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ABSTRACT OF THE DISSERTATION

A search for heavy resonances decaying to a pair of Higgs bosons with leptons and a

bottom quark pair in the final state

by

Brent Stone

Doctor of Philosophy in Physics

University of California, Los Angeles, 2021

Professor David Saltzberg, Chair

This dissertation presents a search for new heavy resonances decaying to a pair of Higgs

bosons in proton-proton collisions at a center-of-mass energy of 13 TeV. The data were col-

lected with the CMS detector at the LHC in 2016–2018, corresponding to an integrated

luminosity of 138 fb−1. Resonances with a mass between 0.8 and 4.5 TeV are considered us-

ing events in which one Higgs boson decays into a bottom quark pair and the other into final

states with either one or two charged leptons. Specifically, the single-lepton decay channel

HH → bb̄WW∗ → bb̄`νqq̄ and the dilepton decay channels HH → bb̄WW∗ → bb̄`ν`ν and

HH → bb̄ττ → bb̄`νν`νν are examined. The signal is extracted using a two-dimensional

maximum likelihood fit of the H→ bb̄ jet mass and HH invariant mass distributions. No sig-

nificant excess above the standard model expectation is observed in data. Model-independent

exclusion limits are placed on the product of the cross section and branching fraction for

narrow spin-0 and spin-2 massive bosons decaying to HH. The results provide the most

stringent limits to date for X→ HH signatures with final-state leptons and at some masses

provide the most sensitive limits of all X→ HH searches.
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CHAPTER 1

Introduction

For thousands of years, humans have explored the notion that matter — all the "stuff" in the

universe — can be broken down repeatedly into smaller units and that at some tiny length

scale, there must exist some unit of matter that is no longer composed of smaller parts.

These units, which have no substructure, are called elementary or fundamental particles,

and the field of particle physics is humanity’s best attempt at explaining their nature and

thus the fundamental nature of matter in the universe.

Particle physics was essentially born with the first observation of an elementary particle,

J. J. Thomson’s discovery of the electron [15]. By 1932, it was clear that electromagnetic

(EM) radiation as described classically by Maxwell was actually quantized into particles

called photons, and a complete atomic picture of matter had been formulated. It seemed that

atoms were fundamentally composed of negatively charged electrons bound by Coulombic

forces to a positively charged nucleus of protons and neutrons.

From the 1930s to the 1970s, deeper questions about the particle nature of matter would

be addressed. Until this point, the question of what held together the protons and neutrons in

the nucleus remained a mystery. This would lead physicists to explore a strong nuclear force

that holds together the atomic nucleus, a pursuit that would reveal a complex landscape of

interactions and new particles. By the end of the 1970s, it was understood that protons and

neutrons were two of many hadrons, composite particles composed of fundamental particles

called quarks. Still there remained puzzling observations that suggested the existence of yet

another force of nature. For example, results from nuclear β-decay experiments seemed to
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suggest the production of an undetectable particle [16]. Furthermore, the observed lifetimes

of some hadrons were roughly a dozen orders of magnitude larger than expected for strongly

interacting particles, suggesting that a weaker nuclear force may be at play. Indeed, such

a theory of weak nuclear interactions was developed from the 1930s through the 1970s. It

revealed that the undetectable particle was the neutrino, which does not interact strongly

or electromagnetically, and explained the lifetime discrepancies observed in hadrons.

In order to understand these fundamental interactions between elementary particles, a

mathematical framework was needed. In the early 20th century, the introduction of quantum

mechanics and special relativity provided more precise descriptions of nature at the smallest

of length scales and the highest of energies, respectively. To best describe subatomic phenom-

ena, a union of both is necessary, and this became accomplished with quantum field theory

(QFT). The quantum field theory of electrodynamics (QED) was the first to be successfully

developed, beginning in the 1930s. QED models EM interactions — like the Coulomb force

binding the electrons and nucleus in the atom — as the exchange of massless photons be-

tween charged particles. Similarly, a quantum field theory of strong nuclear interactions,

called quantum chromodynamics (QCD), predicts the existence of massless force-carrying

bosons called gluons and a "charge" for strong interactions called color. Like in QED, the

strong force between colored particles, which include quarks and gluons, is mediated by the

gluon.

The structure of QED and QCD might suggest that a quantum field theory of weak

nuclear interactions could follow that predicts some weak "charge" and new massless weak

bosons to mediate the force. However, it later became clear that the weak force was in

essence the same as the EM force, except that the force-mediating bosons were massive,

unlike the photon in QED. Physicists successfully unified the two forces into one electroweak

force at higher energies and showed that a mechanism called spontaneous symmetry breaking

(SSB) was responsible for the masses of the force-carrying bosons; this is in essence why the

weak couplings are dwarfed in strength by the EM couplings. A fourth force of nature exists
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as well and is even about a dozen orders of magnitude weaker than the weak nuclear force:

gravity. However, to date there is however no successful quantum field theory of gravitation.

The quantum field theory that collectively describes the electroweak and strong interac-

tions is today known as the standard model (SM). The SM is regarded as a wildly successful

theory; no measurements performed to date at the GeV and TeV scales have been able to

strongly challenge the predictions of the SM. The prediction of the force-carrying bosons of

the electroweak and strong interactions is also not the full picture. The existence of a special

scalar boson is predicted as a result of the SSB of the electroweak interactions — the Higgs

boson (H), with a mass mH that is a free parameter in the SM. For decades the Higgs boson

eluded experimental observation after all other SM particles had been found, and so the

Large Hadron Collider (LHC) was constructed at the European Center for Nuclear Research

(CERN) with the discovery of the Higgs boson as a top priority. In 2012 that pursuit, the

final piece to the SM puzzle, was realized [17–19].

Despite the profound success of the SM, there are several important questions and obser-

vations in nature that are not addressed by the theory. For example, the SM only provides

a description of normal baryonic matter, which accounts for about 5% of the composition of

the mass-energy of the observed universe. The nature of dark matter, accounting for 27%,

and dark energy, accounting for 68%, are not addressed in the SM. The SM also does not

provide insight to the matter-antimatter asymmetry in the universe - that is, why are there

only stable matter particles and no stable antimatter particles in the universe? The SM does

not address gravity since no successful quantum theory exists for it yet, and the SM offers

no insight into many observations in neutrino physics, such as neutrino oscillations [20–22],

which indicate that neutrinos do in fact have mass. It is merely logical to deduce that the SM

is incomplete, and there must be new physical phenomena beyond the SM (BSM) waiting

to be discovered.

This dissertation describes a general, model-independent search for the production of

massive, unstable BSM particles that decay to a pair of Higgs bosons in proton-proton
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(pp) collisions collected by the Compact Muon Solenoid (CMS) detector at the CERN

LHC at a center-of-mass beam energy
√
s = 13 TeV. A number of searches have been

conducted for such diboson resonances by the ATLAS [23–46] and CMS [47–72] Collab-

orations, including resonances decaying to WW, WZ, ZZ, WH, ZH, and HH. Existing

searches for HH resonances in both experiments include the final states of bb̄bb̄, bb̄ττ

(with at least one hadronic τ lepton), and bb̄γγ. In this search, we consider a final state

of the HH decay where one of the Higgs bosons decays to bb̄ and the other Higgs de-

cays into either a single-lepton or dilepton final state. The single-lepton final state is

due to X → HH → bb̄WW∗ → bb̄`νqq̄, and the dilepton final states are due to both

X → HH → bb̄WW∗ → bb̄`ν`ν and X → HH → bb̄ττ → bb̄`νν`νν, where ` in the final

state is either a muon or an electron. In the bb̄WW∗ decays, this search is sensitive to

leptonically decaying τ leptons from W→ τν.

The search considers BSM resonances X in the mass range 0.8 < mX < 4.5 TeV. Because

we consider X bosons that are much heavier than the Higgs boson, the Higgs bosons in

signal events are boosted, and their decay products are typically detected in a collimated

region. The two b quarks from the H → bb̄ decay that is characteristic of both channels

are often produced very close together, and so this decay is reconstructed as a single, large

jet (the bb̄ jet) that has substructure consistent with a two-prong decay. The kinematics of

the boosted system also tend to result in the decay products of the X boson being produced

opposite each other in the transverse plane. Thus, we aim to reconstruct the other Higgs

boson from a collimated collection of other particles that include either one or two leptons

and that is far away from the bb̄ jet. The search is executed in a two-dimensional (2D) plane

constructed from the mass of the bb̄ jet (called mbb̄) and the invariant mass of the two Higgs

boson momenta (called mHH). If it exists, the signal is expected to appear as a bump over

a smoothly falling spectrum, peaking around mH = 125 GeV in the mbb̄ dimension and at

some unknown mass a priori in the mHH dimension.

In the single-lepton (1`) channel, the quarks in the H → WW∗ → `νqq̄ decay are
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reconstructed as a single large jet, referred to as the qq̄ jet. The qq̄ jet is required to have

substructure arising from a two-prong decay and be accompanied by a nearby electron or

muon. The H → WW∗ decay chain is reconstructed from the momenta of the qq̄ jet, the

lepton, and the ~p miss
T that is largely due to the undetectable neutrino. Because the proton

beams are directed along ẑ in the event frame of reference, the missing momentum in the

transverse plane can be inferred from momentum conservation. However, the incoming

momenta of the partons that create the hard collision cannot be known because of the

parton distribution functions of the proton, and so the missing longitudinal momentum

cannot be directly inferred. In the dilepton (2`) channel, two leptons are reconstructed

in close proximity to each other and with ~p miss
T nearby in the same azimuthal direction,

consistent with the multiple neutrinos.

The main SM background in this search arises from top quark pair production (tt̄). The

top quarks in this analysis have collimated decay products because of large Lorentz boosts.

In the 1` channel, the largest background comes from semileptonic tt̄ decays: one top quark

decays to a charged lepton and a neutrino (t→Wb→ `νb), and the other decays exclusively

to quarks (t→Wb→ qq̄b), which can be mistakenly reconstructed as the bb̄ jet candidate.

Other significant backgrounds in this channel are production of a W boson in association

with jets (with W → `ν, hereafter referred to as W + jets) and QCD multijet events with

either a non-prompt lepton or a hadron misidentified as a lepton. In the 2` channel the

background yield is smaller than that of the 1` channel by a factor of ≈60. Top quark pair

production is also the dominant background with approximately equal contributions from

events where both top quarks decay leptonically and events where one decays hadronically

but a lepton is misidentified. The other significant background in this channel is production

of Z/γ∗ bosons in association with jets (Z/γ∗ + jets). These backgrounds are distinguished

in data with their unique mbb̄ spectra.

In this search, the events are divided into 12 exclusive categories with similar ratios of

signal to background, a process that helps to maximize our sensitivity to signal. The signal
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and SM background yields are estimated using a simultaneous 2D maximum likelihood fit

to the mbb̄, mHH mass distributions in all 12 categories.

The content of the search presented in this dissertation is the focus of a paper that has

be submitted to the Journal of High Energy Physics [14]. This information is currently

summarized in a Physics Analysis Summary (PAS) published on the CERN Document

Server [13]. The analysis has been produced and reviewed within the Beyond 2 Genera-

tions (B2G) physics analysis group of CMS. The full results of this dissertation also serve as

an expansion of a published paper searching for X→ HH→ bb̄WW∗ → bb̄`νqq̄ in just the

2016 data set [72].

This dissertation is organized as follows. Chapter 2 provides the theoretical and phe-

nomenological motivation to the search, which includes descriptions of the SM and impor-

tant BSM ideas that are relevant for HH production. Chapter 3 presents the experimental

apparatus used to perform the search. This chapter includes descriptions of the LHC ac-

celerator complex and the CMS detector, and it also reviews the basic reconstruction of a

pp collision event using the CMS detector. Chapter 4 describes the global event selection

strategy, which includes triggering events, reconstructing all states in the full X→ HH decay

chain, and then optimizing the signal purity of final sample. Chapter 5 presents the strat-

egy for modeling the signal and background probability densities and associated systematic

uncertainties. Finally, Chapter 6 details the statistical analysis of the data and the results

of the search. In every chapter, we assume c = 1 such that masses and momenta are given

in units of energy.
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CHAPTER 2

Theoretical Considerations for the Resonant HH Search

In this chapter, theoretical descriptions of both the SM and BSM theories that motivate

searches for X → HH are presented. The chapter concludes with a discussion on X → HH

searches at the LHC up to this point in time.

2.1 The Standard Model

The SM is the quantum field theory that best describes the properties and interactions of all

elementary particles known to exist. The known interactions in the universe correspond to

four fundamental forces: gravity, electromagnetism, and the weak and strong nuclear forces.

The SM provides a description of three of these forces, while a suitable quantum field theory

of gravitational interactions still eludes physicists to this day.

In general, the SM describes matter with fermion fields of spin-1
2
and interactions medi-

ated by boson fields of spin-1. Such spin-1 fields in the SM are also known as vector fields or

gauge fields. Experimental observations show that there are six pairs of fermions: three gen-

erations of quarks and three generations of leptons. Fermions in one generation differ from

the other generations only by their masses, a consequence of their couplings to the scalar

field in the SM, described in Section 2.1.5. Each fermion also possesses a corresponding

antiparticle that has identical properties but opposite quantum numbers.
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Figure 2.1: Table showing all SM particles, with blue for quarks, green for leptons, red for

gauge bosons, and purple for scalar bosons. The columns containing the fermions (quarks

and leptons) are grouped by generation and type, with increasing mass from left to right.

The mass, charge, and spin are shown for all particles.

2.1.1 Elementary particles

All ordinary matter in the universe is composed of quarks and leptons, each organized into

three generations, which themselves are each composed of a particle doublet. In each quark

doublet, the "up"-type quarks (u, c, t) have electric charge of +2/3, while the "down"-type
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quarks (d, s, b) have electric charge of −1/3. Each doublet in a lepton generation contains

a charged lepton with electric charge of −1 and a corresponding electrically neutral lepton

called a neutrino that is much less massive than any other massive SM fermion. The gauge

bosons act as force carriers (mediators), allowing fermions to interact with each other via the

gauge fields. The photon is the mediator of the EM force, the gluon of the strong nuclear

force, and the W and Z bosons of the weak nuclear force. While the number of fermion

generations is known only from experiment and not predicted by the SM, the different kinds

of gauge bosons are exactly a consequence of the theory. Furthermore, the theory predicts

the existence of at least one special scalar boson, the Higgs boson. A table summarizing the

fundamental particles is shown in Fig. 2.1, and the mechanics of this hierarchy are explained

in the rest of this section.

2.1.2 Gauge theory and local gauge invariance

The success of the SM relies on the local gauge invariance of the fermion fields under symme-

try transformations of the Lagrangian L, a function from which the equations of motion of a

physical system can be derived [15,73]. The consequences of enforcing local gauge invariance

are outlined now.

The Lagrangian for a free massive spin-1
2
fermion field ψ with no interactions is given by

the Dirac Equation:

L = iψ̄γµ∂
µψ −mψ̄ψ, (2.1)

where m is the fermion mass. The first term corresponds to the kinetic energy of the field,

and the second term corresponds to the fermion mass. For a physical system to possess

gauge invariance, the equations of motion derived from the Lagrangian must be the same

under the gauge transformations that affect the phase of the fields. Local gauge invariance
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is the most general type of phase invariance, valid under transformations of the form:

ψ(x)→ Uψ(x) = eiαa(x)Taψ(x) (2.2)

where U is a unitary operator corresponding to some group symmetry, the Ta are the gen-

erators of the group (with a enumerating the generators), and αa(x) is the phase, hereafter

denoted simply as αa but understood to be a function of spacetime x (3+1 dimensions).

Considering infinitesimal transformations of the fields, we can show that:

ψ(x)→ (1 + iαaTa)ψ(x) (2.3)

∂µψ(x)→ (1 + iαaTa)∂µψ(x) + iTaψ(x)∂µαa, (2.4)

where the subscript µ runs over the 3+1 spacetime indices. The presence of the last term

in the transformation of ∂µψ(x) spoils the local gauge invariance at this point. In order to

preserve the gauge invariance, we can introduce new vector fields Ga
µ into the theory that

transform under the gauge symmetry operations as:

Ga
µ → Ga

µ −
1

g
∂µαa(x). (2.5)

This amounts to forming a new covariant derivative that contains the gauge fields and does

not destroy the invariance under infinitesimal gauge transformations of the fields:

∂µ → Dµ = ∂µ + igTaG
a
µ, (2.6)

where Dµ is known as the covariant derivative. Replacing ∂µ with Dµ and adding in a gauge

invariant kinetic term for the new fields, the Lagrangian of Eq. (2.1) then becomes:

L = iψ̄γµ∂
µψ −mψ̄ψ − g(ψ̄γµTaψ)Ga

µ −
1

4
F a
µνF

µν
a . (2.7)
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Demanding that the Lagrangian be invariant under local gauge transformations thus pro-

duces new vector fields Ga
µ that couple to the fermion field ψ with coupling strength g and

with kinetic energy described by the field strength tensor F a
µν = ∂µG

a
ν − ∂νGa

µ. There is no

mass term (∝ −Ga
µG

µ
a) for the gauge fields in this new form of the Lagrangian, and so these

new gauge bosons must be massless to preserve the invariance.

For non-Abelian symmetries, wherein the group generators do not commute ([Ta, Tb] 6= 0),

an extra term is needed in the transformation rule for the gauge fields

Ga
µ → Ga

µ −
1

g
∂µαa − fabcαbGc

µ, (2.8)

where fabc are the structure constants of the symmetry group.

It is a simple exercise to see how this works out for QED to reproduce the Maxwell

Lagrangian for classical EM fields. QED obeys a U(1) gauge symmetry, of which the only

generator of the group is unity. With the replacements Ta → 1 and Ga
µ → Aµ, the Lagrangian

of Eq. (2.7) then becomes:

LQED = iψ̄γµ∂
µψ −mψ̄ψ − g(ψ̄γµψ)Aµ −

1

4
FµνFµν , (2.9)

where g can be identified as −e with Maxwell’s electrodynamics in mind. The field Aµ

corresponds to the photon, which is massless and has field strength Fµν = ∂µAν − ∂νAµ.

The SM as a whole, which describes the interactions due to three fundamental forces, is

invariant under gauge transformations of the symmetry group:

SU(3)C × SU(2)L × U(1)Y , (2.10)

where × denotes the direct product of each of the three symmetry groups. The subscripts

next to the group names represent the conserved charges of the symmetry due to Noether’s

Theorem. In the following sections, each of the components of the full SM symmetry group
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are explained.

2.1.3 Strong interactions

In Eq. (2.10), SU(3)C is the symmetry group used to describe the strong interactions (QCD),

where the subscript C represents "color," a quantum number and the conserved charge in

these interactions. There are three color charges a particle can possess, known commonly as

red (R), green (G), and blue (B), each of which also have an anticolor partner. Only colored

particles can interact strongly. Only quarks and gluons carry color charge. There are eight

gluons, each of which is bicolored, corresponding to the eight generators of the SU(3) group.

The Lagrangian of QCD looks like the that for EM as seen in Eq. (2.9), except it has

some extra terms due to the gauge transformation rule of Eq. (2.8) that is required because

of the non-Abelian structure of SU(3). Extra terms that appear and are proportional to

G3 and higher orders are responsible for the ability of the gluon to self-couple. This is an

important distinction relative to QED, in which the U(1)em symmetry is Abelian and thus

does not provide a mechanism for photon self-coupling.

2.1.4 Electroweak interactions

The symmetry group SU(2)L × U(1)Y in Eq. (2.10) describes the electroweak (EW) inter-

actions, the unified and underlying symmetry of the existence of the weak nuclear and EM

interactions. Experimental observations in the 1950s [16] showed that parity is violated

in the weak sector, and EW theory accounts for this with fields that couple differently to

fermions of opposite chiralities (left- and right-handedness). For massless particles, the chi-

rality reduces to the helicity, which is the sign of the projection of the spin vector onto the

momentum vector ŝ · p̂.

The subscript L in SU(2)L is used to indicate fields that only couple to left-handed

fermions. The gauge field from the U(1)Y symmetry couples to both left- and right-handed
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fermions. The EW eigenstates for the fermions then consist of left-handed doublets and

right-handed singlets:

Leptons:

νiL
eiL

 , eiR Quarks:

uiL
diL

 , uiR, d
i
R (2.11)

where i runs over the three fermion generations, and where L and R denote left- and right-

handedness, respectively. Neutrinos are assumed to be massless in the SM, and right-handed

neutrinos have not yet been observed, so no νR state is assumed to exist in this formulation.

Each field component in Eq. (2.11) is characterized by the two quantum numbers T3 (weak

isospin) and Y (weak hypercharge). Weak isospin T3 is the eigenvalue of the third SU(2)

generator (the Pauli matrix σz), and weak hypercharge Y is the associated charge of the

U(1)Y symmetry. The electric charge Q of these fields is related to the quantum numbers

by Q = T3 + Y
2
. The values for these quantum numbers are summarized in Table 2.1.

Fermion field T3 Y Q

νiL 1/2 -1 0

eiL -1/2 -1 -1

eiR 0 -2 -1

uiL 1/2 1/3 2/3

diL -1/2 1/3 -1/3

uiR 0 4/3 2/3

diL 0 -2/3 -1/3

Table 2.1: Electroweak quantum numbers for each of the different fermion fields, which

include the left- and right-handed leptons and quarks. Included are the weak isospin T3,

weak hypercharge Y , and the electric charge Q associated with U(1)em.

The SU(2)L group gives rise to three gauge fields W a
µ (a = 1, 2, 3) that only interact with

the left-handed chiral fields, while the U(1)Y group gives rise to one gauge field Bµ. It is
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useful and revealing to recast these gauge fields as linear combinations of each other. The

two fields W 1
µ and W 2

µ can be rewritten as

W±
µ =

1√
2

(
W 1
µ ∓W 2

µ

)
, (2.12)

which are the fields that correspond to the physical charged W± bosons that mediate the

weak interactions. The physical neutral Z boson that mediates weak interactions and the

photon A of the EM interactions can be identified by mixing the W 3
µ and Bµ fields [73]:

Zµ =
gW 3

µ − g′Bµ√
g2 + g′2

(2.13)

Aµ =
g′W 3

µ + gBµ√
g2 + g′2

, (2.14)

where g is the fermion coupling to the fields W a
µ and g′ is the coupling to Bµ. After sponta-

neous symmetry breaking, reviewed next in Section 2.1.5, the fieldsW± and Zµ acquire mass

terms in the Lagrangian, while the photon field Aµ remains massless. It is this mechanism

that breaks the EW symmetry down into separate weak and EM interactions.

2.1.5 Spontaneous symmetry breaking and the Brout-Englert-Higgs mechanism

As described in Section 2.1.2, local gauge invariance results in the existence of massless

force-mediating bosons. This alone works well for the EM and strong forces, since the

photon and gluon are massless. However, the W and Z weak vector bosons are massive, and

so extra machinery is needed to produce mass terms in the Lagrangian. This is ameliorated

with the concept of spontaneous symmetry-breaking and the Brout-Englert-Higgs (BEH)

mechanism [74,75].

We can best illustrate the mass generation of gauge bosons due to spontaneous symmetry-

breaking by considering the case of a local U(1) gauge symmetry. We start by introducing
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a complex scalar field

φ =

√
1

2
(φ1 + iφ2), (2.15)

whose Lagrangian takes the form for a massive scalar field with a quartic potential:

L = (∂µφ)?(∂µφ)− µ2φ?φ− λ(φ?φ)2, (2.16)

The scalar potential, as seen in the Lagrangian, has the form:

V (φ) = µ2φ?φ+ λ(φ?φ)2. (2.17)

For the case µ2 > 0, this scalar potential has a global minimum at φ = 0. The µ2φ∗φ term

represents the mass of the scalar field, but when working out the full Lagrangian with local

gauge invariance, no mass terms appear for the gauge fields. However, for the case µ2 < 0,

the potential is minimized along the manifold corresponding to

φ?φ =
1

2
(φ2

1 + φ2
2) = −µ

2

λ
≡ v2, (2.18)

which is a circle in the (φ1, φ2) plane, and where v, the ground state of this potential, is

known as the vacuum expectation value. This is illustrated in Fig. 2.2.

This circle of points is also invariant under the U(1) transformations. Perturbative cal-

culations such as the ones we will perform on φ should involve expansions around a potential

minimum, and we can choose any point we desire without loss of generality. It is convenient

to choose a minimum point such as φ1 = v and φ2 = 0. The ground state is then taken to

be

φ0 =
v√
2
, (2.19)

and fluctuations of the fields around this ground state are expressed as
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Figure 2.2: The shape of the Higgs potential V (φ) from Eq. (2.17) for λ > 0 and the cases

µ2 > 0 (left) and µ2 > 0 (right) [1].

φ(x) =

√
1

2
(v + h(x) + iξ(x)) , (2.20)

where h(x) corresponds to fluctuations about φ1 = v and ξ(x) to fluctuations about φ2 = 0.

These scalar fields are inherently invariant under global U(1) transformations, but to

enforce local gauge invariance, we must replace the ∂µ with the covariant derivative

∂µ → Dµ = ∂µ + igAµ, (2.21)

where Aµ is the newly introduced gauge field. The gauge invariant Lagrangian then looks

like

L = (∂µ − igAµ)φ?(∂µ + igAµ)φ− µ2φ?φ− λ(φ?φ)2 − 1

4
FµνF

µν . (2.22)

Upon translating to the ground state and substituting (2.20) into (2.22), the Lagrangian

then becomes
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L =
1

2
(∂µh)2 − λv2h2 +

1

2
(∂µξ)

2 +
1

2
g2v2AµA

µ − 1

4
FµνF

µν

+ gvAµ(∂µξ) + g[(∂µξ)A
µh− (∂µh)Aµξ]− λvh3 − 1

4
λ(h4 + ξ4)

+ g2vhAµA
µ +

1

2
g2(h2 + ξ2)AµA

µ − λvhξ2 − 1

2
λh2ξ2 − 1

4
λv4.

(2.23)

From the first line of the Lagrangian of Eq. (2.23), the particle spectrum includes a massive

scalar boson h with mass mh =
√

2λv2, a massive vector field Aµ with mass mA = gv, and

a massless boson ξ. This boson is known as a Goldstone boson; for a spontaneously broken

group symmetry, one massless Goldstone boson is predicted to appear for each generator in

the broken symmetry, according to Goldstone’s Theorem [73]. Thus, in the case of the U(1)

symmetry here, we expect one Goldstone boson.

The terms in the last two lines of Eq. (2.23) represent various interactions among these

fields. Some of these terms, such as gvAµ(∂µξ), do not seem to represent any kind of physical

process, however. It turns out that there is another gauge transformation that can be made

that will absorb the Goldstone boson ξ and remove it from the theory. Since the scalar fields

are invariant under the transformation φ→ eiθ(x)φ, we can choose a gauge in which the fields

are only real and φ2 = ξ = 0. Under such gauge transformations, all terms with ξ vanish

from Eq. (2.23), and the Lagrangian reduces to (ignoring constant terms):

L =
1

2
(∂µh)2 − λv2h2 +

1

2
g2v2AµA

µ − 1

4
FµνF

µν − λvh3 − 1

4
λh4

+ g2vhAµA
µ +

1

2
g2h2AµA

µ.
(2.24)

The theory now predicts both a massive gauge boson and a massive scalar boson as well as

several interactions of these fields with each other and themselves. The interactions predicted

by Eq. (2.24) are depicted graphically in the Feynman diagrams of Fig. 2.3.

The process of spontaneous symmetry breaking works similarly to this in the SU(2)

language of EW theory, wherein we consider a complex doublet scalar field
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Figure 2.3: Feynman diagrams of the interactions between the scalar field h and the gauge

field Aµ described in the Lagrangian of Eq. (2.24). From left to right, the diagrams corre-

spond to the terms λvh3, g2vhAµA
µ, λh4/4, and g2h2AµA

µ/2.

φ =

φ+

φ0

 ≡ 1√
2

φ1 + iφ2

φ3 + iφ4

 . (2.25)

For the case of a local U(1) symmetry and a scalar field with two degrees of freedom (φ1 and

φ2 from Eq. (2.15), that one degree of freedom gave rise to the massive Higgs boson, while

the other gave mass to the gauge field Aµ by absorbing the Goldstone boson. In the SU(2)

case now, there are four degrees of freedom in the scalar field. The Higgs boson still takes

one of these, and the remaining three degrees of freedom, each corresponding to a Goldstone

boson, are absorbed to become responsible for the three massive weak vector bosons W±

and Z0.

So far, we have seen that the BEH mechanism gives mass to the gauge bosons, but we

have not seen how the fermions acquire mass. The fermion mass term mψψ̄ is excluded by

gauge invariance under the local SU(2)L × U(1)Y symmetry, but this can be remedied by

introducing the gauge invariant Yukawa Lagrangian term

LYukawa = −yf (f̄LφfR + f̄Rφ
†fL + h.c.), (2.26)

where yf is the Yukawa coupling, φ is the scalar doublet from Eq. (2.25), fL and fR are the

chiral doublet and singlet fermion fields as in Eq. (2.11), and "h.c." denotes the hermitian
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conjugate terms. Consider the case for the first lepton generation (with the h.c. dropped):

Le = −ye

(ν̄e e
)
L

φ+

φ0

 eR + ēR

(
φ− φ̄0

)νe
e


L

 . (2.27)

Spontaneously breaking the symmetry and choosing a convenient gauge in which

φ =
1√
2

 0

v + h(x)

 , (2.28)

the electron Yukawa Lagrangian becomes

Le = − yf√
2
v(ēLeR + ēReL)− yf√

2
(ēLeR + ēReL)h. (2.29)

Identifying the Yukawa coupling such that yf =
√

2me/v, this Lagrangian reduces to

Le = −meēe−
me

v
ēeh, (2.30)

which contains the mass term for the electron and an electron coupling to the Higgs field

with strength proportional to its mass me. It is these Yukawa interactions that describe the

Higgs coupling to the mass of a fermion.

2.2 Beyond the Standard Model

While the SM provides a framework compatible with all measurements made using particle

colliders thus far, there still exist some glaring shortcomings of the model. In the descrip-

tion of EW interactions in Section 2.1.4, neutrinos are assumed to be massless (and thus

have no right-handed field components), but experimental observations of neutrino flavor

oscillations provide evidence that neutrinos must have some non-zero mass. Furthermore,

there are a variety of astronomical observations that conflict with or are not addressed by
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SM predictions. The SM provides no insight into the nature of dark matter, understood

from the observed rotation curves of galaxies. There is also a constant term of λv4/4 in

the EW Lagrangian seen in Eq. (2.23) that contributes to the vacuum energy density of

the universe. Astronomical observations that constrain the upper bound of the cosmological

constant are used to also interpret an upper bound on the vacuum energy density. However,

the upper bound on the vacuum energy density interpreted from large scale cosmology is

smaller by at least 40 orders of magnitude compared to that interpreted from QFT [76].

Some additional interactions or other mechanisms could reduce the vacuum energy density

due to Higgs potential.

2.2.1 Hierarchy Problems

Of particular interest in this dissertation is a peculiarity in the relationship between the SM

and gravity. If we believe the SM to be part of a higher-energy unified field theory that

includes gravity, the energy scale of gravitational interactions must be considered. With

the use of fundamental constants, we may estimate the energy scale at which quantum

gravitational effects become apparent and the gravitational couplings become comparable to

the EW couplings. This energy scale corresponds to the Planck mass:

MPl =

√
~c
G
≈ 1.5× 1019 GeV. (2.31)

Relative to the scale of EW symmetry breaking, set by the value of the Higgs field vacuum

expectation value of v ≈ 246 GeV, the Planck scale at ∼ 1019 GeV represents a discrepancy

of 17 orders of magnitude; this is a hierarchy problem. This mass scale is 15 orders of

magnitude larger than what is even accessible with the LHC. Exploring this scale directly

in collider experiments is not feasible.

The situation becomes more troublesome when considering the radiative loop corrections

to the mass term of the Higgs field. Quantum corrections to the Higgs boson mass squared
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Figure 2.4: One-loop Feynman diagrams that represent higher-order corrections to the mass

of the Higgs field due to a virtual loop of scalar bosons (left) and fermions (right).

due to loop diagrams such as those seen in Fig. 2.4 take the form:

∆m2
H ∼ Λ2

UV + ..., (2.32)

where ΛUV is a momentum cut-off needed to evaluate the Feynman loop diagrams [77]. Tak-

ing ΛUV →MPl would cause the Higgs boson mass to blow up well beyond its observed value,

but taking ΛUV only up to some energy scale in between the EW and Planck scales requires

new physics at that scale, which is not known to exist yet. To prevent such divergences

in ∆m2
H without the introduction of new terms to the Lagrangian, extreme fine-tuning of

parameters in the SM on the order of M2
Pl/v

2 ≈ 1034 is necessary. The degree of fine-tuning

needed in the SM is considered to be "unnatural," unlike the elegance seen in other physical

models of nature [78]. Basing the hierarchy problem as a problem with the SM on argu-

ments of naturalness and fine-tuning should be accepted with some caution, however, as this

argument relies on unphysical parameters that cannot be measured [79].

A variety of models of new physics attempt to solve the hierarchy problem by either

introducing new terms that may provide delicate cancellations of the Higgs boson mass

squared corrections or by providing an explanation as to why MPl is so far from v of the

Higgs field. The phenomenology of these models includes new heavy particles that could

be detected at the LHC and could provide smoking-gun evidence of new physics perhaps at

the TeV scale. Some relevant paradigms of new physics that predict new particles that can

couple to Higgs boson pairs are described in the next two sections.
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2.2.2 Extended Higgs sector

The choice to include a complex doublet of scalar fields in the SM in order to break the EW

symmetry is the minimal one: the four degrees of freedom are enough to give mass to the

three gauge bosons and produce one scalar particle. The Higgs sector could very well be

more complex, with more degrees of freedom, which would lead to multiple different Higgs

fields (and thus particles). The most widely-known class of models that involve an extended

Higgs sector come from the concept of Supersymmetry.

Supersymmetry (SUSY) is a local symmetry that can transform fermionic states into

bosonic states and vice-versa [80–87]. In the paradigm of SUSY, all the known SM particles

have supersymmetric partners that differ by half a unit of the spin quantum number. For

example, in the theory, the top quark has a spin-0 supersymmetric partner, known as a

"stop," while the gluon has a spin-1
2
supersymmetric partner called a "gluino." SUSY provides

an elegant and attractive solution to the hierarchy problem, as the new radiative corrections

to the Higgs mass due to the inclusion of the SUSY particles in the loops cancel out the

typical quadratically divergent corrections. Thus, SUSY provides a mechanism to naturally

place the Higgs mass at the EW scale, and it predicts a large spectrum of new particles (the

superpartners) that could be produced in high energy proton particle collisions. No SUSY

particles have been observed yet with the LHC, though they could be lurking at the TeV

scale, a possibility with the circumstance that SUSY is a spontaneously broken symmetry.

Of particular interest in this dissertation is the fact the SUSY requires the presence of

two complex scalar doublets rather than the lone one needed in the SM. The extra four

degrees of freedom from the second complex scalar doublet relative to what was seen in

Section 2.1.5 each give rise to a different scalar field (other Higgs bosons). Thus, in total

SUSY requires five physical spin-0 particles: two charged Higgs bosons (H±), one neutral

CP-odd Higgs boson (A), and two CP-even neutral Higgs bosons (H and h). The discovery

of the 125 GeV scalar boson consistent with the SM Higgs in 2012 suggests that this state
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H be identified with the lightest CP-even Higgs boson h. In these models, there are Hhh

couplings, allowing for possible decays of H → hh in the case that mH > 2mh. Models with

an expanded Higgs sector that are not supersymmetric exist as well. SUSY itself is a specific

case of a Two-Higgs-Double Model (2HDM), which plays an important role in some axion

models and models that provide the baryon asymmetry observed in the universe [88]. There

is an even simpler extension of the scalar sector that contains an extra Higgs singlet [89],

giving one extra Higgs boson, which can couple to the lighter one as in the 2HDM.

2.2.3 Extra dimensions

Earlier attempts to unify the forces of nature involved modeling the universe with more than

three spatial dimensions, first undertaken by Kaluza and Klein in the 1920s [90,91]. Kaluza

and Klein sought a unified field theory that incorporated both gravity and electromagnetism

with the addition of a fourth spatial dimension that is compactified into a miniscule circle

with some radius rC that is much smaller than the length scales that can be detected in an

experiment. In this case, the 5D Einstein field equations yield the nominal field equations

for gravitation (Einstein), electromagnetism (Maxwell), and a new scalar field.

More recently, the notion of extra spatial dimensions has provided a possible solution to

the hierarchy problem. In models containing extra spatial dimensions, the extreme weakness

of gravity can be explained by allowing the gravitational field to propagate through the

extra dimensions. Of particular interest to this dissertation are models with one very small

extra dimension that has a warped geometry, as proposed by Randall and Sundrum [2, 92].

Influenced by Kaluza-Klein (KK) theory, the Randall-Sundrum (RS) models envision the

(4+1)-dimensional spacetime as consisting of two (3+1)-dimensional subspaces, known as

"branes," connected via the (4+1)-dimensional subspace known as the "bulk." Elementary

fields are localized at one of the branes, which correspond to different energy scales: the

electroweak fields are localized at an infrared (IR) brane, while gravity is localized at an

ultraviolet (UV) brane. The UV brane is also known as the Planck brane, while the IR
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brane is commonly called the TeV brane (as this is where TeV scale resonances may appear).

The warped geometry of the bulk diminishes the strength of the gravitational field as it

propagates through the bulk from the Planck brane to the IR brane, where it appears to be

much weaker than the SM forces. There are two notable scenarios of the RS models: the

RS1 scenario confines all SM particles to the IR brane, while the bulk scenario allows them

to propagate through the extra dimension.

In the RS models, the geometry of the bulk space is characterized by a spacetime metric

with a warp factor that is rapidly decreasing as a function of the extra dimension:

ds2 = e−2krcφηµνdx
µdxν + r2

cdφ
2, (2.33)

where k is a factor on order ofMPl, rC is the compactification radius (with πrC corresponding

to the size of the extra dimension), xµν are the familiar (3+1) spacetime dimensions, ηµν

is the Minkowski metric, and 0 ≤ φ ≤ π is the coordinate of the extra dimension. The

two 3-branes are located at φ = 0 and π. The exponential warp factor is responsible for

the hierarchy between the Planck and EW scale and has an important implication for the

physical mass of fields located on the the 3-brane where we live: for a mass parameter m0

in the IR 3-brane, the physical mass is given by

m = e−krcπm0. (2.34)

With krC ∼ 10, and without the need for fine-tuning parameters, Planck brane particles

with Planck scale mass can appear with TeV-scale mass on the IR brane, possibly within

reach of the LHC. So as not to deal with large numbers, the fundamental parameters of the

theory are typically taken to be krC and k̃ = k/M̄Pl.

Because of the compactified geometry, the RS theory predicts the existence of a spin-

2 [93–95] gravitational field along with a spin-0 (scalar) [96–99] field. The scalar field is

needed to stabilize the value of rC , which itself is the vacuum expectation value of the
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potential of φ. The graviton G serves as the mediator of the gravitational field, while the

radion R corresponds to excitations of the scalar field. As in KK theory, for both gravitons

and radions, these fields correspond not only to one massive state, but to a tower of states

with mass mn proportional to a quantum number n. The zero modes of these states are

massless, while the excited states are massive, with the lowest lying ones expected to appear

at TeV scales.

In both RS model scenarios, the spin-2 gravitons and spin-0 radions are expected to have

significant HH couplings. As seen in Fig. 2.5, in both scenarios, R → HH decays, with a

branching fraction of about 25%, are expected to be second only to R → WW, constant

as a function of mR above about 500 GeV. As seen in Fig. 2.6, G → HH is expected to

be significant in the bulk scenario, with a branching fraction of about a constant 10% for

mG & 800 GeV.

Figure 2.5: Branching fractions for a radion R decaying to various SM particles. Solid lines

are used to refer to the bulk RS scenario, while dashed lines refer to the RS1 scenario [2].
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Figure 2.6: Branching fractions for a graviton G decaying to various SM particles for the

RS1 (left) and bulk (right) scenarios [2].

2.2.4 HH searches at the LHC

Searches for X → HH in hadron colliders consider spin-0 or spin-2 resonances X (spin-1 X

resonances decaying to HH are forbidden). In order to find such resonances decaying to HH,

we must consider the optimal decay channels to explore. Typically for each decay channel,

there will be unique considerations such as the reconstruction of the final state, the expected

amount of signal, and the different dominant backgrounds. As these things vary depending

on the decay channel of interest, only certain channels are worthwhile for searching for signal.

The most important ones are discussed here.

The branching fractions for decays of HH are shown in Fig. 2.7 assuming the SM mass

of 125 GeV. The most common Higgs decay is H → bb̄, which occurs with about a 58%

probability. Because of this large branching fraction and the ability of CMS to efficiently

identify b hadron decays, almost every search for HH involves at least one H → bb̄. The

HH → bb̄bb̄ channel, constituting almost 34% of HH decays, is thus the most common

search mode in CMS, explored for both resonant and nonresonant topologies. This search
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channel suffers from a large multijet background, more severe at lower values of mHH, but

at larger values of mHH where the background levels decrease, it is the most sensitive due to

the expected signal yield.
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Figure 2.7: Branching fractions for HH decaying into its most notable final states. The bb̄bb̄

and bb̄WW∗ modes together constitute over half of all HH decays.

The next most common decay channel is HH→ bb̄WW∗, with a total branching fraction

of about 25%. The most useful bb̄WW∗ modes include at least one lepton in the final

state, which accounts for about 5/9 of the total bb̄WW∗ yield and significantly reduces

the background contributions, which are dominated by tt̄ → bb̄WW. Similar background

discrimination can be achieved with HH → bb̄ZZ∗, but this suffers from almost 90% fewer

expected signal events, so this is not usually analyzed. The next most commonly analyzed

channel is HH → bb̄ττ , which has less background contamination than the two already

mentioned but suffers from a reduced signal yield relative to bb̄WW∗. Significant background

discrimination can be achieved with HH→ bb̄γγ, in which two high energy photons provide

a very clean signature, but the effectiveness of this channel is limited by the small branching

fraction. While the third most probable HH decay channel, HH→ bb̄gg suffers from an even
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larger multijet background than HH→ bb̄bb̄ and only about 30% of the expected signal, so

it is not typically analyzed.

In this dissertation, both the bb̄WW∗ and bb̄ττ modes with leptons in the final state

are analyzed. By doing this, we maintain high acceptance to signal events from HH decays

while suppressing large backgrounds from multijet events. Three different final states are

used, which are shown with Feynman diagrams in Fig. 2.8. The dilepton final states of the

bb̄WW∗ and bb̄ττ modes can be reconstructed with a common set of selections, as they

only have small differences in the lepton pT and pmiss
T spectra. However, reconstructing the

single-lepton final states of these two modes requires different set of selections, and so the

single-lepton final states of HH→ bb̄ττ are not considered.
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Figure 2.8: Feynman diagrams for the signal processes considered in the analysis. The

dilepton processes are depicted on top, with HH→ bb̄ττ on the left and HH→ bb̄WW∗ on

the right. The single-lepton process from HH→ bb̄WW∗ is shown on the bottom diagram.
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CHAPTER 3

Experimental Apparatus

This chapter describes the experimental apparatus used to search for BSM phenomena in this

dissertation. To search for heavy resonances that push the boundaries of the highest energy

scales accessible, it is most advantageous to collide massive particles in a circular geometry

using intense and high energy counter-rotating beams. In Section 3.1, we describe the Large

Hadron Collider (LHC), the machine used to accelerate and collide high energy protons in

this search for BSM physics. In Section 3.2, we describe the Compact Muon Solenoid (CMS)

experiment, the detector used to image the LHC beam collisions and reconstruct hundreds of

particles in an event. In Section 3.3, we describe the reconstruction of basic physics objects

using signals from the various CMS subdetectors reviewed in Section 3.2. These basic physics

objects serve as inputs for the global analysis selection that is described in Chapter 4.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle accelera-

tor, primarily operating with beams of protons but also capable of producing beams of heavy

ions. Protons and heavy ions are well suited for the LHC’s high energy physics objectives

because they do not lose as much energy due to synchrotron radiation as electrons. The

LHC, a 27 km ring in circumference and located about 100 m below the ground, straddles

the Swiss-French border just outside of Geneva, Switzerland and is located at the European

Organization for Nuclear Research (CERN).

29



The LHC tunnels contain two counter-rotating beams of particles, each contained within

their own high vacuum pipe at energies of 6.5 TeV (during Run-II), that merge and collide

at four different interaction points (IPs). Beams are organized into localized bunches of

particles; radiofrequency (RF) cavity electric fields are used to accelerate the bunches, and

a variety of magnetic fields are used to steer (bend) and focus them. These fields are

produced with a system of 9593 magnets, 1232 of which are superconducting dipole magnets

for bending, and 392 of which are quadrupole magnets for focusing. The magnets are cooled

using superfluid helium that is circulated in the LHC [100].

At each of the four IPs on the LHC, there exists a large-scale detector. There are

two low luminosity experiments, ALICE and LHCb, each focusing on specialized physics

programs: ALICE is primarily used to study quark-gluon plasmas in heavy ion collisions, and

LHCb focuses on b physics and tests of CP violation. The two high luminosity experiments,

ATLAS and CMS, focus on similar general-purpose physics programs, which include the

discovery and study of the Higgs boson, precision measurements, and searches for BSM

physical phenomena. This dissertation analyzes pp collision data collected by the CMS

detector, which is described in Section 3.2.

In order to reach high energies of 6.5 TeV, protons must be accelerated in several stages,

accomplished with CERN’s complex of accelerators, displayed in Fig. 3.1. Protons used

for LHC collisions are first obtained at the linear accelerator facility Linac2 from bottled

hydrogen gas, which is released into electric fields that strip away the electrons from the

protons. These protons are accelerated to energies of 50 MeV before entering the Proton

Synchrotron Booster (PSB), which further accelerates the protons to 1.4 GeV. Protons are

then injected into the Proton Synchrotron (PS), accelerated to 25 GeV, and then fed into

the Super Proton Synchrotron (SPS) to be accelerated to 450 GeV. At this energy, the SPS

finally injects the protons into the LHC, which itself then accelerates them to the operating

beam energy of 6.5 TeV.

The crucial task of this machine is to produce as many proton collisions as possible, since
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Figure 3.1: Schematic overview of CERN’s accelerator complex, currently used to accelerate

protons to 6.5 TeV [3].

we are now probing BSM phenomena with increasingly smaller interaction cross sections.

The number of events N we can expect to produce is given by

N = σ

∫
L(t)dt = σLint, (3.1)

where σ is the interaction cross section of the process of interest, L(t) is the instantaneous

luminosity, and Lint is the integrated luminosity over some fixed amount of time. The

luminosity is completely dependent on the design and operation of the collider, and for a

general collider with bunched beams it can be expressed as
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L = fcoll
n1n2

4πσ∗xσ
∗
y

F , (3.2)

where fcoll is the collision frequency, n1 and n2 are the number of particles in each colliding

bunch, σ∗x and σ∗y are the rms transverse beam sizes in the horizontal (bend) and vertical

directions at the IP, and F is a factor of order 1 that accounts for geometric effects such as

the beam crossing angle and finite bunch size. Thus, the magnet and the RF systems are

designed such that we can pack bunches as densely as possible with protons at the IP and

collide them as frequently as possible.

During Run-II, a maximum instantaneous luminosity of 2.1× 1034 cm−2s−1, double that

of the LHC design, was achieved, and the LHC delivered 163.5 fb−1 of total integrated

luminosity. Both the peak instantaneous luminosity and the total integrated luminosity

for Run-II are shown in Fig. 3.2. A maximum of 2556 bunches, each initially containing

around 1.1 × 1011 protons, could populate the LHC beams. The bunch spacing was 25 ns,

corresponding to a 40 MHz collision rate [101].
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Figure 3.2: The LHC performance during Run-2 (2015 to 2018). Left: peak instantaneous

luminosity for each day of operation. The maximum instantaneous luminosity was achieved

early in the 2018 run. Right: the running total integrated luminosity as a function of time,

delivered by the LHC and recorded by the CMS detector.
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3.2 The CMS Detector

The Compact Muon Solenoid (CMS) experiment is a cylindrical general-purpose detector

capable of reconstructing physics events at the TeV scale and consisting of a barrel and two

endcap sections of detectors. The detector has a diameter of 15 m and a length of 28.7 m.

Interesting physics events, such as the ones concerned in this dissertation, typically include

highly unstable particles that promptly decay to other more stable particles before they can

interact with the detector directly. The goal of CMS is to precisely measure the momenta

and trajectory of all these more stable particles, which include muons, electrons, photons,

and hadrons such as pions. This information can be used to reconstruct the intermediate

and initial states in the full event.

The namesake feature of the CMS detector is its superconducting solenoid magnet, which

achieves a roughly uniform axial field of 3.8 T that is crucial for bending particles in order to

measure their momenta precisely. The magnet itself has a length of 12.5 m and a diameter

of 6 m. The solenoid magnet is large enough to enclose the silicon tracking system, the

electromagnetic calorimeter (ECAL), and the hadronic calorimeter (HCAL), in the order

of increasing distance from the beamline. Outside the magnet, there is a final thin layer

of HCAL surrounded by a system of muon detectors. The muon system is interspersed

with steel yoke that facilitates the return of the magnetic field lines through the solenoid.

Figure 3.3 shows a cross-sectional view of CMS and its major detector subsystems.

3.2.1 CMS coordinate system

The coordinate system of CMS is defined with its origin at the IP of the crossing proton

beams. The ẑ axis is taken to be along the direction of the beamline. The +x̂ direction is

the bend axis, pointed toward the center of the LHC ring, and the +ŷ direction is pointed

upwards toward the surface of the earth.

Since CMS has cylindrical geometry, a polar coordinate system is most commonly used to

33



Figure 3.3: Layout of the CMS detector, with the major subsystems labelled and a black

figure for scale [4].

describe physics in the transverse plane. Since the beams are directed along ẑ, there is zero

total momentum in the transverse plane, and particle quantities in this plane are unaffected

by the incoming states. In the cylindrical coordinate system, r is defined as the distance

from the beamline in the transverse plane, φ is the azimuthal angle measured with respect

to the +x̂-axis, and θ is the polar angle measured with respect to the +ẑ-axis. In hadron

collider physics, another variable is used instead of θ: the pseudorapidity η, defined as

η = − ln tan

(
θ

2

)
=

1

2
ln

(
p+ pz
p− pz

)
, (3.3)

where p and pz are the magnitude and z-component of a particle’s three-momentum, re-

spectively. Differences in η are invariant under Lorentz boosts along the beamline direction.

The spatial distance between two particles can then be expressed in terms of their angular

separation as ∆R =
√

(∆η)2 + (∆φ)2. The cylindrical geometry of CMS and the physics of

34



hadron colliders also create an environment in which measuring the transverse momentum

pT is important. By measuring the pT, η, and φ of particles using a variety of detector

subsystems, CMS can reconstruct the full event.

3.2.2 Inner tracking system

The tracking system is the innermost part of the CMS detector and is crucial for accurately

and precisely measuring final state particles. Due to the high magnetic field within CMS,

charged particles produced in the collisions will bend, and the tracks left behind in the

detector can be used to measure their momenta. The tracker is capable of reconstructing

the trajectories of hundreds of particles and the displaced secondary vertices from b hadron

decays (particularly important in this analysis where we search for H→ bb̄ decays) with the

use of silicon (Si) tracking modules.

A Si tracking module essentially acts as a solid-state ionization chamber. When a charged

particle moves through a silicon detector operated under an applied electric field, the ab-

sorbed energy creates electron-hole pairs, which drift toward their respective electrodes, after

which an electronic signal is collected, amplified, and then read out. These signals may be

identified as "hits" in the tracker and are then used to reconstruct particle trajectories, which

are used the measure quantities like pT, η, φ, and the impact parameter. Silicon is also useful

for its small bandgap energy: electron-hole pairs can be created with only a small amount

of absorbed energy. Considering this, the silicon modules are also constructed with low

amounts of material so that particles do not lose significant energy before their energies are

ultimately measured by the calorimeters or muon systems. The tracking system is composed

of an inner layer of Si pixels and an outer layer of Si strips, both of which have a cylindrical

barrel and two endcap disk sections, giving a detection coverage of |η| < 2.5 [102].
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3.2.2.1 Pixel Detector

The highest granularity is in the pixel layer, where there is the largest density of tracks in

an event due to the proximity to the IP. The layer is composed of approximately 123 million

Si pixels, each with an area of 100 µm×150 µm and a thickness of about 300 µm [5]. At the

beginning of Run-II, the pixel detector consisted of three layers in the barrel region (BPIX)

and two layers in the endcap region (FPIX), but another layer was added to each during the

shutdown between the 2016 and 2017 data-taking periods. This development particularly

improved the efficiency for measuring displaced secondary vertices in b decays, which no-

ticeably improved this analysis. The current four BPIX layers are 54 cm in length and are

located at mean radii of 2.9 cm, 6.8 cm, 10.9 cm, and 16 cm with respect to the beamline.

The current three FPIX layers are located at z = ±29.1 cm, ±39.6 cm, and ±51.6 cm with

respect to the IP, with radii ranging from 4.5 to 16.1 cm. The spatial resolution of charged

particle hits for track measurement is 10 µm for r − φ position measurements and 20 µm

for z position measurements. The composition of the pixel detector before (2016) and after

(2017 and 2018) the Phase-1 upgrade is shown in Fig. 3.4.

Figure 3.4: The CMS pixel detector, the innermost section of the Si tracking system. The

image compares the pixel detector configuration during 2016 (original) and during 2017 and

2018 (Phase-1 upgrade). The barrel (forward) region is denoted as BPIX (FPIX) [5].
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3.2.2.2 Strip detector

The density of particle tracks rapidly falls further away from the IP, and so the Si strip

tracker outside of the pixel detector does not require as many small modules as the collection

of pixels. The strip tracker is divided into two different parts, each with differing strip sizes,

in both the barrel and endcap regions: strips of 10 cm in length compose the inner regions,

while strips of 25 cm are in the outer regions.

The tracker inner barrel and disks (TIB and TID) cover the radial region between 20 and

55 cm outside of the pixel detector. In the TIB, there are four layers of strips, with each layer

about 140 cm in length. In the TID, there are three disks at each endcap located between

z = ±80 cm and z = ±90 cm. The tracker outer barrel (TOB) region is set outside of the

TIB and TID, extending to a radius of 116 cm and containing six layers spanned between

z = ±118 cm. The tracker endcap modules (TEC) contain nine discs, located between

±124 and 280 cm and extending from 22.5 to 113.5 cm in radial distance from the beamline.

3.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL), surrounding the Si tracker, is primarily designed

to measure the energies of electrons and photons [103]. It is also the location for the initiation

of many hadronic showers. The ECAL is a homogeneous calorimeter with high granularity,

constructed with high-Z lead-tungstate (PbWO4) crystals. When an electron or photon is

incident upon such a crystal, the particle decays into an EM shower, and the showering parti-

cles further interact with the ECAL material to produce scintillation light. This scintillation

light can be collected by photodetectors attached to the crystal cells, after which the signal

can be amplified and read out with electronics. The PbWO4 crystals are chosen and designed

such that the energies of incident electrons and photons can be fully absorbed within a small

crystal volume, necessary to achieve a strong energy resolution. In particular, the PbWO4

crystals have high density (8.3 g/cm3), a small radiation length (X0 = 0.89 cm), a small
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Molière radius (2.2 cm), and a scintillation decay time similar to the LHC bunch spacing of

25 ns, enabling fast signal readout that minimizes interference from adjacent bunch cross-

ings. The high density allows the whole detector to be compact and fit well within the CMS

solenoid. The energy resolution of the ECAL, for particle energies below 500 GeV, improves

with higher energies and can be parameterized as

( σ
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2, (3.4)

where S is a stochastic factor, N is a noise factor, and C is a constant term. The stochastic

term in the energy resolution arises from inherent effects such as intrinsic shower fluctuations

and photo-electron statistics, while the noise term is due to both the electronics noise summed

over all the readout channels and the effects of pileup. The constant term arises from detector

non-uniformity, calibration uncertainties, and radiation damage of the active media. The

ECAL design is also optimized to include radiation hard media and electronics components

to reduce this effect in the uncertainty.

The ECAL, shown in Fig. 3.5, is constructed with a barrel section consisting of 61200

PbWO4 crystals and two endcap sections, each containing 7324 crystals. In the barrel (EB)

section, the crystals are arranged in an η − φ grid, and they each are 23 cm long (25.8 X0)

with cross sectional area of 2.2×2.2 cm2, such that about a whole Molière radius encapsulates

the area of a 2×2 collection of crystals. In the endcap (EE) section, the crystals are arranged

in an x−y grid, are 22 cm long (24.7 X0), and have a cross sectional area of 2.86×2.86 cm2.

The EB region of the detector provides a detector coverage of |η| < 1.479, while the EE

region covers 1.479 < |η| < 3.0.

A sampling preshower detector (ES) is located right in front of the two endcaps, pro-

viding coverage for 1.654 < |η| < 2.6, and is primarily used to improve the identification

of individual photons from π0 → γγ decays. The preshower detector contains two sections:

one of lead absorber to induce EM showers from electrons or photons, and then behind this,
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Figure 3.5: Longitudinal view of the ECAL system, with indications of the acceptance in |η|

of each of the detector regions. The barrel region (EB), endcap region (EE), and preshower

detector (ES) are depicted [6].

Si strip sensors to measure the energy and spatial profile of showers.

3.2.4 Hadronic calorimeter

Hadrons typically begin showering in the ECAL, but the nuclear interaction length of the

ECAL material is insufficient to contain their energies. Surrounding the ECAL, the hadronic

calorimeter (HCAL) is a hermetic sampling calorimeter, made of alternating layers of brass

absorber and plastic scintillator, designed to fully absorb and measure the energies of these

hadrons [104]. A hadron incident on the brass absorber will begin showering, and the sec-

ondary particles produced can interact further with successive layers or brass. When the

shower particles pass through the plastic scintillator tiles, scintillation light is emitted, col-

lected by wavelength-shifting fibers, and used to measure the energies.

The HCAL is divided into four distinct regions: the barrel (HB), the endcap (HE), the

outer calorimeter (HO), and the forward calorimeter (HF), all shown in Fig. 3.6. The primary

parts of the detector, HB and HE, cover the regions |η| < 1.3 and 1.3 < |η| < 3.0, respectively.

The detectors are segmented into "towers" constructed of alternating layers of absorber and
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scintillating tiles. Each of the towers covers a ∆η×∆φ area of 0.087× 0.087 in the HB and

of 0.17× 0.17 in the HE. While the HB section encompasses the radial volume between the

ECAL and the solenoid, the EB and HB collectively do not provide enough material to fully

contain hadronic showers. The tails of these showers are detected with the HO sections,

located just outside of the solenoid and covering |η| < 1.3. The HO detectors also partially

rely on the solenoid to induce further hadronic showering for energy measurement. In order

to detect hadronic particles closer to the beamline, the HF detector is placed 11.2 m from

the IP, beyond the muon system, covering 3.0 < |η| < 5.2. To withstand the high radiation

in this forward region, the detector is outfitted with quartz fibers instead of plastic for the

scintillating material and more steel than brass for the absorber material.

Figure 3.6: Longitudinal view of the CMS HCAL system [7]. The barrel (HB), endcap (HE),

outer barrel (HO) and very forward (HF) regions are indicated in the figure.

3.2.5 Muon system

Due to their relatively long lifetime and energetic properties, muons are the only detectable

particles that typically reach beyond the solenoid and outer HCAL system. A gaseous de-
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tector system designed specifically for muons is placed in the outermost region of the CMS

detector [105, 106]. The muon chambers are interspersed between the iron return yoke for

the magnetic fields, necessary to bend passing muons and measure their momenta. Three

different types of muon detectors are used in the muon system, considering expected back-

ground rates and other factors related to performance and cost. Drift tube (DT) chambers

are used only in the barrel region, cathode strip chambers (CSCs) are employed in the end-

cap region, and resistive plate chambers (RPCs) are employed in parts of both regions. A

diagram showing the layout of these detectors is seen in Fig. 3.7.

Figure 3.7: Longitudinal view of the CMS muon system [8], highlighted by the colored parts

of the detector. Drift tubes (DTs) are shown in yellow, cathode strip chambers (CSCs) in

green, and resistive plate chambers (RPCs) in blue.

In the barrel region, the DT system consists of five wheels, each with four radial stations,

providing pseudorapidity coverage up to |η| < 1.2. In each station, DT chambers overlap

along φ to eliminate gaps in the detection system. The DTs are segmented into long alu-

minum drift cells, each with a cross-sectional area of 4.2 × 1.3 cm2. The DTs contain an

Ar/CO2 gas mixture and an anode wire with a 50 µm diameter running through the center
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of the gas volume. The walls of the cell are covered with electrodes above and below the

wire and cathode strips on the sides. A muon that passes through the gas volume will pro-

duce ionization electrons that drift toward the anode wire with a uniform velocity of about

55 µm/s. By measuring the drift time, the position of the muon in the plane orthogonal to

the wire can be determined, with better than a 250 µm resolution per cell. Each DT chamber

contains three "superlayers" (SLs) grouped radially, each of which contains four staggered

layers of drift cells. In the inner and outer SL, the anode wires are oriented parallel to the

beamline to provide a measurement in the r − φ plane, while the middle SL measures the

r − z position with wires perpendicular to the beamline.

Located in the endcap region, the CSCs are multi-wire proportional chambers that are

arranged into four disks at each end and provide a pseudorapidity coverage of 0.9 < |η| < 2.4.

The CSCs have fine segmentation, fast response, and are radiation hard, all necessary to op-

erate in an environment with high particle rates and strong non-uniform magnetic fields. The

chambers are trapezoidal, containing cathode strips running radially that precisely measure

the muon r− φ position and anode wires orthogonal to them that provide η measurements.

The chamber is organized into six layers of anode wires interspersed between seven layers

of cathode strips, with six independent gas volumes containing an Ar/CO2/CF4 mixture

that is ionized by a passing muon. The CSCs are capable of identifying the bunch crossing

of a pp collision and can provide a typical time resolution of 3 ns and spatial resolution of

40− 150 µm per chamber.

The RPCs are double-gap chambers consisting of electrode plates enclosing a gas volume

that is a mixture of C2H2F4, C4H10, and SF6. RPCs are placed in both the barrel and

endcap near the DTs and CSCs, covering the pseudorapidity range |η| < 1.9. The detectors

are operated in avalanche mode at a high electric field, providing the best time resolution of

any of the muon detectors at about 1.5 ns. The RPCs are primarily used for accurate timing

and fast triggering, as they have a the worst position resolution of any muon detectors at

0.8–1.3 cm.
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3.3 Physics object reconstruction

Proton-proton (pp) collisions occur in the crossing of LHC bunches every 25 ns, corresponding

to a 40 MHz rate. Not only is this far too high a rate at which event data can be stored, but

most of the collisions are not interesting enough to search for new phenomena or perform

measurements of standard model physics. Most of the collisions are low-energy glancing

interactions between protons, yielding many events dominated by QCD processes and jets

found near the beamline at high |η|. On the other hand, interesting events for searches

and precision measurements often involve electroweak processes and usually arise from high-

energy, head-on collisions of protons. Figure 3.8 shows the production cross sections of

such interesting SM processes. Compared to the total inelastic pp collision cross section of

σpp ≈ 1011 pb [107], even the most common interesting processes occur six or more orders

of magnitude less frequently.
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Figure 3.8: Interaction cross sections for various SM processes of interest in the LHC physics

program [9]. Measurements from 2016–2018 at 13 TeV are shown in green, while predictions

from theory are shown in gray filled bands.
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In order to select the most interesting events and reduce the recorded event rate to some

feasible amount, CMS employs a complex two-tier trigger system. This trigger system per-

forms a low-level (online) reconstruction of the event using algorithms of varying complexity

and makes a decision on whether to write the data to tape offline. Events that are stored

offline are processed with more advanced, computationally intensive algorithms that aim to

reconstruct all particles produced in the event. After this offline processing, data sets can

be used for analysis.

3.3.1 Trigger system

The trigger system of CMS is the first step in the event selection process, and it is two-tiered.

The first level of triggering, called Level 1 (L1), consists of on-detector custom hardware that

processes and selects events at a rate of 100 kHz using information from the calorimeters and

muon system [108]. The next level, referred to as the high-level trigger (HLT), is composed

of a conventional farm of CPUs running a more detailed event reconstruction in software

that reduces the event rate to about 1 kHz [109]. The L1 trigger is fast in order to quickly

discard uninteresting events, while the HLT system contains more complex and time intensive

algorithms.

The L1 trigger is hardware-based and operates with a fixed latency of about 4 µs; in this

amount of time after a collision, the system must decide whether the event is tentatively

accepted or rejected. This decision is made using coarsely segmented data, known as trigger

primitives, received only from the calorimeters and the muon system. These trigger primi-

tives are built from energy deposits in the calorimeters and track segments or hit patterns

in the muon system. The trigger primitives are then grouped and combined to form trig-

ger objects that correspond to candidate electrons, photons, muons, and jets. The trigger

objects are then sorted by their transverse energies and momenta and some reconstruction

quality criteria. The highest ranked objects, corresponding to high energy and reconstruc-

tion quality, are sent to the Global Trigger (GT), which employs a programmable menu of
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up to 128 selection algorithms that are used to determine if an event is desired. During

this process, high-resolution data is stored in pipelined memory on the front-end electronics.

If the GT decides to tentatively select an event, an L1 accept signal is generated, and the

high-resolution data is passed on to the HLT more complex evaluation [110].

After the L1 accept signal is generated, the HLT receives the full precision data from

all subsystems in the detector, now including the tracker in addition to the calorimeters

and muon detectors. The HLT is software-based and processes data with a similar but

faster version of the offline reconstruction software. Data is processed in a modular manner

via trigger paths, a set of algorithmic processing steps runs in an order with increasing

complexity that reconstructs physics objects in the full event and makes selections on these

objects. Selections relying on calorimeter and muon system information are made first to

reduce the rate before selections that rely on more CPU-expensive tracking reconstruction.

Events that pass the full set of selections in an HLT path are written to tape. Overall, the

HLT system operates with a latency of about 200 ms and reduces the rate functionally down

to a few hundred kHz.

3.3.2 Global event reconstruction

Reconstruction of individual elementary particle objects is possible with the CMS detector

because of its strong magnetic field, highly granular tracker and ECAL, hermetic HCAL, and

excellent highly efficient muon tracking system. This endeavor relies on the Particle Flow

(PF) algorithm [10], which correlates the information sent from all detector subsystems to

identify individual candidate particles such as charged and neutral hadrons, electrons, pho-

tons, and muons. Each of these particles leaves a distinct characteristic signature, illustrated

in Fig. 3.9, that is used by the PF algorithm. The trajectories of charged particles, known as

tracks, are reconstructed using the Si tracker and are matched to other detector signatures

for further identification. Electron tracks are matched to ECAL deposits, charged hadrons to

both ECAL and HCAL deposits, and muons to additional tracks in the muon system outside
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the solenoid. A photon is identified as a cluster of energy deposited only in the ECAL with-

out an accompanying track, while neutral hadrons also leave no track and mainly deposit a

cluster of energy in the HCAL.

Figure 3.9: Transverse slice of the CMS detector with a depiction of specific particle inter-

actions extending from the beamline through the muon system [10]. The typical detector

signatures of photons, neutral and charged hadrons, electrons, and muons are shown. In the

image, the muon and charged hadron are positively charged, while the electron is negatively

charged.

The PF algorithm operates by first building basic elements for particle identification:

tracks and clusters. Reconstruction of tracks occurs in three stages: initial seeds are built

from a few hits compatible with a charged-particle trajectory, and then pattern recognition is

used to to gather all the hits from other tracker layers along the trajectory. Finally, the track

is refitted to obtain the charged particle properties, including the vertex, transverse momen-

tum, and direction. An iterative tracking approach is employed to increase efficiency with a

marginal change in misreconstruction rate. Reconstruction of PF clusters begins by identi-
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fying local maxima of energy (seeds) deposited into the calorimeter. Then, energy clusters

are built around these seeds according to topological and energetic constraints before even

smaller clusters are identified within each initial cluster with an expectation-maximization

algorithm based on a Gaussian-mixture model.

Once constructed, PF elements from different subdetectors are associated with each other

into "PF blocks" using a linking algorithm. The PF blocks are then fed into the PF algorithm

as inputs for reconstructing individual particles; these output particles are known as the

PF candidates. In the search for X → HH, reconstruction and identification of both the

intermediate and final state particles relies heavily on the use of the PF candidates.

In each bunch crossing of the LHC beams, not just one but many pp collisions occur,

as the bunches contain many protons. An interesting event typically involves a single hard-

scatter interaction, referred to as the primary vertex (PV). All other vertices are referred to as

pileup. The PF algorithm aims to reconstruct each one of these vertices and identify the PV,

which is done by considering the one with the largest
∑
p2

T of tracks. The distribution of the

number of pileup vertices in an event can be measured using a minimum bias trigger that has

very loose criteria and aims to collect a large fraction of the total inelastic cross section [111].

As can be seen in the measured pileup profiles within CMS for each year of 2016–2018 in

Fig. 3.10, the average number of pp interactions within a single bunch crossing during Run-II

was approximately 30. When the PF algorithm associates charged hadron tracks to any of

the pileup vertices, these tracks are discarded in the full event reconstruction.

3.3.3 Muon reconstruction

Muons tend to produce the cleanest particle signatures in the CMS detector due to the

efficient muon chambers that are placed beyond the solenoid, where other particles typi-

cally do not reach. Muon track reconstruction is performed with dedicated algorithms that

sometimes rely on separate muon reconstruction by the PF algorithm [8]. The track re-

construction relies on a Kalman filter (KF) method that accounts for muon energy loss in
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Figure 3.10: Pileup profiles for each year 2016–2018 data-taking (from left to right) [11].

These are the mean number of pp interactions per bunch crossing. To construct these

distributions, the assumed minimum bias cross section is 69.2 mb.

the detector material, and the shape of the track is used to infer the muon momentum due

to its bending in the magnetic field. There are three different approaches to muon track

reconstruction:

• Standalone muon tracks are constructed solely from track segments in the muon

system, combining information from the DT, CSC, and RPC detectors.

• Tracker muon tracks are constructed from hits in the Si tracking system. A tracker

track with pT > 0.5 GeV and p > 2.5 GeV that can be successfully extrapolated to at

least one track segment in the muon chambers at a compatible position qualifies as a

tracker muon track.

• Global muon tracks are constructed by matching standalone muon tracks to tracker

muon tracks. The two different tracks are propagated to a common surface and then a

combined fit is performed using information from both the tracker and muon systems

to construct the global track. Global muon reconstruction is designed to be highly

efficient for muons that penetrate through more than one muon station.

Because the tracker track and muon segment reconstruction is highly efficient, about 99%

of muons produced within the geometrical acceptance of the muon system are reconstructed
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as either a tracker or global muon track, and often as both. In this case, the tracks are

merged into a single object. Tracker muons that are not global muons typically match only

to segments in the innermost muon station, yielding an increased probability to misidentify

"punch through," hadronic shower particles that can traverse the whole HCAL system into

the muon system, as a muon.

All reconstructed muon tracks are fed into the PF algorithm, which itself employs differ-

ent selection criteria for different muon candidate types using information from other CMS

subdetectors in order to identify a particle as PF muon. All muons used in this dissertation

work are required to be PF muons, and most are global muons. Standalone-only muons

are not used in this analysis because they have worse momentum resolution and suffer from

cosmic-ray background contamination.

3.3.4 Electron reconstruction

Electrons typically deposit all of their energy into the ECAL. Before electrons produced in

pp collisions reach this detector, however, they will often interact with the material of the

Si tracker, emitting bremsstrahlung photons, which themselves may convert into electron-

positron pairs. Thus, the signature of an electron in the ECAL typically arises from a

shower of multiple electrons and photons rather than a hit from a single object. As the

bremsstrahlung photons are produced tangentially to the electron track, which bends along

φ in the magnetic field, the energy of the electron will be more spread out in φ than in η.

As charged particles, electrons also leave tracks in the tracker, important information that

is primarily needed to distinguish electrons from photons. Thus, electron reconstruction

requires dedicated algorithms for energy clustering and tracking, and then it aims to find

the tracks that are compatible with the clusters. This reconstruction is fully integrated into

the PF framework [112].

Electron energy clustering focuses on building "superclusters" (SCs) from ECAL clusters.

First, seed clusters that contain local energy maxima are identified, and then other ECAL
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clusters within some geometric area around the seed are grouped along with the seed to form

the SCs. The SC procedure is dependent on the cluster ET, and the geometric area is more

spread out in φ than in η to collect the bremsstrahlung photons.

Reconstruction of the electron tracks must consider that the curvature of the trajectory

changes as the electron radiates bremsstrahlung photons and loses energy. To accomplish

this, a track fitting procedure that models the radiated energy loss probability with a sum of

Gaussian distributions, called Gaussian sum filtering (GSF), is used rather than the standard

KF tracking. The GSF tracks can be seeded using either an ECAL-based or a tracker-based

approach. The ECAL-based method estimates the track starting from an input SC, while

the tracker-based method searches for a normal tracker track that is compatible with an SC

and then uses the KF track as the seed.

The final SCs and GSF tracks are associated together to an electron candidate, provided

that they satisfy some loose criteria relating to track topology, shower shape, and detector

isolation. Both the GSF track and the SC are used to determine the electron charge and

momentum, the latter of which is constrained using both the track momentum and the

SC energy. Detector isolation involves criteria that serve to discriminate electrons from

hadrons by placing an upper bound on the allowed HCAL energy within a cone of some

fixed radius behind the energy-weighted center of an ECAL SC. This constraint produces

severe inefficiencies for electrons produced near a jet and from a boosted object, like in the

HH→ bb̄WW∗ → bb̄`νqq̄ search in this dissertation. This is discussed more in Section 4.3.1,

as this effect has important implications for the electron channel efficiency in the search.

3.3.5 Jet reconstruction

Quarks and gluons produced in the hard interaction of a pp collision will shower into partons

that will then hadronize before being absorbed in the calorimeters. While some of the

energy is absorbed in the ECAL, most of the energy is absorbed in the HCAL that lies

beyond it. The decay signature of such a quark or gluon in the CMS detector appears as
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a jet of collimated particles that include charged hadrons (K±, π±, or protons), neutral

hadrons (K0
L or neutrons), nonisolated photons (from π0 decays), and more rarely additional

muons (from early decays of charged hadrons). Jets used in this analysis are constructed by

clustering PF candidates together within some maximum distance R in η−φ space, and the

jet momentum is determined as the vectorial sum of all particle momenta in the jet. The jet

momentum is found to be, on average, within 5–10% of the true momentum over the entire

pT spectrum and detector acceptance. Jet energy corrections (JEC) are applied to calibrate

the jet response using both simulation-driven and data-driven methods. The jet energy

scale is corrected with the JEC by considering contributions from pileup, nonlinear effects

in the detector response to hadrons, and residual differences between data and simulation.

Furthermore, the jet energy resolution is observed to be worse in data than in simulation,

and so additional corrections are applied to the simulation to smear the jets to match the

data pT resolution. Typical jet energy resolutions are about 15–20% at 30 GeV, 10% at 100

GeV, and 5% at 1 TeV at central |η|.

The PF algorithm first reconstructs muons before identifying the electrons and isolated

photons. From the set of remaining PF elements, ECAL and HCAL clusters that are not

linked to any tracks are identified as photons and neutral hadrons, respectively. The HCAL

clusters that remain and that are linked to a track (and sometimes even an ECAL cluster)

are identified as charged hadrons. The momenta of charged hadrons are measured using

the track momentum, while the energies of hadrons are measured using the HCAL clusters.

Charged hadrons with tracks associated to pileup vertices are removed from the set of PF

candidates used for jet clustering.

Jet clustering

From the set of all PF candidates, jets are clustered using a sequential recombination algo-

rithm that is adapted for use in hadron colliders [113]. The algorithm uses an interparticle

distance metric dij and a particle-beam splitting metric diB to determine how the clustering
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proceeds. The recombination algorithm works in general as follows:

1. Calculate dij and diB for all final state particles (PF candidates), and find the minimum

value of each.

2. If the global minimum value is a diB, then identify particle i as a jet, remove it from

the list of all particles, and return to Step 1.

3. If the global minimum value is a dij, combine particles i and j by their momenta, and

return to Step 1.

4. Iterate until all particles have been declared jets.

There are three different daughter algorithms of the above recombination algorithm that

are commonly used in particle colliders, each differing in their choice of the two metrics.

These are the kT algorithm, the Cambridge-Aachen (C-A) algorithm, and the anti-kT algo-

rithm, which are distinguished by:

dij =


min(p2

T,i, p
2
T,j)∆R

2
ij/R

2, kT algorithm

∆R2
ij/R

2, C-A algorithm

min(p−2
T,i, p

−2
T,j)∆R

2
ij/R

2, anti-kT algorithm

(3.5)

and

diB =


p2
T,i, kT algorithm

1, C-A algorithm

p−2
T,i, anti-kT algorithm.

(3.6)

The quantities pT and ∆R are used in these metrics because they are longitudinally boost-

invariant and thus best suited for use in hadron colliders. The parameter R functions as

an angular cut-off and corresponds to the size of the jet cone; two particles separated by a
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distance ∆Rij > R will never be combined in a given iteration of the algorithm, regardless

of their pT.

All three of these algorithms are infrared and collinear safe: the same set of hard jets will

be found if the event is modified by a collinear splitting or the addition of a soft emission. The

kT algorithm operates by clustering the soft radiation first, effectively an attempt to recreate

the parton shower in the reverse direction. This approach produces irregular jet areas that

depend on the detailed distribution of soft radiation in the event and thus are difficult to

calibrate. The C-A algorithm clusters particles based only on their angular separation and

serves as a compromise between diminishing sensitivity to soft radiation and reflecting the

structure of the parton shower.

The anti-kT algorithm, however, abandons the attempt to reflect the parton shower

structure and instead begins the clustering with the hardest particles, finding the most

energetic cores of jets first. This produces regular jet areas that extend out to a radius

R from the jet core and are much more easily calibrated in experiments. All jets used in

the analysis of this dissertation are clustered with the anti-kT algorithm [114, 115]. This

dissertation work uses jets clustered with distance parameters of R = 0.4 (AK4 jets) and

R = 0.8 (AK8 jets). In general, the AK4 jets are meant to reconstruct the decay of a single

hard quark or gluon, while the AK8 jets are used to reconstruct the hadronic decays of

boosted Higgs or vector bosons.

Jet flavor identification (b tagging)

Jets arising from the decay of heavy-flavor (HF) quarks can be distinguished from light

quark or gluon decays as a result of their relatively longer lifetimes. A b quark, whose

identification in an event is crucial in the search for X→ HH, has a lifetime on the order of

1.5 ps and so typically travels from a few mm to a cm in the detector before its initial decay.

This phenomenon gives rise to displaced tracks relative to the PV that originate from some

secondary vertex (SV). The displacement of tracks at the SV is characterized by the impact
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parameter, defined as the distance between the PV and the tracks at their points of closest

approach. HF quarks also have larger mass and harder fragmentation than light quarks and

massless gluons, and as a result, the decay products of HF hadrons have larger pT relative

to the jet axis on average. Furthermore, the decays of HF quarks can sometimes contain a

muon or an electron. Figure 3.11 depicts the decay of a b quark into a jet. Algorithms that

identify jet flavor take advantage of these phenomena and the fine segmentation of the Si

tracker; these are of utmost importance in this analysis to identify H → bb̄ decays and top

quark decays.

Figure 3.11: Depiction of a jet resulting from a heavy-flavor quark decay, showing the sec-

ondary vertex (SV), a charged lepton in the jet from the quark decay, and a displaced track

and its impact parameter (IP) relative to the primary vertex (PV) [12].

In the analysis, jets originating from the decay of a single b quark, particularly those

involved in top quark decays, are identified using the DeepJet classifier [116], which is

compatible with AK4 jets. This is a deep neural network (DNN) based classifier that uses

hundreds of variables related to a given jet divided into four categories: global variables,

charged PF candidate features, neutral PF candidate features, and SV features. The global

variables include jet-level information like the kinematics and the number of tracks and
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SVs. Pileup information is included in each category to help the classifier learn how this

correlates with HF decay. The PF candidate inputs include kinematic information and track

fit information for charged hadrons that includes quality and displacement. Information

related to the SVs includes the displacement, fit quality, mass, and energy, and pT. The

approach of DeepJet is to use the full information of all particles, tracks, and SVs in the

jet. This significantly improves the performance over other methods that instead use a small

subset of the charged jet constituents that pass stringent quality criteria in order to provide

the cleanest and simplest environment.

Large boosted jets that contain b quarks in the analysis, particularly those arising from

the H → bb̄ decay, are identified using the mass-decorrelated DeepAK8 Z/H → bb̄ tag-

ger [117]. This tagger is designed particularly to discriminate AK8 jets with substructure

arising from two b quarks against large light quark or gluon jets. It uses a DNN architecture

that takes as input a large variety of information related to up to 100 PF candidates and

up to 7 secondary vertices (SVs) in a jet. This information includes the pT, energy deposit,

charge, and angular separation from the jet and subjet axes, and tracking information (for

charged particles only) of each PF particle. Information on the SVs includes their kinematics,

displacement, and reconstruction quality. The DNN is built to prevent itself from extracting

features correlated to the jet mass for the optimization, and it thus does not sculpt the back-

ground mass distribution. The output of the bb̄ tagger is a discriminating variable DZ/H→bb̄

that can have a value from 0 to 1, with larger values a stronger indication of bb̄ substructure.

3.3.6 Missing transverse momentum reconstruction

In pp collisions, noninteracting particles such as neutrinos or possibly other exotic particles

may be produced and escape CMS undetected. Because of the beam geometry, the presence

of such particles can be inferred from the momentum imbalance in the transverse plane

due to all visible particles. This missing transverse momentum ~p miss
T , whose magnitude is

denoted pmiss
T , is reconstructed as the negative vector sum of all PF candidate momenta in
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an event. The ~p miss
T is impacted by effects in the jet energy scale and resolution, and so the

JEC are propagated into the calculation to correct ~p miss
T :

~p miss, corr
T = ~p miss

T −
∑
jets

(~p corr
T, jet − ~pT, jet), (3.7)

where the sum runs over only jets with corrected pT > 15 GeV. If a muon is found inside the

jet cone, its four-momentum is subtracted from the jet momentum when the deriving the

corrections and then added back into the ~p miss
T sum.
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CHAPTER 4

Event Selection in the Search for HH Resonances

In this chapter, the full selection of events is described. The phase space considered with

these selections is optimized for signal significance in the presence of the SM background.

The strategy for event selection begins with choosing CMS data sets that contain events

with particles reconstructed as in Section 3.3. These data sets are presented in Section 4.1.

The trigger selection is described in Section 4.2; these are the set of software-based triggers

described in Section 3.3.1 that we deem to be useful for collecting signal events. With

the collection of events that fired our triggers of interest in hand, Section 4.3 describes the

process for selecting and reconstructing important particles and intermediate states in the

full X→ HH decay chain. We aim to select high quality leptons and reconstruct the decays

of the bosons in each event. Finally, Section 4.4 describes the set of selections used to further

discriminate signal from background events. The selections are also used to categorize the

events before using the mass distributions as input into the modeling procedure, described

in Chapter 5.

4.1 Data sets

This search uses a data set of interesting events from pp collisions recorded by the CMS

detector. As described in Section 3.3.1, a system of hardware-based triggers is used to

process the event data in real-time, after which more computationally expensive techniques

in offline software are used to reconstruct the event fully. The data used in this search was

reprocessed with the optimal calibrations available at the time of analysis.
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The data used in this analysis are those recommended by the Data Quality Monitoring

(DQM) group within the CMS collaboration. The DQM group is responsible for monitoring

operational information from all subdetector systems and determining whether any data were

recorded under problematic online conditions. As such, the DQM group may deem certain

sets of data unsuitable for offline analysis due to issues such as detector misalignment or non-

operation. The DQM-certified set of events that is considered in this analysis constitutes an

integrated luminosity of 137.6 fb−1, a measurement with an uncertainty of 1.6%. This total

integrated luminosity for this period contains 36.3 fb−1 from 2016 data-taking, 41.5 fb−1

from 2017, and 59.7 fb−1 from 2018.

The use of samples of simulated events from pp collisions is crucial to optimizing our

understanding of the data and allowing us to make useful predictions. Events are simulated

using Monte Carlo techniques to simulate various stages of an event, from the matrix ele-

ment of the fundamental process, to the parton showering and hadronization processes, and

through the detector and electronics response. The simulated events are then processed for

offline use with the same calibrations as if they were collected as data by the CMS detector.

Simulated samples are organized into the 2016, 2017, and 2018 years of data-taking such

that the state of the CMS detector and the trigger menu in a particular year is properly

reflected in the distribution of events.

Both signal and SM background processes are simulated, allowing us to study how best

to discriminate one from the other in our search for a resonance. The simulated signal

and background events are also the springboard from which we build our models of the

data (described in Chapter 5). Signal samples are simulated for both spin-0 and spin-2

resonances produced through gluon fusion at leading order (LO) and at a variety of values

of mass mX from 800 GeV to 4.5 TeV. For such resonances X, the signal processes simulated

are X → HH → bb̄VV∗ (where V = W/Z) and X → HH → bb̄ττ , and the widths of

the resonances are set to a narrow 1 MeV, which is much smaller than the experimental

resolution. The background samples used include simulation of all SM processes determined
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to have an effect on the analysis; processes that are not included have a negligible effect.

The simulated background processes considered are shown in Tab. 4.1, along with the order

of the perturbative matrix element calculation and the corresponding SM cross sections of

the samples, used to normalize the background to the integrated luminosity of the relevant

data-taking year.

Table 4.1: SM background processes for which simulated samples are used. Background

processes that are not listed here have negligible contributions in the analysis phase space.

The cross section and the corresponding order in its calculation are provided for each process.

Process Order of cross section Cross section [pb]

QCD multijet LO 2108083.65

W + jets (W→ `ν) NNLO 2144.75

Z/γ∗ + jets (Z/γ∗ → ``) NNLO 505.03

tt̄ NNLO 828.15

diboson (WW, ZZ, WZ) NLO 80.70

single top NLO 236.37

associated tt̄ (tt̄Z, tt̄W, tt̄H) NLO 1.94

4.2 Triggering events

We begin building the collection of events within which we search for signal by selecting

events that fire the high-level software-based CMS triggers deemed capable of collecting our

hypothetical signal events. Due to the boost of the Higgs bosons in many signal models,

leptons are frequently produced with high pT in the final state, suggesting that single-lepton

triggers are ideal for this analysis. However, signal leptons in the 1` channel can often

be surrounded by considerable hadronic activity, which renders these single-lepton triggers

inefficient in some cases, as these triggers have tighter lepton isolation (for muons) or iden-
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tification (for electrons) criteria than what is used for offline analysis. To recover this lost

efficiency, we also employ multi-object triggers that contain both leptons and jets, with

looser lepton reconstruction criteria than the single-lepton triggers and with some baseline

amount of hadronic activity in the transverse plane (HT). Unfortunately, these multi-object

triggers were not consistently operating throughout periods of 2016 and 2017 data-taking,

diminishing their effectiveness at times. Therefore, we use a series of supplemental triggers

to restore the remaining efficiency. Purely hadronic triggers are used to recover efficiency for

events with high HT, and additional triggers are used to recover efficiency for events with

high-pT leptons. For high-pT muons, pmiss
T triggers in which muons are not included in the

pmiss
T calculation are used. For high-pT electrons, a high-pT single-photon trigger is used. An

event is collected with the logical OR of all triggers used, and events are filtered such that

no single event that is in multiple data sets is collected more than once.

Trigger efficiencies are measured in data and simulation for a suite containing all sup-

plementary triggers and one flavor of lepton triggers with a tag-and-probe method using

eµ tt̄ events. We use tt̄ events because the lepton and jet multiplicities resemble those in

signal. These tt̄ events are required to contain one lepton (probe) that passes the standard

offline analysis selection criteria (Section 4.3.1) and another lepton of different flavor (tag)

that passes tighter identification, isolation, and pT criteria, helping to optimize the purity

of the sample. To measure the electron efficiency, we collect events that fire an isolated

single-muon trigger and contain a tag muon and a probe electron. We then obtain the ef-

ficiency for the event to pass any of the electron or supplementary triggers. We repeat the

same procedure to measure the muon efficiency, but in this case collecting events that fire an

isolated single-electron trigger and contain a tag electron. Events in the efficiency measure-

ment are also re-weighted to account for periods of inactive triggers such as the multi-object

triggers discussed above. The trigger efficiency for signal events in the 1` channel is over

96% at mX = 0.8 TeV and increases to > 99% above approximately mX = 1.0 TeV. In the

2` channel, the trigger efficiency is > 99% for all mX.
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We choose offline electron and muon pT thresholds of 30 GeV and 27 GeV, respectively,

to be efficient with respect to the primary single-lepton triggers. All events are also required

to have offline HT > 400 GeV. This selection is chosen because a significant amount of

background can be rejected without spoiling sensitivity to an 0.8 TeV signal and because

the HT dependence of the trigger suites is modeled well by the simulation for this region.

We calculate HT using all jets with pT > 30 GeV and |η| < 5. The efficiency curves exhibit

differences between the measurements in data and simulation, so we correct the simulated

efficiencies to match those measured in data by applying multiplicative scale factors (SFs)

that are dependent on HT in the 1` channel and on both HT and pT in the 2` channel to

the simulated events.

In the 1` channel, the trigger scale factors are parameterized as a function of HT in order

to capture the turn-on transition from the lepton triggers to the hadronic triggers. A smaller

effect is also the dependence of the scale factors on lepton pT. Since signal and the eµ tt̄ events

used to measure the efficiencies have different lepton pT spectra, we estimate the dependence

of the scale factors on the lepton pT by shifting the probe lepton offline pT threshold up and

down by 5 GeV. A flat ± 2% systematic uncertainty conservatively covers the scale factor

variations over the full range of HT and is applied to the normalization of 1` events in signal.

An example of the scale factor measurement and the estimation of the uncertainty is shown

in Fig. 4.1.

In the 2` channel, the trigger efficiencies are handled in a similar manner but with some

added complexity. These events are collected with the same set of triggers as in the 1`

channel, and we require that at least one of the leptons pass the same offline pT criteria used

for the lepton in the 1` channel (pT > 30 GeV for electrons and 27 GeV for muons). Since

the leading lepton in pT will be more likely than the other lepton to pass the trigger, we use

the same method as in the 1` channel to calculate trigger efficiencies as a function of HT for

this lepton. In this case, we use the 2` identification and isolation criteria to measure the

efficiencies for this lepton.
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Figure 4.1: Scale factor (SF) and systematic uncertainty measurement for muons in the 1`

channel for the 2018 year of data-taking. Left: the efficiencies ε for data and simulation are

shown on the top pane, and the SF (εdata/εsim) is shown in the bottom pane. This SF is

applied to simulated events as a function of HT to properly reflect the trigger efficiencies

in data. Right: SFs calculated with different pT thresholds for the muons offline in the top

pane, and their variations relative to the measurement with the nominal threshold of pT > 27

GeV. Noting that the analysis phase space is HT > 400 GeV, the maximal variation in the

analysis scale factors is about 1% relative to the nominal threshold. The maximal variation

among all the trigger measurements in the 1` channel is +2%, leading us to place a flat ±

2% uncertainty on all 1` channel events.
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In rare cases, the highest pT lepton will fail to fire the trigger but the sub-leading lepton

will fire the trigger successfully. To account for this effect, we also measure the efficiency for

the sub-leading lepton to pass any of the single-lepton triggers, excluding the lepton-HT cross

triggers, as a function of lepton pT. The combined trigger efficiency for 2` events can then

be given as a function of the HT and the sub-leading lepton pT as1:

ε(HT, pT) = ε1(HT) + ε2(pT)− ε1(HT) ∗ ε2(pT) (4.1)

The subscript of the efficiency in the equation above refers to the lepton used for the mea-

surement ("1" for higher pT lepton and "2" for sub-leading lepton).

The efficiency for the leading lepton to pass the trigger includes the efficiency for the

event to fire the HT triggers. An assumption in our 2` method is that the sub-leading

lepton would not pass the lepton-HT multi-object triggers (which we make because it is

difficult to disentangle the lepton leg from the HT leg when including these triggers in

the measurement). We estimate our sensitivity to this assumption by recalculating the

efficiencies and scale factors after including these multi-object triggers in the sub-leading

lepton efficiency measurement. A systematic uncertainty of ± 3% conservatively covers any

variation in the SFs due to this procedure and is applied to the normalization of the 2` events

in signal. Example plots of the scale factor and estimate of the systematic uncertainty for

2` events are shown in Figs. 4.2 and 4.3, respectively.

4.3 Reconstruction of the HH decay chain

In order to reconstruct the full decay chain of a signal event, selections are imposed on the set

of basic reconstructed objects in the CMS detector introduced in Section 3.3. The selections

described in this section are chosen such that these basic objects can be optimally associated

1This expression is derived assuming the two measurements are independent. Then, the probability for
either lepton to pass would be one minus the probability for neither to pass: 1−(1−ε1)(1−ε2) = ε1+ε2−ε1ε2.
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Figure 4.2: The trigger scale factor εdata/εsim for dilepton eµ events in 2016, where the

electron e is the highest-pT lepton. The plots are zoomed in for ease of viewing: there are

lower bounds of 400 GeV in HT and 10 GeV in sub-leading lepton pT, which correspond to

the analysis phase space. The scale factors above 1000 GeV in HT and 150 GeV in pT are

closer to 1.0 than the bins on display.

64



1.0014 1.00086 1.00088 1.0007 1.00051 1.0007 1.0006 1.00041 1.00017

1.02609 1.01599 1.01695 1.01342 1.00963 1.01386 1.01196 1.00844 1.00354

1.02105 1.01292 1.01384 1.01096 1.00781 1.0114 1.00987 1.00707 1.00299

1.00827 1.00545 1.0054 1.00439 1.00338 1.00429 1.00369 1.00233 1.00093

1.0054 1.00351 1.00357 1.00289 1.00218 1.00288 1.00249 1.00165 1.00067

1.00539 1.00353 1.00355 1.00288 1.00219 1.00285 1.00245 1.00159 1.00064

1.00366 1.00236 1.00245 1.00197 1.00147 1.002 1.00173 1.00119 1.00049

1.00125 1.00081 1.00084 1.00068 1.0005 1.00069 1.0006 1.00041 1.00017

1.0009 1.00057 1.00062 1.00049 1.00035 1.00052 1.00045 1.00033 1.00014

1.00183 1.00123 1.0012 1.00098 1.00077 1.00095 1.00081 1.0005 1.0002

1.00095 1.00062 1.00064 1.00052 1.00038 1.00052 1.00045 1.00031 1.00013

1.00147 1.00099 1.00096 1.00079 1.00062 1.00076 1.00065 1.0004 1.00016

1.00045 1.00028 1.00031 1.00025 1.00017 1.00027 1.00023 1.00018 1.00008

400 500 600 700 800 900 1000
TH

20

40

60

80

100

120

140

Tp

1.005

1.01

1.015

1.02

1.025

Figure 4.3: The variation in the scale factor for dilepton eµ events in 2016 due to including the

lepton-HT multi-object triggers in the numerator of the efficiency measurement. A maximal

variation of 2.6% can be seen in the figure, which is within the ±3% uncertainty applied for

this measurement. The plots are zoomed in for ease of viewing: there are lower bounds of

400 GeV in HT and 10 GeV in sub-leading lepton pT, which correspond to the analysis phase

space. The systematic variation above 1000 GeV in HT and 150 GeV in pT are closer to 1.0

than the bins on display.
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to the intermediate or final state particles in the decay of X→ HH.

4.3.1 Leptons

Electrons and muons are considered in the search for leptons resulting from a signal decay. To

be considered a candidate, the lepton must pass offline acceptance (pT and η), identification,

and isolation requirements. Lepton identification seeks to determine whether the detector

signature is truly produced by a lepton or whether other particles such as hadrons or photons

are misreconstructed as leptons.

As mentioned in Section 4.2, muons are required to have pT > 27 GeV and electrons to

have pT > 30 GeV. Each event, regardless of channel, is required to have one such lepton

passing these pT criteria. In the 2` channel, the second lepton must only have pT > 10 GeV.

Muons in both channels are required to have |η| < 2.4 in order to be within the acceptance of

both the tracker and muon system. Electrons in the 2` channel are likewise required to have

|η| < 2.5, but in the 1` channel electrons are restricted to |η| < 1.479, which corresponds to

the acceptance of the ECAL barrel region. Many misidentified electrons can arise from the

QCD multijet background and are located in the CMS endcaps. Restricting lepton |η| to be

in the ECAL barrel suppresses this effect dramatically and bears a tolerable loss in signal

acceptance, as seen in Fig. 4.4.

The identification of signal-like electrons relies on a variety of variables related to the

shower shape in the calorimeters and the track kinematics and fit quality [112]. These are

necessary to discriminate against background sources such as photon conversions, hadrons

misidentified as electrons, and secondary electrons from b or c decays.

Some important variables commonly used in electron identification are described here.

TheH/E ratio, defined as the ratio of HCAL energy in a cone of radius ∆R = 0.15 around the

electron SC, is primarily used to discriminate electrons from hadrons. For a genuine electron,

the measured hadronic energy H can be due to HCAL electronics noise, pileup, or leakage
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Figure 4.4: Comparisons of the QCD multijet background (left) and signal (middle and

right) yields for several choices of the |η| requirement on electrons in the1` channel. The

background plot is shown as a function of reconstructed resonance mass mHH, and the signal

plots are shown as a function of the generated resonance mass mX. The chosen working

point is |η| < 1.479 because we can reject 30% to 40% of the QCD background with losing

much sensitivity to any signal (from 3% at low mass to none at high mass). The ratios in

the bottom pane of each plot are evaluated with respect to the selection |η| < 2.5.

of the electron energy through the inter-module gaps (usually due to high pT electrons). An

important shower shape variable is σiηiη, the second moment of the log-weighted distribution

of crystal energies in η, calculated in the 5 × 5 crystal matrix around the most energetic

crystal in the SC. This distribution for an electron shower is expected to be narrow for an

electron shower and broad for showers from two photons from neutral hadron decays within

a jet. The shower width in η is more discriminating because the magnetic field already

causes the SC profile to be spread out in φ, as described in Section 3.3. Other important

variables using tracker information include |1/E − 1/p|, where E is the SC energy and p

is the track momentum at the point of closest approach to the PV. Other variables involve

the angular separation between tracks and seed objects or energy clusters, where minimal

separation is indicative of a good electron. These include |∆ηseed|, defined as |ηseed − ηtrack|,

and |∆φin| = |φSC − φtrack|, where the φ of the energy-weighted SC position is used instead
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of the seed cluster φ.

Because of the unique background composition in each of the 1` and 2` channels, different

lepton selection criteria are used to optimize the signal acceptance against background.

In the 2` channel, a menu of several identification selections is applied using some of the

variables described above. This set of selections corresponds to the medium working point

of the cut-based electron identification criteria in CMS, which is on average 80% efficient

for identifying prompt electrons. The full set of selections is shown in Table 4.2. In the 1`

channel, a multivariate discriminator that uses these and other related variables in a boosted

decision tree (BDT) is optimal for selecting prompt electrons that may be accompanied by

nearby hadronic activity (such as the jet from the W → qq̄ decay). This BDT is trained

on Z/γ∗ + jets events with Z/γ∗ → `` using prompt electrons as signal and unmatched plus

nonprompt electrons as background. The working point we use for identification corresponds

to an approximate 90% efficiency.

Table 4.2: Selections in the medium cut-based identification criteria used for electrons in

the 2` channel. The electron SC energy is given by ESC , while ρ corresponds to the pileup

contamination density in the event.

Variable Barrel (|η| < 1.479) Endcap (|η| > 1.479)

H/E < 0.046 + (1.16 + 0.0324ρ)/ESC < 0.0275 + (2.52 + 0.183ρ)/ESC

σiηiη < 0.0106 < 0.0387

∆ηseed < 0.0032 < 0.00632

∆φin < 0.0547 rad < 0.0394 rad

|1/E − 1/p| < 0.184 GeV−1 < 0.0721 GeV−1

Missing hits < 1 < 1

Conversion veto true true

The identification of muons relies primarily on tracker information from both the Si
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tracker and muon systems. This information includes the track fit χ2, the number and lo-

cation of hits per track, and the degree of matching between tracker tracks and standalone

tracks (for the case of global muons). One important variable, the muon segment compat-

ibility, is calculated by propagating a tracker track to the muon system and evaluating the

number of matched segments and the precision of matching. A discriminator with values

from 0.0 to 1.0 indicates a high degree of compatibility with a value closer to 1.0. A kink

finding algorithm is also used to evaluate the quality of a track by breaking it into two

separate tracks, which are determined to have some degree of compatibility.

Using these criteria, two different sets of selections (working points) are used to identify

signal-like muons in the 1` and 2` channels. In the 2` channel, a muon must be selected

by the PF algorithm and either be a tracker or global muon, as described in Section 3.3.3.

This corresponds to a loose muon ID criteria that is designed to select prompt muons and

muons from light- and heavy-flavor decays. In the 1` channel, where the backgrounds are

larger and muon misidentification is more probable, tighter criteria are used. A medium ID

is used in this case, optimized for prompt muons and only those from heavy-flavor decay

now. A medium muon is a loose muon that additionally has a tracker track that uses hits

from more than 80% of the inner tracker layers traversed. Additionally, there are muon

segment compatibility and track fit constraints. If a muon is only a tracker muon, then the

muon segment compatibility is required to be > 0.451. If the muon is both a tracker and

global muon, the segment compatibility is only required to be > 0.303, but also the global

fit χ2/dof is required to be < 3, the position match between tracker and standalone muon

tracks must have χ2 < 12, and the kink-finding algorithm’s maximum χ2 is required to be

< 20. More detailed information can be found in Ref. [8].

Constraints are also set on the impact parameter (IP) of charged lepton tracks with

respect to the PV, serving to suppress the contribution of background leptons from heavy-

flavor quark decays such as those from b and c quarks. These quarks typically travel a few

mm (up to 1 cm for b quarks) before decaying, so for a leptonic decay the lepton track will be
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displaced from the PV. One set of IP selections are applied to the tracks of both electrons and

muons, chosen to tolerate a minimal loss in signal efficiency. These include constraining the

longitudinal and transverse displacements of the lepton track IP from the PV to be less than

0.1 cm and 0.05 cm, respectively. In the 1` channel, the significance of the three-dimensional

measurement bIP of the IP, defined as |bIP|/|dbIP|, is also constrained to be fewer than 4.0

standard deviations. However, this constraint is not applied in the 2` channel in order to

remain sensitive to the HH→ bb̄ττ final state. The τ leptons have a lifetime of about 1/5 of

that of a b quark; lepton tracks from a leptonically decaying τ lepton are still displaced from

the PV but not so much that the longitudinal and transverse IP displacements are larger

than the cut values. The IP significance distribution is shifted toward large enough values

that a cut on this variable is not useful considering the low background levels that already

exist in the 2` channel.

Because of their clean detector signatures relative to other particles, leptons are often

expected to be isolated. A lepton’s relative isolation, computed with the PF candidates, is

gauged by considering the summed scalar pT of all particles within a cone of radius R in

η − φ space around the lepton: Irel =
∑

i p
i
T/p

lep
T , where i runs over all particles within an

angular distance R of the lepton.

Because of the significant boost of the Higgs bosons, final-state particles are typically

collimated, which can cause high quality leptons to fail isolation requirements, particularly

in the 1` channel where the lepton of interest is close to or even overlapping with the jet

from the W → qq̄ decay. Mini-isolation can mitigate this effect by employing an isolation

cone radius that varies as a function of the lepton pT in GeV [118]:

Rmini−isolation =


0.2, pT < 50 GeV

10 GeV/pT, 50 < pT < 200 GeV

0.05, pT > 200 GeV.

(4.2)
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Larger pT is indicative of larger event boost, a situation in which the qq̄ jet is closer on

average to the lepton, which is not expected to be isolated well. Between 50 and 200 GeV,

the mini-isolation cone radius shrinks with a 1/pT dependence considering a less isolated

environment. In particular, this dependence is inspired by considering the two-body decay of

a particle with massM and large pT to two daughter particles, where the angular separation

of the daughters is roughly ∆R ≈ 2M/pT. The isolation calculation also involves corrections

for identifying and excluding particles from pileup interactions. This isolation strategy is

necessary and particularly powerful for the 1` channel, where we require Irel < 0.2. In the

2` channel, it also performs well when maximizing signal acceptance relative to background

rejection. A tighter selection in this channel of Irel < 0.15 is applied because there is not

expected to be a jet near any leptons.

The criteria for lepton selection in the 1` channel is distinct from the 2` channel in order

to optimize signal efficiency and background rejection for each decay channel. We enforce

that the two sets of events that comprise each channel be disjoint. The rate for true 2`

events to pass the full 1` channel selection is larger than the rate for true 1` events to pass

the full 2` selection. So, to maximize the purity of each channel, priority is given to the 2`

channel; any event that has exactly two opposite-sign leptons that pass the 2` lepton criteria

is selected for the 2` channel. If an event has a lepton that passes the 1` lepton criteria and

also has fewer than two leptons that pass the 2` lepton criteria (thus failing the selection),

then the event is selected for the 1` channel. In this case, the highest-pT lepton that passes

the 1` criteria is chosen for HH reconstruction. If neither of these conditions are met by the

lepton candidates in an event, then the event is not used for analysis.

The lepton efficiencies due to reconstruction, identification, and isolation are shown in

Fig. 4.5 for various signal hypotheses of mass mX. These efficiencies are measured in simula-

tion by matching reconstructed leptons to true particle-level leptons within a tight ∆R < 0.1.

The presence of a jet in the 1` channel signal results in universally lower lepton selection

efficiencies than in the 2` channel signal. For 1` muons, the inefficiency due to the jet is
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Figure 4.5: Lepton selection efficiencies in signal for reconstruction ("reco."), identification

("ID"), and isolation ("Iso"), applied sequentially in this order. The muon (electron) effi-

ciencies are shown in the left (right) column, and the top (bottom) row shows the 1` (2`)

channel.

manifest in the isolation selection, wherein this jet’s energy contaminates the lepton isolation

cone. The muon reconstruction (Section 3.3.3) and ID relies heavily on information from the

muon systems, which is largely devoid of hadronic energy, and so these efficiencies are not
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as strongly dependent on jet proximity.

For electrons in the 1` channel, the inefficiency due to the jet arises in the reconstruc-

tion process detailed in Section 3.3.4. The electron reconstruction procedure involves a flat

H/E cut that considers the HCAL energy within an angular distance ∆R < 0.15 from the

energy-weighted center of the electron SC relative to the electron SC energy. The cone area

created with ∆R < 0.15 contains about 9 HCAL towers. This intrinsic isolation cut in the

reconstruction is often tighter than the mini-isolation that is used in the lepton selection;

the mini-isolation cone area is smaller than the H/E cone area for lepton pT & 67 GeV.

In signal, energy from the jet often falls within the cone area, preventing the successful re-

construction of a good electron. The severity of this inefficiency led to additional studies

on how to mitigate this effect, as it also posed a general problem for heavy mass searches

that involve boosted decay topologies. A simple solution was found wherein the electron

reconstruction also considers the energy of the HCAL tower directly behind the electron SC

central position relative to the other HCAL towers within the H/E cone area. The modified

procedure was found to be capable of increasing the electron reconstruction efficiency of

X → HH → bb̄WW∗ → bb̄eνeqq̄ by about 50% at mX = 1 TeV to over 100% at 3 TeV.

Unfortunately, the data reprocessing campaign that included this change in the electron re-

construction software began deep into the analysis process covered in this dissertation, and

so the data used in these results does not benefit from the recovered efficiency. However,

future searches like this one will benefit from the increased electron reconstruction efficiency.

The reconstruction, ID, and isolation efficiencies each have associated systematic uncer-

tainties that account for discrepancies with the efficiencies in data, typically measured with

Z/γ∗ → `` events. Scale factors are applied to the event weights to correct the simulated

efficiencies to the data as well, and the uncertainties on the scale factors factor into the total

systematic uncertainty. However, the Z/γ∗ → `` events used to measure reconstruction and

ID efficiencies cannot adequately describe the lepton efficiencies in our analysis phase space,

since our efficiencies are heavily influenced by the jet proximity in the 1` channel. Additional
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uncertainties associated with the lepton identification and isolation are applied to the signal

yield, discussed more in Section 5.2.

4.3.2 Jets

This analysis considers a number of different jets that are clustered from the PF candidates.

As described in Section 3.3.5, all jets are clustered using the anti-kT algorithm with two

different values for the distance parameter: R = 0.4 and 0.8. The different jets used in this

analysis are:

AK8 jets: Boosted H → bb̄ have collimated decays that are typically contained within

R = 0.8. These large-R jets are used as initial seeds for H → bb̄ identification before

applying further selections on the jet substructure and b tagging.

Lepton-subtracted (LS) AK8 jets: Used only in the 1` channel analysis, these are large-

R jets used specifically to reconstruct the W → qq̄ decays that contain within its

jet cone the lepton from the W → `ν decay. Before clustering the jets, the lepton

is removed from the PF collection so that it is not included when calculating jet

substructure quantities. Leptons that pass the 1` channel identification and IP criteria

described in Section 4.3.1 are removed from the collection of PF particles. This lepton

subtraction is not applied for the H→ bb̄ reconstruction because it may remove leptons

from the decays of the b quarks in H→ bb̄.

AK4 jets These R = 0.4 jets are used primarily to identify b jets from top quark decays,

important because tt̄ is the largest background. This identification is used to suppress

the tt̄ background.

Trigger AK4 jets These R = 0.4 jets are used to calculate the event HT. Looser con-

straints are applied to these jets than to the AK4 jets listed above.

As described in Section 3.3.5, all jets are corrected for non-uniform reconstruction. Jets
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are also corrected for the presence of contributions from pileup with different strategies

for AK4 and AK8 jets [119]. For AK4 jets, charged hadrons that are associated to a pileup

vertex are removed completely from the jet momentum with the Charged-Hadron Subtraction

(CHS) technique within the PF algorithm [10]. On the other hand, AK8 jets are calibrated for

pileup contributions using the the Pileup Per Particle Identification (PUPPI) algorithm [120].

Rather than remove PF candidates associated with pileup from the jet computations, the

PUPPI algorithm first calculates a local shape variable α for each PF candidate in the jet,

used to distinguish parton shower-like radiation from pileup radiation. Using this shape

α and other variables like pT, a weight with values from 0.0 to 1.0 is assigned to each jet

constituent in order to rescale the momentum of each. Ideally, particles from the hard scatter

receive a weight of 1.0, while those from pileup receive a weight of 0.0. Furthermore, all jets

except the trigger AK4 jets are cleaned with a set of criteria meant to reject fake, poorly

reconstructed, and noise jets while maintaining a 98–99% efficiency for real jets [121]. This

criteria corresponds to a tight jet ID working point, defined with selections on the set of jet

constituents:

• Neutral hadron fraction < 0.90

• Neutral EM fraction < 0.90

• Charged hadron fraction > 0.00

• Charged EM fraction < 0.99

• Number of constituents ≥ 2

• Number of charged constituents ≥ 1

Table 4.3 contains a summary of the corrections and acceptance selections for each of the

four classes of jets used.
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Table 4.3: Summary of jet collection properties.

Collection R Pileup corrections pT selection |η| selection Jet ID

AK8 jets 0.8 PUPPI > 50 GeV < 2.4 tight

LS AK8 jets 0.8 PUPPI > 50 GeV < 2.4 tight

AK4 jets 0.4 CHS > 30 GeV < 2.4 tight

Trigger AK4 jets 0.4 CHS > 30 GeV < 5.0 none

4.3.3 Boson reconstruction

In order to best understand the entire HH decay chain, it is necessary to reconstruct the Higgs

and W bosons that are intermediate states of the event. The hadronically decaying Higgs and

W bosons are reconstructed as the aforementioned bb̄ jet and qq̄ jet, respectively. Bosons

are first reconstructed and selected with a baseline set of criteria. Then, additional criteria

are imposed to classify the event into a search region or control region. Boson candidate

selection is defined such that there can be only one bb̄ jet in the event and additionally only

one qq̄ jet in the 1` channel.

Understanding the jet substructure is crucial for measurement and identification of hadron-

ically decaying bosons. In this dissertation, we are concerned with two such states: H→ bb̄

in both channels and W → qq̄ in the 1` channel. Identifying these states relies on the

reconstructions of the local energy deposits of each of the two quarks within the AK8 jet, re-

ferred to as subjets. Reconstruction of the subjets is necessary to discriminate signal against

background jets and to mitigate contamination from initial state radiation and radiation

from the underlying event and pileup. Subjet reconstruction is performed with the soft-drop

(SD) algorithm [122], a version of the modified mass-drop tagger [123], which removes soft,

wide-angle radiation from a jet with an iterative declustering procedure.

The SD algorithm is described here. For each AK8 jet, the PF constituents of that jet

alone are reclustered using the C-A algorithm rather than the anti-kT algorithm to form
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a pairwise clustering tree with an angular-ordered structure. The algorithm then unwinds

iteratively with the following procedure:

1. Divide the jet j into two subjets j1 and j2 by undoing the last step of the C-A clustering.

Order the jets such that mj1 > mj2 .

2. Check if the subjets pass the SD condition, defined as:

Soft-drop condition:
max (pT1, pT2)

pT1 + pT2

> zcut

(
∆R12

R0

)β
, (4.3)

where ∆R12 is the angular distance between j1 and j2, R0 is the clustering distance

parameter (0.8 in our case), zcut is the SD threshold, and β is an angular exponent. If

the subjets pass the SD condition, then deem jet j to be the final SD jet.

3. Otherwise, if the SD condition is not fulfilled, redefine j to be the jet j1 (with larger

pT) and iterate the procedure, returning to Step 1.

By construction, the SD condition fails for wide-angle, soft radiation. The parameters zcut

and β are tuned to control the degree of jet grooming; for the hadronically decaying bosons

in this dissertation, the values used are zcut = 0.1 and β = 0. By iteratively declustering the

jet into pairs of subjets, the goal is that the proper subjets will be found once a sufficiently

large drop in the invariant mass of j1 and j2 is observed relative to the mass of j. The use

of this procedure not only discriminates two-body decays from a massive object from large

decays of gluons or quarks, but it also improves the mass resolution when jet mass is taken

to be the invariant mass of the subjets.

We now review the reconstruction and selection of the various intermediate-state bosons.
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H → bb̄

The bb̄ jet is chosen from at most the two leading AK8 jets in pT that have pT > 200 GeV

in the event. Of these two jets, the H → bb̄ candidate is chosen as the highest pT jet that

is sufficiently far away from certain objects in the event; in the 1` channel, these objects are

the lepton and the qq̄ jet, while in the 2` channel, these are the two leptons:

• 1` channel: ∆R(bb̄ jet, qq̄ jet) > 1.6 AND |∆φ(bb̄ jet, `)| > 2.0

• 2` channel: |∆φ(bb̄ jet, ~p``)| > 2.0 AND |∆φ(bb̄ jet, `)| > 0.8 for each `

Furthermore, this jet candidate is required to contain two SD subjets each satisfying pT > 20

GeV and |η| > 2.4.

The SD mass mbb̄ of this jet is one of the two search variables of this analysis. The raw

mbb̄ without any corrections is on average less than mH = 125 GeV due to the energy loss

from b quark decay, and this energy loss is also pT-dependent. We therefore correct mbb̄

to remove this offset but also primarily to remove the pT dependence to ensure a uniform

response for hypothetical signals with different mX. The correction is obtained from signal

simulation as a function of pT and η and is applied as follows to obtain the corrected mass

mcorr
bb̄

:

mcorr
bb̄ = mbb̄ ∗ CSD(pT ∗ CpT(pT, η), η), (4.4)

The correction CpT accounts for the jet pT response, calibrating the jet pT so that it matches

the particle-level pT on average. Then, in bins of pT and η, the mbb̄ spectrum is fit with

a resonant template (the same used in the background modeling, described in detail in

Section 5.1) to obtain a measurement of the mbb̄ resonance. The correction CSD is the

known Higgs boson mass of 125 GeV divided by this measured value. The effect on the

measured mbb̄ due to various corrections is demonstrated as a function of mX in Fig. 4.6.

The correction reduces the mbb̄ pT dependence while producing the average mass accurately.

There is a single correction, given the pT and |η|, applied to the jet regardless of the year of
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the run. While this correction was derived using only 2016 simulation, the corrected behavior

is consistent for 2016–2018, demonstrated in Fig. 4.6.
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Figure 4.6: Left: the fitted mbb̄ as a function of hypothetical mX for various schemes of

jet correction. The AK8 jet SD mass before applying jet energy corrections is given by "no

corr." The gray curve is obtained by applying standard CMS jet energy corrections to the

raw jet mass. The blue curve corresponds to the SD mass of the AK8 jet in the gray curve.

The red curve shows the SD mass when applying corrections to the blue curve that were

measured particularly for SD jets from W→ qq̄ decays. The relative mass reduction here is

unsuitable for H→ bb̄ decays. The proper correction described in this work and applied to

the blue curve produces the yellow curve, which puts mbb̄ at 125 GeV on average across the

full range of mX. Right: the corrected MC distribution for a spin-0 signal of mX = 1.0 TeV

compared for each year of data-taking. The spike in events below 20 GeV correspond to jets

for which the SD algorithm overgrooms and removes too much energy.

Finally, as first mentioned in Section 3.3.5, the quark flavor content of the bb̄ jet is

evaluated with the mass-decorrelated DeepAK8 Z/H → bb̄ tagger. The use of this tagger

to construct search and control regions will be discussed in Section 4.4.
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W → qq̄

An AK8 jet encapsulating the decay of a hadronic W boson is only reconstructed in the

1` channel. Only the LS AK8 jet closest in ∆R to the selected lepton is considered as the

candidate qq̄ jet, and this jet must also satisfy the following criteria:

• ∆R(qq̄ jet, lepton) < 1.2

• pT > 50 GeV

• Two subjets each with pT > 20 GeV and |η| < 2.4

The ∆R requirement reduces backgrounds such as W+jets while maintaining high signal effi-

ciency. Two subjets with pT high enough to be consistent with at least a moderately boosted

W→ qq̄ decay are required. An identification scheme to distinguish between two-prong and

single-prong substructure in this jet is also used and will be discussed in Section 4.4.

Single-lepton H → WW∗

To reconstruct the Higgs boson four-momentum in the H → WW∗ → `νqq̄ decay chain

from the visible and invisible decay products, a likelihood-based technique is employed. For

each event, values for the following five parameters are extracted by maximizing a likelihood

function:

~pν: the three components of the neutrino momentum. The pmiss
T can help us infer the

transverse components of the neutrino momentum, but it offers no insight into the

longitudinal component. The other physics objects in the event help to provide more

information on these momentum components.

Vqq̄: a boolean indicator of whether the qq̄ jet favors a larger or smaller mass than the

W → `ν boson decay. Because mH < 2mW, typically one of the W bosons will be
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on-shell with a mass near the true mass of 80 GeV, and the other will be off-shell with

a much lower mass (≈ 30 GeV on average). This parameter encodes this on/off-shell

information by gauging which of the bosons has lower mass.

Rqq̄: a jet response correction, a multiplicative scale factor on the pT of the qq̄ jet. Because

this jet has a large energy resolution, the jet pT is allowed to vary. Neither the mass

nor the angle of the jet is altered in the fit.

With these parameters determined, the H→WW∗ four-momentum can be fully determined

as the summed four-momentum of the neutrino (pν), the qq̄ jet (modified by Rqq̄), and the

lepton. This method assumes that the lepton is reconstructed perfectly, and so the lepton

momentum is not varied in the fit.

The likelihood function is constructed with six probability density functions (pdfs) P (x|~y)

estimated from signal simulation, where x is the corresponding observable for the pdf, and

~y represents the set of free parameters associated to that pdf. For example, mjet is one

such observable, and Vqq̄ is one such free parameter. These pdfs are represented as one-

dimensional histograms P and act as constraints on the free parameters mentioned above.

The full likelihood function is:

L = P (mjet|Vqq̄)P (pT,jet|Rqq̄, Vqq̄)P (m`νqq̄|~pν , Rqq̄, Vqq̄)P (m`ν |~pν , Vqq̄)P (~p miss
T |~pν , Vqq̄). (4.5)

Below, we provide specific details for each of the pdf factors in the likelihood function.

Any variable that is denoted as "true" is a quantity taken from particle-level information

in simulation. Separate sets of pdfs are derived for each year of data-taking to account for

differences in reconstruction among the years.

P (mjet|Vqq̄): the soft-drop mass of the qq̄ jet. This pdf is implemented very coarsely with

only two bins so that the likelihood L does not depend strongly on the precise modeling

of the soft-drop mass shape. Figure 4.8 shows this distribution binned more finely than
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implemented for signal events, categorized by which W boson has the lower true mass.

The division at 60 GeV yields good separation between the two categories.

P (pT,jet|Rqq̄, Vqq̄): this pdf is constructed as the jet pT response, parameterized as the

ratio of the reconstructed qq̄ jet pT to the true jet pT. With this parameterization, the

dependence of the pdf for the true pT,jet on mX of the signal is eliminated. By fitting

for this jet response correction, we can better determine the true momentum of the

qq̄ jet, whose energy measurement has large uncertainties. This distribution is shown

in Fig. 4.8.

P (m`ν|~pν, Vqq̄): the mass distribution of the W → `ν decay, whose probability distri-

bution is built using the true neutrino three-momentum and the reconstructed lepton

momentum. Examples of this distribution for both the on- and off-shell cases of the

qq̄ jet can be seen in Fig. 4.7.

P (m`νqq̄|~pν, Rqq̄, Vqq̄): the mass distribution of the reconstructed H → WW∗ → `νqq̄

decay, whose probability distribution is built using the true neutrino three-momentum,

the reconstructed lepton momentum, and a hybrid qq̄ jet momentum constructed with

the particle-level pT, the reconstructed η and φ, and a fixed mass of either 30 or

81 GeV depending on whether the W→ qq̄ decay is truly off- or on-shell, respectively.

Examples of this distribution for both the on-shell and off-shell cases of the qq̄ jet can

be seen in Fig. 4.7.

P (~p miss
T |~pν, Vqq̄): the product of two pdfs, each corresponding to one component of the

~p miss
T :

P (~p miss
T |~pν , Vqq̄) = P (pmiss

T,‖ |~pν , Vqq̄)P (pmiss
T,⊥ |~pν , Vqq̄). (4.6)

This missing momentum in signal events can be modeled without a strong dependence

on mX by considering the reference frame of the momentum vector ~p reco
T , given in
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Eq. (4.7):

~p reco
T = ~p miss

T + (~p` + ~pqq̄ jet)T. (4.7)

Rotating the ~p miss
T into the frame of ~p reco

T , we can nicely model each of the parallel

and orthogonal components of ~p miss
T relative to ~p reco

T . The parallel component arises

from jet mismeasurements, particularly in the energy of the bb̄ jet that tends to be

approximately opposite ~p reco
T in the transverse plane. The orthogonal component is

smaller and arises from underlying event interactions and pileup. As implemented in

Eq. (4.5), the pdfs are constructed as the "extra" missing momentum relative to the

neutrino momentum, ~p miss
T −~pT,ν , and are parameterized not to have strong dependence

on mX of signal. The parallel component is dependent on mX because the bb̄ jet

mismeasurement is affected by the event boost, so this extra momentum is modeled

as (pmiss
T,‖ − pν‖)/mX to remove such dependence. The orthogonal component does not

depend on the event boost, so this momentum is modeled as (pmiss
T,⊥ − pν⊥). These

distributions are derived in signal simulation using the true neutrino momentum and

the reconstructed ~p miss
T , and examples are given in Fig. 4.9.

The pdfs that comprise Eq. (4.5) are built such that the dependence on mX is suppressed,

but some residual dependence remains. To further ensure minimal dependence of these pdfs

on the event boost, we also parameterize each P in Eq. (4.5) as a function of precoT in Eq. (4.7).

Two sets of pdfs are produced, one at low precoT (. 600 GeV) and one at high precoT (& 1400

GeV), and then event-by-event, the histogram P of the pdf is obtained by interpolating

between the histograms at the two regimes of precoT . This interpolation is performed linearly

as a function of the event precoT . The forms of the P are all dependent on whether the

hadronically decaying W boson is heavier than the leptonically decaying W, so each term is

dependent on the free parameter Vqq̄. Correlations among the observables in the likelihood

were studied and found not to affect the result significantly.

In the first iteration of this analysis [72], this reconstruction was performed by constrain-
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Figure 4.7: Examples histograms of the pdfs in the likelihood of Eq. (4.5) for the observables

m`νqq̄ and m`ν and the on-shell (left) and virtual (right) W→ qq̄ cases. The top row shows

P (m`νqq̄|~pν , Rqq̄, Vqq̄) and the bottom shows P (m`ν |~pν , Vqq̄). These histograms correspond to

the low precoT set of pdfs.

ing the H→WW∗ mass at 125 GeV and solving for ~pν with a simple second-order equation,

using the ~p miss
T directly for the transverse components of ~pν . The signal mHH resolution is

similar between the previous and the current method, but the background mass spectrum is

softer with the current likelihood method, as can be seen in Fig. 4.10. We take advantage
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Figure 4.8: Example histograms of the pdfs in the likelihood of Eq. (4.5) for the observables

mjet and Rjet. Left: comparison of the mjet distribution for the on-shell and virtual W→ qq̄

cases. The pdfs P (mjet|Vqq̄) are created from this distribution rebinned to only two bins

divided at 60 GeV. The histograms are binned so coarsely as to remain insensitive to the

precise soft-drop mass modeling. Right: the pdf of the jet pT P (pT,jet|Rqq̄, Vqq̄), constructed

as the jet response function, for the virtual W→ qq̄ and low precoT cases.

of this fact using an alternative likelihood Lalt, which is less constrained by the intermediate

masses. Instead of fitting for the neutrino pz, we include the masses of the H → WW∗ and

W → `ν decays as free parameters. Thus, difference between the change from the nominal

to the alternative likelihood is given by:

Lalt = P (mjet|Vqq̄)P (pT,jet|Rqq̄, Vqq̄)P (m`νqq̄|mWW∗ , Vqq̄)P (m`ν |mW→`ν , Vqq̄)P (~p miss
T |~p ν

T , Vqq̄),

(4.8)

where mWW∗ and mW→`ν are the free parameters for the masses of the H → WW∗ and

W → `ν decays, respectively. We then use both likelihoods to construct a discriminating
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Figure 4.9: Example histograms of the pdfs in the likelihood of Eq. (4.5) for the pmiss

T

observables. Left: P (pmiss
T,‖ |~pν ,Vqq̄), the extra pmiss

T relative to the neutrino momentum

parallel to ~p reco
T . This distribution is modeled as (pmiss

T,‖ −pν‖)/mX to minimize the dependence

on signal mX. Right: P (pmiss
T,⊥ |~pν ,Vqq̄), the extra pmiss

T relative to the neutrino momentum

orthogonal to ~p reco
T . This distribution is modeled as (pmiss

T,⊥ − pν⊥) and does not have any

inherent dependence on mX, as the extra pmiss
T in this direction arises from underlying event

interactions such as pileup. The pdfs are shown for the virtual W→ qq̄ and low precoT cases.

variable between signal and background:

D`νqq̄ ≡ −2 logL/Lalt, (4.9)

where L is the likelihood described in Eq. (4.5) and Lalt is the alternative likelihood. The

use of D`νqq̄ to discriminate between signal and background is discussed in Section 4.4.

Dilepton H → WW∗ and H → ττ

In the 2` channel, the Higgs boson that does not decay to bb̄ is reconstructed by summing the

dilepton four-momentum p`` and the invisible four-momentum pinv due to neutrinos, which
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Figure 4.10: The reconstructed m`νqq̄ obtained by either minimizing −2 logL or solving a

second-order equation. Top: 1 TeV (left) and 2 TeV (right) signals. Bottom: tt̄ (left) and

W + jets (right) background processes.

must be determined. The absence of a qq̄ jet and the presence of larger pmiss
T in this chan-

nel limits the effectiveness of a likelihood-based technique for Higgs boson reconstruction.

Instead, we make simple assumptions of the decay kinematics, motivated by the simulation

of signal, to determine pinv. First, the transverse components of pinv are taken directly from

~p miss
T . Second, because of the boost of the Higgs decay, we assume the polar angle θ of
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pinv to be equal to that of p``: θinv = θ``. The distribution of θinv − θ`` is narrow due to

the large boost of the H boson, even in the low-mass regime, as can be seen in Fig. 4.11.

With this constraint, the z-component of pinv is obtained. Finally, the invariant mass of all

neutrinos in the event is estimated to be 55 GeV on average from the true distribution from

simulation, seen in Fig. 4.11. The analysis is not sensitive to the choice of reconstruction

solution because pmiss
T is on the order of the bb̄ jet resolution, and thus there is limited useful

information in the ~p miss
T to reconstruct the Higgs decay more precisely.

4.4 Event selection

After reconstructing all intermediate and final states in the HH decay chain, the set of

events that remain are then filtered with selections on discriminating variables that target

signal-like decay topologies and reject events with background-like signatures. Some of these

selections are common between the 1` and 2` channels, and some are unique to each one.

Some variables are also used to categorize events before modeling, discussed in Sec. 5.1, and

noted when applicable in this section.

In order to determine whether the selected bb̄ jet truly arises from a two-prong decay to

b quarks, we employ a tagging tool called the DeepAK8 mass-decorrelated (MD) Z/H→ bb̄

tagger, used primarily to discriminate bb̄ jets against jets from QCD multijet events. This

was first introduced and discussed in detail in Section 3.3.5. All events in this analysis are

required to have DZ/H→bb̄ > 0.8, a selection with an efficiency for X→ HH signal of > 80%

and a total background rejection rate of ≈ 95% on the bb̄ jet. The discriminator DZ/H→bb̄

is also used to categorize events into either a loose (bL) or a tight (bT) category, defined by

0.8 ≤ DZ/H→bb̄ < 0.97 and DZ/H→bb̄ ≥ 0.97, respectively. Most of the signal is in the tight

categories, while most of the background falls into the loose categories, making the tight

categories the most sensitive to signal. The distribution DZ/H→bb̄ is shown in Fig. 4.12 for all

events entering the 1` and 2` channels. Discrepancies between the tagging efficiencies mea-
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Figure 4.11: Top row: the true ∆θ = θ`` − θinv for 2` signals. The left plot compares

different mX for spin-0 events containing both bb̄WW∗ and bb̄ττ . The right plot compares

bb̄WW∗ against bb̄ττ for a low and high mX value. This distribution is narrower in bb̄ττ

than in bb̄WW∗. Bottom: the invisible invariant mass minv for each 2` decay mode and the

combined 2` signal for spin-0. This distribution has negligible dependence on both the spin

and resonance mass of the signal.

sured in simulation and data are accounted for with multiplicative scale factors to the event

weights (such that the simulated efficiency matches the data) and systematic uncertainties

on the signal yield (discussed further in Section 5.2.2).

In background events from tt̄ production, the largest background contributor, we often
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Figure 4.12: The discriminator distributionDZ/H→bb̄ of the DeepAK8-MD Z/H→ bb̄ tagger

for the 1` (left) and 2` (right) channels. The data are shown as the black points with error

bars, and two signal hypotheses, for mX = 1.0 and 3.0 TeV, are shown as solid lines. The

colored, stacked histograms show the important SM background processes along with the

aggregate distribution of the subdominant SM backgrounds. The cross section of the signal

process is arbitrarily set for ease of viewing. The red dashed line and arrow indicate that

the selected region of the distribution is DZ/H→bb̄ ≥ 0.8.

misidentify localized hadronic activity around one of the b quarks as the bb̄ jet. An AK4 jet

found separated from the bb̄ jet cone and consistent with the decay of one b quark is a strong

indicator that an event arises from tt̄ and not a signal. AK4 jets from b quarks are identified

with the DeepJet b tagger, detailed in Section 3.3.5. Any event that includes a b-tagged

jet and is ∆R > 1.2 away from the bb̄ jet is excluded from the search. The operating point

of the tagger used in this analysis corresponds to an efficiency of ≈80% for tagging b jets and

a misidentification rate of ≈1% for light-flavor jets. Scale factors are applied to match the

simulation efficiencies to data, and systematic uncertainties are applied to the signal yield

(Section 5.2.2).

With the b jet veto in this search, tt̄ is rejected at a rate of 70–75%, and the signal
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efficiency is > 80%. In the 1` channel, most of the signal inefficiency is due to the misiden-

tification of a c jet from a hadronic W decay as a b jet. However, if the veto required that

the b jet be far from the qq̄ jet as well, the ability to reject tt̄ would be spoiled because the

search targets boosted topologies, and the b quark is often close to a hadronic W decay. In

this case, the veto would not be nearly as effective at suppressing tt̄.

In the 1` channel, there are several other discriminating selections that related to various

elements of the H → WW∗ decay. Because of the boost in the HH system, the angular

distribution of the Higgs bosons tends to be central and low in |η|. Background jets are

also typically produced at high |η| than the H bosons. We target such central topologies by

requiring the ratio of the H → WW∗ candidate pT and mHH, referred to simply as pT/m,

to be > 0.3. We also filter for high-quality H→WW∗ candidates, discussed in Sec. 4.3, by

requiring the likelihood ratio discriminator D`νqq̄ to be ≤ 11.0. To determine how consistent

the qq̄ jet reconstruction is with the two-prong jet substructure expected from W→ qq̄, the

discriminating metric N−subjettiness [124] is used. Given N jet axes n̂k, N−subjettiness is

defined as:

τN =

∑
i∈J p

i
T min (∆Rik)∑
i∈J p

i
TR0

, (4.10)

where i runs over all particles (PF candidates) in the jet J , k runs over the N jet axes,

∆Rik is the angular distance between particle i and jet axis k, and R0 is the jet cone radius

(0.8 for the qq̄ jet in our case). Lower values of N−subjettiness more strongly support the

hypothesis of an N -prong jet substructure. We use the ratio of the 2-subjettiness to the 1-

subjettiness, denoted τ2/τ1, to discriminate the qq̄ jet from single-prong decays by requiring

that τ2/τ1 ≤ 0.75 for all 1` events in the search region. Scale factors for signal event weights

and uncertainties have been measured for the τ2/τ1 working points with W → qq̄ decays

from a tt̄-enriched set of events [125]. The systematic uncertainties are applied to the signal

normalization (Section 5.2.2).

Both the discriminators τ2/τ1 andD`νqq̄, shown in Fig. 4.14 are used together to categorize

1` events based on the reconstructed H→WW∗ decay kinematics. There are two operating
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Figure 4.13: The discriminating variable pT/m, defined as the ratio of the H → WW∗ can-

didate pT and mHH. The data are shown as the black points with error bars, and two signal

hypotheses, for mX = 1.0 and 3.0 TeV, are shown as solid lines. The colored, stacked his-

tograms show the important SM background processes along with the aggregate distribution

of the subdominant SM backgrounds. The cross section of the signal process is arbitrarily

set for ease of viewing. The red dashed line and arrow indicate that the selected region of

the distribution is pT/m ≥ 0.3.

points for each of these two variables used in the categorization. In addition to D`νqq̄ ≤ 11.0,

a tighter value of 2.5, chosen with the goal of optimizing S/
√
B, is used to divide events into

sets with different purities. Likewise, in addition to τ2/τ1 ≤ 0.75, there is a tighter working

point of 0.45, except for events from 2016, for which the working point is 0.55 because the

reconstruction conditions of the CMS detector differed between these two periods of data-

taking. We construct a high purity (HP) category that contains events for which either

D`νqq̄ ≤ 2.5 or τ2/τ1 ≤ 0.45 (0.55 in 2016), and we construct a low purity (LP) category

with all other 1` events that enter the search region.
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Figure 4.14: The distributions of τ2/τ1 (left) and D`νqq̄ (right) for 1` channel events. The

data are shown as the black points with error bars, and two signal hypotheses, for mX = 1.0

and 3.0 TeV, are shown as solid lines. The colored, stacked histograms show the important

SM background processes along with the aggregate distribution of the subdominant SM

backgrounds. The cross section of the signal process is arbitrarily set for ease of viewing.

The red dashed lines and arrows indicate the selected regions in the analysis, corresponding

to τ2/τ1 ≤ 0.75 and D`νqq̄ ≤ 11.0. The HP category for H → WW∗ purity contains events

that have either D`νqq̄ ≤ 2.5 or τ2/τ1 ≤ 0.45 (0.55 in 2016). The LP category contains all

other 1` events in the search region.

In the 2` channel, signal-like topologies are targeted by requiring the leptons and pmiss
T to

be collimated and localized in η−φ space. This is accomplished by requiring pmiss
T ≥ 85 GeV,

∆φ(~p miss
T , ~p``) ≤ π/2, and ∆R`` ≤ 1.0. The first two are primarily used to suppress

Z/γ∗ + jets, wherein the pmiss
T does not arise from neutrinos, while the latter primarily sup-

presses contributions from tt̄, in which the leptons are typically produced opposite each other

in the transverse plane. The spectrum of the dilepton invariant mass m`` in signal rises and

falls within the low-mass continuum and Z boson resonance regions of the Z/γ∗ + jets spec-

trum, and so this background is suppressed with 6 ≤ m`` ≤ 75 GeV. Each of the four

93



aforementioned discriminating selections in the 2` channel is shown in Fig. 4.15. The selec-

tions imposed in the 1` and 2` channels that have just been discussed are summarized in

Tab. 4.4 and 4.5, respectively.

Table 4.4: 1` channel search region cuts to discriminate signal against background

Description Selection

H→ bb̄ purity DZ/H→bb̄ ≥ 0.8

No extra b-jets No AK4 b-tagged jets resolved from bb̄ jet

Event centrality pT/m ≥ 0.3

H→WW∗ purity D`νqq̄ ≤ 11

W→ qq̄ two-prong substructure τ2/τ1 ≤ 0.75

Table 4.5: 2` channel search region cuts to discriminate signal against background

Description Selection

H→ bb̄ purity DZ/H→bb̄ ≥ 0.8

No extra b-jets No AK4 b-tagged jets resolved from bb̄ jet

Exclude Z resonance 6 ≤ m`` ≤ 75 GeV

Leptons in close proximity ∆R`` ≤ 1.0

Leptons near ~p miss
T |∆φ(~p miss

T , ~p``)| ≤ π/2

Significant missing energy pmiss
T ≥ 85 GeV

Extra selections are needed to mitigate the effects of HCAL modules that suffered a

power outage during the 2018 data-taking run. Two sectors of the η < 0 endcap HCAL

system, known as HEM15 and HEM16 were inactive from run 319077 through the end of

2018. The affected region of the detector spanned η < −1.479 and −1.55 < φ < −0.9. Two

consequences of this issue are considered for calibrating the set of events in the analysis.
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Figure 4.15: Distributions of discriminating variables in the 2` channel: ∆R`` (top left), m``

(top right), pmiss
T (bottom left), and ∆φ(~p miss

T , ~p``) (bottom right). The data are shown as

the black points with error bars, and two signal hypotheses, for mX = 1.0 and 3.0 TeV, are

shown as solid lines. The colored, stacked histograms show the important SM background

processes along with the aggregate distribution of the subdominant SM backgrounds. The

cross section of the signal process is arbitrarily set for ease of viewing. The red dashed

lines and arrows indicate the selected regions of the analysis, corresponding to ∆R`` ≤ 1.0,

6 ≤ m`` ≤ 75 GeV, pmiss
T ≥ 85 GeV, and ∆φ(~p miss

T , ~p``) ≤ π/2.
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First, jet energies are undermeasured in this region of the detector. Second, an excess of

hadrons are misreconstructed as electrons, since the H/E (discussed in Section 3.3.4) for

electron candidates in this region is 0.0, and thus this particular selection is fulfilled for

every candidate. Since the affected region of the detector is beyond the acceptance for

electrons in the 1` channel, the effect is only important in the 2` channel. In data, this effect

is mitigated by excluding any 2` event in the affected run range that contains an electron in

the critical region of the detector. In simulation, for each electron in the critical region in

a given event, a multiplicative event weight is applied that is equal to the ratio of the 2018

luminosity before run 319077 and the full 2018 luminosity. This produces a negligible change

in both the signal and expected background normalizations. The effect of excluding these

electrons from the 2` channel data is demonstrated in Fig. 4.16. The undermeasurement of

jet energies in the HEM region is accounted for by including an extra systematic uncertainty,

discussed in Section 5.2.2.
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Figure 4.16: The η (left) and φ (right) distributions of electrons in the 2` channel data in

2018. In each plot, we show the data before removing (blue) and after removing (black) the

affected HEM region for runs ≥ 319077.
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With the full selection described in this section applied to the analysis, the expected SM

background composition is described in Table 4.6, and the expected yields for hypothetical

signals assuming σB(X → HH) = 1.0 pb are provided in Table 4.7. The event categoriza-

tion mentioned earlier constructs 12 search region (SR) categories using the lepton flavor

content, DZ/H→bb̄, and additionally in the 1` channel, τ2/τ1 and D`νqq̄. The categorization

is summarized in Tables 4.8 and 4.9.

Table 4.6: SM background composition in the SR. The total event yields, corresponding to

an integrated luminosity of 137.6 fb−1, are 9267.1 (154.2) events in the 1` (2`) channel. The

table shows the fraction of these events that is attributed to each process.

Background process 1` channel 2` channel

tt̄ 0` 1.4% 0.0%

tt̄ 1` 63.1% 25.8%

tt̄ 2` 4.4% 15.2%

single top 3.1% 13.4%

W + jets 15.1% 2.1%

Z/γ∗ + jets 2.2% 32.1%

QCD multijet 9.1% 0.0%

diboson 0.9% 7.8%

tt̄V 0.6% 2.0%

tt̄H 0.2% 1.6%

For spin-0 scenarios, the selection efficiency for 1` channel events to pass the criteria of

any of the 12 SR categories is 9% at mX = 0.8 TeV. The efficiency increases with mX up

to 23% at mX = 1.5 TeV because the Higgs boson decays become more collimated. Above

1.5 TeV, the selection efficiency decreases to a minimum of 14% at mX = 4.5 TeV for two

main reasons: the b tagging efficiency degrades for high-pT jets as does the lepton isolation

for extremely collimated Higgs boson decays. For 2` channel events, the combined selection
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Table 4.7: Expected signal yields assuming σB(X → HH) = 1.0 pb and an integrated

luminosity of 137.6 fb−1. Yields are provided for all mass points mX for which simulated

samples are used and for all events that enter any one of the search categories in the 1` and

2` channels.

mX

1` channel events 2` channel events

spin-0 spin-2 spin-0 spin-2

800 GeV 1087.52 1581.64 323.376 472.929

900 GeV 1705.7 2417.75 536.054 739.579

1.0 TeV 2101.72 2890.48 686.561 932.013

1.2 TeV 2546.2 3310.15 877.561 1134.56

1.4 TeV 2730.41 3508.64 1014.11 1259.71

1.6 TeV 2776.75 3481.56 1099.44 1333.04

1.8 TeV 2764.54 3435.66 1141.48 1372.07

2.0 TeV 2743.79 3352.06 1182.67 1389.14

2.5 TeV 2506.06 3058.3 1257.88 1436.87

3.0 TeV 2288.65 2759.15 1282.15 1468.92

3.5 TeV 2005.43 2443.82 1289.92 1456.19

4.0 TeV 1810.1 2176.67 1287.41 1427.12

4.5 TeV 1613.96 1928.06 1257.25 1401.98

efficiency to pass the criteria of any category is 9% at mX = 0.8 TeV, increases sharply with

mX to 30% at mX = 1.5 TeV, and then increases more slowly to 36% at mX = 4.5 TeV. The

efficiency grows over the full range of mX because the leptons, with no nearby jet, become

easier to select at high pT.
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Table 4.8: The 1` channel event categorization and corresponding category labels. All

combinations of the two lepton flavors, two bb̄ jet tagging, and two H→WW∗ decay purity

selections are used to form eight independent event categories. The lower τ2/τ1 working

point is 0.55 (0.45) in 2016 (2017–2018).

Categorization type Selection Category label

Lepton flavor Electron e

Muon µ

bb̄ jet tagging 0.8 < DZ/H→bb̄ < 0.97 bL

DZ/H→bb̄ > 0.97 bT

H→WW∗ purity 0.45(0.55) < τ2/τ1 < 0.75 or 2.5 < D`νqq̄ < 11.0 LP

τ2/τ1 < 0.45(0.55) and D`νqq̄ < 2.5 HP

Table 4.9: The 2` channel event categorization and corresponding category labels. All

combinations of the two lepton flavors and two bb̄ jet tagging selections are used to form

four independent event categories.

Categorization type Selection Category label

Lepton flavor Two electrons or two muons SF

One electron and one muon OF

bb̄ jet tagging 0.8 < DZ/H→bb̄ < 0.97 bL

DZ/H→bb̄ > 0.97 bT
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CHAPTER 5

Modeling X → HH Signal and Background

5.1 Modeling

The search evaluates the existence of signal by performing a two-dimensional (2D) simultane-

ous maximum likelihood fit of the data in the 12 event categories listed in Tables 4.8 and 4.9.

The data are binned in two dimensions,mbb̄ andmHH, within the ranges 30 < mbb̄ < 210 GeV

and 700 < mHH < 5050 GeV. The expected signal is uniquely characterized by mass reso-

nances in both dimensions: a resonance in the mbb̄ dimension near the Higgs boson mass

mH = 125 GeV and another resonance at an unknown mass a priori in the mHH dimension.

The lower bound of mbb̄ is chosen because the SD modeling is not well understood below

this value and has larger uncertainty. However, we include such low mbb̄ in order to use

this sideband to constrain the background in the modeling. We extend mbb̄ up to 210 GeV

so that the parameter space contains the peak of the top quark mass. The lower bound of

mHH is chosen such that the total background spectrum in this dimension is monotonically

falling, and the upper bound is chosen to be a few hundred GeV above the largest mass data

point observed in any event that fulfills the physics object selection in Section 4.3.

In the mbb̄ dimensions, the bin width used in the fit is a constant 6 GeV, but in the

mHH dimensions the bin widths for fitting are variable: 25 GeV width within 700 < mHH <

2000 GeV, 50 GeV within 2000 < mHH < 3100 GeV, and 75 GeV in the region mHH >

3100 GeV. In both dimensions, the bin widths are chosen to be smaller than the mass

resolutions of the signal; a typical signal contains about 8 bins under the peak, particularly 4
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along the mbb̄ dimension and 2 along mHH. Furthermore, the variable bin width significantly

improved computing time without sacrificing sensitivity to any signal.

The signal and background mass distributions are modeled with independent 2D tem-

plates for each event category and are constructed to be smoother than the distributions

directly from MC simulation only. Methods are used to increase the statistical power of the

templates relative to that of the simulation in the category of interest. Shape and normal-

ization uncertainties are included in the fit in order to account for differences in the spectra

of data and simulation.

5.1.1 Background component classification

To ultimately perform the fit to data, the background model is divided into components,

and a 2D template is generated in the (mbb̄, mHH) mass plane for each independently. The

shape and normalization of each component is then varied in the fit in each event category.

In both the 1` and 2` channels, the background is dominated by contributions from

tt̄ production. Subdominant contributions come from W + jets with W → `ν and QCD

multijet processes in the 1` channel, while contributions from Z/γ∗ + jets with Z/γ∗ → ``

are almost as significant as tt̄ in the 2` channel. Instead of splitting by SM process, the

background is classified by the set of generator-level quarks from the hadronic decay of a

top quark or W boson that fall within ∆R < 0.8 of the bb̄ jet axis. There are several

advantages of this approach to the classification. First, we are able to carefully model

background components with mbb̄ resonances apart from those without. Second, we are able

to more reliably produce high quality templates with increased statistical power (discussed

in Section 5.1.2). This classification is only important for dividing the simulation samples

before building the background templates. The background components are described below

and summarized in Table 5.1:

1. mt background: All events in which the b quark and both W quarks from the
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top quark decay fall within the bb̄ jet cone. The mbb̄ distribution of these events is

characterized by a peak around the top quark mass. This background is primarily

composed of tt̄.

2. mW background: All events not within the mt category but that have both quarks

from a hadronic W decay inside the bb̄ jet cone. Thembb̄ distribution of these events is

characterized by a peak around the W boson mass. This background is also primarily

composed of tt̄.

3. lost t/W background: All events not within the preceding two categories but that

have at least one quark from a hadronically decaying top quark or W boson inside the

bb̄ jet cone. The mbb̄ spectrum of these events does not contain any resonant peaks, as

the full quark content of the top quark or W boson is not encapsulated by the bb̄ jet.

The dominant SM process in this background is tt̄.

4. q/g background: All remaining events that do not fall within the previous three

categories and so have no generator-level quarks from a hadronically decaying top

quark or W boson within the bb̄ jet. In the 1` channel, W+jets (W → `ν) and QCD

multi-jet processes are the main sources of this background, while in the 2` channel,

Z/γ∗+jets (Z/γ∗ → ``) is the primary contributor with some contribution from dilepton

tt̄.

The background composition for each of the two channels is described in Table 5.2 and is

shown in simulation for the two search variables in Fig. 5.1. The lost t/W background is the

largest contributor in the 1` channel, while the q/g background accounts for the majority of

the total 2` channel background. The mW background is the smallest component in both

channels.
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Table 5.1: The four background components with their kinematical properties and defining

number of generator-level quarks within ∆R < 0.8 of the bb̄ jet axis.

Bkg. category Dominant SM processes Resonant in mbb̄ Number of quarks

mt tt̄ top quark mass 3 from top quark

mW tt̄ W boson mass 2 from W boson

lost t/W tt̄ No 1 or 2

q/g V + jets and QCD multijet No 0

Table 5.2: The composition of the SM background in the SR broken down into the back-

ground components described in Table 5.1. The table shows the fraction of all 1` and 2`

events (separately) that is attributed to each process.

Background process 1` channel 2` channel

q/g 28.4% 51.9%

lost t/W 43.8% 30.7%

mW 4.3% 5.0%

mt 23.5% 12.4%

5.1.2 Template construction strategy

For each of the four background components, a unique template in the (mbb̄, mHH) mass

plane is produced for each of the 12 SR categories (yielding 48 independent background

templates). For each background component, a small set of inclusive templates that have

more statistical power than the set of events in the individual SR categories is produced.

These inclusive templates are made by combining events in multiple SR categories and by

relaxing certain selections. In this procedure, care is taken to ensure that the inclusive

shape remains consistent with the shape for the full selection in the categories of interest.

103



40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0

100

200

300

400

500
E

ve
nt

s 
/ 6

 G
eV

tm

Wm
lost t/W
q/g

 (13 TeV)-1137.6 fb

CMS

1000 1500 2000 2500 3000 3500 4000 4500 5000
 [GeV]HHm

3−10

2−10

1−10

1

10

210

310

410

E
ve

nt
s 

/ 1
00

 G
eV

tm

Wm
lost t/W
q/g

 (13 TeV)-1137.6 fb

CMS

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0

2

4

6

8

10

12

E
ve

nt
s 

/ 6
 G

eV

tm

Wm
lost t/W
q/g

 (13 TeV)-1137.6 fb

CMS

1000 1500 2000 2500 3000 3500 4000 4500 5000
 [GeV]HHm

3−10

2−10

1−10

1

10

210
E

ve
nt

s 
/ 1

00
 G

eV
tm

Wm
lost t/W
q/g

 (13 TeV)-1137.6 fb

CMS

Figure 5.1: Simulated SR mass variables for the 1` (top) and 2` (bottom) channels show-

ing the background category composition for each. The simulation is normalized to the

integrated luminosity of the data.

Then, for each of the 12 SR categories, the inclusive templates are fit to the simulated mass

distributions to produce a unique template. This fit is performed in a similar manner and

with a similar parameterization of the template shape as is done for the fit to data, described

in more detail later in Section 5.1.4. The background templates and associated systematic
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uncertainties are ultimately validated by fitting to the data in dedicated control regions

(CRs), a procedure that will be described in Section 6.1.

In two cases we derive corrections to certain processes in simulation that ultimately

allow for easier modeling. While these corrections should in principle have no impact on

the analysis result because mismodeling of the background normalization and pT spectrum

is accounted for in the fit, it is helpful to more accurately predict the pre-fit background

spectrum in order to optimize the selection strategy. These two calibrations are now reviewed

below.

5.1.2.1 tt̄ pT mismodeling

It is known within CMS that simulation overpredicts the data in high-pT tt̄ event [126,127].

The effects of this mismodeling are studied in a signal-depleted, tt̄-enriched region that is

similar to the SR of the analysis. An inclusive correction is measured for all tt̄ simulation as

a function of resonance mass mHH, as this quantity is correlated to the tt̄ pT.

To derive this correction, we consider both 1` and 2` events that satisfy the trigger selec-

tion and have all objects from the HH decay chain reconstructed, as described in Section 4.3.

Selections involving the b tagging are imposed to obtain a tt̄-enriched region: DZ/H→bb̄ > 0.8

(as in the SR) and the requirement of an AK4 b jet that is ∆R > 1.2 from the bb̄ jet (disjoint

from the SR). The tt̄ purity is further enhanced by requiring mbb̄ > 80 GeV, reducing the

contributions of non-tt̄ backgrounds.

The background and data composition in the measurement region, as well as the ratio

distribution from which the scale factor is extracted, are shown in Fig. 5.2. The correction is

derived by fitting the difference between the number of data events and non-tt̄ MC events,

divided by the number of tt̄ MC events: (Ndata−Nnon-tt̄)/Ntt̄. We fit the combined 2016–2018

data and simulation with a polynomial to extract a smooth correction as a function of mHH.

In Ref. [72], a flat correction was used to scale down the tt̄ normalization. In this
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Figure 5.2: Left: Simulation and data distributions of mbb̄ in the control region used to

calculate the inclusive tt̄ scale factor. We perform the measurement for mbb̄ ≥ 80 GeV to

enhance the purity of the sample. Right: the scale factor measurement as a function of mHH.

The red line is the extracted correction using a second-order polynomial.

dissertation, scale factors that are used to correct the simulated bb̄ jet tagging efficiencies

from DeepAK8 (Section 3.3.5) also account for the tt̄ pT mismodeling and help to match

the simulation and data. Still, measuring our own corrections is useful to more precisely

match the simulation to the data.

5.1.2.2 Smoothing the QCD multijet simulation

In the 1` channel, extra effort is undertaken to smooth the QCD multijet simulation before

including it in the template-building procedure. This simulated process has large statistical

fluctuations because large enough samples cannot be produced with the needed effective

integrated luminosity (note the interaction cross section for this process in Table 4.1). How-

ever, the bb̄ jet reconstruction in the QCD multijet simulation is similar to that in W + jets,

and the W + jets simulation has much more statistical power. Both processes contribute
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significantly to the q/g background, with AK8 jets that are misidentified as b jets. As a

result, both processes exhibit very similar falling shapes in the mbb̄ spectrum and similar

bb̄ jet tagging distributions of DZ/H→bb̄. The similarity in the shapes of these distributions

is seen in Fig. 5.3.
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Figure 5.3: Distributions of mbb̄ (left) and DZ/H→bb̄ (right) for QCD multijet and W + jets

simulation. Considering the statistical uncertainty of the QCD multijet simulation, the

shapes between both processes are consistent in both plots.

Instead of using the QCD simulation directly in the q/g background modeling, a com-

bined distribution is created by measuring the ratio of QCD to W + jets event yields as a

function of mHH and then using these corrections to scale up the W + jets simulation. Cor-

rections and distributions are obtained for each lepton flavor and H→WW∗ purity category,

since the bb̄ jet tagging between W + jets and QCD is equivalent. The distributions are fit

with a second-order polynomial, allowing us to obtain smooth corrections that are parame-

terized in the same way as the mHH shape systematics are (discussed later in Section 5.1.4).

This distribution is used as an input to the q/g background modeling to account for both

processes. Thus, the corrections account for residual differences in the relative multijet frac-
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tion. Example measurements from this procedure are shown in Fig. 5.4. The correction is

only needed for the 1` channel simulation because the QCD multijet contribution to the 2`

channel background is negligible.
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Figure 5.4: Fitted scale factors used to perform the QCD simulation smoothing. Four

measurements are performed, with no selection on DZ/H→bb̄, for the selections e LP, µ LP,

e HP, and µ HP. The y-axis of each plot is the ratio of QCD to W+jets simulation, binned

in mHH along the x-axis.
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5.1.3 Models

Due to the background component classification in Section 5.1.1 and the nature of the signal,

both resonant and nonresonant mass shapes need to be modeled. This is accomplished with

two different methods.

Nonresonant mass shapes are modeled using kernel density estimation (KDE) [128–130].

KDE is a non-parametric density estimation technique that provides smoothing to an input

data set and is useful for modeling distributions that are difficult to be described by analytical

functions, as is the case for the nonresonant shapes seen in the background mHH and mbb̄

spectra (lost t/W and q/g). For weighted data (the case for our simulated events), the

univariate estimate f̂(x) of a distribution f(x) is:

f̂(x) =
1

ñh

n∑
i=1

wiK

(
x− xi
h

)
. (5.1)

This sum runs over n events of a weighted data set with values xi of the variable x that have

weights wi; the sum of all weighted events is ñ =
∑n

i=1wi. The kernel K(t) is a function used

to perform the smearing of the input data, and the width of this function is controlled by the

parameter hi, known as the bandwidth. A multivariate estimate f̂(~x) can be constructed in

a d-dimensional space as:

f̂(~x) =
1

ñ

n∑
i=1

wi

d∏
j=1

1

hj
K

(
xj − xij
hj

)
(5.2)

with different bandwidths (hj) in each dimension j.

In our background modeling, a Gaussian kernel is used because of its smooth and sym-

metric properties. The choice of kernel is not nearly as important as the choice of bandwidth,

however, as this dictates the degree of smoothing that will be applied, with larger bandwidths

yielding more smoothing. An optimal bandwidth hopt can be obtained in general by mini-

mizing the mean integrated square error of f̂(x), which has a dependence in d dimensions
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of

hopt ∼ n
−1/(d+4)
eff , (5.3)

where neff is given by:

neff =
(
∑n

i=1wi)
2∑n

i=1w
2
i

. (5.4)

In the case of 1D data that is not normally distributed, Silverman [129] recommends that

the optimal bandwidth be:

hopt = 0.9 min (σ, IQR/1.34)n
−1/5
eff , (5.5)

where σ is the standard deviation (we calculate it with the sample standard deviation),

and IQR (interquartile range) is the distance between the 75% and 25% quartiles of the

input distribution. In practice, we also multiply this bandwidth by a constant scale factor

to allow us to tune and optimize the density estimate for each input distribution. For

multidimensional distributions, the factor in front of n−1/(d+4)
eff is difficult to obtain, so a

reasonable initial value, motivated by the 1D situation, is used for each dimension j:

hopt,j = σjn
−1/(d+4)
eff . (5.6)

As in the 1D case, in practice an independent constant scale factor is applied to each hopt,j.

The discussion so far has featured a global bandwidth h that is applied everywhere along

one dimension in the estimate. This is not ideal to use when the input distribution spans

many orders of magnitude in event density. A better strategy is to provide less smoothing

(smaller h) in regions of high event density, where we care about the fine structure of the

local distribution, and more smoothing in regions of low event density, where the statistical

uncertainty is large. This is accomplished by using an adaptive bandwidth that is a function

of the local event density of the input distribution. In the 1D case, the density estimate is
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now:

f̂(x) =
1

ñ

n∑
i=1

wi
hi
K

(
x− xi
hi

)
, (5.7)

where hi is given by:

hi = h

(
g

f̃(xi)

)1/2

. (5.8)

Resonant mass shapes are seen in both dimensions for signal and in the mbb̄ dimension

for the mW and mt backgrounds. In the resonant case, the distributions can be described

analytically using a common parametric function in HEP — the double-sided Crystal Ball

(DCSB) function [131]. This parametric function, which is continuous and differentiable,

contains a Gaussian core that describes a mass peak with power law tails on both sides of

the core that account for the effects of energy loss. In general, the DSCB has 6 parameters

and is defined as:

DSCB(m;µ, σ, α1, α2, n1, n2) =


Ne−

β(m)2

2 , −α1 ≤ β(m) ≤ −α2

Ne−
α21
2

(
α1

n1

(
n1

α1
− α1 − β(m)

))−n1

, β(m) < −α1

Ne−
α22
2

(
α2

n2

(
n2

α2
− α2 − β(m)

))−n2

, β(m) > α2,

(5.9)

where N is a normalization constant, β(m) = (m − µ)/σ is the Gaussian argument term

that contains the mean µ and the width σ of the Gaussian core, and the α1 (α2) and

n1 (n2) parameters control the low (high) mass tails of the function. Mass distributions

corresponding to the top quark, W boson, and HH resonance are fit with the DSCB, and

the fitted µ and σ parameters are interpreted as the measured mass scale and resolution,

respectively.

5.1.4 Background modeling

The background templates are modeled using conditional probabilities of mbb̄ as a function

of mHH so that the templates include the correlation of these two variables. The full 2D
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template is modeled as:

Pbkg(mbb̄,mHH) = Pbb̄(mbb̄|mHH, θ1)PHH(mHH|θ2), (5.10)

where Pbb̄ is a 2D conditional probability distribution, PHH is a 1D probability distribu-

tion, and θ1 and θ2 are sets of nuisance parameters used to account for background shape

uncertainties. The sets θ1 and θ2 do not share any common nuisance parameters.

For each background component, the PHH templates are produced by applying KDE to 1D

mHH histograms of the falling spectra and fitting the high mass tails with exponentials. The

Pbb̄ conditional templates are implemented as 2D histograms and are constructed differently

depending on whether or not the background component is resonant in the mbb̄ dimension.

For the nonresonant backgrounds (q/g and lost t/W), the Pbb̄ are produced by applying KDE

to the 2D histograms of the (mbb̄, mHH) mass distributions, with the exponential component

in the high mass mHH tails. For the resonant backgrounds (mW and mt), the mbb̄ spectra

are first fit with a DSCB function in bins of mHH. Then, the parameters of the DSCB are

each interpolated as a function of mHH in order to obtain a smooth model for mbb̄ dependent

on mHH.

In the case of both Pbb̄(mbb̄|mHH) and PHH(mHH), the templates are initially constructed

from a superset of the events in any given SR category. The supersets are chosen by ver-

ifying that the shape of their mass distributions is consistent with the shape of the subset

SR category distributions. This method allows us to obtain initial templates (referred to

as inclusive templates) with higher statistical power than what is available in the SR cate-

gories, provided that the shapes remain reasonably consistent. For example, the PHH(mHH)

exhibits no dependence on the lepton categorization in either the 1` or 2` channels, and so

the inclusive templates are built from an event superset that contains both lepton flavor cat-

egories. Examples of the inclusive templates are shown in Figs. 5.5 and 5.6 for 1D PHH(mHH)

templates. Projections of the nonresonant 2D conditional templates into mbb̄ and mHH are
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shown in Fig. 5.7. Examples of an mbb̄ fit used to make the resonant Pbb̄(mbb̄|mhh) are

shown in Fig. 5.8. An example of the interpolation of the DSCB parameters to obtain a

smooth Pbb̄(mbb̄|mhh) is shown in Fig. 5.9. Once in hand, the inclusive templates are then

fit to the simulated mass distribution in each SR category to obtain final distinct templates

in each category. Examples of projections of the final 2D templates into the mbb̄ dimension

are shown in Figs. 5.10, 5.11, 5.12, and 5.13.

This methodology is also particularly powerful for modeling the 2` search categories,

which have extremely low statistics available, particularly for the resonant background com-

ponents. The same four background components are used to describe both the 1` and 2`

mass distributions, and the 1` distributions are verified to be consistent with the 2` distribu-

tions within the large statistical uncertainties. The inclusive Pbb̄ conditional templates are

constructed from a set of events that includes both 1` and 2` events, and so common inclu-

sive Pbb̄ templates are used for both the 1` and 2` categories. The inclusive PHH templates

are sufficiently constructed for the 1` and 2` channels independently.

As described in Section 5.1.3, the KDE modeling is tuned using two parameters: hSF is the

bandwidth scale factor that modulates the width of the Gaussian kernel, and hco corresponds

to the upper bandwidth cutoff and is a multiplicative factor to the median bandwidth. The

hSF and hco are tuned independently for each of the Pbb̄(mbb̄|mHH) and PHH(mHH) templates

of each background component.

5.1.5 Signal modeling

The signal templates are also modeled using 2D conditional probabilities and 1D probabili-

ties, except with the ordering of mbb̄ and mHH flipped:

Psignal(mbb̄,mHH|mX) = PHH(mHH|mbb̄,mX, θ
′
1)Pbb̄(mbb̄|mX, θ

′
2). (5.11)

113



 [GeV]
bb

m

2−10

1−10

1

10

210E
ve

nt
s

KDE w/o smoothing

KDE

MC

 -hwwLi
21

τ, bT, LP, -ExB -µe

0 1000 2000 3000 4000 5000 6000
 [GeV]HHm

0

0.5

1

1.5

2

N
/N

(K
D

E
)  [GeV]

bb
m

2−10

1−10

1

10

210

E
ve

nt
s

KDE w/o smoothing

KDE

MC

IF, bL-dR -ExB -dphi

0 1000 2000 3000 4000 5000 6000
 [GeV]HHm

0

0.5

1

1.5

2

N
/N

(K
D

E
)

 [GeV]
bb

m

2−10

1−10

1

10

210E
ve

nt
s

KDE w/o smoothing

KDE

MC

 -hwwLi
21

τ, bLMT, HP, -ExB -µe

0 1000 2000 3000 4000 5000 6000
 [GeV]HHm

0

0.5

1

1.5

2

N
/N

(K
D

E
)  [GeV]

bb
m

2−10

1−10

1

10

210E
ve

nt
s

KDE w/o smoothing

KDE

MC

IF, bLMT-dR -ExB -Met -dphi

0 1000 2000 3000 4000 5000 6000
 [GeV]HHm

0

0.5

1

1.5

2

N
/N

(K
D

E
)

Figure 5.5: Some of the initial inclusive 1D templates PHH(mHH) shown with and without

exponential tail smoothing compared to the input MC simulation from which they are con-

structed. Examples from the 1` (2`) channel are shown in the left (right) column. The q/g

(lost t/W) backgrounds are shown on the top (bottom) row. These inclusive templates are

then used to fit the simulation of each SR category to obtain the final P (mHH) that are

inputs to building the full 2D model.
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Figure 5.6: Some of the initial inclusive 1D templates PHH(mHH) shown with and without

exponential tail smoothing compared to the input MC simulation from which they are con-

structed. Examples from the 1` (2`) channel are shown in the left (right) column. The mW

(mt) backgrounds are shown on the top (bottom) row. These inclusive templates are then

used to fit the simulation of each SR category to obtain the final P (mHH) that are inputs to

building the full 2D model.
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Figure 5.7: Projections of the inclusive 2D conditional template Pbb̄(mbb̄|mHH) onto mbb̄

(left column) and mHH (right column) for the q/g (top row) and lost t/W (bottom row)

backgrounds. These inclusive 2D templates are combined with the corresponding 1D inclu-

sive PHH template and then fit to the simulation in each SR category to obtain the full 2D

model for each.

The sets θ′1 and θ′2 do not share any common nuisance parameters. However, θ′2 from

Eq. (5.11) and θ1 from Eq. (5.10) do share two nuisance parameters corresponding to the scale

116



0 50 100 150 200 250
 [GeV]bbm

0

5

10

15

E
ve

nt
s

 bL IP + IF bLµe
 < 1.25 TeVHH1.1 < m

0 50 100 150 200 250
 [GeV]bbm

0

20

40

60

80

100E
ve

nt
s

 bL IP + IF bLµe
 < 1.25 TeVHH1.1 < m

Figure 5.8: DSCB fits of the mbb̄ spectrum in the bin 1.1 < mHH < 1.25 TeV for the mW

(left) and mt (right) backgrounds.

and resolution uncertainties of SD jet resonances in the mbb̄ dimension. This is discussed in

more detail in Section 5.2.

The Psignal distributions are first obtained for discrete mX values by fitting histograms

of the signal mass distributions. The mass shapes for spin-0 and spin-2 signals are nearly

identical, and so the modeling is performed on the combined set of events and applied to

both spin hypotheses. Inclusive templates are constructed independently for the 1` and 2`

channels, by appropriately combining categories and relaxing selections (as in Section 5.1.4),

and are subsequently fit to the simulation distributions in each SR category to obtain the

final templates.

Models continuous in mX are then produced by interpolating the fit parameters. The

1D Pbb̄ templates are created by fitting the mbb̄ spectra with a DSCB function; the mass

resolution in mbb̄ is slightly larger than 10%, largest at low mass. The modeling of events in

the bL category also contains an additive exponential component to model the small fraction

of signal events with no resonant peak in the distribution.
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Figure 5.9: Interpolation of the DSCB parameters from the fits of the mbb̄ spectra in bins

of mHH for the mt background. The y-axis of each plot contains the name of the parameter.

A smooth inclusive parameterization as a function of mHH is obtained that is the inclusive

Pbb̄(mbb̄|mHH) template. The inclusive selection here combines all events in the 1` and 2`

channels in the bL bb̄ jet tagging category. This inclusive template is then refit to the

mbb̄ spectrum in the relevant bin of mHH and relevant SR categories to obtain the final

Pbb̄(mbb̄|mHH) template.
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Figure 5.10: Projections of the full fitted q/g background model into mbb̄ for each SR

category. From top to bottom, the rows show the 1`muon, 1` electron, and then 2` categories.

From left to right, the 1` rows show the SR categories bL LP, bT LP, bL HP, bT HP, and

the 2` rows show SF bL, OF bL, SF bT, OF bT.

Examples of fitted distributions are shown in Figs. 5.14 and 5.15.

The 2D PHH templates are built to account for correlations between mHH and mbb̄.

These mHH distributions are also modeled with a DSCB function, but with an additional

linear dependence on mbb̄, parameterized by ∆bb̄ = (mbb̄ − µbb̄)/σbb̄. Here, µbb̄ and σbb̄ are

the mean and width parameters, respectively, in the fit to the mbb̄ spectra. To accomplish

this, the mean parameter µHH along mHH in the DSCB function fit is then
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Figure 5.11: Projections of the full fitted lost t/W background model into mbb̄ for each

SR category. From top to bottom, the rows show the 1` muon, 1` electron, and then 2`

categories. From left to right, the 1` rows show the SR categories bL LP, bT LP, bL HP,

bT HP, and the 2` rows show SF bL, OF bL, SF bT, OF bT.

µHH = µ0(1 + µ1∆bb̄), (5.12)

where µ0 and µ1 are fit parameters. Doing this, we can account for mismeasurements of

the bb̄ jet that result in mismeasurements of mHH. The resolution of the mHH resonance,

denoted as σHH, is also dependent on mbb̄ such that
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Figure 5.12: Projections of the full fitted mW background model into mbb̄ for each SR

category. From top to bottom, the rows show the 1`muon, 1` electron, and then 2` categories.

From left to right, the 1` rows show the SR categories bL LP, bT LP, bL HP, bT, HP, and

the 2` rows show SF bL, OF bL, SF bT, OF bT.

σHH =


σ0(1 + σ1∆bb̄), ∆bb̄ < 0

σ0, ∆bb̄ > 0

(5.13)

where σ0 and σ1 are fit parameters. In the case that the SD algorithm produces an un-

dermeasurement of mbb̄ by removing too much energy from the Higgs boson decay, the

correlation increases, and the mHH resolution grows wider. For |∆bb̄| > 2.5, we use the value
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Figure 5.13: Projections of the full fittedmt background model intombb̄ for each SR category.

From top to bottom, the rows show the 1` muon, 1` electron, and then 2` categories. From

left to right, the 1` rows show the SR categories bL LP, bT LP, bL HP, bT, HP, and the 2`

rows show SF bL, OF bL, SF bT, OF bT.

at the boundary since the correlation does not hold for severe mismeasurements. The mHH

resolution is ≈ 5%.

The product of the acceptance and efficiency for X → HH events to fall into any of the

individual search categories is taken from simulation. As done for the signal shape param-

eters, the event yields are interpolated along mX to obtain the efficiencies. Uncertainties

in the relative acceptances and in the integrated luminosity of the sample are included in

the 2D maximum likelihood fit that is used to obtain confidence intervals on the X → HH
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Figure 5.14: Left column: example 1D inclusive P (mbb̄) templates for the 1` channel µ bT

LP category, showing the fitted template and the simulation in the fitting region. Middle

column: projections of the 2D fitted templates and simulation into mHH, shown for various

ranges of mbb̄ to demonstrate the correlations. Right column: the full 2D model for one such

SR category and resonance mass mX. The top (bottom) row shows a signal at 1.0 (3.0) TeV.

The selection and generated mass are shown in the upper left corner for each plot. The

P (mbb̄) shown in the left column are those used to construct the full model for the distinct

SR category in the bins to their right.

process cross section. The event yields, assuming a σB(X → HH) = 1.0 pb are shown for

spin-0 (spin-2) in Figs. 5.16 and 5.17 (5.18 and 5.19).
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Figure 5.15: Left column: example 1D inclusive P (mbb̄) templates for the 2` channel SF

bL category, showing the fitted template and the simulation in the fitting region. Middle

column: projections of the 2D fitted templates and simulation into mHH, shown for various

ranges of mbb̄ to demonstrate the correlations. Right column: the full 2D model for one such

SR category and resonance mass mX. The top (bottom) row shows a signal at 1.0 (3.0) TeV.

The selection and generated mass are shown in the upper left corner for each plot. The

P (mbb̄) shown in the left column are those used to construct the full model for the distinct

SR category in the bins to their right.

5.2 Systematic uncertainties and fitting method

Systematic uncertainties that affect the normalization and shape of the signal and back-

ground are modeled with nuisance parameters in the 2D maximum likelihood fit to data.

These uncertainties are used to account for distortions in the shape and normalization, which

correspond to possible mismodeling of the MC simulation, particularly in the scales and res-
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Figure 5.16: Expected event yields for a spin-0 resonance interpolated between various mX

for each category in the 1` channel.
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Figure 5.17: Expected event yields for a spin-0 resonance interpolated between various mX

for each category in the 2` channel.
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Figure 5.18: Expected event yields for a spin-2 resonance interpolated between various mX

for each category in the 1` channel.
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Figure 5.19: Expected event yields for a spin-2 resonance interpolated between various mX

for each category in the 2` channel.
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olutions of the particle masses. Loose constraints are placed on the nuisance parameters,

corresponding to conservative initial estimates of the uncertainties, before performing the

fit to the data. These pre-fit estimates are motivated by discrepancies between data and

simulation in the CRs, and the analysis results are not sensitive to their initial sizes, pro-

vided that they are large enough to fit the data well. Ultimately, the nuisance parameters

are constrained in the fit to data, and the final uncertainties come from the fit.

Nuisance parameters for the shape uncertainties have Gaussian constraints, while those

for normalization uncertainties have log-normal constraints (a typical choice of pdf for mul-

tiplicative corrections such as efficiencies). In certain cases, a single nuisance parameter may

affect both the normalization and shape of a mass resonance, in which case the nuisance

parameter constraint is Gaussian. There are a total of 129 nuisance parameters in the full

signal + background (S+B) model: 102 of these parameters affect the background only,

25 affect the signal only, and 2 affect both the signal and background. All uncertainties

are summarized in Tables 5.3 and 5.4 for the background and signal, respectively. Detailed

descriptions of the uncertainties are given in the rest of this section.

5.2.1 Background uncertainties

The systematic uncertainties for the background are chosen by considering possible dis-

crepancies between data and simulation due to features such as the relative background

compositions or the jet energy scale. The studies in the two CRs described in Section 6.1.4

are used to verify that the chosen uncertainties are able to cover such differences. The fitted

values of the nuisance parameters do not strongly depend on the size of the pre-fit uncer-

tainty estimates, verified with tests that inflate the chosen initial uncertainties and then

perform a fit to the data.

Shape uncertainties for the nonresonant mass distributions, which only feature in the

background, are implemented by including alternative templates in the fit. The alterna-

tive templates are constructed by "morphing" a nominal template along one of the mass
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Table 5.3: Background systematic uncertainties included in the maximum likelihood fit. The

uncertainty types with "normalization" correspond to uncertainties on the background yield,

while all others are uncertainties on the background shape. The Np column indicates the

number of nuisance parameters used to model the uncertainty. In the last two columns, σI

refers to the initial estimate of the uncertainty, and σC refers to the constrained uncertainty

obtained post-fit. For the q/g, tt̄, and lost t/W shape uncertainties, “scale” uncertainties

are those implemented with alternative templates with f(m) = m, and “inverse scale” from

f(m) = 1/m.

Uncertainty type Processes Np σI σC/σI

SD jet mbb̄ scale mW, mt, signal 2 0.54%, 2.0% (mt) 98%, 19% (mt)

SD jet mbb̄ resolution mW, mt, signal 2 8.6%, 17.2% (mt) 95%, 25% (mt)

q/g normalization q/g 12 50% (1`), 100% (2`) 37–78%

q/g mHH scale q/g 10 ±0.5 mHH/TeV 78–99%

q/g mHH inverse scale q/g 10 ±1.4 TeV/mHH 64–99%

q/g mbb̄ scale q/g 4 ±0.00375 mbb̄/GeV 81–99%

q/g mbb̄ inverse scale q/g 4 ±15 GeV/mbb̄ 77–99%

Lost t/W mbb̄ scale lost t/W 4 ±0.003 mbb̄/GeV 71–99%

Lost t/W mbb̄ inverse scale lost t/W 4 ±18 GeV/mbb̄ 88–99%

top normalization lost t/W, mW, mt 12 35% (1`), 70% (2`) 19–68%

top relative normalization lost t/W, mW, mt 8 35% (1`), 70% (2`) 9–96%

top mHH scale lost t/W, mW, mt 12 ±0.25 mHH/TeV 84–99%

top mHH relative scale lost t/W, mW, mt 8 ±0.25 ∗mHH/TeV 74–99%

top mHH inverse scale lost t/W, mW, mt 12 ±0.7 ∗ TeV/mHH 61–99%

dimensions: modified event weights that include multiplicative parameters proportional to a

function of the mass dimension are applied to the nominal distributions. For each morphing

variable f(m), two alternative templates are created corresponding to one upward and one
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downward shift in the shape of the nominal template. The change in the bin contents ni of

the template histograms due to the morphing for alternative template production takes the

form:

up: ni → ni(1 + αff(m)) (5.14)

down: ni →
ni

(1 + αff(m))
. (5.15)

The coefficient αf is tuned independently for each f(m) used in the modeling. The f(m)

used to produce the alternative templates for fitting in this analysis are f(m) = m and 1/m

for each of mbb̄ and mHH. Thus, all the morphing parameterizations used for alternative

templates are ∝ mbb̄, 1/mbb̄, mHH, and 1/mHH.

Relative to the nominal template, each set of up and down alternative templates corre-

sponds to a ±1σ deviation of the shape in the metric f(m). Fitting the nominal template

to some data sample requires the input of the nominal template and all the desired sets of

up and down templates. With the input histograms, the fitted shapes (event fractions in

each histogram bin) are obtained by interpolating with a spline between the ±1σ alternative

templates and extrapolating linearly beyond them [132]. In the fit to the data, the nuisance

parameters for the shape uncertainties are Gaussian multiplicative factors that encode the

fitted shape relative to the nominal and alternative templates: all shape nuisances have

an initial value of 0 (corresponding to the nominal template) and a Gaussian width of 1

(corresponding to the up and down histograms).

Systematic uncertainties for the shape of resonant mass distributions (mbb̄ for the mW

andmt backgrounds) account for deviations in the scale and resolution of the mass resonances

from the simulation to data. These systematics are implemented with nuisance parameters

that function as multiplicative scale factors to the µ and σ parameters of the DSCB function

that is used to fit the mass peak. Overall, for both the resonant and nonresonant cases,

none of the background shape uncertainties are correlated between mbb̄ and mHH in order
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to simplify the modeling. Since the analysis searches for a resonant signal peak on top

of a falling background distribution, the most precise modeling of the falling shape is not

necessary. Correlating the mbb̄ and mHH systematics would not significantly impact the

sensitivity relative to the adopted strategy.

Many of the background systematic uncertainties are correlated among the three back-

ground components whose compositions are dominated by tt̄ production: the lost t/W, mW,

and mt backgrounds. These systematics are referred to as the top background systematics.

Discrepancies in the global tt̄ normalization will manifest as discrepancies in these three back-

grounds in the same manner. However, differences in the bb̄ jet tagging and tt̄ pT spectrum

(which is effectively mHH) can introduce differences in the shape and relative composition of

the three top backgrounds. For this reason, there are additional nuisance parameters that

allow these three backgrounds to vary in independent or anti-correlated ways relative to each

other. Nuisance parameters for the q/g background uncertainties are independent of the un-

certainties for the other three backgrounds, as its composition is dominated by different SM

processes.

Each systematic uncertainty will now be detailed for the top backgrounds and then

the q/g background. Each description contains the name of the uncertainty in bold, the

number of nuisance parameters used to model the uncertainty, the initial pre-fit size of the

uncertainty, and any other necessary information. This is all summarized in Table 5.3.

q/g normalization (12) A 50% uncertainty is applied. There is one independent nuisance

parameter for each SR category.

top normalization (12) A 35% uncertainty is applied. There is one independent nuisance

parameter for each SR category, applied to each of the lost t/W, mW, and mt back-

grounds with 100% correlation to account for the total normalization of backgrounds

derived from tt̄ and other processes with top quarks.

top relative normalization (8) A 30% uncertainty is applied to pairs of the three top
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backgrounds with 100% anti-correlation to allow their normalizations to vary against

each other. This kind of uncertainty accounts for differences in the relative composition

of these backgrounds in data and simulation. There is one systematic uncertainty that

anti-correlates the lost t/W and mt background normalizations and another that anti-

correlates the mW and mt backgrounds. Studies in simulation show that the fractional

composition of these backgrounds as part of the total top background in each channel

is only sensitive to the bb̄ jet tagging, and so for each of these two systematics, one

nuisance parameter is included per bb̄ jet tagging category independently in each of

the 1` and 2` channels.

q/g mbb̄ shape (8) The mbb̄ shape is allowed to vary between alternative templates con-

structed with f(m) = mbb̄ and 1/mbb̄. The mbb̄ shape exhibits some dependence on

the bb̄ jet reconstruction but is independent of the other event categorization criteria.

Thus, there is one nuisance parameter for each f(m) and bb̄ jet tagging category in

each of the 1` and 2` channels. Comparisons of the nominal q/g background template

mbb̄ shape and the variations due to these mbb̄ systematic uncertainties are shown in

the left plots of Figs. 5.20 and 5.21.

lost t/W mbb̄ shape (8) Same as for the q/g mbb̄ shape systematics above. Comparisons

of the nominal lost t/W background mbb̄ shape and the variations due to these mbb̄

systematic uncertainties are shown in Figs. 5.22 and 5.23.

resonant mbb̄ shape (4) For the mW and mt backgrounds, the uncertainties on the scale

(µ) and resolution (σ) of the mbb̄ DSCB shape are dominated by the effects of SD al-

gorithm mismodeling. Uncertainties in the SD mass have been measured for each year

of data-taking within CMS using a sample of two-prong hadronic W/Z decays [125].

These uncertainties are used for the mW background, but they cannot describe the

uncertainties for three-prong jets from top quark decays. Thus, independent nui-

sance parameters are used for the mW and mt backgrounds. The uncertainties in the
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mW background are correlated with the signal since both H→ bb̄ and W→ qq̄ are two-

prong decays, and the SD algorithm behaves similarly. The pre-fit estimates of the scale

and resolution uncertainties respectively are 0.54% and 8.6% for the mW background

and 2% and 17.6% for the mt background. The sizes of the mt uncertainties are in-

flated to account for the inability of the CMS measurements to describe three-prong

top jets. Comparisons of the nominal top background mbb̄ shapes and the variations

due to these SD systematic uncertainties are shown in Figs. 5.22 and 5.23.

q/g mHH shape (20) The mHH shape is allowed to vary between alternative templates

constructed with f(m) = mHH and 1/mHH. The mHH shape exhibits some dependence

on all SR category criteria except the lepton flavor in the 2` channel. Thus, for each

f(m), there is one independent nuisance parameter for each 1` category and each

bb̄ jet tagging category in the 2` channel. Comparisons of the nominal q/g background

template mHH shape and the variations due to these mHH systematic uncertainties are

shown in the right plots of Figs. 5.20 and 5.21.

top mHH shape (24) The mHH shape is allowed to vary between alternative templates

constructed with f(m) = mHH and 1/mHH among the lost t/W, mW, and mt back-

grounds with 100% correlation. There is one independent nuisance parameter for each

SR category and each f(m) for the set of the these three backgrounds. Comparisons

of the nominal top background mHH shapes and the variations due to these mHH sys-

tematic uncertainties are shown in the lower plots of Figs. 5.22 and 5.23.

top mHH relative scale (8) The mHH shape is allowed to vary between alternative tem-

plates from f(m) = mHH only for pairs of the three top backgrounds with 100% anti-

correlation. This is motivated by the fact that the tt̄ boost is somewhat correlated

with the background type: the mt background exhibits a harder mHH spectrum than

both the lost t/W and mW backgrounds (which are similar). Nuisance parameters

are included that allow the scale of the mt background mHH spectrum to float inde-

134



pendently of the lost t/W and mW backgrounds and vice-versa for the lost t/W and

mW components together. Accounting for differences in the relative top background

composition due to the bb̄ jet tagging, there is one nuisance parameter for each of the

aforementioned pairs, each bb̄ jet tagging category, and each of the 1` and 2` channels.
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Figure 5.20: Projections of the nominal q/g background template and templates morphed

by 1σ of the pre-fit shape uncertainties for the category µ bL LP. Left: the mbb̄ projection

with shifts of the mbb̄ systematic uncertainties. Right: the mHH projection with shifts of the

mHH systematic uncertainties. Each curve corresponds to shifting the systematic of interest

by 1σ while keeping the others fixed.

5.2.2 Signal uncertainties

Systematic uncertainties are applied to the normalization of the signal and to the shape of its

mass peak in both the mbb̄ and mHH dimensions. As done for the background, descriptions

are now provided that contain the name of the uncertainty in bold, the number of nuisance

parameters used to model the uncertainty, the estimate of the uncertainty, and any other

necessary information. Unless otherwise noted, the signal uncertainty is 100% correlated

among all the SR categories. The signal uncertainty information is summarized in Table 5.4.
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Figure 5.21: Projections of the nominal q/g background template and templates morphed

by 1σ of the pre-fit shape uncertainties for the category SF bL. Left: the mbb̄ projection

with shifts of the mbb̄ systematic uncertainties. Right: the mHH projection with shifts of the

mHH systematic uncertainties. Each curve corresponds to shifting the systematic of interest

by 1σ while keeping the others fixed.

Luminosity (1) A flat 1.8% uncertainty on the 2016–2018 measured integrated luminosity

of 137.6 fb−1 is applied to the signal normalization [133–135].

PDF and αS (1) A 2.0% (2.5%) uncertainty is applied to the spin-0 (spin-2) signal to

account for uncertainties in the choice of parton distribution functions (PDFs) and

QCD scale αS in the simulation. The uncertainty is obtained by considering variations

of the scale and PDF sets. The envelope of the scale variations is taken as the scale

uncertainty, and the standard deviation of the distribution of PDF set weights is taken

as the PDF uncertainty. The total uncertainty is obtained from adding the PDF and

scale uncertainties in quadrature.

Pileup (1) A 1.0% (0.6%) uncertainty is applied to all 1` (2`) categories to account for

uncertainties in the data pileup profile that is used to reweight simulated events. The
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Figure 5.22: Projections of the nominal and ±1σ alternative background templates for the

category µ bL LP. The top (bottom) row contains the mbb̄ (mHH) projections. From left to

right, the lost t/W, mW, and mt backgrounds are shown.

data pileup profiles used, seen earlier in Fig. 3.10, were measured using a minimum bias

cross section σmin-bias of 69.2 mb. Alternate pileup profiles corresponding to shifts in

σmin-bias up and down by 4.6% are used to reweight the signal events, and the relative

differences in the signal yield relative to the nominal σmin-bias are considered as the

uncertainty.

L1 ECAL prefiring (1) A 0.5% uncertainty is applied to the signal normalization to ac-

count for the L1 ECAL prefiring rate observed in 2016–2017 data [136]. A gradual

timing shift was observed in the ECAL that caused high |η| trigger primitives to be as-

sociated to the previous bunch crossing (BX), which would veto selection of the correct

BX since two consecutive BXes cannot fire the trigger. Simulated events in 2016 and
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Figure 5.23: Projections of the nominal and ±1σ alternative background templates for the

category SF bL. The top (bottom) row contains the mbb̄ (mHH) projections. From left to

right, the lost t/W, mW, and mt backgrounds are shown.

2017 receive an event weight that simulates this effect. The uncertainty is evaluated

by applying alternative event weights to the signal that correspond to shifts in the

prefiring probability.

Trigger efficiency (6) One nuisance parameter per trigger efficiency measurement de-

scribed in Section 4.2 (e and µ, ee, µµ, eµ and µe). A 2% uncertainty is applied

for 1` categories, and a 3% uncertainty for 2` categories.

Electron reconstruction efficiency (1) Uncertainties were evaluated in a Z/γ∗ → ``

sample and then propagated through the full analysis selection. The pre-fit uncer-

tainty is gauged by analyzing the relative change in the signal yield. The applied
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Table 5.4: Signal systematic uncertainties included in the maximum likelihood fit. The Np

column indicates the number of nuisance parameters used to model the uncertainty. In the

“Uncertainty values” column, some uncertainties are noted to affect both the yield (Y ) and

mHH shape (S for scale, R for resolution) of the signal. All other uncertainties, except the

SD jet mass uncertainties, are uncertainties in the signal yield.

Uncertainty type Np Uncertainty values

SD jet mbb̄ scale 1 0.54%

SD jet mbb̄ resolution 1 8.6%

Integrated uminosity 1 1.6%

PDFs+scales 1 spin-0: 2.0%, spin-2: 2.5%

Trigger 6 1`: 2.0%, 2`: 3.0%

Pileup 1 1`: 1.0%, 2`: 0.6%

Electron reconstruction 1 1`: 0.5%, 2`: < 0.8%

Electron identification 2 1`: 4.2%, 2`: < 2.6%

Muon identification 2 1`: 2.3%, 2`: < 2.3%

Electron isolation 1 1`: 6.0%, 2`: 3.0% for each electron

Muon isolation 1 1`: 6.0%, 2`: 2.0% for each muon

Jet energy scale 1 Y : 2.0%, S(mHH): 0.8%, R(mHH): 3.0%

Jet energy resolution 1 Y : 0.5%. S(mHH): 0.3%, R(mHH): 4.0%

Unclustered energy 1 Y : 0.5%, R(mHH): 1.5%

Other detector effects 2 Y : 0.6%, R(mHH): 1.0%

AK4 jet b tag efficiency 1 < 4.0%

AK4 jet b tag misidentification rate 1 < 2.5%

bb̄ jet tagging 1 bL: 8.5%, bT: 11.5%

qq̄ jet τ2/τ1 efficiency 1 LP: 26%, HP: 6.7%
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uncertainty is 0.5% for 1` electron categories 0.8% for 2` OF categories. In 2` SF

events, the fraction of ee (µµ) events is a flat 46% (54%) across all signal mX. An

uncertainty of 0.37% is applied to 2` SF events considering the ee fraction.

Lepton identification efficiency (4) One nuisance parameter is included for each of the

four unique identification criteria used for electrons and muons in the 1` and 2` chan-

nels. The uncertainties were evaluated in a Z/γ∗ → `` sample and then propagated

through the full analysis selection. However, these measurements do not consider the

impact parameter constraints, and so an extra 2% uncertainty is added in quadrature

with the uncertainties from the Z/γ∗ → `` measurements. Uncertainties of 4.2% for

1` electron categories and 2.3% for 1` muon categories are applied. In the 2` channel,

the electron uncertainty is 2.6%, and the muon uncertainty is 2.3%. The ee and µµ

fractions are considered when applying the uncertainties to the SF categories.

Lepton isolation efficiency (2) A 6% uncertainty is applied to 1` categories, while for 2`

categories a 2% uncertainty is applied for each electron and 3% for each muon. These

large uncertainties compensate for the lack of a proper dedicated measurement for all

of 2016–2018 and are also motivated by uncertainties measured for SUSY searches for

our mini-isolation working points but with respect to different lepton ID criteria.

AK4 jet b tag efficiency (1) Systematic uncertainties are provided by DeepJet and

propagated through the analysis phase space, where their effect on the signal nor-

malization is analyzed. In the 2` channel, the applied uncertainty is a flat 0.5%. In

the 1` channel, the uncertainties are larger. A flat 1% uncertainty is applied to the

electron categories. For muon categories, an mX-dependent monotonic uncertainty is

applied, which is approximately 1% at low mX and increases to 3% (4%) at high mX

for LP (HP) categories.

AK4 jet b tag misidentification (1) Systematic uncertainties are similarly provided by

the DeepJet group, as in the efficiency description above. A flat uncertainty of 2%
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(2.5%) is applied to the 1` (2`) categories.

bb̄ jet tagging efficiency (1) Systematic uncertainties are provided by the DeepAK8

group and propagated through the analysis phase space, where their effect on the signal

normalization is analyzed. One nuisance parameter is used to model the uncertainty,

which has a different size depending on the bb̄ jet tagging category: 8.5% for bL and

11.5% for bT. The bb̄ jet tagging efficiency is the largest source of uncertainty on the

signal normalization in the analysis.

τ2/τ1 selection efficiency (1) Applied only in the 1` channel, scale factors and their as-

sociated uncertainties for the τ2/τ1 categorization were measured using the W → qq̄

peak in a tt̄-enriched sample for each year of data-taking [125]. The scale factors and

uncertainties for each year are combined into measurements for the full 2016–2018

data. The low purity τ2/τ1 scale factor and uncertainty is 1.116±0.294, while the high

purity measurement is 0.99 ± 0.067. Furthermore, the uncertainties between the two

τ2/τ1 working points are anti-correlated. By construction of the H→WW∗ purity cat-

egories, the HP categories only contain high purity τ2/τ1 events, but the LP categories

contain a mix of both low and high purity τ2/τ1 events. The fraction of LP events

that fulfill only the low-purity τ2/τ1 selection is flat across the full range of signal mX

at 74.5%. The uncertainty applied to the normalization of LP categories takes this

fraction and the anti-correlation into account.

Jet energy scale (1) The energies of all jets are shifted up and down by one standard devi-

ation of their CMS-measured uncertainties, and the shifts in jet energy are propagated

to the ~p miss
T . Relative changes in the normalization and signal shape are analyzed.

We implement a normalization uncertainty of 2%, an mHH scale uncertainty of 0.8%,

and an mHH resolution uncertainty of 3%. The effects of the jet energy scale on the

mbb̄ shape pale in comparison to the uncertainties from the SD mass modeling, so we

assume no effect on the mbb̄ shape.
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Jet energy resolution (1) The energy resolution of all jets is smeared up and down by one

standard deviation of their CMS-measured uncertainties, and the changes are propa-

gated to the ~p miss
T . Relative changes in the normalization and signal shape are analyzed.

We implement a normalization uncertainty of 0.5%, an mHH scale uncertainty of 0.3%,

and an mHH resolution uncertainty of 4%. The effects of the jet energy scale on the

mbb̄ shape pale in comparison to the uncertainties from the SD mass modeling, so we

assume no effect on the mbb̄ shape.

Unclustered energy resolution (1) The missing energy is shifted by one standard devi-

ation of its CMS-measured uncertainty, and the effects on the signal normalization and

shape are evaluated. We implement a normalization uncertainty of 0.5% and an mHH

resolution uncertainty of 1.5%. The effects of the jet energy scale on the mbb̄ shape

pale in comparison to the uncertainties from the SD mass modeling, so we assume no

effect on the mbb̄ shape.

HEM 15/16 Effect (1) The effects of the HEM 15/16 detector modules that suffered a

power outage in the 2018 run is described in Section 4.4. The under-measurement of

jet energies in the HEM region are evaluated with the following test: for any jet with

the tight ID, pT > 15GeV, and −1.57 < φjet < −0.87, the four-momentum of the jet

is scaled down either by 20% if −2.5 < ηjet < −1.3 or by 35% if −3.0 < ηjet < −2.5.

The changes are then propagated to the ~p miss
T , and the effects are analyzed in the

full analysis phase space. We observe and place a 0.3% uncertainty on the signal

normalization and a 1.0% uncertainty on the mHH resolution.

Resonant mbb̄ shape (2) Because of the two-prong decay structure of both H→ bb̄ and

W → qq̄, the same mbb̄ uncertainties are applied to the signal as are applied to the

mW background with 100% correlation. In this way, the signal shape is constrained by

the background. The scale and resolution uncertainties are 0.54% and 8.6%, respec-

tively. The SD mass of the bb̄ jet does not directly enter the calculation of mHH, which
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instead takes the ungroomed jet mass as part of the bb̄ jet four-momentum. As a re-

sult, these uncertainties have a negligible effect on the mHH shape of signal compared

to the jet energy scale and resolution.
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CHAPTER 6

Statistical Analysis and Results

6.1 Statistical analysis and fit validation

In this section, we detail a host of statistical tests used both to validate the models and to

evaluate the existence of signal. Before evaluating the model performance in the SR, tests of

the modeling are executed in the CRs, described in Section 6.1.4. With confidence that the

modeling behavior is understood and under control in the CRs, the tests are then executed in

the SR. The modeling is checked by analyzing the fitted values and constrained uncertainties

relative to the pre-fit estimates — the so-called "pulls" — of the nuisance parameters from

a fit to data. More importantly for validating the modeling, goodness-of-fit (GOF) tests,

described in Section 6.1.2, are performed. The signal modeling is also tested for bias by

artificially injecting signal into a toy data set and then fitting the model to extract the signal

strength.

6.1.1 Likelihood function

The statistical methods employed in the analysis all rely on maximum likelihood estimation.

Given the CMS data, a likelihood function is constructed with the pdfs of the models as

L(n|rs + b,θ) = P (n|rs + b) · p(θ̃|θ), (6.1)
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where the bold terms are understood as vectors representing bins in a histogram or the set

of all nuisance parameters. The data are represented by n, the signal shape by s (normalized

to 1.0 pb), and the shapes and normalizations of each of the four backgrounds by b. The

nuisance parameters by θ, with θ̃ corresponding to the initial values. The parameter of

interest is r, which corresponds to the global signal strength. This likelihood L corresponds

to the full signal + background (S+B) hypothesis. The background-only (B-only) hypothesis

corresponds to setting r = 0.

The nuisance parameters are assumed to be independent from each other, so their joint

pdf is the product of the individual pdfs for each:

p(θ̃|θ) =
∏
i

pi(θ̃i|θi). (6.2)

As discussed earlier, the nuisance parameters for shape (normalization) uncertainties have

Gaussian (log-normal) pdfs. For binned distributions, P in Eq. (6.1) is given by the product

of the Poisson probabilities for the contents in every bin of the histograms:

P (n|rs + b) =
∏
i

(rsi + bi)
ni

ni!
e−(rsi+bi), (6.3)

where i runs over all histogram bins. The maximum likelihood fits are also performed

simultaneously in all categories of the analysis, and so the full likelihood for the analysis is

the product of the likelihoods in each of the event categories (12 in the SR).

6.1.2 Goodness-of-fit tests

GOF tests are used to evaluate the compatibility of the post-fit models with the data. These

tests are employed in both the CRs and the SRs, and they are performed by constructing a

test statistic that is a function of all the information of the data and the models.

The test statistic used in the GOF is a likelihood ratio, which has several appealing
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properties. They are independent of the the metric in which both the parameters and the

data are described. They are also useful for comparing two hypotheses for reasons such as

the Neyman-Pearson Lemma [137]. The likelihood ratio is constructed using the maximum

L from the fit and the saturated likelihood Lsat as the alternative likelihood. The saturated

model has a total number of parameters equal to the total number of histogram bins and is

thus able to fit the data exactly. This useful for providing a denominator in the construction

of the test statistic:

tGOF = −2 ln (Lmax/Lsat) ≡ −2 lnλ. (6.4)

In the limit of Gaussian data (large data in the histogram bins), tGOF takes the form of the

χ2 GOF test statistic.

The goal of the GOF test is to estimate the distribution of the test statistic tGOF and

then analyze it in the context of the observed test statistic t0 in data. The distribution of

tGOF is estimated by first performing a B-only fit to the data to obtain post-fit values for

all the nuisance parameters. Toy data sets are then constructed by sampling the pdfs of

the nuisance parameters around their post-fit values. For each toy experiment, the nominal

model is fit to the toy data, and the tGOF is calculated. The distribution f(t) of these toy

tGOF can be used to compute a p-value for the observed as:

p =

∫ ∞
t0

f(t)dt. (6.5)

Two GOF tests with slight differences are used to analyze the model performance. The

global GOF using L from Eq. (6.1) is computed using software provided by the CMS Higgs

combination group. This software has two undesirable features. First, it is difficult to analyze

the tGOF distribution in certain subsets of the analysis phase space (as a function of mass or

category). Second, the toy data sets are generated by sampling the nuisance parameters from

pdfs constructed around the post-fit values but with the pre-fit widths. It would be more

appropriate to sample from pdfs using the post-fit constrained uncertainties on the nuisance
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parameters as the widths. This is accomplished with software developed specifically for this

analysis that calculates an alternative GOF. The alternative GOF uses post-fit widths in

the nuisance parameter pdfs, but the test statistic is calculated from a likelihood that only

includes the Poisson terms for the histogram bins (no nuisance terms). The tests that rely

on this alternative GOF also are only used with the B-only model, so the test statistic takes

the form:

talt = −2 lnλ = 2
∑
i

(bi − ni + ni ln (ni/bi)). (6.6)

In the rest of this section, this GOF test will be referred to as the reduced GOF, while the

nominal one will be referred to as the global GOF.

6.1.3 Hypothesis testing

The likelihood ratio as a test statistic, introduced in Section 6.1.2, has further usefulness

in hypothesis testing procedures that may be used to quantify the presence or absence of

a signal in the observed data set. Within the context of this search, we are interested in

two hypotheses that correspond to whether or not signal is present in the data, respectively

referred to as Hs and Hb.

Measuring upper limits, which constitute a one-sided confidence interval on the cross

section of a signal, involves finding a value for the signal strength r at which theHs hypothesis

can be excluded in favor of Hb. The computation of this r value relies on a profile likelihood

ratio test statistic:

qr ≡ −2 ln
L(n|r, θ̂r)
L(n|r̂, θ̂)

= −2 ln
L(n|r, θ̂r)
Lmax

, with 0 ≤ r̂ < r. (6.7)

In the likelihood ratio, the numerator corresponds to the profile likelihood, where for some

pre-specified value of r, θ̂r contains the values of the nuisance parameters that maximize

the likelihood. The denominator corresponds to the global maximum likelihood, where r̂

and θ̂ are the typical maximum likelihood values for the parameter of interest and nuisance
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parameters. Larger values of qr indicate a greater degree of incompatibility between the data

and the signal hypothesis with strength r. Restricting r̂ > 0 forces this confidence interval

to be one-sided.

Upper exclusion limits are calculated using the modified frequentist approach CLs [138,

139] in conjunction with the test statistic qr. The CLs method makes use of two p-values

associated with the B-only and S+B hypotheses:

pr = P (qr > qobsr |Hs) =

∫ ∞
qobs
r

f(qr|r) dqr (6.8)

1− pb = P (q0 > qobs0 |Hb) =

∫ ∞
qobs
0

f(q0|0) dq0. (6.9)

These p-values correspond to the probability to observe test-statistic values qr that are less

compatible than the observed value qobsr under the B-only (pb) and S+B (pr) hypotheses. The

test statistic qr is particularly useful because the asymptotic form of its pdf f(qr|r) can be

described analytically [140]. This is used to drastically reduce the computation time relative

to estimating f(qr|r) with toy MC experiments. With these two p-values, the quantity CLs

is then defined as:

CLs =
pr

1− pb
. (6.10)

The criterion for exclusion of a signal is interpreted from CLs: a signal of strength r can

be excluded at a confidence level (CL) of α for CLs(r) < 1 − α. The upper limits that

are reported as results in Section 6.2 are calculated at a 95% CL. The limit is obtained

by performing the global fit and then scanning over values of r, calculating f(qr|r) with

asymptotic formulae and then CLs(r) until the value of r is found for which CLs(r) = 0.05.

An excess of signal could be quantified using the test statistic q0, defined as:

q0 = −2 ln
L(n|0, θ̂0)

L(n|r̂, θ̂)
, with r̂ > 0, (6.11)

corresponding to the test statistic used in Eq. (6.7) with r = 0. The excess can then be
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quantified with the p-value measuring the probability to observe a q0 as or more extreme

than the observed value qobs0 from data under the B-only hypothesis Hb:

p0 = P (q0 > qobs0 |Hb). (6.12)

This p0 effectively measures the probability for the background to fluctuate upward to pro-

duce an excess at least as large as the one measured in the observed data. The p-value can

be translated into a significance Z by using a one-sided Gaussian integral:

p0 =
1√
2π

∫ ∞
Z

e−x
2/2dx. (6.13)

Typically, in high energy physics it is convention to require Z ≥ 5 to claim a discovery.

6.1.4 Validation with control regions

The background modeling is first validated with the use of two CRs consisting of sets of

events that are disjoint from the SR events but that are constructed with a similar set

of selections. The initial sizes of the systematic uncertainties, detailed in Section 5.2, are

estimated from the discrepancies between the data and the simulated backgrounds in the

CRs. The validation procedure involves building the smooth background models in the CRs

in the same manner as is done for the SR. The full background model is then fit to the 2D

data in the CRs. By performing the full fit with all systematics in the CRs, we are able to

evaluate the modeling methods while remaining blind to the critical region of data in the

SR.

The CRs are constructed such that the amount of expected signal in the data compared

to the SR is heavily reduced and such that the background contributions are larger than

the levels in the SR. Each of the two CRs is enriched in a subset of the four background

components, and so the tests executed in each CR target the validation of the modeling of
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these components. The first CR targets the background components that are largely born

from tt̄ production — the lost t/W, mW, and mt backgrounds — and is named the Top CR.

The second CR targets the q/g background and is named the Non-top CR.

The background-enriched, signal-depleted CRs are constructed primarily by considering

the b tagging selections in the SR. The Top CR is constructed from the SR selection by

inverting the b jet veto — requiring that there be a b-tagged AK4 jet that is ∆R > 1.2

away from the bb̄ jet for a tt̄-enriched sample. Furthermore, relaxing the pT/m selection in

the 1` channel and requiring ∆R`` > 0.4 instead of ∆R`` < 1.0 increases both the purity

and statistical power of the Top CR samples. The Non-top CR is constructed by selecting

a region of the DZ/H→bb̄ distribution that is enriched in light quark or gluon jets like those

typically seen in events from the q/g background. Rather than DZ/H→bb̄ > 0.8 as in the SR,

we require 0.01 < DZ/H→bb̄ < 0.04. The region DZ/H→bb̄ < 0.01 is not used because of heavy

mismodeling of the bb̄ tagging in this region. As is the case for the q/g background in the

SR, this CR is enriched in events from V + jets and QCD multijet processes.

The background composition of the top and non-top CRs is detailed in Table 6.1. The

composition of the non-top CR is at least 89% composed of q/g background events, while

the top CR is composed of backgrounds with top quarks by over 85%. The simulated

distributions of the top (non-top) CR before the modeling process are shown in Fig. 6.1

(6.2). One can see from these figures that the top CR is more similar in composition to the

SR.

The fitted distributions can be visualized relative to the CR data and the pre-fit model

in Figs. 6.3, 6.4, 6.5, and 6.6, which show projections into each mass dimension separately

for the 1` and 2` channels. In the non-top CR fit to data, the mt background is not included

in the fit, since its contributions are negligible and technical difficulties were encountered

trying to include it. The non-top CR is only used to validate the q/g background modeling

anyway. Furthermore, since the non-top CR is selected from low DZ/H→bb̄ values, it does not

have any bb̄ jet tagging categories and thus has only 6 (instead of 12) categories.
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The fits behave well by eye. The behavior of the nuisance parameters in a fit of the B-only

model to data is demonstrated with their pulls, shown in Figs. 6.7 and 6.8 for the top CR

and in Figs. 6.9 and 6.10 for the non-top CR. The systematic uncertainties are universally

constrained by the fit, and the fitted values are almost all within the initial uncertainty

estimates. The pulls indicate that there is not much tension in the model. Results from the

GOF tests are shown in Fig. 6.11. In both CRs, the observed value of tGOF is within the

central 68% interval of the expected distribution, indicating that the models can sufficiently

describe the data.

Overall, the statistical tests of the CR fits indicate that the parameterization of the

background systematic uncertainties and their initial sizes can sufficiently model the data.

This lends confidence in applying these methods to the background modeling in the SR.

6.1.5 Fit results in the search region

The results of fits of the B-only and S+B models to the data in the SR categories are

presented in this section. Projections into mbb̄ and mHH of the full 2D fit that compare

the post-fit models, the data, and some simulated signal hypotheses are shown in Figs. 6.12

and 6.13. The total event yield in each SR category is described in Table 6.2, with numbers

provided for the observed data, the expected SM background contribution pre- and post-fit,

and the associated post-fit uncertainty on the yield.

The pulls of the nuisance parameters from the 2D fit are shown in Fig. 6.14, and the

nuisances appear to be constrained and behave well within the initial uncertainty estimates.

There is not much tension in the SR fit, and the similar behavior of the B-only and S+B fits

is an indicator of the absence of signal in the data. The impact of each nuisance parameter

on the fitted signal strength is also studied. The test is performed by fixing each parameter,

one at a time, to its post-fit ±1σ values and then profiling all others. The change in the

fitted signal strength r̂ from the full fit to the profiled fit is analyzed. Tests were performed

using the observed data and using pseudodata with various fixed amounts of signal. An
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Table 6.1: Background compositions of the top and non-top CRs. For each CR, the frac-

tional contribution of each background process is given in each of the 1` and 2` channels.

These numbers are given both for all considered SM processes and for the four background

components in the modeling. The number in parentheses below each channel and CR in

the top row of table cells is the expected total event yield corresponding to an integrated

luminosity of 137.6 fb−1.

Top CR Non-top CR

Background process 1` channel 2` channel 1` channel 2` channel

Events = 23546.3 367.7 24493.0 713.5

tt̄ 0` 0.8% 0.0% 0.2% 0.0%

tt̄ 1` 83.1% 40.4% 11.0% 2.9%

tt̄ 2` 5.6% 38.5% 0.4% 13.1%

single top 2.7% 8.8% 1.3% 2.1%

W + jets 0.9% 0.2% 50.8% 3.9%

Z/γ∗ + jets 0.2% 4.4% 7.0% 66.2%

QCD multijet 5.5% 1.7% 27.4% 0.0%

diboson 0.1% 0.6% 1.6% 11.4%

tt̄V 0.7% 2.9% 0.1% 0.2%

tt̄H 0.4% 2.3% 0.0% 0.1%

q/g 10.3% 37.5% 89.0% 93.7%

lost t/W 54.6% 44.4% 3.1% 2.8%

mW 5.8% 4.7% 7.2% 3.1%

mt 29.2% 13.4% 0.7% 0.4%
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Figure 6.1: Top CR simulated distributions of mbb̄ (left) and mHH (right) in the 1` (top)

and 2` (bottom) channel.
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Figure 6.2: Non-top CR simulated distributions of mbb̄ (left) and mHH (right) in the 1` (top)

and 2` (bottom) channel.
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Figure 6.3: Post-fit mbb̄ distributions of the top CR, with the pre-fit model and data over-

layed. The category names for each plot are indicated in the upper-left corner. The filled

histograms are the post-fit model, and the hashed band depicts the fit uncertainty.
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Figure 6.4: Post-fit mHH distributions of the top CR, with the pre-fit model and data over-

layed. The category names for each plot are indicated in the upper-left corner. The filled

histograms are the post-fit model, and the hashed band depicts the fit uncertainty.
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Figure 6.5: Post-fit mbb̄ distributions of the non-top CR, with the pre-fit model and data

overlayed. The category names for each plot are indicated in the upper-left corner. The

filled histograms are the post-fit model, and the hashed band depicts the fit uncertainty.
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Figure 6.6: Post-fit mHH distributions of the non-top CR, with the pre-fit model and data

overlayed. The category names for each plot are indicated in the upper-left corner. The

filled histograms are the post-fit model, and the hashed band depicts the fit uncertainty.
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Figure 6.7: The pulls of the nuisance parameters for the background shape from the fit in

the top CR, and the ratio of post-fit and pre-fit uncertainties in the bottom panels. The

y-axis is normalized such that all pre-fit uncertainties have a size of 1.0. The systematics

labelled "PTX" are used to morph the background templates ∝ mbb̄, while "OPTX" are

those for 1/mbb̄ morphing. The "PTY" and "OPTY" systematics do the same but for the

mHH dimension. The resonant SD jet mass systematics are those labeled "hbb_scale" and

"hbb_res."
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Figure 6.8: The pulls of the nuisance parameters for the background normalization from the

fit in the top CR, and the ratio of post-fit and pre-fit uncertainties in the bottom panels.

The y-axis is normalized such that all pre-fit uncertainties have a size of 1.0.

example of the 10 most impactful systematics in a pseudodata set with an injected spin-0

1.0 TeV signal is shown in Fig. 6.15. In general, in a data set that contains signal, the

bb̄ jet tagging uncertainties contribute most to the total uncertainty on the signal strength.

At low mX, where the background levels are the largest, the top background normalization

uncertainties in the most sensitive categories are the next most impactful, as changes in these

low background levels induce larger changes in the signal sensitivity. At highmX where there

is much less background, the τ2/τ1 and then other signal uncertainties dominate. However,

these systematic effects do not contribute as much to the total uncertainty on r̂ as the

statistical uncertainty does.

The agreement between the data and the post-fit model is also quantified with the GOF

tests introduced in Section 6.1.2. These are shown in Fig. 6.16 for the reduced GOF using

the B-only model and the global GOF using the S+B model. In all cases, the observed value

of tGOF in the data is consistent with the expected distribution from toy experiments.
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Figure 6.9: The pulls of the nuisance parameters for the background shape from the fit in

the non-top CR, and the ratio of post-fit and pre-fit uncertainties in the bottom panels. The

y-axis is normalized such that all pre-fit uncertainties have a size of 1.0. The systematics

labelled "PTX" are used to morph the background templates as ∝ mbb̄, while "OPTX" are

those for 1/mbb̄ morphing. The "PTY" and "OPTY" systematics do the same but for the

mHH dimension. The resonant SD jet mass systematics are those labeled "hbb_scale" and

"hbb_res."
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Table 6.2: Event yields broken down by SR category. For each category, shown are the

event yields observed in data, expected before and after a fit of the B-only model, and the

corresponding relative uncertainty.

Search category Observed Expected (pre-fit) Expected (post-fit) Post-fit uncertainty

µ bL LP 4542 4362.2 4540.9 1.5%

µ bL HP 417 402.4 416.1 4.8%

µ bT LP 657 731.8 658.5 4.2%

µ bT HP 56 67.0 57.3 10.0%

e bL LP 2945 2973.7 2945.4 1.9%

e bL HP 248 246.1 247.7 5.7%

e bT LP 423 443.0 423.9 4.2%

e bT HP 37 41.0 37.7 14.6%

SF bL 59 70.2 59.6 14.2%

OF bL 50 61.1 50.8 13.5%

SF bT 6 11.3 7.9 31.6%

OF bT 6 11.6 8.1 25.8%
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Figure 6.10: The pulls of the nuisance parameters for the background normalization from

the fit in the non-top CR, and the ratio of post-fit and pre-fit uncertainties in the bottom

panels. The y-axis is normalized such that all pre-fit uncertainties have a size of 1.0.

6.1.6 Signal bias testing

In the event of a possible discovery, it is important to check for and quantify the amount of

potential bias in the signal modeling. This is accomplished by performing a series of tests

in which signal is injected into and extracted from a data set. To perform the test, the

B-only model is first fit to the data. The background nuisance parameters are then set to

their post-fit values, and the signal strength is set to some fixed value in order to generate

an ensemble of toy data sets from the full S+B model. Then for each toy experiment, a

maximum likelihood fit of the pre-fit S+B model to the toy data set is performed, with the

signal strength floating. For each toy experiment, the bias in the signal is defined to be:

rbias =
rfit − rinj

σr
(6.14)

The extracted signal strength from the fit and its associated uncertainty are rfit and

σr, respectively. The fixed value of the injected signal strength is rinj. For the discrete
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Figure 6.11: Saturated likelihood GOF tests for the top CR (top row) and non-top CR

(bottom row). The left column shows the global GOF test, with the histogram showing

the distribution from toy experiments and the red arrow indicating the observed tGOF. The

right column shows the reduced GOF test projected into each CR category. The blue points

indicate the data tGOF, while the black points and bands demonstrate the median and central

68% interval of the toy distribution.

164



0

100

200

300

400

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
, bL, LPµ

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

10

20

30

40

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
, bL, HPµ

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

10

20

30

40

50

60

70

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
, bT, LPµ

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

2

4

6

8

10

12

14

16

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
, bT, HPµ

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

50

100

150

200

250

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
e, bL, LP

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

5

10

15

20

25

30

35

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
e, bL, HP

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

10

20

30

40

50

60

70

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
e, bT, LP

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

2

4

6

8

10

12

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
e, bT, HP

 HH) = 0.2 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it
0

2

4

6

8

10

12

14

16

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
SF, bL

 HH) = 0.1 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

2

4

6

8

10

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
OF, bL

 HH) = 0.1 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

2

4

6

8

10

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
SF, bT

 HH) = 0.1 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

0

2

4

6

8

E
ve

nt
s 

/ 6
 G

eV

 (13 TeV)-1138 fb

CMS
OF, bT

 HH) = 0.1 pb→(X Βσ

Data q/g bkg.
Fit unc. Lost t/W bkg.

  spin-01 TeV X  bkg.Wm
  spin-03 TeV X  bkg.tm

40 60 80 100 120 140 160 180 200
 [GeV]

bb
m

0.5

1

1.5

D
at

a 
/ f

it

Figure 6.12: The B-only 2D fit result compared to data projected into mbb̄ for both the 1`

and 2` channels. The label for each search category is in the upper-left of each plot. The

fit result is the filled histogram, with the different colors indicating different background

categories. The background shape uncertainty from the fit is shown as the hatched band.

Example spin-0 signal distributions for mX = 1.0 and 3.0 TeV are shown as solid lines, with

σB(X → HH) set to 0.2 and 0.1 pb for the 1` and 2` channels, respectively. The bottom

panels show the ratio of the data to the fit result.
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Figure 6.13: The B-only 2D fit result compared to data projected into mHH for both the 1`

and 2` channels. The label for each search category is in the upper-left of each plot. The

fit result is the filled histogram, with the different colors indicating different background

categories. The background shape uncertainty from the fit is shown as the hatched band.

Example spin-0 signal distributions for mX = 1.0 and 3.0 TeV are shown as solid lines, with

σB(X → HH) set to 0.2 and 0.1 pb for the 1` and 2` channels, respectively. The bottom

panels of each plot show the ratio of the data to the fit result.
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Figure 6.14: The pulls of the nuisance parameters from the B-only and S+B fits in the

SR. The bottom panels show the ratio of post-fit and pre-fit uncertainties. The y-axis is

normalized such that all pre-fit uncertainties have a size of 1.0. The systematics labelled

"PTX" are used to morph the background templates as ∝ mbb̄, while "OPTX" are those

for 1/mbb̄ morphing. The "PTY" and "OPTY" systematics do the same but for the mHH

dimension. The resonant SD jet mass systematics are those labeled "hbb_scale" and "hbb_-

res."

167



Figure 6.15: Impacts of the systematic uncertainties on the signal strength. The 10 uncer-

tainties that induce the largest change ∆r̂ are shown for a test in which a 1.0 TeV signal is

injected with rinj = 0.0094 pb into a toy data. In this particular test, the most impactful

uncertainty is from the bb̄ jet tagging efficiency, followed by top background normalization

uncertainties.

mX in Table 4.7 and both spin-0 and spin-2 signals, bias tests are performed with injected

signal strengths equal to the expected limits rexcl and for some integer multiples of these

strengths, 2rexcl and 5rexcl. We evaluate the existence of bias by fitting the rbias distributions,

which in general are approximately Gaussian, and by analyzing the properties of the raw

distributions themselves. An example of one such rbias distribution and its Gaussian fit is

shown in Fig. 6.17. Plots that demonstrate the results of the full suite of tests for all mX

are shown in Fig. 6.18 and 6.19. Overall, the extracted signal strength and its uncertainty

is consistent with the injected signal strength, no evidence of bias is observed.

6.2 Results

When the full combined 2D fit is performed in the SR data, no significant excess is observed.

Thus, model-independent upper limits on σB(X → HH) are computed at 95% CL and
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Figure 6.16: Saturated likelihood GOF tests for the SR. The left figure shows the global

GOF test, with the histogram showing the distribution from toy experiments and the red

arrow indicating the observed tGOF. The right figure shows the reduced GOF test projected

into each SR category. The blue points indicate the data tGOF, while the black points and

bands demonstrate the median and central 68% interval of the toy distribution.
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Figure 6.17: The rbias distribution and its Gaussian fit for a mX = 1.0 TeV spin-0 signal with

rinj = 5rexcl = 46.5 fb.

500 1000 1500 2000 2500 3000 3500 4000 4500
 [GeV]XM

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2

 m
ea

n
bi

as
r

excl = 5rinjr
excl = 2rinjr

excl = rinjr

500 1000 1500 2000 2500 3000 3500 4000 4500
 [GeV]XM

2−

1−

0

1

2 m
ea

n
bi

as
r

excl = 5rinjr
excl = 2rinjr

excl = rinjr

Figure 6.18: Bias test results for the full range of mX. Left: spin-0. Right: spin-2. The plots

show the mean (points) and standard deviation (error band) of the raw rbias distributions

for each mX and rinj.
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Figure 6.19: Bias test results for the full range of mX. Left: the fitted Gaussian mean µ of

the rbias distribution, with the associated error bars indicating the uncertainty on the fitted

µ. Right: the fitted Gaussian width σ of the rbias distribution, with the fit uncertainty on

the width indicated with the error bars. The spin-0 (spin-2) results are shown in the top

(bottom) row.
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reported as results. The upper limits are shown in Fig. 6.20 for both signal spin hypotheses

as a function of the signal mass mX. For each, the observed limits in data are shown along

with the median expected limit and the 1σ and 2σ uncertainty bands. The observed limits

are consistent with the expectations. The most tension occurs in 1.0 . mX . 1.2 TeV

where there is a deviation of about 2σ from the expectation. This is downward statistical

fluctuation that arises from a deficit of data in some of the most sensitive search categories.
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Figure 6.20: Observed and expected 95% CL upper limits on the product of the cross

section and branching fraction to HH for a generic spin-0 (left) and spin-2 (right) boson X,

as functions of mass. Example radion and bulk graviton predictions are also shown. The

HH branching fraction is assumed to be 25% (10%) for the radion (bulk graviton).

The observed limits are also interpreted in the context of the bulk RS models that predict

resonances with significant couplings to HH. Typical model parameters are chosen as pro-

posed in Ref. [141]. The red curves assume a 25% branching fraction for a radion decaying

to HH and a 10% branching fraction for bulk gravitons to HH. The observed limits exclude

the existence of a radion corresponding to a model with UV cutoff ΛR = 3.0 TeV with

mass m . 2.3 TeV. Bulk graviton production is excluded for a graviton mass of m . 1350
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(1200) GeV with k̃ = 0.3 (0.5). A general spin-0 signal at mX = 0.8 TeV is excluded for

σB > 24.5 fb, with the limit strengthening over the full mass range to σB > 0.78 fb at

mX = 4.5 TeV. Spin-2 signals have larger acceptance, and so the exclusion limit on these

signals is stronger: at mX = 0.8 TeV, X→ HH production is excluded for σB > 16.7 fb, and

at mX = 4.5 TeV for σB > 0.67 fb.

The median expected exclusion limit at 95% CL for each SR category individually is

shown in Fig. 6.21. Figure 6.22 compares the limits computed for the 1` channel only, the

2` channel only, and the total analysis.

Figure 6.21: Median expected upper limits at 95% CL for each of the 12 search categories

individually.

In general, the tight (bT) bb̄ jet tagging categories are the most sensitive over the full

range of mX, since these contain the most signal and the least amount of background. The

2` categories are generally more sensitive than most 1` categories since the background

yields are much lower in the 2` channel. A notable exception to this trend is the µ bT

LP category, which is the most sensitive above approximately 2.5 TeV. At high mX, the

1` electron categories are the least sensitive because the electron reconstruction efficiency is
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Figure 6.22: Median expected upper limits at 95% CL for the 1` channel only, the 2` channel

only, and the total for each of the spin-0 and spin-2 signal hypotheses.

severely degraded, as described in Section 4.3.1. Overall, the 2` channel sensitivity is stronger

than the 1` channel for mX below about 2.5 TeV, after which the 1` channel sensitivity

becomes slightly stronger, due to the similar reasons as noted before for the individual SR

categories.

This work yields the most sensitive upper limits in ATLAS and CMS for X → HH

production with leptons in the final state. The only X → HH searches that are more

sensitive in any subspace of the considered mX and for any spin hypothesis are those in the

bb̄bb̄ final state from ATLAS and CMS, each of which extend only up to 3.0 TeV. From

0.8 TeV to 3.0 TeV, the sensitivity is comparable to and in some places stronger than these

searches. This work has been the most successful at exploring the largest mX for all X→ HH

searches.
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6.3 Conclusion

In the previous chapters, a search was presented for heavy BSM resonances decaying to a

pair of Higgs bosons. This analysis was undertaken at the beginning of the 2016 run of the

LHC, during a wave of excitement for increasing the CMS data set by almost an order of

magnitude and exploring resonance masses deeper into the TeV scale. Many searches for

spin-0 and spin-2 diboson resonances began around this time, among them searches for HH

resonances.

In the context of diboson searches, the HH search is a challenging one, especially in the

boosted regime. In this analysis, this is largely due to the H→WW∗ → `νqq̄ decay. High-

pT leptons are useful in resonant searches for their extremely high efficiencies for triggering,

reconstruction, and identification. Furthermore, such leptons are typically expected to be

isolated from deposits of hadronic energy. In this analysis, the leptons are lower in pT on

average than those in other diboson searches because of the extra states in the decay chain

(consider W → `ν versus H → WW∗ → `νqq̄, for example). Furthermore, because of the

boost, the jet from W → qq̄ is close to the lepton and can sometimes contain it within the

jet area. As a result, the leptons in this analysis are not expected to be well-isolated and

their triggering and reconstruction are expected to be less efficient.

An initial search for X → HH → bb̄WW∗ → bb̄`νqq̄ was performed using 35.9 fb−1 of

data from the 2016 run for pp collisions at
√
s = 13 TeV [72] that established bb̄WW∗ as

a competitive channel. For the full 2016–2018 analysis, the dilepton bb̄WW∗ channel was

added along with the dilepton decay of bb̄ττ . These two channels are harmoniously added

under a single set of selections that dramatically reduces the amount of expected background.

The entire analysis relies heavily on efficient b tagging with the CMS tracker and efficient

selection of electrons and muons. In the 1` channel, this requires special clustering of jets to

select the W → qq̄ decay and lepton selection strategies tailored for boosted environments.

Further selections are applied in both channels to select signal-like topologies and optimize
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the signal significance relative to the background.

The analysis evaluates the existence of signal with a 2D maximum likelihood fit of signal

and background models to the observed data, a procedure developed in early Run-II dibo-

son searches [59]. The search region is broken down into 12 independent categories, each

containing a set of events with distinct signal to background ratios, and the fit is performed

simultaneously in these 12 categories. A unique classification of the background modeling

was also developed for this analysis that allowed for the creation of templates with more sta-

tistical power than available in the search region. The templates and the fit were validated

extensively with several different methods.

No excess of a signal X is observed within 0.8 < mX < 4.5 TeV, and upper limits on

σB(X→ HH) are computed at 95% CL. Over the signal phase space considered, the results

in this dissertation are either the most sensitive or competitive with the most sensitive results

(typically bb̄bb̄ searches) on σB(X → HH) for any spin-0 or spin-2 boson X. The results

are also interpreted in the context of models of warped extra dimensions, and certain phase

space of the model parameters are excluded.

The HH → bb̄WW∗ search has been established as a critical channel in the boosted

regime of HH and diboson searches in general, arguably as important as the bb̄bb̄ channel

now. The work described in this dissertation has laid the foundation for several future

developments in HH searches. The combined X→ HH analysis with all channels in CMS is

beginning at the time of this dissertation writing, and the competitiveness of this analysis

with bb̄bb̄ is promising for a strong result. While this analysis has only considered narrow

width signals with intrinsic resolution much smaller than the detector resolution, the analysis

is well constructed to evaluate the existence of large width signals on the order of the detector

resolution. In future iterations of this search, the electron efficiency of the 1` channel will also

significantly increase due to improvements described in Section 4.3.1 that were motivated

by this analysis. This also has implications for many other boosted searches with electrons

and jets within CMS, especially as CMS pushes into the energy frontier. Ultimately, the rest
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of the LHC program calls for about a factor of 20 times more data than has been recorded

already. This search can be expected to yield upper limits that are at least 5–20 times more

sensitive than they currently are, allowing us to explore σB(X→ HH) below 1 fb over most

mX and down below 100 ab at high masses.
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