ficient reconstruction and triggering on τ leptons and b quarks. Excellent jet

reconstruction is essential in the majority of physics measurements.

• Electromagnetic energy resolution: good energy resolution and isolation for

electrons and photons, whilst maintaining high acceptance. These properties are

vital for Higgs boson measurements, especially in the diphoton decay channel.

• Missing energy resolution: accurate missing energy calculation and mass

resolution of dijet objects. Missing energy is the key signature in many analyses

searching for supersymmetry.
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and the magnitude of the negative vector sum of particle momenta in the transverse

plane, Emiss
T . High pseudorapidity values, corresponding to a direction close to the

beampipe, are referred to as being forward.

3.3.1 Solenoid

The central feature of the CMS detector is the superconducting solenoid, whose 220

tonne cold mass is maintained at 4.5K. The coil of the magnet measures 6m in diame-

ter, is 13m long, and provides a maximum field strength of 4T, storing a total energy

of 1.6GJ. During normal operation, however, the current is reduced to approximately

95% of its capacity, resulting in a field strength of 3.8T. This ensures the longevity of

the solenoid. The magnetic flux is returned by a 10,000 tonne yoke, composed of three

layers in both the barrel and endcaps.

The extremely high bending power of the CMS magnet enables precise measure-

ment of charged particle tracks , and hence excellent momentum resolution up to very

high particle momenta. Its layout drives the design of the rest of the detector.

3.3.2 Tracking

The innermost subsystem of CMS is the silicon tracker, which is 5.8m long and 2.5m in

diameter [13, 56]. Proximity to the beampipe implies the tracker must withstand a high

radiation dose over its expected 10-year lifetime without degradation in performance.

It is responsible for reconstructing the curved tracks produced when charged particles

are deflected by the magnetic field. Furthermore, it is used to identify interaction

vertices; this applies both for locating the primary vertex of the hard interaction

and for identifying secondary vertices, produced for example in decays of b quarks.

The tracker must be sufficiently granular to disambiguate tracks not only from the

primary vertex but from additional pileup vertices. Its response must also be fast

enough to correctly assign tracks to the correct bunch crossing. Finer granularity

and precise timing capability require a high density of on detector electronics, and

corresponding cooling capability. This results in an increased material budget in front

of the detector calorimetry, which adversely affects the achievable energy resolution;

a compromise between the two objectives is necessary. The final all-silicon design

satisfies the requirements above, and is displayed in Figure 3.4.

The CMS tracker design comprises an inner pixel detector and a strip detector,

covering the pseudorapidity range |η|< 2.5. The pixel detector provides precise two-

dimensional (2D) space measurements in the φ and z directions. In the barrel, there are

three modules arranged in cylindrical layers at radii of 4.4, 7.3, and 10.2 cm. Two disc

layers are present in each endcap, ensuring the presence of at least three tracking points
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During the year-end technical stop between 2016 and 2017, an upgraded pixel

detector was installed [57]. The motivation for the upgrade was to maintain or im-

prove existing performance despite the greater than expected instantaneous luminosi-

ties provided by the LHC. The original pixel detector suffered from data loss at high

occupancy, lower efficiency at high pileup, and degradation in performance due to radi-

ation damage. Key improvements in the upgraded version include a fourth layer, a new

readout chip, slightly reduced material budget and greater radiation hardness. The

installation was successful and smooth operation was reached during 2017 data-taking.

Performance in several areas, such as b-tagging, is enhanced as a result. However the

overall impact on the H → γγ analysis is relatively small.

3.3.3 Electromagnetic calorimeter

The CMS ECAL is a homogeneous detector which uses lead tungstate (PbWO4) crys-

tals as the active material [13, 58]. A total of 61,200 crystals cover the barrel area (EB),

with 7,324 in each of the endcaps (EE). Readout is performed by silicon avalanche pho-

todiodes (APDs) and vacuum phototriodes (VPTs) in the barrel and endcap regions

respectively. An additional preshower detector is present in front of the endcaps, in

order to improve π0 rejection. The total coverage in pseudorapidity reaches |η|= 3;

full energy resolution is maintained to |η|= 2.5. The ECAL is the most important

sub-detector in the H → γγ analysis, and the ECAL design itself was driven by the

need to precisely reconstruct the two photons produced in Higgs boson decays. Hence

this section is dedicated to describing the ECAL in some detail. The overall structure

is shown in Figure 3.5, which illustrates the multiple subsystems composing the ECAL.

The choice of PbWO4 was motivated by the need for the active material to be fast,

dense, and radiation hard. The short response time is necessary to collect the energy

deposit before the next bunch crossing; PbWO4 crystals emit approximately 80% of

the total scintillation light in 25 ns. Their high density (8.28 g/cm3) facilitates the

compactness and granularity of the detector without compromising on the containment

of electromagnetic showers. A radiation length of 0.89 cm means the 22 cm barrel

(23 cm endcap) crystals cover a 24.7X0 (25.8X0) in the longitudinal direction. Lateral

containment is also excellent, with a Molière radius1 of 2.2 cm.

The EB extends to |η|= 1.479, as shown in Figure 3.6. Each crystal has a tapered

shape which covers 0.0174× 0.0174 in η−φ, which is around 22× 22mm2 at the front

face and 26 × 26mm2 at the back. The geometry is “pseudo-projective”; the axis of

each crystal is rotated by approximately 3◦ in both η and φ relative to the vector from

1The Molière radius is defined as the radius containing on average 90% of a shower’s total energy
deposition
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over time by measuring the response of each crystal to 440 nm laser light every 40

minutes. The intercalibration factors Ci reflect the need to have an equal response

from each crystal in the detector. These are computed using both the φ − symmetry

of the detector and the known mass of π0 and η diphoton decays. The global scale

G is derived by requiring the measured dielectron mass of the Z boson to match its

known true value. Finally, the particle-dependent Fe/γ corrections are estimated using

a multivariate regression which mostly accounts for the varying material budget in

front of the ECAL [58]. After this lengthy procedure, the final energy resolution on

the high pT , unconverted photons which drive the H → γγ sensitivity is approximately

1%.

3.3.4 Hadronic calorimeter

Surrounding the ECAL is the HCAL, a brass and scintillator sampling calorimeter

covering the entire region |η|< 5 [13, 59]. The HCAL measures the energy of neutral

hadrons, and plays an important role in the reconstruction of jets and Emiss
T . Four

subdetectors form the full calorimeter, as illustrated in Figure 3.7.

The barrel (HB) covers the central region |η|< 1.3. Wavelength-shifting fibres

contained within scintillator tiles channel emitted light to photodetetors. Division

into 16 η sectors and 16 wedges in φ results in a granularity of 0.087× 0.087. The HB

has 14 brass layers surrounded by a layer of steel at the front and back, which totals

between 5.8 and 10.6 interaction lengths (λI) depending on η 2. This is not sufficient

to completely contain hadronic showers, due to the space restriction imposed by the

magnet coil. Consequently an additional outer hadron calorimeter (HO) is present

beyond the solenoid. The HO uses the solenoid coil as an absorber, with the same

scintillator technology as the HB. Once the HO is taken into account, the minimum

depth becomes 11.8λI , which significantly reduces energy leakage.

The hadronic endcaps (HE) reach across a wide pseudorapidity range, covering

1.3 < |η|< 3.0. This more forward region requires highly radiation hard material, for

which reason brass is chosen. The HE design minimises the size of the barrel-endcap

transition region, and results in a depth of at least 10λI . Its granularity matches the

HB up to η = 1.6, but reduces to 0.17× 0.17 beyond that.

Finally, the very forward region contains the HF (forward calorimeter). Its design

is driven primarily by the need to withstand an extremely high radiation dose. Good

performance must also be maintained, since the HF plays an important role in forward

jet reconstruction, which occurs for example in VBF H → γγ events. The chosen

2An interaction length is defined as the mean free path, or the mean distance travelled, of a hadronic
particle before it undergoes an inelastic nuclear interaction in a given material.
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In the endcap region there is both a higher muon rate and higher neutron back-

ground, which necessitates the use of a more radiation hard technology. The four

Cathode Strip Chamber (CSC) stations overlap with the DT from 0.9 < |η|= 1.2.

Beyond this, a muon will pass through at least three CSCs between η = 1.2 and

η = 2.4. The CSCs have fast timing capability, which enables them to inform the

trigger and also correctly identify the bunch crossing with efficiency greater than 99%.

The final component of the muon system is the Resistive Plate Chamber (RPC)

system. The six RPC layers are embedded within the DT but operate independently.

Position resolution is coarser, but the timing resolution is fast. This facilitates a

complementary trigger input, as well as helping to remove track ambiguities arising

from multiple hits in a single chamber.

Overall, the muon system alone achieves a momentum resolution of around 10% for

central muons up to pT = 200GeV. This worsens to between 15% and 40% for 1TeV

muons, dependent on pseudorapidity. Once combined with the information from the

tracker however, this improves to 5% in the barrel and 10% in the endcaps.

3.3.6 Trigger system

The rate of information produced at CMS is extremely high; the bunch crossings occur-

ring at rate of 40MHz each contain approximately 1MB of data [61]. It is unfeasible

to read out 40TB of data per second, so a drastic reduction in the event rate must be

applied. This is achieved by ignoring the large majority of events where the protons

collide at a relatively low angle and no high energy objects are produced as a result.

The system responsible for this rate reduction is known as the trigger.

The CMS trigger runs in two sequential stages: first the Level-1 Trigger (L1T) and

then the High-Level Trigger (HLT). Since the maximum output rate of the detector

electronics is 100 kHz, the L1T is responsible for a factor 400 decrease in the number

of events selected. The L1T must make a decision on an event within approximately

3.2µs, and therefore only uses a coarse readout of data from the calorimeters and muon

system. The full resolution interpretation of an event is buffered until the final trigger

decision is made. Simple algorithms, for example the energy sum from arrays within

a calorimeter, are used to identify high energy objects of interest. The computations

necessary are performed mostly by customised, reprogrammable electronics known as

Field Programmable Gate Arrays (FPGAs). Once a decision has been made, if the

event passes the L1T selection, the full readout is transmitted to the HLT.

The HLT is a software system which runs on a single farm of commercially avail-

able processors. It must further reduce the event rate to 1 kHz, which corresponds to

a factor of 100. As the HLT has access to the full event information, sophisticated
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reconstruction algorithms similar to those used offline are employed. It must main-

tain selection efficiency whilst maintaining an acceptable rate and CPU-time. Typical

quantities evaluated to inform HLT decisions include invariant mass, object isolation,

and track information. Finally, once the HLT has accepted an event, the full readout

is saved to disk. The event is then processed by the full offline CMS software, which

produces objects ready for physics analysis.

3.4 Summary

The CMS detector is hermetic detector with a 3.8T solenoidal magnet at its core. Its

tracking system, electromagnetic and hadronic calorimeters, and muon system together

enable highly efficient, precise reconstruction of a wide range of final-state objects. Fur-

thermore, its trigger system enables the rate of collisions requiring further processing

to be reduced to a manageable level. The lateral structure of CMS is summarised in

Figure 3.8, which shows the characteristic paths followed by the different types of parti-

cles produced in LHC proton-proton collisions and how they interact with the different

subdetectors. The importance of each component of the detector in reconstructing the

full range of particles present in CMS events is illustrated.
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Figure 3.8: A cross-sectional view of a slice of the CMS detector, illustrating the
characteristic signatures of different types of particle. Figure taken from
Ref. [62].
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Chapter 4

The High Granularity

Calorimeter

4.1 Introduction

In order to fully exploit the physics potential of the LHC, the accelerator will be oper-

ated until around 2040 in order to collect as much data as possible. During this period,

various upgrades are planned which are designed to maximise the instantaneous lumi-

nosity delivered to the experiments, including CMS. As a result of this increase, and

due to accumulated radiation damage, parts of the CMS detector will need to be up-

graded. A key part of this upgrade program is the replacement of the electromagnetic

and hadronic calorimeter endcaps with the high granularity calorimeter (HGCAL). In

this chapter, the motivation for and design of the HGCAL is described. The devel-

opment of reconstruction software is detailed, and the detector’s physics potential is

demonstrated using the example of the VBF H → γγ analysis.

4.2 The High Luminosity LHC

Run 2 of the LHC is now complete, with over 190 fb−1 of data delivered at
√
s = 13TeV.

This exceeds the original target of 150 fb−1, and was achieved partly because the ma-

chine was eventually operated at twice its nominal instantaneous luminosity. The in-

stantaneous luminosity reached values as high as 2× 1034 cm−2 s−1 during 2018. The

second long shutdown (LS2) commenced following the completion of Run 2 and will

last until 2021. During this time various improvements to the LHC will be made, in-

cluding a substantial upgrade to the injection system. The machine will also be readied

for operation at the increased energy of 7TeV per beam. However these upgrades will
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not substantially affect the conditions experienced by the LHC experiments; the peak

instantaneous luminosity is not envisaged to increase beyond 2× 1034 cm−2 s−1. As

such no major changes are required to the CMS detector during LS2, although various

improvements are planned; these include upgrades to the muon system and HCAL

barrel. Therefore the expectation for Run 3, which commences in 2021 with two years

of high-availability data-taking in 2022 and 2023, is that a further 150 fb−1 of data will

be accumulated.

Beyond Run 3, the usefulness of running the LHC with its current parameters

decreases. In order to reduce the statistical error on physics measurements by a factor

of two, high-availability operation for more than ten years would be required. Therefore

a major upgrade to the LHC is planned, referred to as the Phase 2 upgrade, to maximise

its physics reach. The resulting High Luminosity LHC (HL-LHC) [63] will have a

nominal levelled instantaneous luminosity of 5× 1034 cm−2 s−1, permitting a total of

3000 fb−1 of data to be collected by the mid-2030s. The current planned schedule of

the future running of the LHC and HL-LHC is summarised in Figure 4.1.

4.3 The CMS upgrade

At the HL-LHC, the mean pileup per bunch crossing is expected to be 140; however an

additional 50% beyond the nominal value is allowed for in the HL-LHC design, which

would result in mean pileup values of up to 200. This constitutes a major change, and

the environment will be significantly harsher than with the current LHC conditions.

These conditions pose serious challenges to the detectors in terms of radiation tolerance

and reconstruction in high pileup. In order to maintain or improve upon the excellent

performance exhibited in Run 2, a suite of upgrades to the CMS detector is planned.

The key aspects of the CMS Phase 2 upgrade can be summarised as follows [65, 66]:

• Tracker: the tracker will suffer significant radiation damage and must be en-

tirely replaced for Phase 2. The upgraded tracker will have finer granularity,

increased coverage in the forward region, and be much lighter, resulting in a

reduced material budget. Furthermore, the design will allow track information

to be included in the L1 trigger decision.

• Endcap calorimeters: the calorimeter endcaps (both ECAL and HCAL) will

also be radiation-damaged by the end of Run 3, and will therefore be replaced.

The replacement design, known as the high granularity calorimeter (HGCAL),

will have both electromagnetic and hadronic sections. Fine segmentation in each

of the longitudinal and transverse directions will facilitate precise measurements

of showers in three dimensions.
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radiation damage. Therefore the electronics will be optimised and the operating

temperature of the system reduced.

• Timing: precision timing measurements of objects will be made with the HG-

CAL and the upgraded ECAL. In addition, a dedicated timing layer providing

precise timing information for minimum ionising particles will be added to the

barrel and each of the endcaps. By enabling the reconstruction of vertex times,

the capability for pileup rejection will greatly improve.

• Muon endcaps: the CSC muon system will be enhanced with additional sta-

tions. This will increase the forward coverage and maintain muon acceptance at

the L1 trigger.

• Trigger and data acquisition: due to the tracker upgrade, the latency of the

L1 trigger at Phase 2 is increased to 12.5 µs. Combined with upgrades to the

front-end electronics of various subdetectors, this enables an increase of the L1

trigger acceptance rate to 500 kHz. Consequently the data acquisition system

must also be upgraded to handle the increase in event rate, event size, and the

complexity of high PU reconstruction.

Full details of the CMS upgrade scheme can be found in Refs [3, 66–71]. The remainder

of this chapter is dedicated to describing the HGCAL in further detail, based on Ref. [3].

4.4 Requirements for the HGCAL

The primary challenge which drives the design of the HGCAL is the need to sustain

physics performance in the extremely high pileup conditions foreseen at the HL-LHC.

Simulations indicate that the HGCAL will be required to withstand up to 2MGy of

total radiation dose, together with a maximum fluence of around 10× 1016 neq/cm
2.

The inhomogeneous distribution of this dose is shown in Figure 4.2, which illustrates

how the radiation dose is greatest near the beampipe. Studies performed in recent

years have shown that silicon sensors and the associated electronics retain acceptable

performance after exposure to this level of radiation, and have hence been chosen as the

most reliable active material for the majority of the calorimeter. The remaining parts

of the detector in lower-radiation regions will instead use cheaper plastic scintillator

tiles with silicon photomultiplier (SiPMs) readout. These layers of active material

are interleaved with the copper-tungsten alloy absorber in the front section of the

calorimeter, and stainless steel absorber further back.

To maintain performance throughout the operation of the HL-LHC it is necessary

to inter-calibrate cells to the level of a few per-cent. This is possible provided the
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proposed design specification that captures all of these desired features is described in

the following section.

4.5 Design

An overview of the HGCAL design is presented in Figure 4.3. The HGCAL is composed

of an electromagnetic and a hadronic section, called the CE-E and CE-H respectively,

covering the pseudorapidity range 1.5 < |η|< 3.0. The CE-E comprises 28 layers

with hexagonal silicon sensors as the active element. The total depth, including the

neutron moderator layer at the front, is 34 cm, which corresponds to approximately 26

radiation lengths (X0) and 1.7 interaction lengths1 (λ). Three different thicknesses of

silicon sensors are used, with thickness decreasing as a function of fluence. Absorbers

are made of copper-tungsten alloy and copper plates are used for cooling. All layers

of the CE-E are used for energy measurements, but alternate layers give inputs to the

L1 trigger primitive formation.

The CE-H is formed of 12 layers with 35mm thick stainless steel absorber and

another 12 where the absorber thickness is 68mm, contributing an additional 9λ in

depth. The active medium in the CE-H varies as a function of depth and radius, and is

determined by the radiation level. In regions of sufficiently low fluence (those which are

nearest the back of the detector and furthest from the beam-pipe), plastic scintillator

tiles are used with SiPM readout. The exact threshold between the scintillator and

silicon is determined by the S/N required to measure the MIP response, which is

decreased by exposure to radiation. Further detail on the design specifications of the

HGCAL can be found in Ref. [3]. The results detailed in this chapter use the same

detector geometry and central CMS software (version 9.3.7) as described in Ref. [3].

4.6 Reconstruction

4.6.1 Electromagnetic objects

The HGCAL’s intrinsic performance measuring the energy of electromagnetic showers

is modelled using a dedicated simulation with pileup corresponding to an average of

200 interactions per bunch crossing. Energy deposits in a radius of 26mm around

a single unconverted photon are summed to estimate the energy resolution, which is

shown in Figure 4.4. The left plot shows that the resolution is approximately constant

as a function of η, and robust against pileup, with only a very small degradation in res-

1A radiation length is defined as the mean distance over which a high energy electron will have its
energy reduced to a fraction e

−1 of the initial value.
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object must be formed. Therefore the 2D clusters, or layer clusters, produced are

associated together in depth to form so-called multiclusters. An axis is defined by

the highest energy 2D cluster, then any layer clusters within a certain distance of this

axis are added to the multicluster. Using this procedure with sensible parameters,

an unconverted photon will have almost all of its energy contained within a single

multicluster. Optimisation can then be performed by minimising the energy resolution

of unconverted photons simulated at a range of pT values. Further detail on the 2D

clustering and multiclustering procedures is given in Ref. [2].

Finally, electromagnetic objects are formed using a superclustering procedure very

similar to the one utilised in Run 2, where showers which have been spread out in

the φ direction by the magnetic field are collected together. To perform this step,

multiclusters are used as inputs to the existing Run 2 algorithm [74]; no re-optimisation

is performed. Despite this, high pT photons reconstructed in this way have a resolution

of below 2%, not far from the intrinsic resolution values shown in Figure 4.4. This

method of electromagnetic object reconstruction was used for all the physics results in

Ref. [3], including the study described in Section 4.7.

Electrons defined in this way are used to test the ability of the HGCAL to discrim-

inate between signal (Z → e+e−) and background (QCD multijet) processes. Lateral

and longitudinal shower shape variables, along with tracking information, are used as

inputs to a classifier. Two examples are shown in Figure 4.7: the longitudinal devel-

opment of the shower is indicated by the layer at which 10% of the total energy in

the CE-E has been deposited, and the lateral spread of the shower evaluated using

the pseudorapidity difference between the electron multicluster and the extrapolated

track. For both variables, the distributions are robust to the increase in pileup and

show good discrimination between the signal and background processes. For a 95%

signal efficiency, the background efficiency is 1% for electrons with pT > 20GeV, com-

parable to the Run 2 value. An improvement in performance is seen when the lateral

and longitudinal shape variables are added to a classifier using solely track information,

demonstrating the value of the HGCAL granularity to the object identification.

4.6.2 Hadronic objects

The multiclustering procedure is not found to work sufficiently well for hadronic show-

ers. This is due to the fact that hadronic showers are less well-contained, and also have

more variation in transverse and longitudinal structure than electromagnetic showers.

Instead, single hadrons were reconstructed using a so-called megaclustering procedure,

where layer clusters within a truncated cone are combined to form the object. For

these more dispersed hadronic showers, the resolution substantially improves once the
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will continue to be very important for characterising the Higgs boson’s properties at

the HL-LHC. Rather than repeating the analysis in full, specific aspects of the analysis

which will be affected by the HGCAL upgrade are investigated.

In Run 2, the sensitivity of the H → γγ analysis is driven by barrel-barrel dipho-

ton pairs. The effect of the HGCAL greater acceptance (to |η|= 3) relative to the

current ECAL endcaps (to |η|= 2.5) is to increase the number of available diphotons

by approximately 12%. Furthermore, the diphoton mass resolution in the HGCAL is

found to be very similar to that in the barrel. This is an improvement upon the Run 2

endcap performance, which has significantly worse resolution than the barrel, and also

increases the usefulness of the greater acceptance of forward photons.

A more substantial benefit of the HGCAL upgrade will be the ability to separate

quark-initiated jets from jets which originate from gluon emission. This is illustrated

in a study of the ggH and VBF production modes in the H → γγ decay channel, using

events simulated under HL-LHC conditions with the upgraded CMS detector. In the

Run 2 analysis, boosted decision trees (BDTs) are used extensively to discriminate

between different types of physics processes. A BDT is an example of a supervised

machine learning method, which takes a set of labels corresponding to target truth

classes together with a set of dependent variables and outputs a set of scores indicating

how likely an event is to belong to a given class. A more detailed description of BDTs,

how they are trained and how they are used in physics analyses is given in Section 6.2.

One of the BDTs used in the Run 2 analysis, known as the dijet BDT, is used to

discriminate between ggH and VBF using photon and jet kinematic variables. Here,

the possibility of exploiting the granularity of the HGCAL by using jet shape variables

as BDT inputs in addition to the kinematic variables is explored.

Jets initiated by gluons tend to be more dispersed than quark-initiated jets, which

are relatively highly collimated and contain fewer particles [75]. Therefore variables

relating to the jet shapes can be used to discriminate between the two. Since jets in

ggH events tend to be gluon-initiated, and the VBF jets quark-initiated, this can in

turn provide discrimination between the two production processes.

The impact of the HGCAL is evaluated by comparing the performance of two

different BDTs. Three jet shape variables are used to construct a BDT referred to as

the jet shape BDT. A second BDT, known as the dijet BDT, uses additional kinematic

variables including those of the photons; its inputs are identical to the dijet BDT

used in the Run 2 analysis (see Chapter 6 for details), but with the three jet shape

variables added. The same training procedure as that used in the Run 2 analysis was

followed, where the VBF events are treated as signal, with the ggH as background.

The performance of the two classifiers is illustrated in Figure 4.10. In each case, a
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Event Categories
SM 125 GeV Higgs boson expected signal Bkg
Total ggH VBF per GeV

WP 0 750 25.4 % 74.6 % 678
WP 1 1275 35.9 % 64.1 % 876
WP 2 1926 45.8 % 53.2 % 1353

Summed WP 3951 38.7 % 61.3 % 2907
Run 2 summed WP 3878 42.0 % 58.0 % 1984

Table 4.1: The signal and background yields for three working points, and the sum thereof.
The dijet BDT cut is varied, with a fixed cut on the background BDT. The
expected number of events given is for 3000 fb−1 of collected data. The Run 2
WP contains the sum of selected events in all three VBF categories of Ref. [1],
extrapolated to 3000 fb−1. Table taken from Ref. [3].

were chosen to maximise the total expected significance, using the simple metric of

the sum in quadrature of the ratio of signal events to the square root of signal plus

background events for each working point [76]. The number of signal events selected,

the fraction of ggH and VBF events, and the background per GeV are shown. Also

included is a Run 2 working point, consisting of all the events entering the analysis’

three VBF tags, for comparison.

These results show that performance comparable to that in Run 2 is achieved

despite the increase in pileup. The expected amount of background is higher than in

Run 2, but it is expected that this could be reduced by a classifier using further photon

quality variables.

4.8 Beam tests

To validate the design of the HGCAL and ensure its behaviour is well-modelled by

simulation, beam tests have been conducted at both CERN and Fermilab in 2016 and

2017. Prototype silicon modules representative of those in both the CE-E and CE-H

were built, with plastic scintillator tiles modified from an existing detector developed

by the CALICE Collaboration [77]. At Fermilab, the available electron beams were

of relatively low energy (up to 32GeV), and so a test configuration with thickness of

around 15X0 was used. A set of sixteen silicon modules, arranged in sixteen layers,

was used. At CERN, energies of up to 250GeV were available but with only eight

modules. The chosen setup therefore comprised eight layers placed between 5 and

27X0.

Comparisons to simulation of the measured electron energy resolution and shower

shape are shown in Figure 4.11. The variable E1/E7 is defined as the ratio of the energy

in the most energetic cell (E1) to the sum of the energies of the most energetic cell and
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its six surrounding cells (E7); this indicates the lateral extent of the shower. Also shown

is the relative energy resolution for a range of energy values, using both the CERN

and Fermilab setups. In both cases, excellent agreement is observed between data and

simulation; the observed data distributions match those predicted by simulation to

within 5%. These beam test results are particularly important because they constitute

the first demonstration that the HGCAL behaves as predicted by simulation.

Furthermore, additional tests confirm the expected intrinsic timing capabilities of

the silicon sensors, with the timing resolution measured to be less than 30 ps. The

timing performance of the silicon was also measured to be a function of S/N only,

meaning it does not degrade with increasing radiation exposure.

4.9 Summary

The HGCAL is a key part of the CMS detector upgrade planned as part of the HL-LHC

programme, which is expected to collect 3000 fb−1 of data. The design of the HGCAL

is driven by the need to sustain the excellent performance of the CMS detector in the

harsh conditions of the HL-LHC, where the mean pileup is expected to be between

140 and 200 per bunch crossing. For this reason the HGCAL is extremely resistant

to radiation, with silicon active material in the front and forward regions where the

dose is expected to be greatest. Its fine lateral and longitudinal granularity will en-

sure high physics performance throughout the lifetime of the HL-LHC, and provides a

vast amount of information for use in event reconstruction. Preliminary reconstruction

methods have been developed for electromagnetic objects, and used in realistic simu-

lations of physics analyses to demonstrate the potential of the HGCAL. Furthermore,

initial beam tests of HGCAL modules confirm that the simulation provides an accurate

model of the subdetector.





Chapter 5

Event Reconstruction and

Selection

5.1 Introduction

Measurements of Higgs boson properties can be made by directly using the diphoton

invariant mass distribution. Photon pairs resulting from Higgs boson decays produce

a narrow signal peak, centred at the value of the Higgs boson mass, on top of the

smoothly falling background distribution produced by other SM processes. The Higgs

boson mass is inferred from the two photons by constructing the diphoton invariant

mass, given by the following expression

mγγ =
√

2Eγ1Eγ2(1− cos θ), (5.1)

where Eγ1 and Eγ2 is the energy of each photon, and θ is the opening angle between

them. The sensitivity of the analysis is maximised when the reconstructed diphoton

mass peak is as narrow as possible, thereby minimising the diphoton mass resolution.

This requires the two photons to be correctly identified and their positions and energies

accurately measured. Furthermore, the location of the interaction vertex from which

the photons originated must be established in order to calculate the opening angle.

Additional objects in the event, including jets and leptons, are further used to improve

the sensitivity of the analysis and measure different Higgs boson production processes.

This section describes the official CMS procedure for reconstructing physics objects

using the particle flow algorithm [72]. In addition, the photon and vertex identification

techniques specific to the H → γγ analysis are detailed. The approach used is almost

identical between the 2016 and 2017 datasets; any differences are highlighted in the

text.

57
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5.2 Particle flow

The global event description at CMS is formed using the particle flow (PF) algo-

rithm [72]. The goal of PF is to optimally combine the information of all the CMS

subdetectors, enabling the best possible identification and energy measurements for all

types of objects. Inputs to the PF algorithm are tracks originating from the tracker

and muon system, and calorimeter clusters from the ECAL and HCAL. CMS is able

to benefit from the PF approach due to its strong magnetic field, alongside the fine

segmentation and hermeticity of the tracker, calorimeters, and muon system. Together

these allow different types of objects to be separately identified, and the energy mea-

surement to be driven by the subdetector with the best resolution.

Tracks are reconstructed from hits in the tracker using multiple iterations of a com-

binatorial track-finding procedure [56]. Each iteration proceeds in the following way.

First, track seeds comprising two or three hits are chosen, defining the initial track pa-

rameters. Then an extrapolation is performed along the expected track paths, adding

any additional hits consistent with the path hypothesis. Next the track parameters are

re-estimated, and the track candidate collection is pruned based on quality criteria.

All the selected hits are then removed from consideration in the following iterations.

In this way, the first iteration identifies the most obvious tracks, normally those with

high pT and near to the interaction point. The complexity of the subsequent iteration

is reduced since many hits have been removed. This therefore permits lower thresh-

olds to be used and tracks with lower pT or highly displaced tracks to be found. In

addition, an independent procedure is used to construct muon tracks from hits in the

muon system.

In the calorimeters, a clustering algorithm is used to collect together energy deposits

belonging to each shower. The procedure in the ECAL is described here, since it is

an important input to the H → γγ analysis; the HCAL procedure is similar. The

clustering algorithm begins by selecting cluster seeds, which have an energy above a

threshold and higher than any neighbouring crystal [74]. So-called topological clusters

are then constructed iteratively by adding deposits which share a side or corner with

one already in the cluster, provided their energy exceeds a threshold dependent on

the noise level. If a crystal could be included in more than one topological cluster, its

energy is shared between them assuming a Gaussian shower shape. Finally, topological

clusters are grouped into so-called superclusters (SCs). This step is designed to recover

energy lost via bremsstrahlung; radiated showers typically have very similar η values

but are spread out in the φ direction by the magnetic field.



5.3. Samples 59

Given these tracks and calorimeter clusters as inputs, the particle flow algorithm

forms collections of candidates for five types of particle:

• Muons: a path extrapolated from the tracker is consistent with a muon track.

The energy is inferred from the curvature of the track.

• Electrons: an ECAL SC is present and associated with a track from the inner

tracker. The energy is measured using a combination of the track pT and the SC

energy.

• Photons: an ECAL SC is present and no track is associated with it. The energy

is measured using the ECAL SC only.

• Neutral hadrons: matched ECAL and HCAL clusters with no associated track.

Energy measurement is the sum of the cluster energies.

• Charged hadrons: a track is matched to ECAL and HCAL clusters. The track

curvature is used together with the calorimeter deposits to calculate the energy.

In this way, the central CMS software provides analyses with physics objects ready for

use in measurements. The remainder of this chapter describes how these objects are

used in the H → γγ analysis.

5.3 Samples

5.3.1 Data

This analysis is based on a total of 77.4 fb−1 of p-p collision data collected by CMS at
√
s = 13TeV. Of this, 35.9 fb−1 was collected during 2016 and 41.5 fb−1 in 2017.

Data selected for use in the analysis must first be selected by the CMS trigger

system, which reduces the total event rate to an acceptable level. This two-step system

requires each high-level trigger (HLT) path to be seeded by at least one electromagnetic

candidate at the level one trigger (L1T). A higher efficiency is obtained if only one of

the two photons is required to be present at level one; however since this results in a

high event rate, a stringent pT selection is required. The threshold is dependent on

instantaneous luminosity and the photon isolation, but is typically set at 40GeV. This

results in loss of efficiency in H → γγ events, so asymmetric HLT paths seeded by two

electromagnetic candidates are also used. During 2016 data-taking, the pT thresholds

at L1 were 22 and 15GeV for the leading and subleading candidates respectively. In

2017, this was increased to 25 and 14GeV respectively.
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At the HLT, a clustering procedure similar to that used offline is performed. This

allows shower shape and photon isolation variables to be included in the selection

criteria. These include the ratio of energy in a 3× 3 grid of crystals to that of the SC

(R9), and the ratio of energy in the HCAL behind the SC to the SC energy. Together

with asymmetric requirements on the photon pT and a cut on the diphoton mass,

these form the HLT selection. In 2016, the HLT pT thresholds were 30 and 18GeV

respectively; this selection was tightened to 30 and 22GeV respectively in 2017.

The efficiency of the trigger selection is measured using the tag and probe tech-

nique in Z → e+e− events where the electrons are reconstructed as photons. In this

method, dielectrons consistent with decays from the Z boson are selected, and a tight

identification requirement is placed on one electron (known as the tag). The second

electron (the probe) must then pass a very loose requirement, and the efficiency of the

additional HLT selection criteria can be measured. The trigger efficiency is over 97%

in the barrel and above 95% in the endcaps. In simulation, its effect is accounted for

by applying weights binned in pT , η and R9.

5.3.2 Simulation

Various types of events are simulated with Monte Carlo (MC) techniques for use in

training event classifiers, producing the signal model, and for performing validation of

the analysis.

The signal simulation used to produce the final signal model is generated using

MadGraph5˙aMC@NLO [78], which is next-to-leading order in perturbative QCD.

This is interfaced to PYTHIA8 [79] to perform the parton showering and hadronisa-

tion, using the tune CUETP8M1. Events from ggH production are then reweighted

to agree with the next-to-next-to-leading order program NNLOPS [80]. Additional

independent signal samples are produced using POWHEG [81]. These POWHEG

samples are used to train the various classifiers used to define the analysis categories;

it is preferred over MadGraph5˙aMC@NLO for this purpose because it does not

contain events with negative weights. This also ensures that the events used to train

the classifiers are independent from the events used to construct the final signal model

of the analysis.

Simulated background events are not used to produce the final results of the anal-

ysis, but are used to train several of the classifiers used in the analysis. The pre-

dominant source of background is the irreducible SM production of two prompt (real)

photons, which is simulated using the SHERPA [82] program. There are two types

of reducible background: γ + jet events where the jet is misidentified as a photon

(“prompt-fake” events), and events where two jets are misidentified as photons (“fake-
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fake” events). These are both modelled using PYTHIA, with filters applied to increase

the number of events containing jets with high electromagnetic energy fractions. The

Drell-Yan events used extensively in the analysis validation are simulated using Mad-

Graph5˙aMC@NLO [78].

The CMS detector itself is modelled using GEANT4 [83]. This simulation includes

additional pileup interactions. The distribution of the number of vertices in simulation

is reweighted to agree with data, where an average of 23 and 32 pileup interactions

were observed in 2016 and 2017 data-taking respectively,

5.4 Photon reconstruction

5.4.1 Overview

Photons to be used in the H → γγ analysis are selected from the PF set of photon

candidates. The energy of each photon candidate is estimated from the SC, which

includes deposits from the many particles comprising the electromagnetic shower. In

some cases, photons will interact with detector material upstream of the ECAL and

produce an electron-positron pair; these are known as “converted” photons. Converted

photons will also deposit energy in the ECAL preshower detector, which is included

in the SC energy estimate. A correction is then made to this SC energy using a

multivariate regression technique. After that, data and MC are brought into agreement

by applying additional scale and smearing corrections to the photon energies. The

details of the energy estimation procedure are described in Section 5.4.3. Once the

photon energy has been established, a set of preselection criteria is applied to obtain the

final set of photons considered in the analysis. One of these criteria is a requirement

placed on the output score of the photon identification BDT, which is trained to

reduce the contamination from other objects which mimic real photons. The full set

of preselection requirements, including the photon identification BDT, are described

in Sections 5.4.4 and 5.4.5.

5.4.2 Variable definitions

Different types of variables are used in the photon reconstruction. They can be divided

into shower shape and isolation variables. The ECAL shower shape information is used

both to correct the energy and discriminate between real and fake photons. Isolation

variables can be used to reduce the mis-identification of jets and other objects imitating

a real photon signal. The full set of variables used in this section and their definitions

are given below.
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Shower shape variables:

• E2×2/E5×5: the ratio of the energy in the 2×2 grid containing the most energetic

cells in the SC to the energy in the 5x5 grid centred on the SC seed.

• coviηiφ: the covariance of the single crystal η and φ values in within the 5x5 grid

centred on the SC seed.

• σiηiη: the standard deviation of the shower in η in terms of number of crystal

cells.

• R9: E3×3/ESC where E3×3 is the energy sum of the 3× 3 grid surrounding the

SC seed and ESC is the energy sum of the SC before corrections.

• ση: the standard deviation of single crystal η values within the SC, weighted by

the logarithm of the crystal energy.

• σφ: the standard deviation of single crystal φ values within the SC, weighted by

the logarithm of the crystal energy.

• σRR: the standard deviation of the shower spread in the x-y plane of the preshower

detector (endcap only).

Isolation variables:

• H/ESC : the ratio of the energy in the HCAL cells behind the SC and the SC

energy.

• Iph: photon isolation, defined as the sum of the transverse energy of the particles

identified as photons falling inside a cone of radius R = 0.3 around the photon

candidate.

• Itk: track isolation, which is the sum of the transverse momenta of all tracks in

a cone of radius R = 0.3 around the photon candidate (with tracks in an inner

cone of size R = 0.04 not included in the sum).

• Ich: charged hadron isolation, the sum of the transverse momenta of charged

particles inside a cone of radius R < 0.3 around the photon candidate.

Miscellaneous:

• Electron veto: rejects the photon candidate if its supercluster is matched to an

electron track.

• ρ: the median energy density per unit area in the event.

• ESC : the energy of the supercluster before corrections.

• Etrue: the true photon energy.

5.4.3 Photon energy

The photon supercluster energy is computed from the calibrated ECAL SC, as de-

scribed in Section 3.3.3. However, this energy estimate is imperfect for several rea-
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sons. Firstly, the SC may not capture all the energy of an electromagnetic shower and

therefore underestimate the photon energy. This can occur when the photon interacts

with material before the ECAL and therefore begins to shower before reaching the

ECAL, resulting in both energy lost in the material and a dispersed shower which is

not contained by the SC. In addition, leakage can occur into the gaps between crystals

and modules in the ECAL, as well as through the back of the ECAL if the showering

begins near the end of a crystal.

The energy estimate provided by the uncorrected SC (ESC) can be significantly

improved by the use of a multivariate regression. This provides an additional energy

correction to each reconstructed photon, so that the photon energy in simulation agrees

with the true photon energy. The training objective for the regressor is to learn the

parameters of the Etrue/ESC probability distribution function, which is parameterised

as a Gaussian core with power law tails on each side. There are a large number of

inputs to the regressor which account for different effects. These include information

relating to the shower shape, the position of the SC, the seed crystal, and the energy

density in the event.

The shower shape and position variables enable the difference in shower contain-

ment due to variations in the ECAL geometry, and the showering induced by upstream

material, to be corrected. Variables relating to the seed crystal position within the

SC and energy ratios formed using the seed account for the local shower containment.

The energy density and number of vertices accounts for any additional energy included

due to pileup.

The most probable value of the probability distribution function returned by the

regression is used to correct the supercluster energy for each photon. The distribution

is also used to infer the per-photon uncertainty on the energy. This resolution estimate

is then used in the classification of events, as described in Chapter 6.

After the regression, additional corrections are applied to account for differences

between data and simulation. The first of these is to correct the energy scale in data;

the detector response changes to damage from radiation during LHC operation and

subsequent recovery during LHC down time. This can cause the measured energy to

both drift slowly and change discontinuously over time. Corrections are derived using

Z → e+e− events where the electrons are reconstructed as photons, using the known Z

boson mass. These corrections are extracted differentially in time, and binned in the

photon η (two bins in each of barrel and endcap) and R9 (two bins). Their magnitude

varies from 0.1% to 0.3% in the barrel and from 0.2% to 2.0% in the endcaps.

Finally, the energy resolution in simulation is corrected to match that in data. This

is implemented as a Gaussian smearing using the same bins as the energy corrections.
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5.4.4 Photon preselection

To be further considered in the H → γγ analysis, photons must pass a set of criteria

designed to reduce the contamination from objects faking photons. This preselection

is similar to, but more stringent than, that required at trigger level. The full set of

requirements is:

• to be within the ECAL acceptance; this means |η|< 2.5 and excluding the endcap

transition region 1.44 < |η|< 1.57.

• passing the electron veto

• pT > 30(20) GeV for the leading (subleading) photon in 2016. The thresholds

are 35 and 25 GeV respectively in 2017, due to the tighter trigger requirements.

• either Ich < 20 GeV, or Ich/pT < 0.3 for photons with R9 < 0.8.

• an additional set of R9 and η-dependent shower shape and isolation requirements,

summarised in Table 5.1.

R9 H/E σηη Iph Itk
Barrel

[0.5, 0.85] < 0.08 < 0.015 < 4.0 < 6.0
> 0.85 < 0.08 – – –

Endcaps
[0.8, 0.90] < 0.08 < 0.035 < 4.0 < 6.0
> 0.90 < 0.08 – – –

Table 5.1: Summary of photon preselection requirements. The values are chosen to be
slightly more stringent than the equivalent trigger requirements [1].

The efficiency of these preselection criteria, aside from the electron veto, is mea-

sured using Z → e+e− events. To measure the electron veto efficiency, Z → µ+µ−γ

events are used. Efficiencies range from over 94% for high R9 photons in the barrel, to

around 50% for low R9 photons in the endcaps. Good agreement is observed between

data and simulation, with differences between data and simulation in the range 0.1%

to 0.3% in the barrel and 0.5% to 1% in the endcap.

5.4.5 Photon identification

An additional part of the photon preselection is the photon identification BDT. Its

purpose is to discriminate between real photons and photon candidates passing the

preselection which originate from other objects, such as jet fragments. The BDT is

trained using simulated γ + jet events passing the preselection described above, with

real photons treated as signal and fake photons as background. The inputs are similar

to the those used in the energy regression, including shower shape and isolation vari-
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ables. In addition, pileup-sensitive variables ρ and the number of interaction vertices,

together with photon kinematic variables, are used as inputs.

A loose selection on the photon identification BDT at -0.9 completes the analysis

preselection. The output score on preselected diphoton events is shown in Figure 5.2.

Additional validation using Z → e+e− events is demonstrated in Figures 5.3. In both

cases, good agreement between data and simulation is observed.
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Figure 5.2: Distribution of the photon identification BDT score of the lowest scoring
photon of diphoton pairs with an invariant mass in the range
100 < mγγ < 180GeV, for events passing the preselection in data (black
points), and for simulated background events (blue histogram). Histograms are
also shown for different components of the simulated background. The sum of
all background distributions is scaled up to data. The red histogram
corresponds to simulated Higgs boson signal events. The left figure shows 2016
data and simulation [1], with 2017 data and simulation shown on the right [4].

5.5 Vertex reconstruction

As can be seen in Equation 5.1, the only parameters affecting the diphoton mass are

the photon energies and the opening angle between them. Since there are multiple p-p

interactions at each bunch crossing, multiple vertices are present in each event, spread

along the z-axis. The choice of the vertex from which the diphoton originated has a

direct impact on the angle θ, and therefore the diphoton mass resolution. Provided

the chosen vertex is within approximately 1 cm of the true interaction vertex, the mass

resolution is dominated by the photon energy resolution and the contribution from the

angle is negligible. A BDT is therefore trained to identify the most likely diphoton

interaction vertex.
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The vertex with the highest vertex identification BDT output score is then chosen

as the H → γγ interaction point. This choice is considered to be the “correct” vertex

if the distance from the true interaction vertex is less than 1 cm, and is used to define

the vertex choice efficiency. The inclusive efficiency is approximately 82% in 2016

conditions, decreasing only slightly to 81% in 2017 conditions. This shows that the

vertex identification procedure is robust to increases in pileup. It also represents a

substantial improvement compared to the default CMS vertex, which is correct in

around 74% of events.

The performance of the vertex identification BDT is validated using Z → µ+µ−

events. The tracks from the muons are ignored in order to mimic the diphoton system.

Comparison between data and simulation in these events is shown in Figure 5.4; good

agreement between the two is observed.
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Figure 5.4: Validation of the H → γγ vertex identification algorithm on Z → µ+µ− events
omitting the muon tracks. Simulated events are weighted to match the
distributions of pileup and location of primary vertices in data. The left figure
shows 2016 data and simulation [1], with 2017 data and simulation shown on
the right [4].

5.5.2 Vertex probability

A second vertex-related multivariate discriminant (vertex probability BDT), is de-

signed to estimate, event-by-event, the probability for the vertex assignment to be

within 1 cm of the diphoton interaction point and thus considered “correct”. The ver-

tex probability BDT is trained on simulated H → γγ events using the following input

variables:

• the number of vertices in each event,
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• the values of the vertex identification BDT score for the three most probable

vertices in each event,

• the distances between the chosen vertex and the second and third choices,

• the transverse momentum of the diphoton system, pγγT ,

• the number of photons with an associated conversion track.

The vertex choice efficiency, together with the estimated vertex probability, in

simulated H → γγ signal events is shown in Figure 5.5. The simulated performance

is shown as a function of both the pT of the diphoton system and of the number of

vertices in the event. The figures demonstrate that the average vertex probability

estimate accurately reflects the true vertex efficiency.

5.6 Jet reconstruction

The collimated collection of particles produced by the hadronisation of quarks or gluons

are referred to as jets. Around 60% of the average jet energy comes from charged

hadrons, whose energy is well-measured by the tracker, and another 30% from photons,

whose energy is measured precisely by the ECAL. The remaining 10% of energy from

neutral hadrons is measured with worse resolution by the HCAL. Jets are important

in the H → γγ analysis because they enter the definition of the STXS signal bin

definitions, are used to categorise the events targeting those bins, and are used to

differentiate between production modes.

At CMS jets are formed using the anti-kT clustering algorithm [84] with distance

parameterR = 0.4. It is an iterative algorithm that defines a distance metric dependent

on the pT and angular parameters of candidate clusters of energy deposits, and groups

together these clusters starting with the nearest two objects. Once the shortest distance

is between an object and the beampipe, the process stops and the clustered objects

are defined as a jet. This is then repeated until all clusters have been collected into

jets.

The inputs to the anti-kT algorithm are PF candidates with charged hadron sub-

traction (CHS) [85]. CHS reduces the contribution from pileup by identifying any

charged hadrons associated with vertices other than the primary vertex. Since the

tracker coverage extends only to |η|= 2.5, jets further forward than this do not have

pileup removed via CHS. Once the jets have been constructed, a set of corrections are

applied to correct the jet energy scale and resolution in both data and simulation. The

correction procedure can be summarised as [85]:
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both data and MC. This is performed as a function of pT and η to account for

variation in response across the detector.

• residual differences between data and MC are corrected in two steps. First η-

dependent corrections are applied using dijet events, where the scale of a jet is

corrected using a jet of similar pT in the reference, well-measured η < 1.3 region.

The pT -dependent corrections are derived using events with a jet recoiling against

a photon or Z boson. This corrects the absolute scale of the jet.

Additional selection can be applied to these calibrated jets to further reject jets

originating from pileup. Pileup jets are typically more dispersed than real jets, since

they are often composed of multiple overlapping jets with relatively low pT values.

A pileup jet identification BDT is therefore trained using jet shape variables, and

additional track variables related to the interaction vertex of the jet. The output score

of this BDT is used to reject pileup, with thresholds dependent on the pT and η of

jets. For a jet to be considered in the analysis, it must pass the pileup jet identification

criterion and have pT > 30GeV and |η|< 4.7.

5.7 Reconstruction of other objects

Additional objects can be used to specifically target rarer Higgs boson production

modes, such as V H and ttH. Whilst not used directly in this analysis, they are

important in both Refs [1] and [86].

5.7.1 Muons

Muons can be produced in the decays of W or Z bosons arising in V H events. The

reconstruction of muons can be seeded either by tracks found in the muon system,

or by tracks from the inner tracker that are extrapolated to the muon system, or

both. Identification criteria ensuring the muon is isolated, applied by checking that

the pT and tracks and calorimeter deposits are consistent with the pT of the muon

track, reduces the mis-identification of other charged hadrons. The energy is inferred

from the curvature of the inner track for pT < 200GeV. Above this value, additional

information from the muon tracks is used to accurately fit the track and improve the

precision of the pT measurement. A full description of the muon reconstruction is given

in Ref. [60].
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5.7.2 Electrons

Similarly to muons, electrons can be present in leptonic V H decays. Electrons are

reconstructed in a very similar way to photons, but requiring, instead of vetoing,

a matching track. They can be seeded either by calorimeter deposits or tracks. The

energy measurement is performed using a BDT similar to that photons, but which also

incorporates track information and further accounts for energy lost by bremsstrahlung.

Further detail on the electron reconstruction is available in Ref. [87].

5.7.3 Missing transverse momentum

The presence of neutrinos in an event can be inferred by a global imbalance in the vector

sum of the pT of all objects, resulting in so-called “missing” transverse momentum

(Emiss
T ). The Emiss

T computation uses the corrected pT values for objects, and with

all jet energy corrections applied. It can be used to identify the neutrinos resulting

from W boson decay in V H events.

5.8 Summary

The CMS detector utilises information from all of its subdetectors in order to opti-

mally reconstruct different types of particles, using a technique known as particle flow.

Photon candidates produced by the particle flow algorithm are subjected to a set of

selection requirements in order to enter the H → γγ analysis. These requirements are

based on the shape of the electromagnetic shower deposited in the detector and how

isolated that shower is relative to other particles in the event. The photon energies

are corrected using a multivariate regression, which optimises the resulting diphoton

mass resolution of photon pairs selected for the analysis, and thereby improves the

analysis sensitivity. A BDT known as the photon identification BDT is trained to

reduce the rate at which jet fragments are misidentified as photons. Other types of ob-

jects, including jets, are used to discriminate between different Higgs boson production

modes.



Chapter 6

Event Categorisation

6.1 Introduction

The analysis event selection consists of the preselection described in Chapter 5,

and in addition requires the two leading preselected photon candidates to have

pγ1T > mγγ/3 and pγ2T > mγγ/4 respectively, with an invariant mass in the range

100 < mγγ < 180GeV. The requirements on the scaled photon transverse momenta

prevent distortions at the lower end of the mass spectrum. Both photons must also

satisfy the pseudo-rapidity requirement |η|< 2.5 and must not be in the barrel-endcap

transition region 1.44 < |η|< 1.57; the reduced containment in this transition region

worsens the photon energy resolution. The above η requirement is applied to the pho-

ton supercluster position, and the requirement on the photon pT is applied after the

vertex assignment.

The H → γγ analysis depends on the ability to distinguish the narrow signal peak

from the smoothly falling background in the diphoton mass distribution. Selected

events are therefore subject to further categorisation, in order to increase the ratio of

the number of signal events to the number of background events (S/B). This enhances

the sensitivity of the analysis, reducing the expected uncertainties on the measured

quantities.

Analysis categories are also constructed to target events in which the Higgs boson

was produced by a specific production mechanism. This is achieved using the infor-

mation provided by additional objects in the event, alongside the two photons arising

from the Higgs boson decay. As well as facilitating measurements of cross sections

corresponding to individual production mechanisms, these dedicated categories also

enable the S/B to be improved.

In the previous H → γγ analysis using the 2016 dataset [1], dedicated categories

targeting the VBF, ttH, and VH modes were constructed, with the remaining so-

73
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called “Untagged” categories composed mostly of ggH events. Here a similar approach

is employed, but with additional divisions targeting individual stage 1 bins for the ggH

and VBF processes.

The dataset collected by CMS in 2017 has already been used in an analysis targeting

ttH production, which is described in Ref. [86]. In order to ensure that the set of data

events included in this analysis is orthogonal from those included in Ref. [86], a veto

is applied to events selected for categories targeting ttH production. The criteria

used to select ttH include two dedicated BDTs, one targeting events where at least

one W boson decays leptonically and the other preferentially selecting fully hadronic

W boson decays. Input variables to the two BDTs include photon, lepton, and jet

kinematics, information relating to b-tagging, and missing transverse momentum. The

veto is implemented by applying these criteria used to construct the ttH categories, and

then removing them from further consideration. Around fifteen events are expected

to be removed as a result, most of which would otherwise have populated the ggH

2J categories with higher pHT values. Furthermore, there are no dedicated analysis

categories for VH production; the number of events in the diphoton decay channel

with this dataset is insufficient to measure any of the individual stage 1 bins [20].

The categorisation targeting ggH is based on the reconstructed diphoton transverse

momentum (pγγT ) and the number of jets in the event. A BDT referred to as the

diphoton BDT is then used to reduce the amount of background. The VBF analysis

categories make use of the same diphoton BDT to reduce the number of background

events. Additionally, a BDT targeting the kinematics of the characteristic VBF dijet

system, known as the dijet BDT, is utilised to reduce the contamination from ggH

events.

Due to conditions differing between the two years, the analysis is optimised sepa-

rately for the 2016 and 2017 datasets. A simultaneous fit to the categories from both

years is then performed to estimate the values of the parameters of interest and their

uncertainties (described in Chapter 8). The following section provides an introduction

to BDTs and how they are used in physics analyses. The remainder of the chapter

then describes in detail the training of the diphoton and dijet BDTs, and their use in

the category optimisation process for both ggH and VBF events.
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6.2 Boosted decision trees

In the CMS H → γγ analysis, BDTs are used for several purposes. Generally, the

purpose of the BDT is to discriminate between one signal-like and one background-like

process. The BDT provides a per-event output score which indicates how signal-like

the event is, and a criterion can be applied on this output score when selecting or

categorising events. This section gives a brief explanation of what BDTs are and how

they are trained.

A BDT is an example of a machine learning algorithm which takes as input a set

of features, a set of training parameters, and a loss function, and from those inputs

returns an output score [88]. The so-called feature vector ~x is a set of real values for

each event which can be used to discriminate between signal and background processes.

Examples of features used in the analysis include kinematic variables such as pT or

η. In addition, when training the BDT, the target outcome y must be provided. The

events used for training typically come from simulation, where the truth process is

known. For all the cases considered in this analysis, y simply takes the value 1 for

signal events and 0 for background events. The training parameters ~w, also referred

to as hyper-parameters, are parameters which control the behaviour of the learning

procedure. The loss function L defines the metric on which the learning procedure is

optimising. The output score for events being evaluated is denoted Y .

A BDT is an ensemble of decision trees (DTs), which are so-called base learners

that recursively split the input feature space into distinct regions by applying binary

partitions at each node. Once a given branch reaches its final node where no further

splitting is performed, an output value is assigned to that region. The training pro-

cedure for an individual DT involves considering many possible configurations for the

tree and computing the loss function for each one. The point at which the training

process terminates depends upon the hyperparameter values. For example, there may

be a restriction on the tree depth, meaning the number of binary partitions permitted

for each branch. In this way an optimal configuration is chosen, and any given input

for evaluation (without the target label y) will be placed in a single region and assigned

the corresponding score.

The boosting procedure combines individual DTs into a more powerful learner. An

iterative training process enables the existing models to be improved upon; each new

learner corrects the previous version. The final BDT output function then consists

of a weighted sum of individual DTs. A type of boosting method known as gradient

boosting trains each successive tree on the residuals, or errors, of the existing function,

thereby attempting to correct the mistakes made by existing trees. This is equivalent

to subtracting the derivative of a squared error loss function; this is the reason the
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method is given the name gradient boosting. This gradient boosting procedure can be

generalised to use pseudo-residuals, which are given by the derivative of an arbitrary

differentiable loss function. The loss function chosen here is distinct from that used

to train the individual DTs. Once a new tree is trained on these pseudo-residuals, it

is then added to the existing function, itself a weighted sum of trees. The weight of

the new tree is assigned by minimising the loss of the new summed function. This

procedure is repeated until a given performance threshold or other stopping criterion

is met.

The performance of a given BDT training is evaluated on a sample independent of

that used to train it, in order to ensure that the features learned by the BDT generalise

beyond the specific training dataset used. If the BDT’s performance is greater on the

training dataset than the so-called test dataset, it is said to have overfitted, or been

overtrained. This means it has placed too much importance on statistical fluctuations

on the training dataset which will not be present in other samples. The hyperparam-

eters chosen for a given training will affect whether or not the BDT is overtrained.

For example, the learning rate reduces the weight assigned to each tree in the iterative

learning process, which is analogous to the step size in gradient descent methods. A

smaller learning rate will reduce the chance of overfitting but also increase the time

taken for the training to converge. For this reason, an optimisation procedure is nor-

mally used to choose the hyperparameters in such a way that maximises performance

without overtraining the BDT.

6.3 Gluon fusion categorisation

6.3.1 Signal bin definitions

At stage 1 of the STXS framework, the gluon fusion process (ggH) is divided into a

total of eleven particle level bins. The events are split first by the number of jets,

defined at particle level using the anti-kT algorithm with radius parameter 0.4 and jet

pT > 30GeV [84]. All stable particles except for the decay products of the Higgs boson

are included in the anti-kT clustering. There are zero (0J), one (1J), and greater than

or equal to two (2J) jets bins. In events with at least one jet, a further splitting by the

value of the transverse momentum of the Higgs boson (pHT ) is performed. Four bins

are defined by boundaries placed at 60, 120, and 200GeV. These bins are denoted

as low, medium (med), high, and BSM, respectively. Finally, a separate ggH region

is dedicated to the vector boson fusion-like phase space, for which a pair of jets (a

dijet) with invariant mass mjj > 400GeV and difference in pseudorapidity ∆η > 2.8 is

required. The dijet is formed from the two leading jets in the event. This region is split
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Region Definition Fraction
Cross

section (pb)

0J Exactly zero jets, any pHT 60.0% 26.49

1J low Exactly one jet, pHT < 60 GeV 15.4% 6.79

1J med Exactly one jet, 60 < pHT < 120 GeV 10.4% 4.61

1J high Exactly one jet, 120 < pHT < 200 GeV 1.7% 0.76

1J BSM Exactly one jet, pHT > 200 GeV 0.4% 0.16

2J low ≥ two jets, pHT < 60 GeV 2.9% 1.26

2J med ≥ two jets, 60 < pHT < 120 GeV 4.5% 2.00

2J high ≥ two jets, 120 < pHT < 200 GeV 2.3% 1.00

2J BSM ≥ two jets, pHT > 200 GeV 1.0% 0.43

VBF-like 2J
≥ two jets, pHT < 200 GeV, |∆η|> 2.8,

0.6% 0.27
mjj > 400 GeV, pHjjT < 25 GeV

VBF-like 3J
≥ two jets, pHT < 200 GeV, |∆η|> 2.8,

0.9% 0.38
mjj > 400 GeV, pHjjT > 25 GeV

Table 6.1: The particle level definition of each ggH stage 1 bin and the corresponding
fractional and absolute cross sections. The fractions are estimated from
simulated ggH H → γγ events within the region |yH |< 2.5. Details of the
simulated samples can be found in Chapter 5. Each bin is exclusive; events
passing the VBF-like selection enter the VBF-like region and are not considered
for the other ggH 2J bins.

into two-jet-like (pHjjT < 25GeV) and three-jet-like (pHjjT > 25GeV) bins, where pHjjT

is defined as the transverse momentum of the Higgs boson plus dijet system. Each bin

is exclusive; events passing the VBF-like selection enter the VBF-like region and are

not considered for the other ggH 2J bins. A table summarising the definition of each

bin, its cross section, and the fraction of the total ggH cross section is shown in Table

6.1. The inclusive ggH cross section is 48.52 pb at mH = 125.09GeV, computed to an

accuracy of three loops in perturbative QCD and next-to-leading order (NLO) in EW

perturbations [20, 89, 90]. Approximately 44.2 pb of this is within |yH |< 2.5.

6.3.2 Categorisation strategy

In order to measure the stage 1 bins individually, categories must be constructed

which differentiate between them. Thus the reconstruction level event categorisation

is designed to target all of the bins to which some sensitivity can be obtained in the

H → γγ decay channel with this dataset. In this case, the majority of the ggH stage

1 bins can be measured individually. The exceptions are the two VBF-like bins, which

are difficult to separate from true VBF production. Therefore events not entering the

categories targeting VBF production can be assigned to one of nine target ggH stage

1 bins. This assignment is performed using the reconstructed diphoton transverse
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momentum (pγγT ) and the number of jets – which are respectively the detector level

equivalents of the particle level quantities pHT and number of jets used to define the bins.

The same boundaries are used as for the particle level bins; 0, 60, 120 and 200GeV in

pγγT for 1J and 2J events, and inclusive in pγγT for 0J events. Once a target signal bin

has been assigned, the diphoton BDT is used to further divide the events into up to

three categories. Requirements are placed on the output score of the diphoton BDT,

with the category with the highest threshold referred to as “Tag 0”, the next highest

as “Tag 1”, and so on. This reduces the amount of background and therefore improves

the analysis’ sensitivity to each ggH stage 1 bin.

6.3.3 Diphoton BDT

The diphoton BDT is trained to discriminate signal events (where two photons are

produced from the decay of a Higgs boson) from background events (where two photons

are produced by other SM processes). The goal of the classifier is to assign high scores

to signal-like events; requirements can then be placed on the output score of the

classifier to increase the S/B for the analysis categories. The criteria for an event

to be signal-like include having signal-like photon kinematics, and having high scores

from the photon identification BDT. In addition, events with a good diphoton mass

resolution are preferred since this reduces the amount of background present under the

signal peak.

To train the diphoton BDT, simulated events from the ggH, VBF, ttH and VH

production modes are treated as signal. The event generator used for training the

BDT (POWHEG) is different from that used to construct the final signal model. The

POWHEG sample is preferred for the BDT training because it does not contain any

events with negative weights. It is checked that the input and output distributions from

POWHEG agree with those from MadGraph5˙aMC@NLO within uncertainties.

Simulated background events include the contributions from prompt-prompt, prompt-

fake, and fake-fake sources. For both signal and background, events are weighted

in accordance with the SM process cross section. Furthermore, events from the QCD

sample are down-weighted by a factor of 25; the limited number of events in this sample

results in very high per-event weights, which causes the classifier to over-estimate

the importance of individual events. All events are required to satisfy the analysis

selection criteria. The input variables to the classifier are the kinematic properties of

the diphoton system, a per-event estimate of the diphoton mass resolution, and the

photon identification scores of each photon. The set of input variables is chosen such

that the value of the Higgs boson mass cannot be inferred; it is for this reason that the

photon momenta are divided by the diphoton mass. The full list of input variables is
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as follows:

• the transverse momentum of the two leading photons, divided by the diphoton

mass, p1,2T /mγγ ;

• the pseudorapidity of the two leading photons, η1,2;

• the cosine of the angle between the two photons in the transverse plane, cos (∆φ);

• the output score of the photon identification BDT for the two leading photons;

• the per-event relative mass resolution estimate, under the hypothesis that the

mass was computed using the correct primary vertex σrv/mγγ ;

• the per-event relative mass resolution estimate, under the hypothesis that the

mass was computed using an incorrect primary vertex σwv/mγγ ;

• the per-event probability estimate that the correct primary vertex was selected,

pvtx, which is the output of the vertex probability BDT described in Chapter 5;

The per-event relative mass resolution under the correct vertex hypothesis depends

only on the photon energy measurements performed by the ECAL. It is calculated

by propagating the photon energy resolution estimates, assuming the resolutions are

independent and Gaussian distributed:

σrv/mγγ =
1

2

√

(

σE1

E1

)2

+

(

σE2

E2

)2

(6.1)

where both the energy (E1,2) and energy resolution (σE1,2
) estimates are obtained

from the regression described in Chapter 5. Under the incorrect vertex hypothesis,

an additional term must be added to account for the worsening in the diphoton mass

resolution due to the uncertainty of the vertex position. The distance between the

correct and incorrect vertices is assumed to follow a Gaussian distribution with a

width dependent on the size of the beamspot. The contribution from the vertex (σvtx)

can then be computed analytically using the measured positions of the photons in the

detector and combined in quadrature with σrv to calculate σwv:

σwv/mγγ =

√

(

σrv
mγγ

)2

+

(

σvtx
mγγ

)2

(6.2)

An example of the distribution for one of the input kinematic variables, the lead

photon pT /mγγ , is shown in Figure 6.1. The background, split into its prompt–prompt,

prompt–fake, and fake–fake components, is compared to the data sidebands (where the
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mance of a given classifier; a higher area corresponds to more effective discrimination

between signal and background. For the 2016 and 2017 trainings, the areas under the

respective ROC curves are both equal to 0.85.

This metric is utilised to compare the performance of the classifier training with

different values of the BDT’s so-called hyper-parameters. These hyper-parameters are

parameters of the BDT, which are not learned but instead affect how the learning

algorithm behaves. The most important hyper-parameters affect the extent to which

the algorithm learns the specific detail of the training sample provided. To check for

potential overtraining, the training score as measured by the area under the ROC

curve of the training set is compared with the score from the independent test set.

The statistical variation of the ROC score can be estimated by varying the random

seed for the training and by choosing a different subset of events for the training.

If the difference between the test and training set scores is significantly higher than

this statistical variation, the classifier has been overtrained. The default classifier

hyper-parameters as defined in the XGBoost package [91] display no overtraining. A

coarse hyper-parameter optimisation procedure is then performed, in which each hyper-

parameter is varied individually. No significant improvement without overtraining is

found, and therefore the default training parameters are used.

An additional parameter which can be optimised is the relative weight of the sig-

nal and background samples. With the default sample weights corresponding to the

SM sample cross section, the two classes are highly imbalanced. This imbalance can

cause suboptimal learning in the classifier. To check this, the classifier is trained in a

scenario where the signal event weights are increased by a uniform factor, such that

the total sum of weights for signal and background is equal. This is purely a techni-

cal change to the training designed to improve the learning outcomes of the classifier.

When evaluating the performance, the default event weights are used. Equalising the

total weights in this way results in a modest improvement in performance. The ar-

eas under the ROC curves become 0.87 for both the 2016 and 2017 datasets. The

improvement is relatively small, but is however larger than the variation in training

performance induced by either changing the random seed used for training or choosing

different subsets of the input data for training and testing. Therefore we choose to use

this training scenario for the final classification. The hyper-parameter optimisation

procedure was repeated and no significant improvement was obtained.

Validation of the diphoton BDT is performed using Z → e+e− events, where simu-

lated Drell-Yan events are compared with data. This validation is important because

although the background model used in the analysis is entirely data-driven, the sig-

nal model is taken from simulation. Therefore it is necessary to ensure that there is
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reasonable agreement between data and simulation for signal-like objects, for both the

inputs to the diphoton BDT and the output score itself. In this Z → e+e− control

region, the electrons are reconstructed as photons, and the presence of an electron pair

with invariant mass 80 < mee < 100GeV is required. Otherwise the event selection

is the same as the analysis selection for diphoton events, except for the additional re-

quirement that the leading electron has pT > 40GeV. This requirement is necessary to

ensure that no bias is introduced by the electron trigger, which has selection thresholds

at pT = 32GeV (35GeV) for 2016 (2017) data.

Figure 6.2 shows the output score of the diphoton BDT for data and simulation.

The effect of two systematic uncertainties which affect the diphoton BDT are included;

these are the shift in the photon identification BDT score, and the uncertainty on the

photon energy resolution (see Chapter 7 for details). Good agreement is observed

between the data and simulation in both years, with all discrepancies covered by the

statistical and systematic uncertainties.

6.3.4 Category definitions

Once the diphoton BDT has been constructed, a category optimisation procedure can

be performed for each Stage 1 bin independently. The reconstructed number of jets

and pγγT define the category type into which a given event falls. Then, independently

for each category type, an optimisation procedure is performed to define diphoton BDT

boundaries for a given number of subcategories. The Approximate Mean Significance

(AMS) is used to define the figure of merit for the optimisation. The value of the

AMS metric corresponds to the expected significance of a signal from the likelihood

ratio statistic for a simple counting experiment, neglecting the impact of systematic

uncertainties. Its derivation is outlined in Ref. [76]. The formula for the AMS for a

given analysis category is given by

AMS =

√

2

(

(S +B) ln

(

1 +
S

B

)

− S

)

where S is 68% (corresponding to ±1σeff ) of the number of signal events from the

desired truth bin (not the total number of signal events), and B is the background. The

value of B is calculated by performing an exponential fit to the background, and then

integrating the number of events between 125GeV − σeff < mH < 125GeV + σeff .

This formula reduces to S/
√
S +B in the limit of small S/B. Results are found to be

robust to the choice of metric; only in bins with a very low number of events (e.g. the

BSM bins) does the AMS metric return different optimal diphoton BDT boundaries

from the S/
√
S +B metric, and then the differences are relatively small. The total
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AMS significance is computed by summing the values for each analysis category in

quadrature.

The optimisation procedure itself is performed using a random search. This is

found to be more computationally efficient than a grid search. After the diphoton

BDT boundaries have been established, a cross-check is performed to ensure that

a sensible minimum has been found. This is done by evaluating the AMS score for

diphoton BDT values close to the nominal optimal point individually for each category

type and each boundary. If a slightly better performing point is found in the vicinity, it

replaces the value returned by the random search. The cross-check is designed to check

that the random search has found a stable minimum; this is determined by examining

the shape of the scan around the optimal point. In general, the results of the random

search are found to be robust.

This optimisation process is repeated for different numbers of categories. No im-

provement beyond two categories per target STXS bin is observed, except for the 0J

bin, which requires three categories. The boundaries chosen and the expected number

of signal and background events, together with the expected significance, are shown

in Table 6.2 and Table 6.3 for 2016 and 2017 simulation and data respectively. These

tables illustrate the tendency for events with higher pHT to have higher diphoton BDT

scores.
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Category Diphoton BDT value S B AMS

0J Tag 0 > 0.851 145 1000 4.48
0J Tag 1 0.796− 0.851 201 2973 3.64
0J Tag 2 0.586− 0.796 238 9263 2.46

1J low Tag 0 > 0.832 36 462 1.67
1J low Tag 1 0.718− 0.832 45 1635 1.11
1J med Tag 0 > 0.866 17 1042 1.60
1J med Tag 1 0.749− 0.866 39 7755 1.38
1J high Tag 0 > 0.908 5.5 18 1.14
1J high Tag 1 0.810− 0.908 6.6 112 0.61
1J BSM Tag 0 > 0.917 3.0 7.4 0.89

GE2J low Tag 0 > 0.833 4.8 142 0.39
GE2J low Tag 1 0.709− 0.833 6.7 571 0.28
GE2J med Tag 0 > 0.869 8.3 65 0.99
GE2J med Tag 1 0.757− 0.869 17 462 0.80
GE2J high Tag 0 > 0.910 9.1 33 1.45
GE2J high Tag 1 0.811− 0.910 10 158 0.81
GE2J BSM Tag 0 > 0.938 9.7 9.4 2.48
GE2J BSM Tag 1 0.865− 0.938 4.9 27 0.86

Table 6.2: The chosen diphoton BDT boundaries, the expected number of signal (S) and
background (B) events, and the expected significance (defined by the AMS
metric) of each category in the ggH phase space for 2016 data and simulation,
assuming an integrated luminosity of 35.9 fb−1. The categories targeting each
stage 1 bin are ordered such that “Tag 0” has the highest S/B value, “Tag 1” the
next highest, and so on.
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Category Diphoton BDT value S B AMS

0J Tag 0 > 0.840 217 2042 4.72
0J Tag 1 0.769− 0.840 250 5063 3.49
0J Tag 2 0.615− 0.769 201 9669 2.03

1J low Tag 0 > 0.817 41 676 1.58
1J low Tag 1 0.652− 0.817 42 2466 0.84
1J med Tag 0 > 0.881 8.5 45 1.18
1J med Tag 1 0.760− 0.881 43 872 1.46
1J high Tag 0 > 0.910 5.5 20 1.10
1J high Tag 1 0.824− 0.910 7.6 109 0.71
1J BSM Tag 0 0.775 4.9 1.2 2.02

GE2J low Tag 0 > 0.861 1.9 44 0.27
GE2J low Tag 1 0.709− 0.861 8.0 649 0.31
GE2J med Tag 0 > 0.835 11 177 0.87
GE2J med Tag 1 0.786− 0.835 6.9 10 1.74
GE2J high Tag 0 > 0.916 6.3 24 1.17
GE2J high Tag 1 0.815− 0.916 10 163 0.78
GE2J BSM Tag 0 > 0.901 11 23 2.15
GE2J BSM Tag 1 0.596− 0.901 3.0 1.8 1.25

Table 6.3: The chosen diphoton BDT boundaries, the expected number of signal (S) and
background (B) events, and the expected significance (defined by the AMS
metric) of each category in the ggH phase space for 2017 simulation and data,
assuming an integrated luminosity of 41.5 fb−1. The categories targeting each
stage 1 bin are ordered such that “Tag 0” has the highest S/B value, “Tag 1” the
next highest, and so on.
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Region Definition
Fraction Cross

VBF VH had section (pb)

BSM Leading jet pT > 200 GeV 4.6% 5.4% 0.23

2J-like
≥ two jets, |∆η|> 2.8,

25.8% 0.4% 0.91
mjj > 400 GeV, pHjjT < 25 GeV

3J-like
≥ two jets, |∆η|> 2.8,

9.0% 1.7% 0.34
mjj > 400 GeV, pHjjT > 25 GeV

VH-like ≥ two jets, 60 < mjj < 120 GeV 2.3% 34.5% 0.55

Rest All other VBF events 59.2% 57.9% 2.86

Table 6.4: The particle level definition of each VBF stage 1 bin and the corresponding
fractional and absolute cross sections. The fractions reported are normalised
relative to inclusive VBF or VH hadronic production, whilst the cross sections
are the sum of the VBF and VH hadronic values. The fractions are estimated
from simulated VBF and hadronic VH H → γγ events within the region
|yH |< 2.5. Details of the simulated samples can be found in Section 5. Each bin
is exclusive; all bins except the BSM bin are required to have the leading jet
pT < 200 GeV.

6.4 Vector boson fusion categorisation

6.4.1 Signal bin definitions

The VBF process is divided into five particle level bins at stage 1 of the STXS frame-

work. Events where the Higgs boson is produced in association with a vector boson

(VH, where V = W or Z) and the vector boson decays hadronically are included to-

gether with VBF. In this region, there are two bins defined analogously to the VBF-like

bins for ggH production, requiring a dijet with mjj > 400GeV and ∆η > 2.8, split by

a 25GeV boundary in pHjjT . In addition, there is a “VH-like” bin, which requires the

presence of a dijet with 60 < mjj < 120GeV. A “BSM-like” bin is also defined, where

the pT of the leading jet is greater than 200GeV. All remaining events fall into the

“VBF rest” bin. Each bin is exclusive; all bins, except for the BSM bin, are required

to have the leading jet pT < 200GeV. Table 6.4 shows a summary of the definition of

each bin and the corresponding fraction of the total VBF cross section. The inclusive

VBF cross section is 3.779 pb at mH = 125.09GeV [20], computed at approximately

next-to-next-to-leading (NNLO) order in QCD and NLO in EW, meaning some but not

all NNLO diagrams are included in the calculation. Of this approximately 3.52 pb is

within |yH |< 2.5. For hadronic VH production, the cross section at mH = 125.09GeV

of 1.54 pb [20] is computed at NNLO in QCD and NLO in EW, with around 1.37 pb

within |yH |< 2.5.
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6.4.2 Categorisation strategy

Different categorisation scenarios are considered for the VBF process. Ideally cate-

gories would be constructed to target each stage 1 bin. However, the experimental

sensitivity to the BSM-like, VH-like, and VBF rest bins is limited. Care is there-

fore taken not reduce the sensitivity to inclusive VBF production when designing the

categories for each of these scenarios.

The bins which can be most precisely measured are the 2J-like and 3J-like VBF

bins. In addition to migrations between the categories targeting each bin, there is

substantial contamination from events with two jets arising from ggH production. For

this reason the dijet BDT is trained to discriminate between ggH and VBF events. The

categorisation is then performed using the detector level equivalents of the quantities

used to define the bins: mjj , p
Hjj
T , and leading jet pT . The dijet and diphoton BDTs

are subsequently used to reduce the respective number of ggH and background events

entering the categories, thus increasing their sensitivity.

6.4.3 Dijet BDT

The dijet BDT is trained to discriminate VBF events from both background and ggH

events. This is made possible due to the distinctive signature of VBF events, which

typically have two jets with large separation in pseudorapidity and high invariant

mass. Therefore the input variables to the dijet BDT consist primarily of jet-related

variables. In addition, the jets in VBF events originate from quarks, whereas ggH

events typically originate from gluons. This results in subtle differences in the internal

structure of the jet objects, as discussed in Chapter 4. Adding the jet shape variables

used there as inputs does not significantly improve the performance of the dijet BDT;

however it has been shown that more sophisticated techniques using neural network

classifiers and detailed jet inputs can improve the performance [92]. The full set of

input variables for the dijet BDT are:

• the transverse momentum of the two leading photons, divided by the diphoton

mass, p1,2T /mγγ ;

• the transverse momentum of the two leading jets, pj1,j2T ;

• the invariant mass of the dijet, mjj ;

• the magnitude of the difference in pseudorapidity of the two leading jets, |∆η|;

• the magnitude of the difference in azimuthal angle between the two leading jets,

|∆φjj |;
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• the magnitude of the difference in azimuthal angle between the diphoton and

dijet, |∆φγγ,jj |;

• the minimum angular separation between either of the two leading photons and

either of the two leading jets, ∆Rmin(γ, j);

• the centrality variable, which is given by:

Cγγ = exp

(

− 4

(ηj1 − ηj2)2

(

ηγγ −
ηj1 + ηj2

2

)2
)

(6.4)

where ηj1 and ηj2 are the pseudorapidities of the leading and subleading jets

respectively.

In previous versions of the analysis [1], both the signal and background for the

dijet BDT training have been taken directly from simulation. However there are a

limited number of events in the prompt-fake and fake-fake background samples which

pass the analysis preselection, and this problem is exacerbated by applying additional

requirements on the dijet system. Consequently, there are few events with which to

train the dijet BDT, and those events which are present have extremely high weights.

This results in multiple issues that reduce the effectiveness of the dijet BDT. If these

high-weight events are included in the training, the classifier assigns too much impor-

tance to specific instances and does not successfully learn generalised features of the

input datasets. Attempts have been made to mitigate this, the first of which is to

reduce the weight of the QCD events by a factor of 25. In addition, the VBF prese-

lection is loosened in order to include more events in the training. The standard VBF

preselection consists of the analysis preselection with the additional requirements of

pT > 40 (30) GeV for the leading (subleading) jet, mjj > 250GeV and photon identifi-

cation BDT score of greater than -0.2 for both photons. The loosened version reduces

the pT thresholds by 10GeV each, the mjj threshold to 100GeV, and removes the

tighter photon identification requirement. This slightly improves the training perfor-

mance; however the background rejection is still suboptimal due to the change in phase

space and reduction in event weights. Furthermore, this makes the simulation very

difficult to validate against data since the distributions are highly discontinuous. An

illustration of the effect is shown in Figure 6.3, which shows the discontinuous mjj

distribution after the VBF preselection is applied.

An alternative solution to this problem is to use events from a data control region

to replace the MC samples with low numbers of events. In this way, the more abundant

data events are used to replace the simulated prompt-fake and fake-fake events used

to train the dijet BDT. There are a sufficient number of prompt-prompt events in
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ROC score from 0.83 to 0.86. After the category boundaries have been optimised, this

results in an increase in the final value of the AMS score of approximately 10%.

The agreement between data and simulation for the dijet BDT score is validated

in a similar way to the diphoton BDT. Events from the Z → e+e− control region

are required to pass the VBF preselection. Figure 6.7 shows the output score of the

dijet BDT for data and simulation. The systematic uncertainties included in the

plot are those affecting the jet energy scale and the jet energy resolution corrections.

Good agreement is observed between the data and simulation in both years, with all

discrepancies covered by the statistical and systematic uncertainties.

6.4.4 Category definitions

In previous versions of the analysis, the categories targeting VBF production were

defined using the so-called “combined BDT”. The combined BDT is designed to

incorporate both the dijet and diphoton information in order to optimally construct

the VBF categories. Its input variables are:

• the diphoton BDT score

• the dijet BDT score

• the transverse momentum of the two leading photons, divided by the diphoton

mass, p1,2T /mγγ ;

The combined BDT is trained with VBF as signal against the three sources of SM

background, using simulated events in each case. Gluon fusion is not included in the

training because it is found to worsen the performance of the combined BDT to reject

non-Higgs boson background. Since these backgrounds have a greater impact on the

final sensitivity than the contamination from other signal processes, this is considered

a higher priority. However, it does mean that the ggH rejection of the combined BDT

can be sub-optimal. Here the efficacy of the combined BDT is compared with the

more direct approach of defining the VBF categories by imposing thresholds on the

diphoton and dijet BDT scores directly.

In addition to comparing the two different BDT approaches, different possible cat-

egorisation scenarios are considered. In Ref. [1], three inclusive categories are defined

by placing thresholds on the output score of the combined BDT. For this analysis,

further splitting using kinematic variables is required if the different VBF stage 1 bins

are to be measured individually. When comparing different categorisation scenarios,

the figure of merit considered is the total VBF significance, computed using the AMS
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metric with all VBF bins considered as signal. Scenarios with additional splits follow-

ing the stage 1 bin definitions will then be considered preferable, provided they do not

substantially reduce the overall VBF significance, since they enable individual stage

1 bins to be measured in addition to the overall VBF cross section. In each scenario,

there is a single dedicated VBF BSM category which requires that the pT of the leading

jet is greater than 200GeV. The list of scenarios considered is as follows:

• Inclusive two category: Two categories are considered, with no additional

kinematic selection criteria applied. Including the VBF BSM category, this gives

three categories in total.

• Inclusive three category: Three categories are considered, with no additional

kinematic selection criteria applied. It is almost equivalent to the approach in

Ref. [1], aside from the additional VBF BSM category. This gives a total of four

categories.

• Split by p
Hjj
T : Two categories are considered for each of the 2J-like and 3J-like

VBF bins, using a boundary at 25GeV on the reconstructed value of pHjjT . This

gives a total of five categories.

• Split by p
Hjj
T and mjj: Two categories are considered for each of the 2J-like

and 3J-like VBF bins, using a boundary at 25GeV on the reconstructed value of

pHjjT . Additionally, the requirement that mjj is greater than 400GeV is applied.

A fifth category targeting principally the “VBF rest” bin, with 250 < mjj < 400,

is therefore included. This gives a total of six categories.

A boundary optimisation procedure is followed for each scenario, using the same

methodology as for the ggH categories. For the approach which uses the diphoton and

dijet BDT output scores directly, the values of the thresholds on the two BDTs are

optimised simultaneously for each category. The resulting significance values of each

scenario for the 2016 and 2017 datasets are shown in Tables 6.5 and 6.6 respectively.

The performance of the combined BDT approach is compared with the approach using

the diphoton and dijet BDT scores directly in each case. For both years, the combined

BDT performs slightly worse than the direct use of the diphoton and dijet BDTs. This

can be attributed to the fact that the combined BDT is trained only on simulation; it is

not possible to use the data-driven method for its training since the photon information

is used as inputs. Furthermore, the results demonstrate that there is no substantial re-

duction in the overall VBF significance with the most granular categorisation scenario.

It is therefore considered the best scenario for facilitating measurements of individual

stage 1 bins, and is chosen as the VBF categorisation scheme for the analysis.
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Scenario Dijet + Diphoton BDT Combined BDT

Inclusive 2 category 2.43σ 2.26σ
Inclusive 3 category 2.55σ 2.31σ

Split by pHjjT 2.38σ 2.28σ

Split by pHjjT and mjj 2.53σ 2.43σ

Table 6.5: The total VBF significance (defined by the AMS metric) for different
categorisation scenarios using 2016 data and simulation, assuming an integrated
luminosity of 35.9 fb−1. Classification using the combined BDT is compared with
setting boundaries with the diphoton and dijet BDTs directly.

Scenario Dijet + Diphoton BDT Combined BDT

Inclusive 2 category 2.16σ 2.02σ
Inclusive 3 category 2.18σ 2.09σ

Split by pHjjT 2.14σ 2.03σ

Split by pHjjT and mjj 2.18σ 2.08σ

Table 6.6: The total VBF significance (defined by the AMS metric) for different
categorisation scenarios using 2017 data and simulation, assuming an integrated
luminosity of 41.5 fb−1. Classification using the combined BDT is compared with
setting boundaries with the diphoton and dijet BDTs directly.

Tables 6.7 and 6.8 show the final thresholds for the diphoton and dijet BDTs in

each category, together with the expected number of signal and background events and

the per-category significance.
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Category Dijet BDT value Diphoton BDT value S B AMS

2J-like Tag 0 > 0.12 > 0.62 8.2 7.0 2.04
2J-like Tag 1 -0.89− 0.12 > 0.72 3.1 14.9 0.68
3J-like Tag 0 > 0.48 > 0.61 4.7 8.8 1.07
3J-like Tag 1 -0.84− 0.48 > 0.74 3.2 35.7 0.46

VBF BSM Tag > -0.41 > 0.73 2.2 7.7 0.53
VBF Rest Tag > -0.74 > 0.77 2.5 34.3 0.36

Table 6.7: The chosen diphoton and dijet BDT boundaries, the expected number of signal
(S) and background (B) events, and the expected significance (defined by the
AMS metric) of each category in the VBF phase space for 2016 data and
simulation, assuming an integrated luminosity of 35.9 fb−1. The categories
targeting each stage 1 bin are ordered such that “Tag 0” has the highest S/B
value, “Tag 1” the next highest, and so on.

Category Dijet BDT value Diphoton BDT value S B AMS

2J-like Tag 0 > -0.39 > 0.75 7.5 9.2 1.73
2J-like Tag 1 -0.89− -0.39 > 0.68 1.5 14.5 0.33
3J-like Tag 0 > 0.03 > 0.77 4.7 12.0 1.00
3J-like Tag 1 -0.69− 0.03 > 0.57 2.1 36.9 0.31

VBF BSM Tag > -0.27 > 0.78 2.3 6.3 0.59
VBF Rest Tag > -0.62 > 0.73 2.8 38.0 0.38

Table 6.8: The chosen diphoton and dijet BDT boundaries, the expected number of signal
(S) and background (B) events, and the expected significance (defined by the
AMS metric) of each category in the VBF phase space for 2017 data and
simulation, assuming an integrated luminosity of 41.5 fb−1. The categories
targeting each stage 1 bin are ordered such that “Tag 0” has the highest S/B
value, “Tag 1” the next highest, and so on.
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6.5 Summary

A set of H → γγ analysis categories are defined in order to maximise the overall sensi-

tivity of the analysis and to enable the measurement of different signal bins. Categories

targeting nine different subdivisions of the ggH production mode are constructed, us-

ing the reconstructed pγγT and number of jets to infer the most likely signal bin. The

diphoton BDT is then used to further split these events into categories of differing S/B,

which increases the precision of the measurement of each bin. Furthermore, categories

targeting the different VBF signal bins are constructed. A dijet BDT is trained using

a novel data-driven approach, and is used to discriminate against both ggH production

and background processes. It is used together with the diphoton BDT and the recon-

structed values of mjj , p
Hjj
T and the number of jets to define the final VBF analysis

categories.



100



Chapter 7

Signal and background modelling

7.1 Introduction

The final results of this analysis are extracted by performing a maximum likelihood

fit of the signal and background models to the diphoton invariant mass distribution

observed in data. In this fit, the value of twice the negative log-likelihood (2NLL) is

minimised for each value of the parameter to be measured. The resulting 2NLL curve

can be used to extract the best-fit value and uncertainty of the parameter of interest.

In addition, systematic uncertainties are included in the fit to account for imperfect

knowledge of both theoretical and experimental inputs to the analysis. These uncer-

tainties are implemented in the form of nuisance parameters. A nuisance parameter is

any parameter of the model for which an uncertainty interval is not constructed. In

the final fit, nuisance parameters are “profiled”. This means their values are allowed

to vary, either freely or with an additional constraint applied which penalises deviation

from the nominal expectation. This has the effect of widening the 2NLL curve and

thereby increasing the overall uncertainty on a given measurement. Full details of the

statistical procedure used to extract the results are given in Chapter 8.

In order to perform the fits, models of the signal and background mγγ distributions

in each analysis category are required as inputs. The signal model is derived from

simulation, with a model constructed for each particle level stage 1 cross section bin in

each reconstructed analysis category. Both the shape and normalisation of the model

are parameterised as a function of mH . The data-driven background model considers

a range of different functional forms to represent the smoothly falling background

spectrum, following the approach described in Ref. [93]. This methodology follows

that used in the previous CMS H → γγ analysis, which is described in Ref. [1].

The construction of both the signal and background models is described in detail in

this chapter. In addition, the treatment of systematic uncertainties affecting the two

101
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models is discussed.

7.2 Signal modelling

The signal model is a parametric function of mH which describes the shape of the mγγ

distribution, together with the expected normalisation of this shape. An independent

model is constructed for each stage 1 bin in each analysis category Additionally, since

the mγγ shape depends on whether the right vertex (RV) or wrong vertex (WV) has

been chosen, the model for each of these cases is constructed separately.

Each model consists of a sum of up to five Gaussian functions. The number of

Gaussian functions required depends on the shape of the mγγ spectrum and the avail-

able quantity of simulated events. Alternative functional parameterisations have been

studied, such as the sum of a Gaussian function to represent the core of the mγγ distri-

bution and an exponential to model each tail [94]. This alternative parameterisation

yields very similar signal models to the sum of Gaussian functions, and the final re-

sults are unaffected. The Gaussian-based model is retained due to its simplicity and

computational efficiency.

The parameters of the Gaussian functions are determined by performing a fit to the

simulated mγγ distribution for each model. In order to account for the fact that the

mass of the Higgs boson is not known exactly, the model constructed is a continuous

parametric function of mH . The dependence on mH is determined by simultaneously

fitting events simulated with three values of mH : 120, 125, and 130GeV. Each pa-

rameter of each Gaussian function is represented as a linear function of mH ; the shape

of each model then consists of 2 (3NGaus − 1) parameters, where NGaus is the chosen

number of Gaussian functions. The values of these parameters are established by the

simultaneous fit across mass points. An example of the evolution of signal model

shapes as a function of mH , for the ggH 0J bin the 0J Tag 0 category, is shown in

Figure 7.1 By construction, the shape and normalisation of the models vary smoothly

with mH .

In some cases, there is an insufficient number of simulated events available to

accurately model the shape for a given combination of stage 1 bin, analysis category

and vertex scenario. The shape is then replaced by that of the stage 1 bin which

has the highest expected yield in the category under consideration. This replacement

procedure is motivated by the fact that events subject to the same selection tend to

have similar values of the diphoton mass resolution.

After each model has been constructed, the shapes from the RV and WV scenarios

are combined. The fraction of events in which the correct vertex is chosen is also
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Figure 7.1: The evolution of the parametrised signal model shape as a function of mH . The
plots show the signal model for the ggH 0J bin in the 0J Tag 0 category. The
left plot shows 2016 simulation, with 2017 simulation on the right.

described by a linear function of mH ; once determined, this is used to assign the

correct normalisations for the RV and WV models. An example of the signal model

for the ggH 0J bin in the 0J Tag 0 category, after the models for the RV and WV

scenarios have been summed, is shown in Figure 7.2.

For each category, the models corresponding to the contributions from each stage

1 bin are then summed. To normalise the contribution from each stage 1 bin correctly,

the total number of expected events for each stage 0 process is obtained using the cross

sections and H → γγ branching ratio from Ref. [20]1, and the measured integrated

luminosity in data. The fraction of each stage 1 bin is then taken from the simulated

events for each stage 0 process. Finally, the product of the detector efficiency and

analysis acceptance is modelled as a linear function of mH , determined by the ratio

of the total number of expected events to the number of events entering each analysis

category. Together these allow the total signal model for each category to be computed.

An example of the signal model for the 0J Tag 0 category, after the models for all the

stage 1 bins have been summed, is shown in Figure 7.3.

1The exception is ggH, for which the latest calculations at N3LO are used [89, 90].
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Figure 7.2: The parametrised signal shape for the ggH 0J bin in the 0J Tag 0 category,
after the models for the RV and WV scenarios have been summed. The open
squares represent weighted simulation events and the blue line the
corresponding model. Also shown is the σeff value (half the width of the
narrowest interval containing 68.3% of the invariant mass distribution) and the
full width at half of the maximum (FWHM). The left plot shows 2016
simulation, with 2017 simulation on the right.
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Figure 7.3: The parametrised signal shape for the 0J Tag 0 category, after the models for
all the stage 1 bins have been summed. The open squares represent weighted
simulation events and the blue line the corresponding model. Also shown is the
σeff value (half the width of the narrowest interval containing 68.3% of the
invariant mass distribution) and the full width at half of the maximum
(FWHM). The left plot shows 2016 simulation, with 2017 simulation on the
right. Figures first shown in Ref. [4].
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7.3 Background modelling

The background model represents the smoothly falling spectrum in the mγγ distribu-

tion that results from processes other than Higgs boson production. The shape of this

falling distribution is not known a priori; therefore different functional forms must be

considered when constructing the model. Each choice of function results in a differ-

ent number of estimated events under the signal peak produced by the Higgs boson,

and hence affects the measured value of parameters representing the size of the signal

contribution. The uncertainty in the measurement associated with this choice must

be accounted for in the final results. In this analysis, the discrete profiling method is

used, as first described in Ref. [93]. The model is constructed independently for each

analysis category.

The discrete profiling method incorporates the uncertainty on the background into

the measurement by treating the choice of function used to model the background

distribution as a discrete nuisance parameter. Ordinarily, a nuisance parameter is a

continuous variable which affects the measured value but is not in itself of any inter-

est. The choice of background function can be treated in the same way as any other

nuisance parameter, with the only difference being that its value is discrete rather

than continuous. To construct the final 2NLL curve, the so-called “envelope” of all

the possible choices of background function is taken. This procedure is illustrated

in Figure 7.4, which shows how the 2NLL curve for the fully profiled fit can be ap-

proximated by taking the envelope of the curves generated with a nuisance parameter

fixed to different values. The discrete profiling method accounts for the uncertainty in

the background function analogously; a different curve is generated by each choice of

background function, and the final curve represents the envelope of each of these indi-

vidual curves. This envelope is necessarily wider than any of the curves corresponding

to an individual function, and therefore returns a greater uncertainty, reflecting the

imperfect knowledge of the shape of the background distribution.

In principle, all functions which provide a sufficiently good fit to the observed mγγ

distribution in data could be included in the discrete profiling method. To apply the

method in practice, four different families of functions representing smoothly falling

distributions are considered.
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These groups, for an N -parameter function with parameters p0, p1, ..., pN to be

determined, are:

• Sum of exponential functions, where

fN (x) =

N
∑

i=0

p2i exp (p2i+1x)

• Sum of power law functions, where

fN (x) =
N
∑

i=0

p2i x
−p2i+1

• Bernstein polynomials, where

fN (x) =

N
∑

i=0

pi

(

N

i

)

xi (1− x)N−i

• Laurent series, where

fN (x) =
N
∑

i=0

pi x
−4+L(i),

with

L(i) =

i
∑

j=0

(−1)jj.

Only a subset of functions from each family are considered; this is necessary to

maintain a reasonable computational efficiency for the method. For each family of

functions, multiple orders can be included in the final set of candidate functions. A

likelihood fit is performed for each order, and then the procedure to decide which

orders to include works as follows. A penalty equal to the number of parameters in

the function is added to the value of the 2NLL; this prevents functions of arbitrarily

high order being chosen. First, the order is increased until a minimum goodness-of-fit

threshold is reached; there is no need to include functions which do not fit the data

well. For each subsequent order, an F-test [95] is performed to gauge the size of the

improvement in the fit quality which the increase in function complexity brings. This

test computes a p-value by assuming the difference in 2NLL values is distributed as a

χ2, with degrees of freedom equal to the difference in number of parameters between

the two orders. If the p-value is below a certain threshold, the higher order function

is deemed to constitute a worthwhile improvement, is added to the set of functions
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considered, and the process continues. Otherwise, the higher order function is not

included and the procedure is complete. The different functions chosen for the 1J

high Tag 0 category are shown in Figure 7.5; it can be seen that different choices of

function lead to a different number of events when integrating under the signal peak.

In this case, the range in the integrated number of events around the Higgs boson mass

amongst the candidate functions shown is of the order ten.
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Figure 7.5: The functions chosen for consideration in the final fit for the 1J high Tag 0
category, with the data (black points) blinded, meaning the points with
115 < mγγ < 135GeV are not shown. The left plot shows 2016 data, with 2017
data on the right.

In the final fit, the background function is chosen from the set of candidates as

described above. All parameters of each function are free to vary and determined in

the fit. As for the F-test above, a regularisation term is added to the 2NLL for each

parameter in the chosen function. This serves to penalise unnecessary complexity.

Further details of the discrete profiling method, including studies of the bias and

coverage, are contained within Ref. [93].

7.4 Systematic uncertainties

In this analysis, the systematic uncertainty associated with the data-driven background

estimation is handled using the discrete profiling method, as described above. There

are many systematic uncertainties which affect the signal model; these are handled

in one of two ways. Uncertainties which modify the shape of the mγγ distribution

are incorporated into the signal model as nuisance parameters, where the mean and

width of each Gaussian function can be affected. These uncertainties are typically
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experimental uncertainties relating to the energy of the individual photons. Conversely

if the shape of the mγγ distribution is unaffected, the uncertainty is treated as a

log-normal variation in the event yield. These uncertainties include theory sources

and experimental uncertainties such as those affecting the BDTs used for categorising

events. The magnitude of each uncertainty’s impact is determined individually for

each stage 1 bin in each analysis category.

7.4.1 Theoretical uncertainties

The sources of theoretical uncertainties considered in this analysis are as follows:

• QCD scale uncertainty : the uncertainty arising from variations of the renor-

malisation and factorisation scales used when computing the expected SM cross

section and event kinematics. These account for the missing higher order terms

in perturbative calculations. The recommendations provided in Ref. [20] are fol-

lowed. This involves estimating the uncertainty using three sources: varying the

renormalisation by a factor of two, varying the factorisation scale by a factor of

two, and varying both in the same direction simultaneously. Depending on the

production process, the size of the uncertainty varies from around 0.5% to 9%.

• Uncertainty on the SM ggH production: for ggH production, additional sources

are included which account for the uncertainty in the modelling of the pHT dis-

tributions, the number of jets in the event, and the ggH contamination in the

VBF categories. Two sources reflect the migration uncertainty around the pHT
bin boundaries, at 60 and 120 GeV respectively; their magnitude depends on the

number of jets and the pHT in the event. An additional source covers the uncer-

tainty on pHT arising from the treatment of the top quark mass in the ggH loop.

Two further sources account for the migration between the zero, one and two or

more jet bins. The uncertainty on the ggH production of events with a VBF-like

dijet system is covered by two sources corresponding to the prediction in the

two-jet-like and three-jet-like bins. The total magnitude of these uncertainties

vary from around 5% to 30%, with events that have one or more jets and high

values of pHT typically having the greatest associated uncertainty.

• PDF (parton density functions) uncertainties: these account for the uncertainty

due to imperfect knowledge of the composition of the proton, which affects which

partons are most likely to initiate high energy events. The overall normalisation

uncertainties are computed following the PDF4LHC prescription [40, 96], while

the bin-to-bin migrations are calculated from the NNPDF3.0 [97] PDF set using
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the MC2hessian procedure [98]. The overall normalisation uncertainties are

between 1-5%, with the migrations significantly smaller, usually less than 1%.

• Uncertainty in the strong force coupling constant : the uncertainty in the value

of the strong force coupling constant αs is included in the treatment of the PDF

uncertainties, following the PDF4LHC prescription.

• Uncertainty in the H → γγ branching fraction: the probability of the Higgs

boson decaying to two photons is required to calculate the SM expected cross

section, but this branching fraction is not known exactly. The uncertainty is

currently estimated to be 2% [20].

• Underlying event and parton shower uncertainties : these uncertainties are ob-

tained using dedicated simulated samples where the choice and specific tune of

the event generator have been modified. The impact of the uncertainty ranges

from 1-16% depending on the process and category.

The QCD scale and PDF uncertainties impact the theoretical modelling in two

ways. Both the overall cross section prediction for a given STXS bin, and the dis-

tributions of kinematic variables used in the event selection and categorisation, can

be affected. The effects on the overall process cross section predictions are omitted

when measurements of simplified template cross sections are performed, and are in-

stead considered as uncertainties on the SM prediction. However the uncertainties on

the event kinematics, which affect the efficiency and acceptance of the analysis, are

still taken into account. All uncertainties are included when measurements of signal

strength modifiers are performed. Other uncertainties which only affect the overall

SM predicted yields, such as the H → γγ branching fraction, are also omitted from

measurements of simplified template cross sections.

7.4.2 Experimental uncertainties

The uncertainties which affect the shape of the signal mγγ distribution are:

• Photon energy scale and resolution: the uncertainties associated with the correc-

tions applied to the photon energy scale in data and the resolution in simulation

are evaluated using Z → e+e− events. The estimate is computed by varying the

regression training scheme, the R9 variable, and the electron selection criteria.

• Non-linearity of the photon energy scale: a further source of uncertainty covers

possible remaining differences in the linearity of the photon energy scale between

data and simulation. The uncertainty is estimated using boosted Z → e+e−

events.



7.4. Systematic uncertainties 111

• Modelling of electromagnetic showers: this uncertainty accounts for the imper-

fect knowledge of electromagnetic showering processes. The size of the effect is

estimated by changing the model used to generate the bremsstrahlung energy

spectrum, which can modify the photon and electron energy scales.

• Shower shape corrections: an uncertainty on the shower shape corrections ac-

counts for the imperfect modelling of shower shapes in simulation. The impact

is estimated by comparing the energy scale before and after the corrections to

shower shape variables (which improve the agreement between data and simula-

tion) are applied.

• Light collection non-uniformity : an uncertainty is associated with the modelling

of the light collection as a function of emission depth within a given ECAL

crystal. It is estimated by comparing simulation with analytical estimates of

longitudinal shower profiles.

• Modelling of material in front of the ECAL: the amount of material through

which objects pass before reaching the ECAL affects the behaviour of the electro-

magnetic showers, and may not be perfectly modelled in simulation. Dedicated

samples with variations in the amount of upstream material are used to estimate

the impact on the photon energy scale.

• Vertex fraction: the largest contribution to the right and wrong vertex fraction

uncertainty comes from the modelling of the underlying event, in addition to the

uncertainty on the ratio of data and simulation obtained using Z → µ+µ− events.

It is handled as an additional nuisance parameter built into the signal model

which allows the fraction of events in the right vertex/wrong vertex scenario to

change.

The uncertainties which only modify the event yield include:

• Integrated luminosity : estimated to be 2.5% and 2.3% for the 2016 and 2017

datasets respectively [99, 100].

• Photon identification BDT score: the uncertainty arising from the photon identi-

fication BDT score is estimated by requiring the systematic variation to cover the

observed discrepancies between data and simulation. This is described further

in Chapter 5. The uncertainty on the signal yields is estimated by propagating

this uncertainty through the full category selection procedure. The impact in

the most sensitive analysis categories is around 5%.
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• Jet energy scale and smearing corrections: The energy scale of jets is measured

using the pT balance of jets with Z bosons and photons in Z → e+e−, Z → µ+µ−

and γ+jets events, as well as the pT balance between jets in dijet and multijet

events [101]. The uncertainty in the jet energy scale is a few per-cent and depends

on pT and η. The impact of jet energy scale uncertainties on event yields is

evaluated by varying the jet energy corrections within their uncertainties and

propagating the effect to the final result. The resulting uncertainty in the final

analysis categories can be as high as 21% for the scale, but is less than around

4% for the resolution.

• Per-photon energy resolution estimate: the uncertainty on the per-photon reso-

lution is parametrised as a rescaling of the resolution by ±5% about its nominal

value. This is designed to cover all differences between data and simulation in

the distribution, which is an output of the energy regression.

• Trigger efficiency : the efficiency of the trigger selection is measured with Z →
e+e− events using the tag-and-probe technique. The size of its uncertainty is less

than 1%.

• Photon preselection: the uncertainty on the preselection efficiency is computed

as the ratio between the efficiency measured in data and in simulation. Its

magnitude is less than 1%.

• Missing transverse energy : this uncertainty is computed by shifting the recon-

structed pT of the particle candidates entering the missing transverse energy

computation, within the momentum scale and resolution uncertainties appro-

priate to each type of reconstructed object, as described in Ref. [101]. In this

analysis, the size of the uncertainty is very small.

• Pileup jet identification: the uncertainty on the pileup jet classification output

score is estimated by comparing the score of jets in events with a Z boson and

one balanced jet in data and simulation. The magnitude is of the order 1%.

• Lepton isolation and identification: this uncertainty affecting electrons and

muons is computed by varying the ratio of the efficiencies and using the tag

and probe technique in Z → e+e− events. The resulting impact on the categories

selecting leptons is up to around 3%.

• Efficiency of b-tagging : uncertainties on the b-tagging efficiency are evaluated

by comparing data and simulated distributions for the b-tag discriminator. The
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uncertainties include the statistical component on the estimate of the fraction of

heavy and light flavour jets in data and simulation. Its magnitude is around 1%.

7.4.3 Correlation of uncertainties

Since the analysis inputs and category definitions are constructed independently for

the 2016 and 2017 datasets, the uncertainties affecting each year can either be chosen

to be correlated or uncorrelated. If an uncertainty is deemed to be correlated, then

there is only one nuisance parameter in the final fit whose value will affect both the

2016 and 2017 categories. Otherwise, if the uncertainties are uncorrelated, there is a

separate nuisance parameter for each year and the impact on the categories from each

year is independent.

In this analysis, all the sources of theory systematic uncertainties are taken to be

correlated between years. In most cases this is clearly the correct treatment, since

the underlying theoretical predictions are the same for each year and independent of

the data-taking conditions. For the experimental uncertainties, most uncertainties are

left uncorrelated. This is motivated by the fact that both the data-taking conditions

and the reconstruction vary between the two years. An exception is the uncertainty

on the photon identification BDT output, which is kept correlated because the uncer-

tainty prescription is identical for both years. The final results were also computed

with all the experimental uncertainties taken to be correlated, and it was confirmed

that the difference between the two correlation scenarios is minimal. This is in accor-

dance with expectation, since the predominant source of uncertainty in all the stage 1

measurements is statistical in origin.

7.5 Summary

The inputs to the final fits of this analysis are the simulated signal model and the data-

driven background model. The uncertainty on the background model is accounted for

using the discrete profiling method, where the choice of background function is treated

as a nuisance parameter. The signal model is parametric in mH , with the contribu-

tion from each stage 1 bin in each analysis category modelled separately. There are

numerous uncertainties included in the signal model, which either affect the shape of

the signal mass distribution or the event yield. An illustration of the impact of the

systematic uncertainties on different signal strength measurements, from the previous

CMS H → γγ analysis documented in Ref. [1], is shown in Figure 7.6. The systematic

uncertainties with the greatest impact on the inclusive Higgs boson signal strength are

the photon identification uncertainty and theoretical sources relating to ggH produc-
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Results

8.1 Introduction

The principal aim of this analysis is to measure Higgs boson simplified template cross

sections, at both stage 0 and stage 1, and their associated uncertainties. This is

achieved by performing a simultaneous fit of the signal and background models to

the observed mγγ distribution in each category. A binned maximum likelihood fit is

performed in the range 100 < mγγ < 180GeV, with a bin size of 250MeV; this is

sufficiently small relative to the diphoton mass resolution that a negligible amount of

information is lost.

The likelihood function in each category, Lc, is expressed as:

Lc(data |~σ,mH , ~θ) =

Nb
∏

i=1

Poisson
(

di | si(~σ,mH , ~θ) + bi(~θ)
)

× C(~θ), (8.1)

where ~σ is the set of parameters of interest (POIs), which in this analysis are always a

set of one or more cross section parameters; ~θ is the set of nuisance parameters which

affect the measurements but are not themselves of interest; Nb is the number of bins

used in the category’s mγγ distribution; Poisson indicates a Poisson function evaluated

with the observed number of events in the ith bin di and expected number of events

given by the sum of the signal expectation si and the background expectation bi; C(~θ)

is the constraint term which penalises deviations from the expected values of the signal

nuisance parameters, and applies a penalisation term according to the total number of

degrees of freedom in the background model. The expected number of signal events in

each bin depends on the POIs, mH , and the nuisance parameters, whilst the expected

number of background events depends only on unconstrained nuisance parameters.

The total likelihood L is then given by the product of the likelihoods over all

115
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categories:

L(data |~σ,mH , ~θ) =

Nc
∏

c=1

Lc(data |~σ,mH , ~θ), (8.2)

where Nc is the total number of analysis categories. The fit is then performed by

minimising the value of the negative log-likelihood, 2NLL, where

2NLL = −2 lnL(data |~σ,mH , ~θ). (8.3)

The free parameters in the fit are the parameters of interest, mH, and the background

nuisance parameters; the signal nuisance parameters can vary but are constrained

by the C(θ) term. The 2NLL is constructed and minimised numerically within the

RooFit [102] software package for statistical data analysis. The values of the param-

eters which give the minimum value of the 2NLL are then described as the “best-fit”

values.

A frequentist approach is followed in order to extract the uncertainties on the

POIs, in addition to their best-fit values. The likelihood ratio test statistic, 2∆NLL,

is constructed for a range of POI values:

2∆NLL = −2 ln
L(data |~σ, ˆ̂mH ,

~̂
θ̂)

L(data | ~̂σ, m̂H ,
~̂
θ)
, (8.4)

where ˆ̂mH and
~̂
θ̂ are the best-fit values of the Higgs boson mass and nuisance param-

eters at the POI values ~σ; ~̂σ, m̂H , and
~̂
θ are the global best-fit values of the POIs,

Higgs boson mass, and nuisance parameters respectively. The distribution of the like-

lihood ratio test statistic can then be used to infer the approximate uncertainties on

the measurements. For a sufficient number of events, the distribution tends to that

of a χ2 [76], where the number of degrees of freedom is equal to the number of POIs

being measured. In this case, the 68% confidence level (CL) intervals are given ap-

proximately by the corresponding region for a χ2 distribution, which depends on the

number of degrees of freedom. For a single POI, the region is defined by 2∆NLL < 1.

The interpretation of the 68% CL intervals within the frequentist paradigm is that in

an ensemble of identical pseudo-experiments, the observed interval should contain the

true value of the POI in 68% of cases. The crossing points of the 2∆NLL at ±1 are

therefore quoted as the 68% CL uncertainties on the POI in question.

In this analysis, the POIs considered are Higgs boson simplified template cross

sections, which are defined at various levels of granularity and denoted by the symbol

σ. The stage 0 cross sections are equivalent to the sum of the individual stage 1
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cross sections. This makes clear that parameters can be defined as sums of different

STXS bins, not just individual bins themselves. Measuring a wider set of STXS bins

provides more information, but the uncertainties are correspondingly larger than if

fewer parameters are measured. Therefore in this section results are reported under

various scenarios, with between one and thirteen POIs in total.

In each case, the fit is performed with cross sections as the parameters of interest.

After each cross section has been measured, the value is divided by the SM prediction.

This procedure differs from that used to measure a signal strength µ, as defined in

Chapter 2, where the parameter in the fit is the ratio of the observed cross section to

the SM prediction. The key difference between the two is that in the signal strength

measurements, the uncertainty on the SM prediction must be considered in the fit

because it enters directly in the denominator of the parameter of interest. In contrast,

the STXS measurements do not include these uncertainties on the SM yield; the mea-

sured cross sections do not directly depend on the SM prediction. This ensures the

measurements are as independent as possible of the current SM predictions and their

uncertainties, which means they remain useful if theoretical advances are made in the

future.

In the following section, the observed diphoton mass distribution and the compo-

sition of the analysis categories are presented. The remainder of chapter describes the

results of stage 0 and stage 1 measurements within the STXS framework. All results

were first reported in Ref. [4].

8.2 Observed diphoton mass distributions

The observed diphoton mass distribution is displayed together with the result of a

signal plus background fit in Figure 8.1. The fit contains one signal parameter, which

includes all signal events where |yH |< 2.5. The fit is performed simultaneously to all

analysis categories. In the plot, each category is summed with a weight corresponding

to the ratio of signal events to background events. The uncertainty on the background

prediction is also shown. The signal peak due to Higgs boson production is clearly

visible.

The result of the same single parameter fit is also shown in Figure 8.2. In this

case, only certain subsets of categories are included in the sum. The mγγ distributions

for the weighted sum of the categories targeting ggH 0J, ggH 1J, ggH 2J, and VBF

production are shown. The plots indicate the total number of events and approximate

signal to background ratio for the different processes targeted in this analysis.

The full set of unweighted diphoton mass distributions for each category considered
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in the analysis are contained in Appendix A.

8.3 Composition of analysis categories

All analysis categories are contaminated, to varying extents, by background events

and other signal processes which are not being targeted. The level of contamination

then affects the sensitivity of the analysis when the final fits are performed. Tables 8.1

and 8.2 show the expected number of signal events for the 2016 and 2017 datasets

respectively. The relative contribution to each category from each of the individual

stage 0 bins is shown, together with the σeff and σHM (the FWHM divided by 2.35)

for the category’s signal model. Also reported is the expected number of background

events per GeV in a ±1σeff window around 125GeV, calculated using the best-fit

background function. The table illustrates how the ratio of expected ratio of signal to

signal plus background events (S/S+B) is highest in the “Tag 0” categories, with lower

S/S+B values but a greater number of events overall as the tag number increases.

The signal composition of the analysis categories in terms of the stage 1 bins

being targeted is shown in Figures 8.3 and 8.4. The contribution of each bin to the

total number of expected signal events in a category is displayed, meaning the values

in each row sum to 100%. In general the migration between categories due to mis-

measurement of pγγT is very low, whilst there are significantly higher migrations arising

from jet counting.
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8.4 Results in the STXS framework

Results in the STXS framework are presented with three different parameterisations;

for each result the underlying signal bins are grouped into different parameters which

are free to vary in the fit. The recommendations contained in Ref. [20] concerning how

to treat sub-dominant processes are followed in each case. The ggH parameters include

bbH events. The ggZH process is grouped together with leptonic VH production if the

Z boson decays leptonically, and with ggH otherwise. The hadronic VH processes are

grouped with VBF production to form the qqH parameters. In each fit, the ttH, tH,

and VH leptonic parameters are constrained to their SM prediction. This is neces-

sary since there are no categories targeting these production modes, and therefore the

parameters would be almost unconstrained and cause increased uncertainties in the

other parameters of interest. In all fits the mass of the Higgs boson is profiled.

8.4.1 Stage 0 cross sections

Measurements of stage 0 STXS bins are performed in a fit with two parameters, ggH

and qqH. The resulting cross sections, relative to the SM prediction, are found to be

σggH/σ
SM
ggH = 1.15± 0.15 and σqqH/σ

SM
qqH = 0.83+0.37

−0.31. The individual likelihood scans

are shown in Figures 8.5 and 8.6. Two scans are shown, one corresponding to the full

fit and one corresponding to the fit without systematic uncertainties. The systematic

component of the uncertainty is then determined by subtracting the statistical com-

ponent from the total uncertainty. In both measurements the statistical component of

the uncertainty is greater than the systematic component. However for the ggH cross

section, the magnitude of each is comparable. With the full Run 2 dataset, which will

increase the available integrated luminosity to around 137 fb−1, the ggH measurement

is likely to become systematics-dominated.

8.4.2 Stage 1 cross sections

Two different measurements are performed at stage 1 of the STXS framework. In both

cases, some stage 1 bins are merged in order to improve the statistical sensitivity of the

measurement. In the first fit, the definition of parameters is motivated by merging as

few bins as possible whilst maintaining the uncertainty on each parameter at less than

100% of the SM predicted value. This results in a total of seven signal parameters.

There are six ggH parameters, of which four correspond to a single stage 1 bin; these

are the zero-jet (0J), one-jet low (1J low), medium (1J med), and high (1J high) pHT
bins. The two-jet or greater parameter (GE2J) groups together five individual stage

1 bins, comprising the low, medium and high pHT bins as well as the two VBF-like
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Figure 8.5: The results of a two-parameter fit in the STXS framework, showing the scan of
the profiled likelihood ratio in the ggH cross section. All ggH bins are grouped
together in the fit to form one parameter, with all VBF bins comprising the
second parameter. The ggH parameter includes bbH components, while the
qqH parameter includes the hadronic VH contribution. The ttH, tH and VH
leptonic processes are constrained to the SM prediction. The solid black line
shows the full scan, whilst the dashed green line shows the scan without any
systematic uncertainties included.
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Figure 8.6: The results of a two-parameter fit in the STXS framework, showing the scan of
the profiled likelihood ratio in the qqH cross section. All ggH bins are grouped
together in the fit to form one parameter, with all VBF bins comprising the
second parameter. The ggH parameter includes bbH components, while the
qqH parameter includes the hadronic VH contribution. The ttH, tH and VH
leptonic processes are constrained to the SM prediction. The solid black line
shows the full scan, whilst the dashed green line shows the scan without any
systematic uncertainties included.
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bins. The ggH BSM parameter is the sum of the one-jet and two-jet BSM bins where

pHT > 200GeV. Finally, the qqH parameter is unchanged from stage 0; all five bins are

grouped together. The results of this seven-parameter fit are shown in Figure 8.7. The

observed 68% CL intervals for each parameter are compared to the SM predictions and

their associated uncertainties. There is very good agreement with the SM; the p-value

with respect to the SM hypothesis is approximately 64%. Furthermore, for several

parameters, the experimental precision is less than a factor of three greater than the

theoretical uncertainty on the SM prediction.
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Figure 8.7: The results of a seven-parameter fit in the STXS framework. The ggH 1J and
2J BSM bins are grouped together in the fit; the remaining five ggH bins with
two or more jets are also grouped. All five VBF bins are grouped together. The
ggH parameters include bbH components, while the qqH parameter includes the
hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Cross section ratios are shown with
approximate 68% CL intervals (black points), and compared to the SM
expectations and their uncertainties (blue bands). The compatibility of this fit
with the SM prediction, expressed as a p-value with respect to the SM, is
approximately 64%. Figure first shown in Ref. [4].

In the second measurement at stage 1, the fit contains thirteen signal parameters.

This choice represents the minimal possible merging of bins whilst retaining a reason-

able sensitivity of less than around 200% of the SM prediction. Nine of the parameters
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correspond to individual ggH stage 1 bins; the only merged ggH parameter is the

so-called ggH VBF-like parameter, where the 2J-like and 3J-like ggH VBF-like bins

are grouped together. For qqH, the 2J-like and 3J-like parameters represent individual

bins, while the “qqH other” parameter is composed of the VH-like, Rest and BSM bins.

The resulting cross sections relative to the corresponding SM predictions are shown in

Figure 8.8. In the fit all parameters are constrained to be non-negative – this is neces-

sary to ensure the fit converges. The parameters whose best-fit values are constrained

to be zero are known to have 68% CL intervals which slightly under-cover. This is

checked and confirmed using an ensemble of pseudo-experiments. Therefore the com-

patibility of those parameters with the SM prediction is higher than the quoted 68%

CL intervals would imply. The compatibility of the thirteen-parameter fit with the SM

prediction, expressed as a p-value with respect to the SM hypothesis, is approximately

18%.

In addition to the best-fit values and 68% CL intervals of each fit, the correlation

between parameters is reported. The correlation matrices are essential for reinter-

pretation of the measurements. The observed correlations between the signal param-

eters are therefore shown for the seven-parameter and thirteen-parameter scenarios

in Figures 8.9 and 8.10 respectively. In the seven-parameter fit, the magnitudes of

the correlations are generally small. The contamination from ggH 0J events in the

1J low categories results in a slightly higher anti-correlation, whilst the difficulty in

distinguishing ggH 2J production from VBF is illustrated in the high anti-correlation

between the ggH 2J and qqH parameters. The thirteen-parameter fit displays higher

correlation values, partly due to the low sensitivity to the qqH other parameter.
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Figure 8.8: The results of a thirteen-parameter fit in the STXS framework. The two
VBF-like ggH bins are grouped to form one parameter, as are the VBF
BSM-like, VH-like and Rest bins. No further merging is performed. The ggH
parameters include bbH components, while the qqH parameters include the
hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Cross section ratios are shown with
approximate 68% CL intervals (black points) and compared to the SM
expectations and their uncertainties (blue bands). The cross section ratios are
constrained to be non-negative, as indicated by the vertical line and hashed
pattern. The parameters whose best-fit values are at zero are known to have
68% CL intervals which slightly under-cover; this is checked using
pseudo-experiments. The compatibility of this fit with the SM prediction,
expressed as a p-value with respect to the SM, is approximately 18%. Figure
first shown in Ref. [4].
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Figure 8.9: Observed correlations in a seven-parameter fit in the STXS framework. The
ggH 1J and 2J BSM bins are grouped together in the fit; the remaining five ggH
bins with two or more jets are also grouped. All five VBF bins are grouped
together. The ggH parameters include bbH components, while the qqH
parameter includes the hadronic VH contribution. The ttH, tH and VH
leptonic processes are constrained to the SM prediction. The size of the
correlation is indicated by the colour scale. Figure first shown in Ref. [4].
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Figure 8.10: Observed correlations in a thirteen-parameter fit in the STXS framework. The
two VBF-like ggH bins are grouped to form one parameter, as are the VBF
BSM-like, VH-like and Rest bins. No further merging is performed. The ggH
parameters include bbH components, while the qqH parameters include the
hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. The size of the correlation is indicated by
the colour scale. Figure first shown in Ref. [4].



8.5. Summary 133

8.5 Summary

Measurements of cross sections at various levels of granularity within the STXS frame-

work have been presented. At stage 0, two parameters corresponding to ggH pro-

duction and electroweak qqH production are measured, with the observed values

σggH/σ
SM
ggH = 1.15 ± 0.15 and σqqH/σ

SM
qqH = 0.83+0.37

−0.31 highly consistent with the SM

prediction. At stage 1, two different fits with seven and thirteen signal parameters re-

spectively are performed. Both are consistent with the SM; the compatibility in terms

of p-values with respect to the SM hypothesis are 64% and 18% respectively.

The results at stage 1 of the STXS framework are summarised in Tables 8.3 and

8.4, where the measured cross section of each parameter is shown together with the

SM prediction. A breakdown of the uncertainties is also provided, with the total

uncertainty split into its statistical, experimental, and theoretical components.

In this analysis, based upon the datasets collected by CMS in 2016 and 2017, no

significant deviations from the SM predictions are observed. The size of the uncertain-

ties on stage 1 cross sections is still relatively large, and there is the scope for these

to be substantially reduced in the near future. This will be achieved by analysing the

data collected during 2018, and then combining the results of multiple decay channels.

It is likely that the precision of some combined stage 1 cross section measurements

will be comparable to the theoretical uncertainty on the SM prediction, which neces-

sitates an effort to improve the theoretical predictions. Furthermore, the statistical

component of the uncertainties will decrease; in some cases, this will lead to systematic

uncertainties limiting the measurement sensitivity. Therefore an important aspect of

future analyses will be in understanding and minimising the impact of these systematic

uncertainties. This will become crucial in the longer term, with Run 3 of the LHC

due to commence in 2021, and the HL-LHC due to eventually provide an integrated

luminosity of 3000 fb−1 by 2040. With these datasets, stringent tests of the SM at the

level of a few per-cent are expected to be feasible [64].



134 Chapter 8. Results

Signal parameter
Cross section (fb)

σ/σSM
Uncertainty on σ/σSM

SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61± 3 72± 12 1.18 +0.20
−0.20

+0.18
−0.18

+0.10
−0.08

+0.06
−0.05

ggH 1J low 15± 2 21+9
−8 1.3 +0.6

−0.5
+0.6
−0.5

+0.2
−0.2

+0.2
−0.1

ggH 1J med 10± 1 7.6+4.3
−4.1 0.7 +0.4

−0.4
+0.4
−0.4

+0.1
−0.1

+0.1
−0.0

ggH 1J high 1.7± 0.3 2.9+1.6
−1.1 1.7 +0.9

−0.7
+0.8
−0.6

+0.3
−0.2

+0.2
−0.1

ggH 2J 11± 2 8.4+6.1
−5.7 0.8 +0.6

−0.5
+0.5
−0.5

+0.1
−0.1

+0.3
−0.1

ggH BSM 1.3± 0.4 2.9+1.1
−1.0 2.2 +0.8

−0.8
+0.6
−0.6

+0.4
−0.3

+0.3
−0.2

qqH 11± 1 9.1+4.7
−3.0 0.8 +0.4

−0.3
+0.4
−0.3

+0.2
−0.1

+0.1
−0.0

Table 8.3: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J
BSM bins are grouped together in the fit; the remaining five ggH bins with two
or more jets are also grouped. All five VBF bins are grouped together. The ggH
parameters include bbH components, while the qqH parameter includes the
hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Both the measured value and the standard
model prediction for the product of the cross section and branching ratio are
shown. The ratio of the measured cross section to the SM prediction is also
shown, together with its uncertainty. In addition, the statistical, experimental,
and theoretical components of the uncertainty on each parameter are reported.
Table first shown in Ref. [4].
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Signal parameter
Cross section (fb)

σ/σSM
Uncertainty on σ/σSM

SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61± 3 72± 12 1.17 +0.20
−0.20

+0.18
−0.18

+0.08
−0.07

+0.06
−0.04

ggH 1J low 15± 2 24+10
−9 1.5 +0.7

−0.6
+0.6
−0.5

+0.2
−0.1

+0.2
−0.1

ggH 1J med 10± 1 5.1+4.7
−4.3 0.5 +0.5

−0.4
+0.4
−0.4

+0.1
−0.1

+0.1
−0.0

ggH 1J high 1.7± 0.3 3.4+1.6
−1.2 2.0 +1.0

−0.7
+0.8
−0.7

+0.3
−0.1

+0.4
−0.2

ggH 1J BSM 0.4± 0.1 0.6+0.6
−0.5 1.8 +1.7

−1.5
+1.5
−1.4

+0.3
−0.2

+0.4
−0.1

ggH 2J low 2.9± 0.7 0.8+4.2
−0.8 0.3 +1.5

−0.3
+1.4
−0.3

+0.3
−0.1

+0.3
−0.0

ggH 2J med 4.6± 1.0 12± 5 2.6 +1.1
−1.1

+1.0
−1.0

+0.3
−0.2

+0.4
−0.3

ggH 2J high 2.3± 0.6 1.3+1.9
−1.3 0.6 +0.8

−0.6
+0.7
−0.6

+0.2
−0.1

+0.3
−0.0

ggH 2J BSM 1.0± 0.3 2.7+1.1
−1.2 2.8 +1.1

−1.2
+0.8
−1.0

+0.3
−0.3

+0.5
−0.4

ggH VBF-like 1.5± 0.5 0.0+0.8
−0 0.0 +0.5

−0.0
+0.5
−0.0

+0.2
−0.0

+0.1
−0.0

qqH 2J-like 2.1± 0.1 2.6+1.3
−0.8 1.3 +0.6

−0.5
+0.4
−0.4

+0.4
−0.3

+0.1
−0.1

qqH 3J-like 0.8± 0.03 0.0+0.5
−0 0.0 +0.7

−0.0
+0.6
−0.0

+0.2
−0.0

+0.0
−0.0

qqH other 8.2± 0.6 0+14
−0 0.0 +1.7

−0.0
+1.6
−0.0

+0.6
−0.0

+0.2
−0.0

Table 8.4: The results of a thirteen-parameter fit in the STXS framework. The two
VBF-like ggH bins are grouped to form one parameter, as are the VBF
BSM-like, VH-like and Rest bins. No further merging is performed. The ggH
parameters include bbH components, while the qqH parameters include the
hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Both the measured value and the standard
model prediction for the product of the cross section and branching ratio are
shown. The ratio of the measured cross section to the SM prediction is also
shown, together with its uncertainty. In addition, the statistical, experimental,
and theoretical components of the uncertainty on each parameter are reported.
Table first shown in Ref. [4].
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Conclusions

Measurements of Higgs boson production cross sections are performed using 77.4 fb−1

of data at
√
s = 13TeV collected by the CMS experiment at the LHC. Events with two

photons consistent with the decay of the SM Higgs boson are selected and subsequently

categorised using kinematic variables, the diphoton BDT, and the dijet BDT. Models of

the signal and background contributions to the diphoton invariant mass distribution

in each analysis category are constructed as inputs to the final fits from which the

results of the analysis are extracted. The results are presented as measurements of

cross sections within the STXS framework; the best-fit values and their uncertainties

are estimated with an approach based on the profile likelihood ratio test statistic.

The observed measurements are all consistent with the hypothesis of a SM Higgs

boson. Cross sections for gluon fusion and vector boson fusion production, relative

to the corresponding standard model predictions, are measured to be 1.15± 0.15 and

0.83+0.37
−0.31 respectively [4]. Two additional measurements are performed with a mixture

of merged and unmerged stage 1 STXS bins as the parameters of interest. In the

first case, seven signal parameters are defined, each with a measured uncertainty of

less than 100% of the cross section predicted by the SM. The second fit has thirteen

signal parameters, all of which are measured to a precision of better than 200% of the

SM prediction. The results of both fits are compatible with the SM; the p-values with

respect to the SM hypothesis are found to be approximately 64% and 18% respectively.

Despite the excellent agreement with the SM, many of the measured uncertain-

ties are still relatively large. This is particularly true for the stage 1 cross section

measurements, for which the uncertainties are currently dominated by the statistical

component. Plausible BSM theories often predict that Higgs coupling parameters de-

viate from the SM at the per-cent level [103]. The STXS framework is well-suited to

systematically characterising any possible deviations from the SM, for example within

effective field theories [104]. Furthermore, in the near future combinations of analyses

137
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using the full LHC Run 2 dataset will be performed. Inputs will include results from

the various decay channels and from different experiments, resulting in significant im-

provements in the precision of stage 1 cross section measurements. In many cases, it

is likely that the magnitude of the uncertainties will be comparable to both the errors

on the SM theoretical predictions and the experimental systematic uncertainties on

the measurements. Further progress will require advancement in experimental tech-

niques and understanding of collected data, as well as dedicated efforts to improve the

accuracy of SM predictions.

In the longer term, Run 3 of the LHC and subsequently the Phase 2 upgrade

to the HL-LHC will provide unprecedented amounts of data. There are significant

experimental challenges to be met in order for these data to remain of the same quality

as those collected during Run 2. One aspect of the CMS Phase 2 upgrade is the

HGCAL, which brings exciting possibilities for novel reconstruction techniques that

have only begun to be explored. In addition to facilitating improved precision on

existing measurements in the Higgs sector [64], the HL-LHC will enable entirely new

measurements to be made. For example, the nature of the Higgs potential has not

yet been confirmed experimentally. This can be measured directly by searching for

events in which two Higgs bosons are produced, but can also be accessed indirectly,

for example by precisely measuring differential distributions of single Higgs boson

production [105]. A multitude of other further measurements will also be possible,

including observing rare Higgs boson decay modes.

In summary, there is huge potential for further progress in Higgs boson measure-

ments at the LHC. Performing optimal measurements will require a sustained and

dedicated experimental effort to understand the data and reduce systematic uncer-

tainties, as well as adopting new and innovative analysis techniques. Progress on the

theoretical side will also be necessary to keep the uncertainties on the SM predictions

below the experimental precision. In doing so, the SM will be tested as thoroughly as

possible. Hopefully, insights into how to address its shortcomings will be found, and

our fundamental understanding of the universe improved.



Appendix A

Observed diphoton mass

distributions
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Figure A.1: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.2: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.3: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.4: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.5: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.6: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.7: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.8: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.9: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background contribution.
The dashed red line shows the contribution from the background component of
the fit. The bottom plot shows the residuals after subtraction of this
background component.
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Figure A.10: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background
contribution. The dashed red line shows the contribution from the
background component of the fit. The bottom plot shows the residuals after
subtraction of this background component.
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Figure A.11: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background
contribution. The dashed red line shows the contribution from the
background component of the fit. The bottom plot shows the residuals after
subtraction of this background component.
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Figure A.12: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background
contribution. The dashed red line shows the contribution from the
background component of the fit. The bottom plot shows the residuals after
subtraction of this background component.
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Figure A.13: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background
contribution. The dashed red line shows the contribution from the
background component of the fit. The bottom plot shows the residuals after
subtraction of this background component.
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Figure A.14: Data points (black) and signal plus background model fit are shown. The one
standard deviation (green) and two standard deviation (yellow) bands include
the uncertainties in the background component of the fit. The solid red line
shows the contribution from the total signal, plus the background
contribution. The dashed red line shows the contribution from the
background component of the fit. The bottom plot shows the residuals after
subtraction of this background component.
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[48] C. Lefèvre. The CERN accelerator complex. Tech. rep. CERN-DI-0812015.

Geneva: CERN, Dec. 2008. url: https://cds.cern.ch/record/1260465.

[49] LHCb Collaboration. “The LHCb Detector at the LHC”. In: Journal of In-

strumentation 3.08 (2008), S08005. url: http://stacks.iop.org/1748-

0221/3/i=08/a=S08005.

[50] ALICE Collaboration. “The ALICE experiment at the CERN LHC”. In: Jour-

nal of Instrumentation 3.08 (2008), S08002. url: http://stacks.iop.org/

1748-0221/3/i=08/a=S08002.

[51] B. Acharya et al. “The Physics Programme Of The MoEDAL Experiment At

The LHC”. In: Int. J. Mod. Phys. A29 (2014), p. 1430050. doi: 10.1142/

S0217751X14300506. arXiv: 1405.7662 [hep-ph].

[52] The TOTEM Collaboration. “The TOTEM Experiment at the CERN Large

Hadron Collider”. In: Journal of Instrumentation 3.08 (2008), S08007. doi:

10.1088/1748-0221/3/08/s08007. url: https://doi.org/10.1088%2F1748-

0221%2F3%2F08%2Fs08007.



160 Bibliography

[53] E. Berti et al. “The LHCf experiment: present status and physics results”. In:

2017. arXiv: 1710.03991 [hep-ex].

[54] CMS Collaboration. CMS Luminosity - Public Results. http://twiki.cern.

ch/twiki/bin/view/CMSPublic/LumiPublicResults.

[55] T. Sakuma and T. McCauley. Detector and Event Visualization with SketchUp

at the CMS Experiment. 2014. url: http://stacks.iop.org/1742-6596/

513/i=2/a=022032.

[56] CMS Collaboration. “Description and performance of track and primary-vertex

reconstruction with the CMS tracker”. In: JINST 9.10 (2014), P10009. doi:

10.1088/1748-0221/9/10/P10009. arXiv: 1405.6569 [physics.ins-det].

[57] CMS Collaboration. CMS Technical Design Report for the Pixel Detector

Upgrade. Tech. rep. CERN-LHCC-2012-016. CMS-TDR-11. Sept. 2012. url:

https://cds.cern.ch/record/1481838.

[58] A. Benaglia. “The CMS ECAL performance with examples”. In: Journal of

Instrumentation 9.02 (2014), p. C02008. url: http://stacks.iop.org/1748-

0221/9/i=02/a=C02008.

[59] The CMS hadron calorimeter project: Technical Design Report. Technical De-

sign Report CMS. Geneva: CERN, 1997.

[60] CMS Collaboration. “Performance of the CMS muon detector and muon re-

construction with proton-proton collisions at
√
s = 13 TeV”. In: JINST 13.06

(2018), P06015. doi: 10.1088/1748-0221/13/06/P06015. arXiv: 1804.04528

[physics.ins-det].

[61] CMS Collaboration. “The CMS trigger system”. In: JINST 12.01 (2017),

P01020. doi: 10 . 1088 / 1748 - 0221 / 12 / 01 / P01020. arXiv: 1609 . 02366

[physics.ins-det].

[62] D. Barney. “CMS Detector Slice”. CMS Collection. Jan. 2016. url: https:

//cds.cern.ch/record/2120661.

[63] G. Apollinari et al. “High Luminosity Large Hadron Collider HL-LHC”. In:

CERN Yellow Report 5 (2015), pp. 1–19. doi: 10.5170/CERN-2015-005.1.

arXiv: 1705.08830 [physics.acc-ph].

[64] ATLAS and CMS Collaborations. “Report on the Physics at the HL-LHC and

Perspectives for the HE-LHC”. In: HL/HE-LHC Physics Workshop: final jam-

boree Geneva, CERN, March 1, 2019. 2019. arXiv: 1902.10229 [hep-ex].



Bibliography 161

[65] D Contardo et al. Technical Proposal for the Phase-II Upgrade of the CMS

Detector. Tech. rep. CERN-LHCC-2015-010. LHCC-P-008. CMS-TDR-15-02.

Geneva, June 2015. url: https://cds.cern.ch/record/2020886.

[66] CMS Collaboration. Technical proposal for a MIP timing detector in the CMS

experiment Phase 2 upgrade. Tech. rep. CERN-LHCC-2017-027. LHCC-P-009.

Geneva: CERN, Dec. 2017. url: https://cds.cern.ch/record/2296612.

[67] CMS Collaboration. The Phase-2 Upgrade of the CMS Tracker. Tech. rep.

CERN-LHCC-2017-009. CMS-TDR-014. Geneva: CERN, June 2017. url:

https://cds.cern.ch/record/2272264.

[68] CMS Collaboration. The Phase-2 Upgrade of the CMS Barrel Calorimeters.

Tech. rep. CERN-LHCC-2017-011. CMS-TDR-015. Geneva: CERN, Sept. 2017.

url: https://cds.cern.ch/record/2283187.

[69] CMS Collaboration. The Phase-2 Upgrade of the CMS Muon Detectors. Tech.

rep. CERN-LHCC-2017-012. CMS-TDR-016. Geneva: CERN, Sept. 2017. url:

https://cds.cern.ch/record/2283189.

[70] CMS Collaboration. The Phase-2 Upgrade of the CMS L1 Trigger Interim

Technical Design Report. Tech. rep. CERN-LHCC-2017-013. CMS-TDR-017.

Geneva: CERN, Sept. 2017. url: https://cds.cern.ch/record/2283192.

[71] CMS Collaboration. The Phase-2 Upgrade of the CMS DAQ Interim Techni-

cal Design Report. Tech. rep. CERN-LHCC-2017-014. CMS-TDR-018. Geneva:

CERN, Sept. 2017. url: https://cds.cern.ch/record/2283193.

[72] CMS Collaboration. “Particle-flow reconstruction and global event description

with the CMS detector”. In: JINST 12.10 (2017), P10003. doi: 10.1088/1748-

0221/12/10/P10003. arXiv: 1706.04965 [physics.ins-det].

[73] A. Rodriguez and A. Laio. “Clustering by fast search and find of density peaks”.

In: Science 344.6191 (2014), pp. 1492–1496. issn: 0036-8075. doi: 10.1126/

science.1242072. url: http://science.sciencemag.org/content/344/

6191/1492.

[74] CMS Collaboration. “Performance of Photon Reconstruction and Identification

with the CMS Detector in Proton-Proton Collisions at sqrt(s) = 8 TeV”. In:

JINST 10.08 (2015), P08010. doi: 10.1088/1748-0221/10/08/P08010. arXiv:

1502.02702 [physics.ins-det].



162 Bibliography

[75] ATLAS Collaboration. “Light-quark and gluon jet discrimination in pp col-

lisions at
√
s = 7 TeV with the ATLAS detector”. In: Eur. Phys. J. C74.8

(2014), p. 3023. doi: 10.1140/epjc/s10052-014-3023-z. arXiv: 1405.6583

[hep-ex].

[76] G. Cowan et al. “Asymptotic formulae for likelihood-based tests of new physics”.

In: Eur. Phys. J. C71 (2011). [Erratum: Eur. Phys. J.C73,2501(2013)], p. 1554.

doi: 10.1140/epjc/s10052-011-1554-0,10.1140/epjc/s10052-013-2501-

z. arXiv: 1007.1727 [physics.data-an].

[77] CALICE Collaboration. “Tests of a particle flow algorithm with CALICE test

beam data”. In: JINST 6 (2011), P07005. doi: 10.1088/1748-0221/6/07/

P07005. arXiv: 1105.3417 [physics.ins-det].

[78] J. Alwall et al. “The automated computation of tree-level and next-to-leading

order differential cross sections, and their matching to parton shower simula-

tions”. In: JHEP 07 (2014), p. 079. doi: 10.1007/JHEP07(2014)079. arXiv:

1405.0301 [hep-ph].

[79] T. Sjostrand, S. Mrenna, and P. Z. Skands. “A Brief Introduction to PYTHIA

8.1”. In: Comput. Phys. Commun. 178 (2008), pp. 852–867. doi: 10.1016/j.

cpc.2008.01.036. arXiv: 0710.3820 [hep-ph].

[80] K. Hamilton et al. “NNLOPS simulation of Higgs boson production”. In:

JHEP 10 (2013), p. 222. doi: 10.1007/JHEP10(2013)222. arXiv: 1309.0017

[hep-ph].

[81] C. Oleari. “The POWHEG-BOX”. In: Nucl. Phys. Proc. Suppl. 205-206 (2010),

pp. 36–41. doi: 10.1016/j.nuclphysbps.2010.08.016. arXiv: 1007.3893

[hep-ph].

[82] T. Gleisberg et al. “Event generation with SHERPA 1.1”. In: JHEP 02 (2009),

p. 007. doi: 10.1088/1126-6708/2009/02/007. arXiv: 0811.4622 [hep-ph].

[83] S. Agostinelli et al. “GEANT4: A Simulation toolkit”. In: Nucl. Instrum. Meth.

A506 (2003), pp. 250–303. doi: 10.1016/S0168-9002(03)01368-8.

[84] M. Cacciari, G. Salam, and G. Soyez. “The anti- k t jet clustering algorithm”. In:

Journal of High Energy Physics 2008.04 (2008), p. 063. url: http://stacks.

iop.org/1126-6708/2008/i=04/a=063.

[85] CMS Collaboration. “Jet energy scale and resolution in the CMS experiment in

pp collisions at 8 TeV”. In: JINST 12.02 (2017), P02014. doi: 10.1088/1748-

0221/12/02/P02014. arXiv: 1607.03663 [hep-ex].



Bibliography 163

[86] CMS Collaboration. “Measurement of the associated production of a Higgs

boson and a pair of top-antitop quarks with the Higgs boson decaying to two

photons in proton-proton collisions at
√
s = 13 TeV”. In: (2018).

[87] CMS Collaboration. “Performance of Electron Reconstruction and Selection

with the CMS Detector in Proton-Proton Collisions at
√
s = 8 TeV”. In: JINST

10.06 (2015), P06005. doi: 10.1088/1748-0221/10/06/P06005. arXiv: 1502.

02701 [physics.ins-det].

[88] T. Hastie, R. Tibshirani, and J. Friedman. The Elements of Statistical Learning.

Springer, 2009. isbn: 9780387848587.

[89] C. Anastasiou et al. “Higgs boson gluon-fusion production in QCD at three

loops”. In: Phys. Rev. Lett. 114 (2015), p. 212001. doi: 10.1103/PhysRevLett.

114.212001. arXiv: 1503.06056 [hep-ph].

[90] C. Anastasiou et al. “High precision determination of the gluon fusion Higgs

boson cross-section at the LHC”. In: JHEP 05 (2016), p. 058. doi: 10.1007/

JHEP05(2016)058. arXiv: 1602.00695 [hep-ph].

[91] T. Chen and C. Guestrin. “XGBoost: A Scalable Tree Boosting System”. In:

CoRR abs/1603.02754 (2016). arXiv: 1603.02754. url: http://arxiv.org/

abs/1603.02754.

[92] Jack Wright. “Study of Higgs boson production through vector boson fusion at

the CMS experiment using a dense convolutional neural network”. PhD thesis.

Imperial College London, 2018.

[93] P. Dauncey et al. “Handling uncertainties in background shapes: the discrete

profiling method”. In: JINST 10.04 (2015), P04015. doi: 10.1088/1748-0221/

10/04/P04015. arXiv: 1408.6865 [physics.data-an].

[94] Louie Corpe. “Study of Higgs boson production through its decay to two pho-

tons using data collected at a centre-of-mass energy of 13 TeV with the CMS

detector”. PhD thesis. Imperial College London, 2017.

[95] R. Fisher. “On the interpretation of χ2 from contingency tables, and the cal-

culation of P”. In: Journal of the Royal Statistical Society 85.1 (1922), pp. 87–

94.

[96] J. Butterworth et al. “PDF4LHC recommendations for LHC Run II”. In: J.

Phys. G43 (2016), p. 023001. doi: 10.1088/0954-3899/43/2/023001. arXiv:

1510.03865 [hep-ph].

[97] R. Ball et al. “Parton distributions for the LHC Run II”. In: JHEP 04 (2015),

p. 040. doi: 10.1007/JHEP04(2015)040. arXiv: 1410.8849 [hep-ph].



164 Bibliography

[98] S. Carrazza et al. “An Unbiased Hessian Representation for Monte Carlo

PDFs”. In: Eur. Phys. J. C75.8 (2015), p. 369. doi: 10.1140/epjc/s10052-

015-3590-7. arXiv: 1505.06736 [hep-ph].

[99] CMS Collaboration. CMS Luminosity Measurements for the 2016 Data Taking

Period. Tech. rep. CMS-PAS-LUM-17-001. Geneva: CERN, 2017. url: https:

//cds.cern.ch/record/2257069.

[100] CMS Collaboration. CMS luminosity measurement for the 2017 data-taking pe-

riod at
√
s = 13 TeV. Tech. rep. CMS-PAS-LUM-17-004. Geneva: CERN, 2018.

url: https://cds.cern.ch/record/2621960.

[101] CMS Collaboration. Jet algorithms performance in 13 TeV data. Tech. rep.

CMS-PAS-JME-16-003. Geneva: CERN, 2017. url: https://cds.cern.ch/

record/2256875.

[102] W. Verkerke and D. Kirkby. “The RooFit toolkit for data modeling”. In: eConf

C0303241 (2003). arXiv: physics/0306116 [physics].

[103] S. Dawson et al. “Working Group Report: Higgs Boson”. In: Proceedings, 2013

Community Summer Study on the Future of U.S. Particle Physics: Snowmass

on the Mississippi (CSS2013): Minneapolis, MN, USA, July 29-August 6, 2013.

2013. arXiv: 1310.8361 [hep-ex]. url: http://www.slac.stanford.edu/

econf/C1307292/docs/EnergyFrontier/Higgs-18.pdf.

[104] C. Hays, V. Sanz Gonzalez, and G. Zemaityte. “Constraining EFT parameters

using simplified template cross sections”. In: (Oct. 2017). url: https://cds.

cern.ch/record/2290628.

[105] CMS Collaboration. Constraints on the Higgs boson self-coupling from ttH+tH,

H to gamma gamma differential measurements at the HL-LHC. Tech. rep. CMS-

PAS-FTR-18-020. 2018. url: http://cds.cern.ch/record/2647986.


