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Abstract

A search for the production of Higgs pairs in the decay channel HH — ~7ybb is
reported for both resonant and nonresonant cases. The data corresponds to an in-
tegrated luminosity of 19.7 fb~! of proton-proton collisions at /s = 8 TeV collected
by the CMS detector at the CERN Large Hardron Collider. The candidate events
are selected by requiring two photons and two jets and are classified according to the
number of jets tagged as coming from the hadronization of a b-quark. The search for
resonance production of two Higgs bosons through a new particle X, as hypothesized
in extensions to the Standard Model involving a Radion or KK-graviton from models
with warped extra dimensions or involving a heavy Higgs from models with super-
symmetry, is performed on the range mx € [260, 1100] GeV. The search for Standard
Model nonresonant production of two Higgs bosons is performed; in addition a the-
oretical framework is explored for the analysis of anomalous values of the couplings
ttH, HHH, and ttHH. The observations are consistent with background expecta-
tions. Upper limits at the 95% confidence level are extracted on the production cross
section of resonant and SM nonresonant production. In particular, the Radion with
Agr =1 TeV is observed (expected) to be excluded with masses below 0.97 TeV (0.88
TeV), while the analysis is not sensitive to the Radion with A = 3 TeV. The non-
resonant double Higgs cross section is observed (expected) to be excluded at 1.91 fb

(1.59 fb) or 72.9 (60.7) times the NNLO Standard Model value.
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Chapter 1

Introduction

The Standard Model (SM) is the theoretical framework that best describes the ex-
perimentally observed phenomena of the fundamental particles and their interactions.
In 2012, the last piece to the SM was put into place with the discovery of the Higgs
boson. This discovery, the theory for which is described in Sections and [L.2] is
the foundation for the work based on this thesis, the goal of which is to perform the
first search for double Higgs production, a process in which two Higgs bosons are
produced. The motivations for this search are given in Section [1.4] Despite its many
successes, the theory is not perfect, and it remains an overarching theme of particle
physics to unify physical processes at all energy scales under one single framework.
Some of these shortcomings are described in Section [1.3] giving a little taste for what
could be discovered with the accumulation of more data at higher center-of-mass

energies by the big experiments at the CERN Large Hadron Collider.

1.1 The Standard Model

The Standard Model of particle physics is a relativistic quantum field theory that
describes how the known fundamental particles interact through the electromagnetic,

weak, and strong forces. The theory was developed through the unification of the
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electromagnetic and weak forces by Glashow in 1961 [I] and through the incorporation
of this electroweak theory with the Higgs mechanism by Weinberg and Salam in
1967 [2, 13]. This theory explained the experimental observations of the day, and later
experiments provided additional evidence as well as a means for measuring the free
parameters of the theory. Some of this evidence is provided in Figure in the form

of the discoveries of the fundamental particles.

® 1897 Thomson
® 1900 Villard
® 1936 Anderson et al
® 1956 Cowan et al

()

<

Bl =

® 1962 Lederman et al
* 1968 SLAC
* 1968 SLAC
* 1968 SLAC
e 1974 SLAC, BNL
e 1975 SLAC-LBL
e 1977 Fermilab
® 1979 PETRA
® 1983 UA1, UA2
® 1983 UA1, UA2
® 1995 CDF, DO
® 2000 DONUT
® 2012 ATLAS, CMS
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Figure 1.1: The discoveries of fundamental particles versus time [4].

In this theory, particles are treated as excitations of fields having half-integer spin
or integer spin, and the forces are treated as interactions among excitations of these
fields. The spin—% particles, or fermions, can be divided into groups based on the
ways in which they interact. The leptons, or those particles which only experience
the electroweak force, are the electron e, muon pu, tau 7, electron neutrino v,, muon
neutrino v,, and tau neutrino v,. The quarks, or those particles which experience
both electroweak and strong forces, are the up u, down d, strange s, charm ¢, bottom

b, and top t. The integer-spin particles, or bosons, are the spin-one photon v, W, Z,



and gluon ¢ and the spin-zero Higgs H. The particle content of the SM is summarized

in Figure (1.2

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge— 2/3 2/3 2/3 t 0 0 H
spin—> 1/2 u 1/2 C 1/2 1 g 0
Higgs
up charm top gluon bo2on
=4.8 MeV/c? =95 MeV/c? =4,18 GeV/c? 0
13 d -1/3 173 b 0
1/2 1/2 S 1/2 1 »
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 -1 -1 0
1/2 e 1/2 -Il 1/2 T 1 ;
electron muon tau Z boson
<2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
o] 0 0 +1
1/2 -I)e 1/2 -I)p‘ 1/2 -I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.2: A diagram of the particle content of the SM [5]. The mass, electric charge,
and spin is given for each, and the background color indicates how each
fermion interacts with the bosons.

The dynamics of the SM are described through its Lagrangian, which is invariant
under gauge transformations of the group SU(3), x SU(2), x U(1),. The strong
force, also known as quantum chronodynamics (QCD), is associated with transfor-
mations under SU(3)., which give rise to the conserved color charge C, denoted by
red, green, or blue, and eight gauge fields. The group acts on 18 spinor fields corre-
sponding to the quarks (six quark flavors in three colors) and the eight gauge fields
corresponding to the gluons. The electroweak force is associated with transformations
under SU(2); x U(1)y, the first part of which gives rise to the conserved left-handed

chirality L and three gauge fields, and the second part of which gives rise to the
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conserved weak hypercharge Y and one gauge field. This group acts on left-handed
doublets and right-handed singlets of the quarks, leptons, and these four gauge fields.
The quarks contribute nine doublets and 18 singlets, and the leptons contribute three
doublets and three singlets (as right-handed neutrinos do not exist).

The symmetry group of the SM does not allow for gauge-invariant mass terms. In-
stead, the generation of particle masses is accomplished through the partial breaking
of the symmetry group by the addition of the Higgs field and potential, after which
gauge-invariant Yukawa interactions between fermions and the Higgs field sponta-
neously give fermion masses. The Higgs field ¢ is a doublet of SU(2),, and its poten-

tial takes the form

V (61¢) = —puslo+ A (610)” (1.1)

where g, A > 0. The ground state of this potential is nonzero and degenerate. With

the choice of a convenient gauge, the ground state can be expressed as

D e
V2\¢* + i 0
where ¢!, $?, ¢ are massless Goldstone bosons [6, [7] and the remaining degree of
freedom represents fluctuations about this ground state, associated with the massive
scalar Higgs boson H.

Recalling that the Higgs field is a doublet of SU(2),, its covariant derivative in
the Langrangian is

Dy = 8, —igi T*W* — 1%3# , (1.3)

where g (g2) and W (B,,) are the gauge couplings and three (one) gauge bosons
associated with SU(2), (U(1)y ), respectively, and T are the generators of SU(2);.
The ground state of the Higgs field then gives mass terms to some of the gauge bosons.

The mass eigenstates, in terms of the W and B, are the W=, Z, and photon with



masses

(1.4a)
Vit p (1.4b)

m, =0. (1.4c)

Thus, the gauge bosons acquire mass, and the symmetry of SU(2), x U(1), is
broken to U(1),,, with gauge field being the photon and conserved quantity being
the electric charge Q.

Masses for the fermions are generated through this symmetry breaking with the
introduction of gauge-invariant interactions with the Higgs field into the Lagrangian.

These take the form

£Yukawa - —glﬁ@/ﬁ (15)

where ¢ is the strength of the interaction. Here, the symmetry breaking caused by
¢ — (¢) + H gives a mass term of the form g (¢) and an interaction with the Higgs
boson. Interactions with the other bosons arise from change in the covariant derivative
of each fermion field due to the symmetry breaking.

These interactions can be represented pictorially with Feynman diagrams [§]. Fig-
ure [L.3] shows the interaction vertices of the SM in which the Higgs is not involved.
These diagrams provide a powerful tool for the calculation of probability amplitudes
of SM processes, which are directly related to the experimentally-measurable cross

sections.

1.2 The Higgs Discovery

While each particle has its own story of discovery, as hinted briefly by Figure [1.1],

this section will focus on the technical details related to that of the Higgs. What



Standard Model Interactions
(Forces Mediated by Gauge Bosons)

X X X
Z ¥ g
X X X

X is any fermion in X is electrically charged.  Xisany quark.
the Standard Model.
D v )
" WW< )
L
: g
U is a up-type quark; Lis a lepton andv is the

D is adown-type quark.  corresponding neutrino.

W- W-
X Y
X

Xis a photon or Z-boson. X and Y are any two
electroweak bosons such
that charge is conserved.

Figure 1.3: Interactions of the SM in which the Higgs in not involved [9].



makes the search especially difficult is the small couplings that the Higgs has with
other particles, as shown in Figure|l.4, However, up until 2012, the mass of the Higgs
boson was unknown, so big experimental searches had to accommodate a wide range

of possible values.

proton - (anti)proton cross sections
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Figure 1.4: Production cross sections for various processes in the SM versus center-
of-mass energy. The lower energies correspond to pp collisions from the
Tevatron [10], whereas the higher energies correspond to pp collisions from

the LHC [11].



The search for the Higgs can be broken down into production mechanism and
decay mode. For proton-proton pp collisions at /s = 8 TeV, as realized at the
LHC (see Section , Figure shows the dominant production mechanisms and
corresponding cross sections. The branching ratios for several of the dominant decay

modes are given in Table [I.1]

gluon-gluon vector boson associated associated
fusion (ggF) fusion (VBF) production VH | production ttH

q t
9 v ’ q VG ’ 9 >~Y~,:-’JJ \ g s ’
g a000 V Mﬂﬂi&
RN Wanie gy

19.3 pb 1.58 pb 1.12 pb 0.13 pb

Figure 1.5: Production mechanisms and cross sections of the Higgs boson for the
leading processes in the SM [4]. The cross sections correspond to pp
collisions at /s = 8 TeV.

Since the announcement of discovery of a new Higgs-like particle in 2012 [12} [13],
the properties of the Higgs have been narrowed through the accumulation of more data
and more refined analyses [I4]. The general conclusion of all these analyses is that
the Higgs boson is, up to the sensitivity that the present dataset allows, consistent
with that predicted by the SM. Figures and provide two highlights in y for
each of the production cross sections and decay modes, respectively, where p is the

ratio of the measured cross section to that predicted by the SM.

Table 1.1: Branching ratios for the Higgs boson [15].

fermions bosons
Decay mode bb TT AL WW=  ZZ* 04! Zry
Branching fraction | 58% 6.3% 0.022% | 22% 2.6% 0.23% 0.15%




19.7 b (8 TeV) + 5.1 b (7 TeV)

Combined CMS m,, = 125 GeV
1=1.00+0.14 pSM =0.24
Untagged
W=087+0.16 -
VBF tagged
p=115%0.27 -
VH tagged y
1=0.83%0.35 il
ttH tagged -
H=2.75%0.99
MRS I N A S T S RS SN
0 1 2 4

3
Best fit O'/O'SM

Figure 1.6: Values of the best-fit p for the combination (solid vertical line) and for
subcombinations by analysis tags targeting individual production mech-
anisms [I6]. The vertical band shows the overall p uncertainty. The pu
ratio denotes the production cross section times the relevant branching ra-
tios, relative to the SM expectation. The horizontal bars indicate the £1
standard deviation uncertainties in the best-fit u values for the individual
modes; they include both statistical and systematic uncertainties.

Perhaps the most important post-discovery measurement is that of the Higgs
boson mass my. Figure [1.8] provides experimental evidence for the precision mea-
surement of this value by considering only high-resolution channels for Higgs boson
production and decay, and the measured value is around 125 GeV. This provides a
means to probe other features of the SM or to search for signatures of physics beyond
the SM (BSM). One class of those processes, which is the major topic of interest for
this thesis, gives rise to the production of two Higgs bosons. The theoretical grounds

for such processes are discussed in Section [I.4]



19.7 b (8 TeV) + 5.1 b (7 TeV)
Combined CMS mH =125 GeV

p=1.00+0.14
p,,, = 0.96

H - yy tagged
p=112+0.24

H - ZZ tagged
1 =1.00+0.29

H - WW tagged
u=0.83%0.21

H - 1t tagged
U=0091+0.28

H - bb tagged

—_——
H=0.84+0.44

0 05 1 1.5
Best fit 0/0S

2
M

Figure 1.7: Values of the best-fit p for the combination (solid vertical line) and for
subcombinations by predominant decay mode [16]. The vertical band
shows the overall p uncertainty. The p ratio denotes the production cross
section times the relevant branching ratios, relative to the SM expecta-
tion. The horizontal bars indicate the +1 standard deviation uncertain-
ties in the best-fit © values for the individual modes; they include both
statistical and systematic uncertainties.

1.3 Shortcomings of the SM

There are both experimental and theoretical reasons for why the SM is not a complete
theory of particle physics. In some cases, the SM provides an ad-hoc description,
and in other cases, there is no description at all. For the optimist, these provide
compelling reasons to continue pushing the boundaries of our knowledge. Examples

of such compelling questions concern gravity, dark matter, dark energy, and neutrinos,

as detailed in Sections [1.3.1] [1.3.2], and [1.3.3] but this is not to omit other questions

concerning, for example, matter-antimatter asymmetry, hierarchy, naturalness, and

the generations of fermions.
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19.7 b (8 TeV) + 5.1 fb (7 TeV)

_l 107 I T T T T T T T T ‘ H T
o — H - vy tagged
£ oF CMS —— H - ZZ tagged
< "H-yy+H- ZZ Combined:
[\ 8t W (ggH,ttH), — stat. + syst.
1 E zw ---- stat. only
2f L (VBF.VH) =
o W m,, = 125.02/75) (stat)’>! (syst) ]
6 - -
st
‘
3 E
20 E
1 :
0: [ P W ! ! 3
123 124 125 126 127
m,, (GeV)
Figure 1.8: Scan of the test statistic ¢(mpy) = —2Alog L versus the mass of the

boson my for the H — vy and H — ZZ — 4{ final states sepa-
rately and for their combination [I6]. Three independent signal strengths,
(ggH ttH)— ~~, (VBF,VH)— v, and pp - H — ZZ — 4/, are profiled
together with all other nuisance parameters. The solid curve is obtained
by profiling all nuisance parameters and thus includes both statistical and
systematic uncertainties. The dashed curve is obtained by fixing all nui-
sance parameters to their best-fit values, except for those related to the
H — ~v background description, thus including only statistical uncer-
tainties. The crossings with the thick (thin) horizontal lines define the
68% (95%) CL interval for the measured mass.
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1.3.1 Gravity

Gravity is well understood in the classical and relativistic limits, as first posited by
Newton and Einstein, respectively. However, there is no complete quantum theory of
gravity, and as such it is not accounted for by the SM. It is thought that the force is
mediated by a spin-two particle called the graviton and that the gravitational force

would unify with the other three forces in a very-high energy limit.

1.3.2 Dark Matter and Dark Energy

Ordinary matter, as built-up from the SM, only accounts for 4.9% of the mass-energy
in the known universe [17, 18]. Most of the mass-energy is made up of dark matter
at 26.8% and dark energy at 68.3%, the nature of which is largely unknown.

The presence of dark matter is inferred from observing the way ordinary matter
behaves at astrophysical scales. In these observations, the behavior of certain objects
cannot be explained by the ordinary matter alone. Rather, it is posited that these ob-
servations can be explained by the presence of some additional matter which interacts
through gravity but not electromagnetism. Candidate dark matter particles provide
motivation for many experimental searches at the LHC and other experiments.

The presense of dark energy is inferred from measurements of the expansion of the
universe. These measurements indicate that the rate of expansion is increasing. T'wo
candidates to account for the source of the accelerating expansion are a cosmological
constant or scalar fields. The former gives a constant energy density in space and
time, while the latter gives rise to an energy density that varies (perhaps very slowly)

in space and time.
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1.3.3 Neutrinos

In the version of the SM presented in [I.1} neutrinos are massless, electrically neutral
leptons which come in three flavors. The observation of neutrino oscillation [19], in
which the probability of measuring a particular flavor in a neutrino varies over its
trajectory, implies that neutrinos have masses. These mass terms have been added
to the SM, but it is unclear if their origin is from the same mechanism that provides

the other fermions with their masses.

1.4 Double Higgs as a probe of SM and New
Physics

With the mass of the Higgs known, searches involving the production of two Higgs
bosons may be performed. There are two principle motivations for such a process.
It provides a means for searching for an interaction predicted by the SM but not
yet observed, namely that of the Higgs trilinear coupling, which provides further
understanding of the Higgs potential. While searching for this rare SM process,
similar topologies involving BSM physics may be sought. The goal of the latter is to
either find a deviation from what the SM predicts or to place limits on the extent to
which new theories may be excluded.

Double Higgs production at hadron colliders in the SM has been studied theoret-
ically [20, 2], and the cross section for pp collisions at 8 TeV is predicted to be 9.96
fb, including next-to-next-to-leading order (NNLO) corrections. This is unfortunately
out of reach of current experiments and is due, in part, to the destructive interference
exhibited between contributions from the the Higgs self-coupling and from a top loop
with two Higgs, as shown in Figure [1.9

If the couplings from the diagrams in Figure 1.9 were not to take their SM values,

the double Higgs cross section could be enhanced, leading to possible sensitivity at
13
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Figure 1.9: Feynman diagrams of the processes responsible for non-resonant gluon fu-
sion production of two Higgs bosons in the final state. These diagrams in-
volve the Higgs boson self-coupling (left), the top quark Yukawa coupling
(middle, already measured at current experiments), and the anomalous
coupling ttH H (right) which is open in case of an effective parametriza-
tion of the Lagrangian by dimension 6 operators.

current experiments. (Although it could also be decreased.) These kinds of effects
are present in models where the Higgs is interpreted as a composite state of some
strong dynamics. The deviations of the SM couplings that could arise from the
simpler composite Higgs case are already very constrained [22] 23]. However, under
more general assumptions, higher order operators could in principle lead to sizable
effects [24], 25, 26]. This possibility is discussed in Section [I.4.1]

Double Higgs production can also be used to search for the presence of a new,
heavy particle with a spin of zero or two and with mass at least twice as large as my
so that decay to H H is kinematically allowed. Such new particles can be motivated
from BSM scenarios which typically have dominant decay modes to pairs of W, Zs,

tops, and Higgs. Some of these scenarios are discussed briefly in Section [1.4.2]

1.4.1 Nonresonant Double Higgs Production from BSM

In this thesis, nonresonant double Higgs production is parametrized by the Higgs tri-
linear self-coupling A, the Yukawa top coupling v;, and an anomalous ttH H coupling

co. The potential of the Higgs and its interactions with the top quark can be written
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as

ALH7t§>\7yt702 = 8MH8“H — mHH2 -+ HA)\SMUHg

1.6)
2 2 ) (
_V2m <v +rH + V20, HH> (frtr + hec) |
v v
where ky = A, gy, = By = 246 GeV, Agy = i = 0.129, and _ Vom
Asar? Mt Ye,SM )y NSM 202 . ) Yt,SM 1;

0.995 ~ 1. Possible contact interactions between the Higgs and gluons that could
arise from heavy coloured scalars are neglected. Only dimension-six operators are
relevant to BSM physics. The parameters ¢y and g, are analytically related by the
coefficients of two dimension-six operators, one being the derivative of the interaction
among four Higgs doublets with coefficient ¢y and the other involving the interactions
between the Higgs doublet and top quarks with coefficient ¢;.

For the interpretation of the BSM nonresonant search, the LLO cross section for

double Higgs production is expressed in a semi-analytical form [27] as

o(pp — HH) = lc; + (ar?)® + (B ke kr)* + Arcaa ry)? wn
1.

+As(a k) (B ke kix) + Az ca( B ke k)]

where oxnLo = 97.12 th, a = 0.475, B = 0.185, A; = —1.89, Ay, = —1.79, and
A3 = —1.70. Over the range that s, and &, are varied, as discussed in Section [3.3]
the behavior of this cross section is in agreement with MC calculations used in this
analysis. The cross section is normalized by onynro, Which is set such that the value
at ky = 1,ky = 1 and ¢ = 0 is equal to the SM prediction at NNLO. This approach
is valid within the large m, approximation, were the QCD corrections are dominated
by soft emission which does not depend on the electroweak couplings. In addition, on
the range of interest for k) and r;, the k factors do not vary by more than 0.06% [28],
so Equation may be scaled to NNLO by applying the SM k factor.
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The results are interpreted in a scenario where only dimension-six operators involv-
ing one Higgs doublet are relevant for nonresonant BSM physics. The dimension-six

operators relevant to double Higgs production are [29]

ALnsen = 3150u(610)0(610) + 1n ' = Xs 676 (1+ 15 6'0)

2N
) ) (1.8)
—¢ (1 + A—;qsfgzs) (Qro'tr + h.c) .

Together with the cut-off scale A, only ¢g and ¢; parameters define double Higgs
production. The coefficients of Equation are related to the coefficients of the
dimension-six operators of Equation [L.§ through

Y R N (1.9a)
Ry = mt\/ﬁ 2A2CH A2Ct .

_ v ! (1.9b)
CQ—\/§A2 c 20H ) )

The bare top quark mass and Higgs mass are

2
my = 4 v (1 + ¢ %) (1.10a)

2
m2 = 2\ v (1 + CG%) : (1.10Db)

1.4.2 Resonant Double Higgs Production from BSM

Double Higgs production can also used as a means to probe the existence of a heavy
resonance of spin zero or two. In this thesis, this resonance is assumed to have
negligible width compared to the experimental resolution and to be predominantly
produced by gluon-gluon fusion. The selection was designed to limit the sensitivity
to the angular distribution of the two Higgs bosons in order to keep the analysis

spin-independent.
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Theories with warped extra dimensions (WED) approach Planck scales allowing
gravity to propagate in a compact extra dimension with a warp factor. Scenarios
for the simplest choice of the warp function are known as Randall-Sundrum models

(RS) [30], in which the metric for the case of single extra dimension is given by

ds* = ey, dotdx” — dy? (1.11)

where y refers to the coordinate in the fifth dimension and & is related to its curvature.
The so-called ultraviolet (UV) and infrared (IR) branes are introduced at y = 0 and
y = L, respectively. Perturbations project in the four-dimensional effective theory as
the graviton field. The massless zero mode of this field corresponds to the graviton.

More realistic descriptions of the WED picture requires a suitable mechanism to
stabilize the distance between TeV and IR branes. The stabilization of the extra-
dimension size in RS scenarios can be achieved by introducing a bulk scalar with a
specific potential [31]. The four-dimensional projection of this scalar field is known
as the Radion, and its mass is dependent on the format of the stabilization potential.
Allowing matter fields to propagate in this extra dimension modifies its interactions
between the gravity mediators [32]. Couplings between the gravity mediators and the
matter fields occur by means of the energy momentum tensor, which gives rise to the

Lagrangian [33] [34]

i d;
I = —C—G’“’(l)TW — *RT
Ag

1.12
AR v ( )

where G*() is for the KK-graviton field, R is for the Radion field, ¢; and d; are
constants which depend on the behavior of the matter fields on the bulk, and the
scales Ag and AR are the ultraviolet mass scale and Radion vacuum expectation,

respectively. Both the scales can be interpreted as cut-offs of the theory.
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Another way for BSM physics to manifest double Higgs production is through the
existence of a second Higgs doublet from minimal supersymmetry (MSSM) and next
to minimal composite scenarios [35] [36]. Possible manifestations of two Higgs doublet
models (2HDM) can be based on the structure of its couplings to fermions [37]. Such

models can have interactions in which

all fermions couple to only one doublet (type I).

up and down type quarks couple to different doublets (type II).

fermions and quarks couple to different doublets (type III).

up and down type quarks couple to different doublets while leptons couple to

the doublet that couples to up quarks (type IV).
The most conventional parametrization of the potential is in terms of

e 3, which is related to the ratio between the vacuum expectation values of the

two doublets.
e «, which is the angle of the mass mixing of the neutral states.

e the five physical masses of the spectrum: two neutral scalars, one neutral pseu-

doscalar and two charged scalars.
e the coupling constants defining the allowed terms for the quartic potential.

The Higgs sector of the MSSM consists in a 2HDM type II. With the identifi-
cation of the lightest neutral scalar with the SM Higgs boson and with reasonable
assumptions about the potential, the parameter space for the search of a heavy neu-
tral Higgs decaying to two SM Higgs bosons is reduced to the mass of the heavy Higgs

and tan § [37, 38, 39, [40].
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1.5 Double Higgs Decays

In the search for double Higgs production, the analysis presented here concerns the
final state where one Higgs decays to two photons H — v~ and the other decays to
two b-quarks H — bb. The advantage of this final state from the experimental side is
that the H — v decay offers a high-resolution manner to tag one of the Higgs, while
the H — bb decay offers a high branching ratio. This disadvantages are that the
H — v decay has a low branching ratio and the H — bb decay has poor resolution.

Table gives the branching ratios for several of the leading double Higgs final
states. Although the ~7bb final state has a relatively low contribution at 0.26%,
the excellent diphoton mass resolution puts it among one of the most sensitive final
states in the search for nonresonant and low-mass resonant double Higgs production,
as discussed in Chapter . On the other hand, the bbbb has large QCD background
that hurts its sensitivity in the low-mass regime, despite having a large branching
ratio of 48%. Branching ratio is not the only part to the story, as explored in rest of

this thesis.
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Table 1.2: Branching ratios for decays of two Higgs bosons [I5]. Note that ¢ stands
for either e or p.

Channel Frequency (%)
H (bb, c, gg)H (bb, cc, gg) 47.86
H (bb)H (bb) 33.30
H(bb, ce, gg) H(VV™) 33.40
H(bb, c¢, gg)H(T777) 8.77
H(bb)H (t717) 7.29
H(VV)H(VV?) 5.83
H{T ¢ )H(VV*) 3.06
H(rtr)H(rt717) 0.40
H(bb, cc, gg) H(7) 0.32
H (bb)H (v7) 0.26
H(bb, cc, gg)H (u*p™) 0.03
H((t0)H (y7) 0.03
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Chapter 2

Experimental Facility

This chapter describes the experimental facility used to search for double Higgs pro-
duction and other phenomena. Section covers the European Organization for
Nuclear Research (CERN), the organization that hosts the experimental facilities.
Section covers the Large Hadron Collider (LHC), the accelerator complex respon-
sible for delivering pp collisions to each experiment. Section covers the Compact
Muon Solenoid (CMS), the detector which this analysis uses to study the pp collisions

and search for double Higgs production.

2.1 CERN

CERN was established in 1954 by 12 countries in Western Europe with a mandate
to establish a world-class research organization in fundamental physics [41]. Notable

achievements in particle physics and computer science made through experiments at

CERN include
e the discovery of neutral currents in 1973,
e the discovery of the W/Z bosons in 1984,

e the creation of the first website in 1991,
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e the first creation of antihydrogen in 1995,

e and the discovery of the Higgs boson in 2012, as discussed in Section [I.2]

Today, CERN has grown to include 21 member states with plans to expand further.
Many other states over the world participate in the experiments to varying degrees.

Figure shows a world map detailing each country’s affiliation with CERN.

Figure 2.1: Map of the international relations each country has with CERN [42].
Member states are in blue. States for whom accession is in progress are
in green. States who have declared intent to join are in yellow. Observers
are in red. States with cooperation agreements are in orange. States with
scientific contacts are in pink.

2.2 LHC

2.2.1 Overview

The LHC [I1I] is a pp accelerator that straddles the border between France and
Switzerland. It was installed in a 27 km tunnel with diameter 3.7 m at an aver-
age depth of 100 m underground. The position of this tunnel with respect to nearby

political and geographical points of interest is shown in Figures and [2.3] The
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tunnel was previously used by the Large Electron-Positron Collider (LEP) [43] from

1989 to 2000 for electron-positron collisions.
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Figure 2.2: Map of the political and geographical highlights near the LHC [44].

The LHC is designed to accelerate protons or ions in two circular beam pipes, or-
biting in opposite directions [45]. The pre-accelerators are described in Section [2.2.2)]

while the LHC itself is described in Section 2.2.3] These beams are made to cross in
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Figure 2.3: Aerial photo of the Geneva countryside with the LHC superimposed [4].

four designated points of the accelerator and create collisions between pairs of parti-
cles in opposite beams. Each of these points is home to a large detector, described in

Section [2.2.4] for measuring the products of these collisions.

2.2.2 Accelerator Complex

The path that a proton takes before entering a collision in the middle of CMS is
shown in Figure 2.4 To start, a hydrogen gas atom is stripped of its electron and
accelerated in Linac2, a linear accelerator, to 50 MeV. Next is a series of three circu-
lar pre-accelerators that increases the kinetic energy of the protons and collects the

protons into discrete bunches. These accelerators are the Proton Synchrotron Booster
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(PSB), the Proton Synchrotron (PS), and the Super Proton Synchrotron (SPS), which

increase the proton’s energy to 1.4 GeV, 25 GeV, and 450 GeV, respectively.

CERN Accelerator Complex (operating or approved projets)
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Figure 2.4: The flow of the CERN accelerator complex [46].

After the SPS, the protons are injected into the LHC, where they are accelerated
up to 7 TeV, the designed energy of operation. The highest energy achieved to date
is 6.5 TeV. The bunch structure is maintained during injection into the LHC, which

is important for the timing of the collisions inside the detectors.

2.2.3 The Machine

The LHC is made up of 1232 dipole magnets divided by eight insertion points. A
cross sectional view of a dipole is shown in Figure 2.5l The purpose of the dipoles,
each of which has two holes for each beam, is to direct the proton beams on their
circular path. To keep these high energy particles on their path, each dipole produces

a magnetic field of 8.3 T using a superconductor cooled with liquid helium to 1.9 K,
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which allows for a current of 12 kA. The length and mass of a dipole are 14 m and

35 tons, respectively.
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Figure 2.5: Diagram of a cross section of an LHC dipole [47].

Each insertion point serves a different purpose. Points 1, 2, 5, and 8 are the
interaction points, where the beams overlap to produce collisions. Point 4 contains
the radio frequency cavity system, which provides acceleration to the protons in the
direction of their motion. Points 3 and 7 contain beam collimation systems. Point 6

contains the beam dump system for removing the beams from the LHC.

2.2.4 Detectors on the LHC

The general-purpose detectors on the LHC are A Toroidal LHC Apparatus (AT-
LAS) [48] and CMS, located at opposite sides of the ring at points 1 and 5, re-

spectively. The physics goals of these two experiments are generally the same: to
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search for and study the Higgs boson, to study and improve our understanding of SM
processes, and to search for signs of BSM physics such as WED or SUSY.

The Large Hadron Collider beauty detector (LHCb) [49] is located at point 8
and is used to study processes related to the bottom quark. A Large Ion Collider
Experiment (ALICE) [50] is located at point 2 and is used to solely to study collisions
when one or both beams contain lead ions. This mode of operation of the LHC lasts
about one to two months per year.

The relative positions of these four detectors on the LHC is shown in Figure [2.6]
Although the figure makes it appear that all the experiments are at the same depth,

the LHC tunnel is actually sloped at 1.5 degrees toward Lac Léman, causing the

tunnel depth to vary between 50 and 150 m.

Overall view of the LHC exeriments.

Figure 2.6: Underground view of the LHC and the relative positions of the four de-

tectors [44].
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2.2.5 LHC Operation in 2012

The principal physics result described in this work is an analysis of the data taken
with the CMS detector during the operation of the LHC in 2012. During this time,
the center-of-mass energy of the pp collisions was /s = 8 TeV, whereas the design
center-of-mass energy of /s = 14 TeV will be achieved in future operation of the
LHC.

Of the 10! protons in each bunch, only a small number of pairs of protons interact
during a bunch crossing inside CMS, where the beams are squeezed into a smaller
transverse region. The number of proton-proton interactions per bunch crossing is
called pileup. This number varies from fill to fill and even within a fill due to conditions
in the accelerator. The distribution of the pileup during 2012 running is given in

Figure during which time the average was 21.

CMS Average Pileup, pp, 2012, Vs = 8 TeV
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Figure 2.7: The pileup distribution in CMS during 2012 [51].

The total integrated luminosity delivered to CMS during this time was 23.3 fb ~1.
The evolution of the integrated luminosity delivered to and recorded by CMS is

shown in Figure [2.8] The delivered integrated luminosity is the amount of luminosity
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delivered by the LHC to CMS, and ideally CMS would be able to same all of these
collisions. Due to limitations of the data acquisition chain or availability of each
subsystem, discussed in Sections [3.1] and [2.3] respectively, the recorded luminosity is
slightly smaller than the delivered luminosity. In 2012, the total recorded luminosity

was 21.8 fb L.

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV
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Figure 2.8: The integrated luminosity of pp collisions in CMS during 2012 [51].

The LHC delivered pp collisions in 2010 and 2011 at /s = 7 TeV, and these were
also recorded by CMS. Figure shows the total luminosity delivered to CMS in
each of these years. Although the 6.1 fb ~! of 2011 data is analyzed in the context
of many measurements for the Higgs boson and other SM processes, this analysis of

double Higgs production pertains principally to 8 TeV data.

2.3 CMS

CMS is one of two general purpose detectors on the LHC. It was built in part to

search for the Higgs boson in the mass range not already excluded at the time by
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Figure 2.9: The integrated luminosity of pp collisions in CMS from 2010 to 2012 [51].

previous experiments and by theory. Other physics goals include the study of the SM,
such as the top quark mass, and the search for BSM physics, such as supersymmetry,
extra dimensions, and dark matter, as already discussed in Section [1.3]

The CMS coordinate system is defined with the origin at the center of the detector.
The z-axis of this coordinate system points in the direction that the counterclockwise
beam takes at this origin. The transverse plane is perpendicular to this axis, with the
x-axis pointing to the center of the circle made by the LHC and the y-axis pointing
vertically upward. The azimuthal angle ¢ gives the angle in the transverse plane as
measured counterclockwise from the z-axis, and the polar angle 6 is measured from
the z-axis. In CMS, as the case with other collider experiments, a Lorentz-invariant

pseudorapidity 7 is used in place of the polar angle. It is given by

—) -

The central feature of CMS is its superconducting solenoid magnet [52]. At 12.5 m
long and with an internal diameter of 6 m, it is the world’s largest superconducting
magnet. The superconducting material is niobium-titanium, which is cooled to 4 K

and provided with a current of 18 kA. This current provides a uniform magnetic field
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of 3.8 T inside the solenoid volume, which is referred to as the inner barrel. Outside
of the solenoid, an iron return yoke returns the magnetic field that escapes the ends of
the cylinder. The region radially outward from the cylinder, called the outer barrel,
experiences a uniform field strength of 2 T due to this return yoke. The region beyond
either end, called the endcap region, also has part of the return yoke, but the field
strength and direction is quite complex here. The return yoke contributes 12.5 kton
of the detector’s 15 kton.

CMS is described in detail in [53] and [54]. Here an overview of each of the subsys-
tems is provided, starting from the closest to the main interaction point (IP), where
the proton beams are made to collide, and proceeding radially outward. Figure
gives the relative position and sizes of each of the subsystems. These subsystems are,
in order of proximity to the IP, the silicon tracker, the electromagnetic calorimeter
(ECAL), the hadronic calorimeter (HCAL), the solenoidal magnet, and the muon

system.

2.3.1 Silicon Tracker

The silicon tracker [56] is responsible for measuring the positions of charged particles
as they propagate from the IP. The aim is to reconstruct the paths of these charged
particles by recording their position in successive layers of silicon planes. When
coupled with the strong magnetic field provided by the solenoid magnet, a charged
particle has a curved trajectory. Track reconstruction gives an estimate of the radius
of curvature, which is directly related to the particle’s transverse momentum pr. A
stronger field allows for better momentum resolution.

The choice of silicon technology is imperative to achieve this goal. When a charged
particle passes through the material, electrons are liberated from the atoms of the
semiconductor, and a bias voltage allows for the collection of the liberated electrons

and holes. If the charged collected during a certain time window exceeds a specified
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Figure 2.10: The CMS detector, with two people to give a sense of scale [55].

threshold, a hit is registered. The hits from successive layers are reconstructed offline
for particle identification and momentum measurements. Section discusses the
Particle Flow algorithm used for performing this identification.

The tracker occupies a volume of length 5.4 m and radius 1.1 m and can detect
particles with |n| up to 2.5. It is divided into the pixel detector and strip detector,
both of which are divided into barrel regions, or those where the layers are parallel to
the z-axis, and endcap regions, or those where the layers are parallel to the transverse
plane.

The pixel detector has three layers in the barrel region and two layers on either end
in the endcap region, in total making up 66 million channels of size 100 ym x 150 pm.
The strip detector surrounds the pixel detector and adds ten layers in the barrel and
12 layers in each endcap. The silicon strips vary in size from 10 cm x 80 pum to

25 cm x 180 pm and are oriented either parallel or perpendicular to the z-axis.
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2.3.2 Electromagnetic Calorimeter

The ECAL [57] is a calorimeter whose principal function is to measure the energy
of electromagnetic showers. It, like the tracker, is divided into barrel and endcap
regions, and provides coverage up to |n| < 3.0. It accomplishes this by employing
75,000 lead tungstate crystals of size 25 mm x 25 mm x 230 mm in the barrel or
30 mm x 30 mm x 220 mm in the endcap. The ECAL is 25 radiation lengths long, a
relatively large number that is exploited in particle identification. Electrons and pho-
tons are stopped by having their energy dissipated through many cascades, electrons
through bremsstrahlung and photons through pair production. Hadrons and muons,
also interacting electromagnetically, deposit some energy as a result of ionization,
but as a consequence of their higher masses generally do not induce electromagnetic
showers. The energy resolution provided by the ECAL, as measured from electron

test beams, is

o(E) 0.028 0.12

= ©
E VE/GeV — E/GeV

& 0.3%. (2.2)

2.3.3 Hadronic Calorimeter

The last subsystem within the volume of the solenoid magnet is the HCAL [58]. The
HCAL has barrel and endcap divisions (HB and HE, respectively) similar to ECAL
which covers up to |n| < 3.0. These components are made of plastic scintillator and
brass absorber, segmented into 3700 towers. The towers vary in coverage based on
their placement, where the most central towers span An x A¢ = 0.087 x 0.087. The
purpose of this subsystem is to measure the energy of hadrons, which usually appear
in collimated sprays called jets j. In addition to energy and position measurement,
nearly all hadrons are stopped and absorbed due to the high density and large material

budget of brass. There is an additional component of HCAL in the barrel region
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immediately outside of the magnet (HO) whose purpose is to serve as another layer
of absorption for any hadrons that make it through the preceding layers.

A final component of HCAL in the forward region of the detector (HF) covers
pseudorapidities 3.0 < |n| < 5.0. In this region, the radiation is especially high,
so a steel and quartz-fiber Cherenkov calorimeter is used instead. This component
provides 860 such towers.

The energy resolution is improved by the incorporation of information from other
subsystems via the Particle Flow algorithm, discussed in Section [£.1} The resolution
is about 15% for the jets of interest to this analysis—i.e., those which are central in
the detector with sufficiently high pr. Section discusses these requirements.

Figure [2.11] shows a quadrant of the inner subsystems of CMS. This gives a scale
of the relative positions and sizes of the tracker, ECAL, and most of HCAL with
respect to each other and the IP. Missing from the figure are the HF in the very

forward region and the HO just to the outside of the magnet.

2.3.4 Muon System

The muon system [59] is the subsystem furthest from the IP. It measures the positions
of muons through detection planes exploiting three different technologies: drift tubes
(DT), resistive plate chambers (RPC), and cathode strip chambers (CSC). Together
these components provide muon coverage up to |n| < 2.4. The DTs, located in the
barrel, are gas tubes with a wires for collecting electrons liberated by a transversing
muon. The RPCs, partially covering both barrel and endcap regions, consist of two
parallel plates of opposite bias separated by a gas medium. The CSCs, covering the
endcap region, consist of layers of anode, separated by layers of cathode strips oriented
perpendicularly, all within a gas volume. Figure [2.12| shows the relative position of
these three components with respect to each other and the subsystems inside the

solenoid.
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Figure 2.11: A schematic of one quarter of the inner CMS subsystems [57]. All com-
ponents of the tracker are in red. The ECAL barrel (EB) and ECAL
endcap (EE) are in blue. The HCAL barrel (HB) and HCAL endcap
(HE) are in green. Coil refers to the superconducting solenoid. Dimen-
sions and lines of constant n from the IP are superimposed.

The hits of the muon system are matched with hits from the tracker to form
a single track with improved momentum resolution. Unlike other charged particles,
which register significant activity in one or both calorimeters, the energy measurement
of muons is based solely on their tracks. Higher energy muons are curved less by the
magnetic field, causing the energy resolution to worsen as their tracks approach a

straight line.
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Chapter 3

Big Data

The LHC delivers pp collisions at a high rate that is much higher than CMS can
read out or store offline. From all these collisions, CMS selects a small fraction of
events which are the most relevant for the physics processes of interest. This task
is accomplished through the trigger system, which is discussed in Section both
in general and in the context of this analysis. The events selected by the trigger
system compose the datasets used by all CMS analyses. The worldwide computing
grid for storage and processing of both datasets and simulation samples is discussed in
Section Finally, the simulation samples employed by this analysis are discussed
in Section 3.3

3.1 The Trigger System

The gap in time between successive bunch crossings by the LHC is 25 ns, equivalent
to a frequency of 40 MHz. This large rate is reduced by selecting only the most
interesting events that pass a two-level trigger system. The first level, Level 1 (L1),
is hardware-based and reduces the total event rate from 40 MHz to 100 kHz [60],

whereas the second level, the High Level Trigger (HLT), is software-based and reduces
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the total event rate from 100 kHz to 100 Hz [6I]. From here, the events are processed
further and stored for the physics analyses.

The L1 trigger attempts to identify basic physics objects based on coarse energy
deposits in ECAL or HCAL or based on collections of hits in the muon chambers.
Quantities derived from the sum of energy deposited, such as the missing transverse
energy K, provide other quantities on which to characterize events. The Level 1
global trigger (GT) combines these object candidates and derived quantities in order
to select events to pass the the HLT with a processing time of 3 us. Up to 128
separate trigger paths can be supported, 126 to 127 of which were used during 2012
data taking.

The HLT is able to access more information than the L1 trigger, and in doing so it
can provide a better description of the event. At the HLT level, tracker information is
used in conjunction with the full granularity of ECAL and HCAL. Information at this
level is based on the presence of one or more candidate objects satisfying requirements
based on their transverse momentum or energy and relative or absolute positions in
the detector. With this added complexity and fewer events to process, the average

processing time is 40 ms per processor.

3.1.1 The Trigger for yybb

The search for the yybb final state can be viewed as an extension of the SM H — vy
search [62]. The excellent diphoton mass resolution is the primary driver in the
sensitivity, since it allows for low background contamination in the signal region, as
will be shown in Chapter [6] Therefore, the trigger strategy centers on the ability to
find two high-quality photon candidates.

During 2012 data taking, the LHC luminosity increased over time, and the triggers
at both L1 and HLT had their thresholds increased in order to keep the event rates

within limits. The requirement at L1 is for two e/~ candidates with Er requirements
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of 13 (7) GeV for the leading (subleading) candidate or for one e/ candidate with
an Er requirement of 22 GeV. Note that at this level, there is no distinction between
electron and photon candidates as the tracker information is not yet used.

Events are selected in the HLT through diphoton triggers with asymmetric Er
thresholds and complementary photon selections. One trigger selection requires a
loose calorimetric identification based on the shape of the electromagnetic shower
and loose isolation requirements on the photon candidates, while the other requires
that the photon electromagnetic shower is primarily concentrated in a three-by-three
crystal super-cluster. The trigger thresholds on the photon Et are 26 (18) GeV and
36 (22) GeV on the leading (subleading) photon, depending on the acquisition period
of LHC data taking in 2012. The path with the 26 (18) GeV thresholds is initiated by
the L1 path with 13 (7) GeV thresholds, while the path with 36 (22) GeV thresholds
is initiated by the L1 path with a single 22 GeV threshold.

In addition to keeping the trigger rate within its limits, it is also necessary to set
thresholds low enough such that the selection of signal events, or trigger efficiency,
remains as high as possible. The trigger efficiency is studied on Monte Carlo (MC)
signal samples as well as on Z — e"e™ data. According to the MC study, the efficiency
is above 99.5% for all conditions of 2012 data taking.

Figures 3.1] and show how the trigger efficiency varies on data with respect
to the candidate photon pr and the number of primary vertices in the event using
the tag and probe technique. To account for differences in the shower shape between
photons and electrons, the data sample was reweighted such that the shower shape
distributions match. Within uncertainties, the trigger efficiency is higher than 99%
for the 2012 data.
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Figure 3.1: Efficiency of the trigger selection as a function of the photon candidate
transverse momentum measured in Z — e*e” events [62].
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Figure 3.2: Efficiency of the trigger selection as a function of the number of primary
vertex in the event measured in Z — ete™ events [62].
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3.2 Data Storage Worldwide

All the data from the LHC and its experiments, including CMS, is processed, stored,
and analyzed in a distributed global collaboration of computing centers [63]. The
Worldwide LHC Computing Grid (WLCG) is the world’s largest computing grid,
comprising over 170 centers arranged in a structure of tiers. Part of this tier structure

is shown in Figure (3.3

Tier-2 sites
(about 140)

Tier-1 sites
10 Gbit/s links

Figure 3.3: A schematic of the WLCG detailing the locations of the Tier-1 sites [64].

Tier 0 is the CERN Data Center, through which all LHC data passes for initial
processing and reconstruction. For CMS, this comprises the events that pass the
HLT. The raw and processed data from Tier 0 is pushed to one of the 13 Tier 1
sites, where later reprocessing and storage can be done. From here, the Tier 1 sites

push the reconstructed datasets to Tier 2 sites for storage and processing by analysts.
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This system handles the approximately 30 Petabytes of data generated per year by
the LHC experiments in addition to the large number of MC samples generated and

stored.

3.3 Simulation Samples

In a general search, MC simulation samples are employed to study the signal process
of interest. They also allow for the study of background processes in more detail
than would be offered by data alone. This analysis searches for a double Higgs final
state by optimizing strategies separately between the resonant and SM nonresonant
production mechanisms. The signal MC samples are discussed in Section In
addition, good agreement between data and background MC confirms that the ma-
jor backgrounds are understood and that the data is behaving as expected. The
background MC samples are discussed in Section [3.3.2]

Event generation begins with sampling the probability distribution estimated from
the matrix element of the hard subprocess of interest (for example, g9 — HH —
4bb). The matrix element might have many contributions at tree level and, at
higher orders, integrals involving loops, rendering an exact calculation computation-
ally infeasible. From the hard subprocess, additional effects are added so that the
simulation corresponds with the final state observed in the detector. These effects
include the initial state radiation (ISR) and final state radiation (FSR) of a gluon or
photon to the hard subprocess, multi-parton interactions (MPI) from other parton
interactions in the proton-proton collision with their associated ISR and FSR, and
beam remnants from the outgoing protons. Due to color confinement, the partons
cannot exist individually, and hadrons are formed from the bare partons in a process
called hadronization. Unstable hadrons decay further until more stable hadrons are

produced. The clustering of the stable hadrons observed in the detector give an infer-
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ence of the momentum of the parton produced in the hard subprocess. More detail

on the generation of simulation samples is provided in [65] [66].

3.3.1 Signal Simulation

The resonant search is focused on a new resonance from a massive particle X with
mass my between 260 GeV and 1.1 TeV. The lower bound is set by twice the Higgs
mass since the search looks for decays X — HH. The upper bound is set by the
ability to reconstruct the yybb final state: for very high resonance hypotheses, the
decay products are highly boosted, causing the photons of the H — v~ decay to fail
identification and causing the jets of the H — bb decay to overlap. These recon-
struction methods are discussed in Chapter [l For the nonresonant search, the final
state is not sufficiently boosted to cause problems. The lack of boost in that search is
due to the distribution of the four-body mass being lower than that for a high-mass
resonance, where the spectrum is narrowly peaked about the resonance mass.

In the resonant search, the benchmark model is that of the Radion, which is
simulated with MadGraphb [67] and hadronized with Pythia6 [68]. The events are
generated from the gluon-fusion production of an on-shell Radion where the decay
width of the Radion is 10 MeV, much less than the experimental resolution. There
are roughly 20k events generated per mass point, with twice the number at three
points. This is summarized in Table [3.1] with the corresponding cross sections given
in terms of parameters described in Chapter

In order to verify the model-independence of the result, two additional resonant
signals are generated. The spin-two graviton is considered as the angular distribution
of the final state differs from a spin-zero scenario. However, due to the expected
sensitivity of the analysis, as shown in Chapter |8, the analysis is not expected to be
able to differentiate between these two scenarios. These samples were generated with a

decay width of 1 GeV and 10 GeV, which allows for the assessment of the dependence
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Table 3.1: Radion simulation samples and their corresponding cross sections.

Ar =3 TeV, kl = 35, no R — H mixing
Mass my (GeV) | Number of events | o - BR(R — HH — ~vybb) (fb)

270 19,996 2.18
300 39,999 1.94
350 18,498 1.19
400 19,697 0.621
450 19,999 0.402
500 39,997 0.282
550 19,995 0.206
600 18,197 0.156
650 20,000 0.121
700 39,995 0.095
800 19,999 0.0626
900 19,996 0.0435
1000 19,996 0.0317
1100 19,400 -

of the decay width on the final result. The production mechanism is through gluon-
gluon fusion, generated with MadGraph5 and hadronized with Pythia6. The sample
generation is summarized in Table[3.2) with corresponding cross sections given in terms
of parameters described in Chapter[I] Here, the RS1 KK-graviton refers to a scenario
where ¢; = 1 in Equation [1.12] whereas the bulk KK-graviton refers to a scenario in
which the couplings between light quarks and the graviton are suppressed, causing
the production cross section of the bulk KK-graviton to be lowered by a factor of 0.02
from the RS1 KK-graviton. The cross sections are given in Table |3.3|

A second alternative signal scenario to the Radion benchmark is the spin-zero
heavy neutral Higgs from the MSSM. These samples are generated and showered
with Pythia6. For this scenario, only low-mass resonance hypotheses are generated

since, once the heavy Higgs mass rises above twice that of the top mass, it will
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Table 3.2: Graviton simulation samples.

Mass myx (GeV) | Width I'x (GeV) | Number of events
300 10 49,941
200 10 49,905
700 10 49,911
1000 10 49,921
270 1 19,798
300 1 19,996
350 1 19,999
400 1 19,999
450 1 19,999
700 1 19,999

overwhelming decay through that channel. The sample generation for the MSSM
heavy Higgs is summarized in Table [3.4]

In the search for nonresonant HH production, the three parameters sy, k¢, and
c2 may be varied as discussed in Section [1.4.1] These samples are generated with
MadGraphb using suitable ranges for the parameters about their corresponding SM
values. The values considered for k) are -20, -15, -10, 0, 1, 2, 3, 5, 10, 15, and 20; for
ke 0.75, 1, and 1.25; and for ¢y -3, -2, 0, 2, and 3. With these values, 124 scenarios

are generated, each having about 20k events.

3.3.2 Background Simulation

The backgrounds processes for the search of double Higgs production are divided in
resonant and nonresonant groups. The resonant backgrounds consist of SM Higgs
production with H — v, meaning that for the diphoton mass, which is one of the
most powerful discriminators between signal and background, these processes have the

same distribution as the signal being sought. The nonresonant backgrounds consist

45



Table 3.3: Graviton cross sections. It is assumed that the maximal branching ratio
is 25% for the KK-graviton to two Higgs for all masses. The cross section
is the same for the 1 GeV and 10 GeV widths because the specific values
of fermion localization leave some freedom in the partial width of the KK-
graviton to two top quarks [69)].

kl = 35, k/Mp, = 0.2, elementary top
o-BR(HH)(2- BR(yv) - BR(bb)) (fb)
Mass Mx (GeV) | RS1 KK-graviton Bulk KK-graviton
260 3.408 0.0119
270 3.160 0.0251
300 2.560 0.0671
350 1.881 0.0975
400 1.440 0.0748
450 1.138 0.0487
500 0.921 0.0309
550 0.762 0.0197
600 0.640 0.0128
650 0.545 0.00850
700 0.470 0.00574
750 0.410 0.00393
800 0.360 0.00274
900 0.284 0.00138
1000 0.230 0.000727
1100 0.190 0.000398

Table 3.4: MSSM heavy Higgs simulation samples.

Mass mx (GeV) | Number of events

260 300,000
300 299,142
350 299,571
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of SM processes, which have final state objects reconstructed as yybb but with no
resonance in the region the signal processes have.

For the resonant background, six (five) processes are considered for the resonant
(nonresonant) search. Four of the processes are SM single Higgs production with
the H — 77 decay: gluon-gluon fusion, vector boson fusion, associated production
with a vector boson, and associated production with a pair of t-quarks, as shown in
Figure[I.5] Gluon-gluon fusion mimics the final state when two jets are reconstructed
from initial state or final state radiation (ISR or FSR) or from interactions from the
underlying event (UE). The other production mechanisms produce two jets directly,
whereby in associated production with a vector boson the vector boson can decay to
two jets, and in associated production with a pair of t-quarks each t-quark always
decays to bW. The first two prodcution mechanisms were generated with PowHeg [70],
while the latter two were generated with Pythia6. All four were hadronized with
Pythia6. In addition, a fifth mechanism, associated production with a pair of b-
quarks, is considered for both searches and was generated with MadGraphb and
hadronized with Pythia6. For the resonant search, a final resonant background is
considered, that of the SM double Higgs production (i.e., the signal process for the
nonresonant search). This is summarized in Table , and its corresponding effect

on the analysis sensitivity is given in Chapter [§

Table 3.5: Resonant background simulation samples and their corresponding cross

sections.
Process | Number of events | o - BR(H — v7) (fb)
ggk H 96,161 43.9
VBF H 99,671 3.60
VH 100,151 2.56
ttH 93,183 0.295
bbH 99,434 0.464
ooF HH 20,000 0.0257
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The composition of the nonresonant background is dominated by the QCD pro-
duction of two reconstructed photons, which can be characterized as prompt, corre-
sponding to real photons, or as fake, for example from light neutral mesons mimicking
the signature of a photon. The QCD component is therefore broken down into fake-
fake, prompt-fake, and prompt-prompt. The first two are simulated QCD or photon-
jet (QCD process requiring one photon) processes, generated and hadronized with
Pythia6. The last is simulated with a diphoton-jet process, generated and hadronized
with Sherpa [71]. In these three QCD processes, a fake photon can still be selected
over a prompt one, so for the analysis, the QCD processes are broken down in terms
of number of prompt photons, as will be shown in Chapter [f

The nonresonant background has a small contribution from processes involving
vector bosons and top quarks. The vector boson contribution is simulated from
processes involving a Z boson or off-shell photon v* decaying to a pair of leptons
(Drell-Yan process) or involving a W boson decaying leptonically with photon ISR or
FSR. The top-quark contribution is simulated from processes involving the production
of a top-quark pair with the addition of a photon-jet or diphoton pair or involving
the production of a single top quark with a diphoton pair.

The nonresonant background samples used in this analysis and their corresponding
cross sections are summarized in Table [3.6, Their effect on the analysis is studied in

Chapters [5] and [6]
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Table 3.6: Nonresonant background simulation samples and their corresponding cross
sections In the QCD and photon-jet samples, the number denotes the scale
on which the parton distribution function of the proton as QCD diverges
as the scale goes to zero [72]. For example, 30-40 denotes a scale of 30 to
40 GeV, while 40 denotes a scale of 40 GeV and above.

Process Number of events | o (pb)
QCD 30-40 6,047,441 12,208
QCD 40 9,764,546 51,439
vj 20-40 5,901,106 150.34
~j 40 17,722,752 47858
i 14,426,200 120.354
A 30,290,538 2,950.0
Z(0+0 )y 6,588,161 132.6
W (¢v)yy (ISR) 1,003,920 0.319
W (lv)yy (FSR) 1,000,310 1.84
tiyy 122,040 0.14584
tyy 324,676 0.00337
thy 1,719,954 14
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Chapter 4

Physics Objects

After data is selected by the trigger, the offline analyses begin with particle identifi-
cation. There are no longer any timing limitations, so such identification can make
use of all the detector information in the event. To this end, CMS uses the Particle
Flow (PF) algorithm in most analyses, which is described in Section [£.1] As this
search for double Higgs production centers around the identification of events with
both H — ~v and H — bb decays, the identification and reconstruction of pho-
tons and jets are the first steps taken after the trigger selects potentially interesting
events, and this chapter discusses the treatments needed at this stage for both data
and MC samples. Recalling that the sensitivity in the separation between signal and
background comes from the excellent diphoton mass resolution, the identification of
two high quality photons is the starting point and discussed in Section [4.2] The next
step is the identification of two jets coming from the hadronization of b-quarks and

is discussed in Section [£L.3

4.1 Particle Flow

The PF algorithm reconstructs all stable particles in an event from the digitized

electronic signals of all channels in all subsystems [73, [74]. These particles include
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electrons, photons, charged hadrons, neutron hadrons, and muons, as shown in Fig-
ure From these particles, derived objects are constructed, including jets and
missing transverse energy. The algorithm itself links detector objects created from
individual subsystems and groups them into blocks that are identified with a particle.
The detector objects are discussed in Section the linking of these objects is dis-
cussed in Section [4.1.2] and the identification of groups of these links with particles

is discussed in Section [4.1.3]
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Figure 4.1: A slice of the CMS detector in the plane transverse to the beam line. The
trajectories of an electron, photon, charged hadron, neutral hadron, and
muon are superimposed with the interactions that each of these particles
has with the various subsystems.

4.1.1 Detector Objects

The first step of the PF algorithm is to assemble detector objects created separately
from individual subsystems. In the tracker, pixel and strip hits are associated into
a track candidate through the iterative Combinatorial Track Finder algorithm [73].
In the muon chambers, standalone muon tracks (to distinguish from tracks formed

by tracker hits) are assembled from hits in the three muon detectors, accounting for
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the nonuniform magnetic field and large detector budget and constraining a track
candidate to intersect the beamline. In the ECAL and HCAL, clustering of energy
deposits is performed around a cluster seed, which is identified as a detector unit with
an amount of energy exceeding a detector-dependent threshold and corresponding to
a local maximum relative to neighboring units. Units are then added to adjacent
seeds if their energy exceeds a noise threshold, and the PF clusters are formed by
redistributing the the energy back to the cluster seeds, recalculating the position as

a weighted average over the energy of each contributing cluster.

4.1.2 Linking

The next step of the PF algorithm is to link the detector objects to assemble PF
candidates. Possible links are between a track and standalone muon track, between
a track and a cluster, and between two clusters, each having their own associated
linking parameters. A link is formed between a track and standalone muon track
when the two can be merged into a global track with a fit having y? below a certain
threshold. A link is formed between a track and a cluster when the extrapolation of
the track is within a certain distance of the cluster position. A link is formed between
two clusters (either both in ECAL, both in HCAL, or one in each) when the two

clusters are within a certain distance to each other.

4.1.3 Grouping and Identification

An ensemble of links creates a block, and identification proceeds iteratively through
PF candidates. First, muons are identified from those blocks that contain a global
track having a momentum sufficiently close to the momentum of the contained track.
Then electrons are identified from blocks containing a track and an ECAL cluster
where the track and energy cluster satisfy requirements consistent with the signature

of an electron. Next photons and hadrons are identified from blocks containing a track
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and a cluster from either ECAL or HCAL. If the calibrated energy in the clusters
is greater than the sum of the momentum of the associated tracks, PF photons or
PF neutrons are created from the difference. If the difference between the calibrated
energy in the clusters of the block and the sum of the momentum from the tracks
associated to the clusters is less than the energy in the ECAL clusters, a PF photon
is created from the block; if the difference is greater than the energy in the ECAL
clusters, a PF photon and a PF neutral hadron are made from the excesses ECAL
and HCAL energy, respectively. Finally, if the calibrated energy in the clusters is less
than the sum of the momentum of the associated tracks, a search for fake tracks and
additional muons in the block is performed, and what remains in the block is a PF
charged hadron.

From the list of PF candidates in an event, jets and taus are constructed by
clustering nearby hadrons. In this way, the clustering of PF hadrons represents the
original quark or tau from the underlying interaction. Missing transverse energy,
which is a signature of one or more neutrinos in the event and/or the mismeasurement

of the energy of PF candidate, is obtained by

ET = - ZﬁT,i ) (4'1)

where the sum is over all PF candidates in the event.
The treatment for photons is discussed in more detail in Section 4.2l The con-

struction of jets from PF candidates is discussed in more detail in Section

4.2 Photons

PF photon candidates are reconstructed from clustering individual units in the ECAL
and checking consistency with tracks. The calorimeter signals are calibrated for sev-

eral detector effects [75], [76], providing the best energy resolution possible. The energy
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scale is corrected in both data and simulation, while the photon energy is smeared in
simulation in order to reproduce the same energy resolution that is observed in data.

With the PF photon candidates in hand, additional requirements are imposed in
order to further separate prompt photons from fake photons originating from misiden-
tified electrons or from jets. These additional requirements include an electron veto,
an upper threshold on the energy deposited in HCAL in the region about the candi-
date, isolation, and the shower shape. The electron veto removes a photon if there is
an electron candidate matching the photon ECAL cluster with no missing hits in the
tracker and with no matching reconstructed conversion. Isolation requirements place
thresholds on the amount of ECAL energy deposited in a region about the cluster;
these are both detector based and PF based. Requirements on the electromagnetic
shower shape include the width of the shower in terms of ECAL detector units and
the ratio of the amount of energy in a 3 x 3 box around the cluster seed to that of a
5 X 5 box around the same seed.

After the quality cuts, the two photons candidates are requested to satisfy the

sliding asymmetric cuts

P, > % (4.22)
m
me > %, (42b)

where pr ., and pr,, are the transverse momenta of the leading and subleading pho-
tons, respectively. These requirements on the transverse momentum are scaled by the
diphoton invariant mass in order to prevent turn-on effects which could distort the
shape of the m., spectrum for low values of m.,. The position of photons is required
to be within the ECAL acceptance of |n| < 2.5 with an exclusion on the ECAL gap
between the barrel and endcaps. If there are more than two photons passing the
identification and kinematic requirements, the two with the largest pr are chosen.

After this choice, the diphoton mass is required to be between 100 and 180 GeV.
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Figure 4.2|shows the resulting simulated distributions for the diphoton mass of the
resonant signal and resonant backgrounds. For the resonant background, the sum of
all SM H — ~~ production mechanisms is shown as a single contribution. Figure 4.3
shows the same distribution for data and the sum of backgrounds. (Note that these
figures include requirements on jets, discussed in Section [4.3]) The resolution of the
diphoton mass spectrum for the signal is a few GeV.

The two primary drivers in the diphoton mass resolution are the energy resolution
of the individual photons and the direction of the photons from their origin, which
is synonymous with the identification of the vertex from which they were produced.
Due to the presence of the H — bb decay in the search, the tracks from the jets
allow for the efficient identification of the correct vertex. The criterion for the vertex
choice is that which has the largest ). pr,, where the sum is over all of the tracks
associated with a particular vertex. With this criterion, the relative contribution to
the diphoton mass resolution due to the vertex choice is negligible with respect to the

energy resolution for individual photons.

4.3 Jets

PF jet reconstruction involves the clustering of all PF candidates except the two
photons selected as the H — ~v candidate [73] [74]. The anti-kp algorithm [77]
with a distance parameter of R = 0.5 is used to cluster the PF candidates into
jets as an approximate attempt to reverse engineer the processes of hadronization
and fragmentation after a b-quark was produced in the interaction. In this greedy
algorithm, a list of particles and pseudojets is maintained, and at each iteration

elements ¢ and j are combined into one pseudojet if that pair has the minimum
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Figure 4.2: Simulated diphoton mass spectrum for the resonant signal and the sum
of all production mechanisms of the SM Higgs boson after basic selections
on photons and jets and requesting at least one loose b-tagged jet. The
spectra are normalized to one.

distance measure in the list, where the distance measure d;; is defined as

(1 1)\ ARy
d;; = min (k%l,k%J> P (4.3)

where kr; is the transverse momentum of i and AR;; = /(n; — n;)> + (¢i — ¢;)?

is the angular separation between ¢ and j. If, on a particular iteration, d; g is the
minimum, defined as

1
di = 79 >
Y

(4.4)
then element i is considered a jet and is removed from the list. The algorithm con-
tinues until the list is empty. The advantages of this clustering algorithm are that
clusters tend to be around hard energy deposits and that the clustering is not sensitive
to hadronization from pileup and the underlying event.

After the jet reconstruction, the energy is corrected for pileup contributions from

both the same bunch crossing and neighboring bunch crossings. This is accomplished
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with the the jet area technique [78] carried out by the FastJet package [79] in which
the jet pr is corrected per unit area based on an event-by-event estimation of pileup
activity. Jet energy is further corrected as a function of the jet pr and 7 [80] for the
effects of potential mismeasurement and the presence of neutrinos.

Additional requirements are imposed to reject jets that originate from detector
noise or from the clustering of particles due to pileup in favor of those that originate
from a parton in the primary interaction [8I]. Two criteria used are based on the
fraction of charged PF candidates attached to the primary vertex #* and the jet width
(AR?), defined as

B = > icother PV PTii (4.5a)
ZiECharged pT,i
CARp2..

(AR = 2 AT (4.5b)

N > pgr,i ,
where “other PV” refers to the PF charged candidates associated with another pri-
mary vertex, the sum in the denominator of 3* is over the charged candidates in the
jet, the sums in (AR?) are over all constituents in the jet, and AR; is the angular dis-
tance between constituent ¢ and the jet axis. Upper thresholds are imposed on these
quantities; in the case of * the threshold is a function of the number of reconstructed
vertices.

The efficiency of the jet identification from the above criteria exceeds 95%. Addi-
tional kinematic requirements on the jets include pr > 25 GeV and |n| < 2.5 (within
the tracker acceptance). If more than two jets pass identification and kinematic se-
lections, the two jets with the highest pr ;; are chosen to make the dijet candidate, as
will be discussed in more detail in Section [5.2] Figure [4.4] shows the resulting simu-
lated distributions for the dijet mass of the resonant signal and resonant backgrounds.
Figure shows the same distribution for data and the sum of backgrounds. (Note
that these figures include a requirement on the compatibility of one of the jets coming

from a b-quark, discussed in Section M)

58



CMS Preliminary Simulation Vs =8 TeV

> — — -
20.25 — X - HH - yybb Signal shapes
o) SR St (P M, = 300 GeV
S C S M, =500 GeV
2 L 3 e M, = 700 GeV
g 20 : i O M, = 1000 GeV
g C I standard model Higgs
3 L
«0.15—
o) L
c L
R C
Q© -
© 0.1_
LL I

0.05—

00

300 350 400 450 500
m; (GeV)

Figure 4.4: Simulated dijet mass spectrum for the resonant signal and the sum of
all production mechanisms of the SM Higgs boson after basic selections
on photons and jets and requesting at least one loose b-tagged jet. The
spectra are normalized to one.

4.3.1 B-tagging

The relatively long lifetime of B mesons, coming from the production of a b-quark in
the event, means that these mesons travel around 500 pm on average before decaying
into more stable light-flavor hadrons. This property is exploited by looking for tracks
consistent with a secondary vertex from the B-meson decay and allows for further
discrimination between signal and background events. The Combined Secondary
Vertex (CSV) b-tagger [82] combines information from track impact parameters and
secondary vertices within a given jet, and provides a continuous output which serves as
discrimination between jets coming from the hadronization of a b-quark against light-
flavor and gluon jets. The b-jet tagging efficiency and the rate of misidentification
depend on the threshold of the CSV output and are measured in data samples enriched
in b-jets, for example in t¢ events. The simulation samples are corrected by applying

event weights to account for the differences between data and simulation with respect
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Figure 4.5: Control plots for the dijet mass spectrum after basic photon and jet se-
lections and requiring at least one loose b-tagged jet. The simulation
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shown in linear (log) scale.
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to the b-tag efficiency. At preselection level, one loose b-tagged jet (CSV loose, or

CSVL) is required in the event, which corresponds to a mistag rate of 10%.

4.3.2 Jet Energy Regression

The jet energy corrections are applied to all types of jets, whether originating from
a gluon, a light-flavor quark, or a b-quark, whereas the jets in the signal of interest
originate solely from the hadronization of b-quarks. Therefore, the correction can be
improved by exploiting the properties unique to b-jets, which will in turn improve the
resolution of the dijet mass. A motivation for implementing an additional correction
is to improve separation between signal and background, particularly against the
resonance background Z(bb)H (y7), since the mass of the Z is very close to that of
the Higgs relative to the dijet mass resolution.

Here a jet energy regression is presented, which acts as a multidimensional cali-
bration tuned to the specific jet properties of the signal. It is not used in the final
analysis, but it can serve as a 10-20% improvement in sensitivity of the low-mass
resonant signal for future iterations of the analysis.

The correction comes from training a Boosted Decision Tree (BDT) [83] regression
simultaneously on half of the MSSM signal samples at resonant masses of 260, 300,
and 350 GeV; these samples were previously discussed in Section These samples
are generated with about 50k events each and are independent of the Radion samples
on which the final limits are extracted.

The regression is trained on every jet passing the identification criterion and the

following kinematic criteria:
e pr > 20 GeV,

e |1 < 2.5, and
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o AR(J, jgen) < 0.4 (the angular separation between the jet and its associated

generator-level jet).

The pr threshold is increased to 25 GeV for testing and implementation.
The BDT algorithm is implemented from the TMVA package [84] using gradient

boost [85], 86]. The input variables are
e the jet transverse momentum pr,
e the jet transverse mass mr,
e the jet pseudorapidity 7,
e the jet PF photon energy fraction,
e the jet PF neutral hadron energy fraction,
e the number of PF jet constituents (both charged and neutral),
e the lead track pr associated with the jet,
e the jet secondary vertex flight distance error (if there is a secondary vertex),
e the jet secondary vertex mass (if there is a secondary vertex),
e the soft lepton pr (if there is a soft lepton in the jet),

e the soft lepton relative pr in direction of the jet (if there is a soft lepton in the

jet),

e PF K. with H — ~ specific corrections [87],

hd A¢(]7 ET)? and

e the median jet energy per jet area p.
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The secondary vertex refers to that of the B-meson decay, if such a vertex was iden-
tified. The soft lepton refers to an electron or muon resonstructed inside the cone of
the jet. The target of the training is the generator-level jet pr, including energy from
any neutrinos in the jet.

The figure of merit to quantify the effect of the regression is the resolution im-
provements measured in the dijet and four-body (v7;jj) mass spectra of the signal
sample. Possible overtraining, in which a model has poor predictive performance
due to its tendency to treat noise in the training dataset as part of the relationship
between the inputs and the output, has been studied and considered negligible. The
resolution improvements in the m;; and m.,;; spectra are estimated by fitting each
spectrum with the sum of a Crystal Ball and third-order polynomial for events in
both the medium and high-purity categories, which will be discussed in Section 5.1
The parameters of the Crystal Ball give estimates of the spread and central value of
the distribution, and the ratio of these two gives the resolution. Table shows in
improvement in the resolution separately for the two spectra and for the two event
categories. The improvement is shown visually in the m;; spectrum in Figure

where both event categories are combined.

Table 4.1: Improvement from the regression on m,.;; and m;j; spectra, divided into
medium or high-purity categories. (Categorization is discussed in Sec-
tion [5.1}) All numbers are in units of percentage.

My~ SPectrum m;; spectrum
myx (GeV) || medium purity | high purity | medium purity | high purity
270 19.72 3.10 15.08 12.24
300 16.64 8.70 16.05 14.19
350 19.76 13.62 23.07 18.95
400 19.82 21.23 17.03 14.74

For validation of the technique, the effect of the regression is studied on data.

Figure shows the effect on the data control sample (a ~vjjj sample reweighted to
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Figure 4.6: Resolution improvements for the m;; spectrum at myxy =

270, 300,350,400 GeV mass points. The green distribution is be-
fore applying the regression, and the red one is after applying the
regression. The fit model is the sum of a Crystal Ball and third-order
polynomial.
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the yvjj data, discussed in Section [5.4.1)). The peak is slightly shifted, and in the
region about the Higgs mass, the yield increases about 10% without any local peaking
structure. In addition, comparison between data and the sum of MC backgrounds
was performed for the pr balance between the dijet and diphoton candidates before
and after regression. As shown in Figure , the ratio % has a more narrow

peak shifted closer to 1 after the regression is applied. Although the effect indicates

the regression is doing its job, the data and background processes exhibit a slight

overcorrection.
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Figure 4.7: Effect of regression on the entire m;; spectrum (left) and zoomed (right)
to a range about the SM Higgs mass on the data control sample, discussed

in Section m
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Chapter 5

Event Selection

This chapter discusses additional event-wide requirements imposed to further improve
the sensitivity of selecting the signal of interest over the background contributions be-
yond that of the preselection requirements covered in Chapter 4l Event classification
is covered in Section 5.1} in which two classes of events are defined for extracting
signal separately. Section discusses how the photons and jets passing the pres-
election requirements are assembled into Higgs candidates. For the resonant search
X — HH, Section discusses how the two Higgs come together to construct a reso-
nant candidate. The construction of a data control sample, discussed in Section [5.4.1]
allows for the study of additional event-wide requirements for improving sensitivity,
discussed in Section [5.4] Finally, with all the event requirements in place, two event

displays in Section give a sense of what candidate events look like in the detector.

5.1 Event Classification

B-tagging, presented in Section [4.3.1, is used at the preselection level by requiring
one CSVL b-tagged jet. To further improve the sensitivity, the working point used
for signal extraction is the medium one (CSVM), which corresponds to an efficiency

of around 60-70% and a mistag rate of 1-2%, depending on the jet pp. There is
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also a tight working point (CSVT) not used in this analysis, which corresponds to
a mistag rate of 0.1%. With the CSVM working point, events are classified into
three categories for the resonant search based on the number of CSVM b-tagged jets.
Events with two or more b-tags, called high purity, drive the sensitivity of the search.
Events with one b-tag, called medium purity, bring little to the sensitivity but allow
for increased signal acceptance. Events without any b-tags, called low purity, are used
only for cross-checks and are rejected from the main analysis. The preselection cuts
and event categorization are summarized in Table 5.1 For the nonresonant search,
the high and medium purity categories will be further divided based on the four-body
mass spectrum, discussed in Section [5.4.2]

Table 5.1: Summary of the selection applied to photons and jets and the event clas-
sification for the resonant search.

Photons Jets Classification

tight photon identification | loose jet identification

Proy /Mgy > 1/3 pileup rejection
DTy /My > 1/4 pr; > 25 GeV
ny| < 2.5 | < 2.5 > 2 CSVM b-tags
100 < my, < 180 GeV > 1 CSVL b-tag exactly 1 CSVM b-tag

5.2 Higgs Reconstruction

From the lists of photons and jets passing the identification and kinematic require-
ments, Higgs candidates are constructed. When there are more than two photon or
jet candidates, a choice must be made as to which pair is consistent with the decay
of a Higgs. When choosing the diphoton candidate, the two photons with the highest
pr are chosen, since jets faking photons tend to be softer than prompt photons.
When choosing the jets for the dijet candidate, four choices were considered after

b-tagging:
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the two jets with the highest pr,

the pair of jets that maximizes pr j;,

the pair of jets that maximizes 25 and
77

the pair of jets that minimizes |m;; — m..|.

In the high-purity category, the dijet candidate is selected from all b-tagged jets,
while in the medium-purity category, the candidate is selected from the pairing of
the b-tagged jet with one of the non-tagged jets. The jet pair that maximizes pr j;
is selected. This choice selects the correct jets roughly 87% of the time, without
producing any local peaking structure in the background. For the resonant search in
the high-purity (medium-purity) category, the resolution, defined as the full-width at
half-maximum, decreases from 40 (50) GeV to 30 (30) GeV as the resonance mass

increases from 300 GeV to 1 TeV. This is also shown visually in Figure [4.4]

5.3 Resonance Reconstruction and Kinematic Fit

For the resonant search, the double Higgs system is constructed by combining the
H — vy and H — bb candidates. (This is also used in the nonresonant search where
the resulting mass distribution does not correspond to a local peak.) In order to
improve the resolution on the m..;; distribution, an additional constraint is applied
on the two selected jets. This constraint, called the kinematic fit [88], is performed
by varying the four-momentum of each jet with respect to its energy and position

resolutions in order to fix the dijet mass to the Higgs mass, i.e., mj; = 125 GeV.

The resulting distribution is denoted as mX2; .. Distributions before (m.,;;) and after
(mf‘y%]) the kinematic fit are shown in Figure|5.1|for the resonant signal and resonant

backgrounds and in Figure for data and the sum of backgrounds.
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Figure 5.1: Simulated four-body mass spectrum for the resonant signal and the sum
of all production mechanisms of the SM Higgs boson after basic selections
on photons and jets and requesting at least one loose b-tagged jet. Before
(after) the kinematic fit is shown in the top (bottom) figure. The spectra

are normalized to one.
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Figure 5.2: Control plots for the four-body mass spectrum after basic photon and jet
selections and requiring at least one loose b-tagged jet. The simulation
is normalized to data and the statistical uncertainty on the number of
simulated events is shown in dashed overlay. The left (right) figures are
before (after) the kinematic fit is imposed, and the top (bottom) figures
are shown in linear (log) scale.

5.4 Further Optimization

The strategy for extracting a measurement of the signal yield centers on the existence

kin

of three spectra, m..,, mj;;, and m3 ., from which an excess can be measured. For the

resonant search, an excess would appear as a localized bump on the m,l;i%j spectrum
giving a direct handle on my, but, recalling from Figure there is a kinematic
peak in the background around 300 GeV. In order to avoid looking for a peak on top

of a peak, the resonant search is divided into two regimes:

kin

e the high-mass analysis searches for an excess on the mz2 . spectrum for mx >

400 GeV, and
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e the low-mass analysis searches for an excess on the m,, spectrum for mx &

260, 400] GeV.

In both cases, there is more discrimination to be gained by imposing requirements on
the two spectra not being fit, as is described in Section [5.4.2]
The nonresonant search can be viewed as a special case of the low-mass resonant

search in which the mlfg‘]] spectrum has no local peak. Here, an excess is sought on
the m., x m;; plane, with additional requirements imposed on m..;; and the angle

between the two Higgs candidates | cos 6%

5.4.1 Data Control Sample

For optimizing the kinematic cuts imposed after preselection, a data control sample
is constructed. The events for the sample are selected with the same preselection
as data except for the inversion of one of the photon’s identification and isolation
requirements, giving a sample dominated by the contribution of vjjj rather than the
~vv7j of the signal region.

The main kinematic variables related to the photons have a different shape be-
tween the control sample and the signal region, so reweighting of the control sample
is needed to ensure that the distributions match those in the signal region. The
event weights are derived by matching the shape of the control sample to data in the
PrAy X DTy Plane, with a veto in signal region on the range m,., € [115,135] GeV.
Afterwards, the normalization of the control sample is fixed to the normalization of
the signal region. Figure [5.3|shows the effect of the reweighting on the three spectra

of interest.
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is reasonably consistent with that of data for all three spectra.
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5.4.2 Additional Discrimination

kin
Y33

When searching for a high-mass resonance through the m spectrum, the spectra
not under consideration, namely the m.. and m;; spectra, add discrimination as the
double Higgs signal produces resonances on both corresponding to the decays H —
and H — bb. In both the medium and high-purity categories, the requirements
my~, € [120,130] GeV and m;; € [90,165] GeV are imposed. These ranges were found
through optimization of the expected sensitivity with the data control sample.

In the search for a low-mass resonance through the m., spectrum, the m;; and
M.~;; spectra provide additional discrimination through a similar optimization. The
requirement imposed on the m;; spectrum is the same for all resonance hypotheses,
m;; € [85,155] GeV, while the requirement on the m..;; spectrum varies with respect
to the resonance mass hypothesis under consideration. Table shows how the m..;;

mass window shifts with resonance mass hypothesis. In general the requirement is a

small window about the my under consideration.

Table 5.2: m.,.;; and m;; requirements imposed in addition to the preselection in
order to extract the signal on the range mx € [260,400] GeV.

myx (GeV) | m,,;; selection (GeV)
260 [225, 280]
270 225, 295]
300 (255, 330]
350 (310, 395]
400 (370, 440]

m;; selection (GeV)
all mx [85, 155]

For the SM nonresonant signal, excess is sought on the m., x m;; plane with

a loose selection on the dijet mass of m;; € [60,180] GeV. Additional requirements

kin

are imposed on mz-.. and | cos 055;|. For the former, the signal exhibits no narrow
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resonance but rather a fairly wide peaking structure about 400 GeV, as shown in
Figure[5.4] Note that the shape of this distribution varies widely among nonresonant
scenarios based on the amount of interference between the box and tree diagrams
in Figure . The optimal requirement for the SM nonresonant search is mf‘yi,fjj >
350 GeV for both categories. To allow consideration of a range of scenarios, this

requirement is implemented as a border between event categories, where both the high

kin - and low-mK®

and medium purity categories are themselves divided into high-m2.. i

subcategories. The optimal range on |cos#%3,| is found to be category dependent,
where the selection imposed is |cos05%| < 0.90 (]cos6%3;| < 0.65) in the high-
purity (medium-purity) category. Table summarizes these requirements for the

nonresonant search.
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Figure 5.4: Simulated distribution in the m,,;; spectrum for the SM nonresonant
signal.
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Table 5.3: Additional discrimination for the nonresonant search beyond the preselec-
tion requirements in Table 5.1} Four event categories are formed from the

number of b-tags and value of ml%nj -
b-tag category High purity | Medium purity
mi. - category (GeV) || <350 | > 350 | <350 | > 350
| cos 053, < 0.9 < 0.65

5.5 Event Displays

Figures [5.5( and show event displays of two events passing the identification and
selection requirements for the resonant search at 300 GeV and the high-mass resonant
search, respectively. These displays show the reconstructed tracks and calorimeter
deposits. As the photon showers are much narrower, one ECAL cell contains more
energy than the maximum HCAL unit corresponding to a jet, whose showers tend to
be more uniform inside the jet cone. The transverse plane is shown to highlight the

secondary vertices corresponding to the decay of a B meson inside a b-jet.
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Chapter 6

Signal Extraction

After applying the preselection, event classification, and mass windows, the signal
efficiency and event yields are examined, as discussed in Section Then fits are
performed on simulated signal spectra to estimate the expected signal shape and to
the data for estimating the expected background shape. The fits are discussed in

Sections [6.2) and [6.3] for the resonant and nonresonant searches, respectively.

6.1 Signal Efficiencies and Yields

The signal efficiency as a function of mx for the resonant search is summarized in
Figure[6.1] The signal efficiency increases from 260 GeV to 900 GeV due to improved
photon and jet reconstruction. The signal efficiency peaks and then drops at 900 GeV
due to the merging of the jets from the decay H — bb into a single jet. For future
consideration in extending the search above 1.1 TeV, jet substructure techniques
would be necessary to resolve the merging of the two jets [89]. Both categories
contribute approximately equally to the overall efficiency.

The relative yields for the nonresonant backgrounds in the low-mass resonant
search at my = 300 GeV are summarized in Table [6.1. There is a normalization

disagreement in the 77vj and ~j contributions as the simulation has limitations in
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Figure 6.1: Signal efficiency for the resonant search for the final selection.

modeling QCD with one or two hard photons. Specifically, the total MC estimate
is a factor of two smaller than the yield observed in data. As a result, the relative
yields as a percentage of the total estimated nonresonant background are given. The
relavitve yields for the nonresonant backgrounds in the high-mass resonant search are
summarized in Table [6.2l For this search, the requirements are independent of the
mass hypothesis, and again the relative yields as a percentage of the total estimated
nonresonant background are given.

The relavive yields for the nonresonant backgrounds in the nonresonant search
are summarized in Table |6.3] The yields are greater in the nonresonant search be-

cause the ml%njj spectrum is less discriminating than in the low-mass resonant search
and because the m;; spectrum is fit on the range m;; € [60,180] GeV rather than
selected on a narrower range. The yields for the SM nonresonant signal and resonant

backgrounds as well as the counts for data are shown in Table [6.4]
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Table 6.1: Relative event yields for the nonresonant backgrounds in the low-mass res-
onant search at 300 GeV. Note that there is a normalization disagreement
coming from the shortcomings of simulating QCD with one or two hard
photons, so percentages are given instead of numbers of events.

Sample High purity | Medium purity
a7 95.7% 94.7%
vJ < 0.1% 4.6%
QCD < 0.1% < 0.1%
Z/y () + Z(eH )y + W(tv)yy | < 0.1% 0.1%
ttyy + tyy + ttyg 4.3% 0.6%

Table 6.2: Relative event yields for the nonresonant backgrounds in the high-mass
resonant search. Note that there is a normalization disagreement coming
from the shortcomings of simulating QCD with one or two hard photons,
so percentages are given instead of numbers of events.

Sample High purity | Medium purity
yYj 95.2% 95.1%
vJ < 0.1% 4.1%
QCD < 0.1% < 0.1%
ZIv )+ Z(H )y + W(lv)yy | < 0.1% 0.1%
ttyy + tyy + ttyg 4.8% 0.7%

Table 6.3: Event yields for the nonresonant search. Expectations are given for the SM
nonresonant signal, resonant background, and nonresonant background.
Counts are given for data. Note that there is a normalization disagreement
coming from the shortcomings of simulating QCD with one or two hard

photons.
High Purity Medium Purity
: kin kin : kin kin
Sample high m=0%. | low m3l. | high m22%. | low m
YYj 90.9% 76.4% 81.8% 82.6%
vj < 0.1% 15.6% 15.2% 16.3%
QCD < 0.1% < 0.1% < 0.1% < 0.1%
Z/v ) + Z0H )y + Wv)yy | < 01% | < 0.1% 1.2% 0.1%
ttyy + tyy + ttyg 9.1% 8.0% 1.8% 1.0%
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Table 6.4: Event yields for the nonresonant search. Expectations are given for the
SM nonresonant signal and resonant backgrounds. Counts are given for

data.

High Purity Medium Purity

Sample high m52 . | low mX. | high mX . | low mkr
SM nonresonant HH 2.03 0.28 1.99 0.20
gogF H — v 0.05 0.04 0.29 0.32
VBF H — vy 0.01 0.01 0.05 0.05
WH('W) < 0.01 < 0.01 0.12 0.09
ZH () 0.04 0.02 0.07 0.05
ttH () 0.16 0.17 0.30 0.17
bbH (v7) < 0.01 0.01 0.01 0.04
Data 41 136 37 319

6.2 Resonant Fits

6.2.1 Low-mass Resonant Fits

For the low-mass resonant search, the signal yield is extracted by fitting the m.,
spectrum. The signal model is built for each mass hypothesis by fitting the m.,
spectrum in the simulation sample separately for the two categories. The functional
form used is the sum of a Crystal Ball and a Gaussian, constrained to have the same
mean, where the former models the core of the distribution and the latter models the
tails. The position of the peak and the spread are independent of the resonant mass
and the category. Figure shows an example of the signal fit for a mass hypothesis
of 300 GeV.

The background estimation is performed by fitting the same distribution in data
for each category on the interval [100,180] GeV. This procedure is completely data-
driven, and as such it is important to verify that the choice of the function does

not bias the estimate of the signal strength obtained from the fit to data with the
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Figure 6.2: Simulated signal shape in the m,, spectrum for the high-purity (left)
and medium-purity (right) categories for the Radion with mass 300 GeV.
The open squares and corresponding statistical uncertainties represent
the simulation. The blue line represents the signal model fitted to the
simulation, while the green dashed line and the red dashed line represent
the two components of the signal model.

sum of signal and background components. The bias is estimated by considering a
set of truth models which approximately describe the background. For each truth
model a large set of pseudo-data is generated and fitted by the sum of a candidate
background model and the signal model. The bias is defined as the ratio of the
extracted signal strength p divided by the associated statistical uncertainty o, and
is considered negligible if

‘median (ﬂ)‘ < 14%. (6.1)

Ou
For both categories, more than one unbiased background candidate function is iden-
tified. For the background fit, a power law is chosen for both categories. Figures
and shows the background fits to the data for four mass hypotheses.
The background fit estimates only the nonresonant contribution arising from
diphoton production. The contribution from SM Higgs production with H — vy

creates a resonance in the spectrum that mimics the signal process. FEach resonant
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Figure 6.3: Events in the m,, spectrum in the high-purity (left column) and medium-
purity (right column) categories for the resonance mass hypotheses 260
GeV (top row) and 270 GeV (bottom row). The nonresonant component
of the background fit is shown in blue with its corresponding 1o and 20
confidence intervals.
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background contribution is fit to simulation in the same way as the signal, and the
normalization of each contribution fixed to its expected yield, which are summarized
in Table [6.5] The expected yield for each contribution is small, and the effect on the

expected sensitivity is found to be at most 2% for all low-mass resonant hypotheses.

Table 6.5: Expected yields for the resonant backgrounds of the low-mass resonant
search at 300 GeV.

Sample High purity | Medium purity
geb H — v 0.02 0.19
VBF H — vy < 0.01 0.04

W H () < 0.01 0.05

ZH(v7) < 0.01 0.03

ttH (y7y) 0.10 0.15

6.2.2 High-mass Resonant Fits

kin

For the high-mass resonant search, the signal yield is extracted by fitting the m=2

spectrum in a procedure similar to the one for the low-mass resonant search. The

kin
Y33

signal model is built for each mass hypothesis by fitting the m peak in the sim-
ulation sample separately for the two categories. The functional form used is the
sum of a Crystal Ball and a Gaussian, with each constrained to have the same mean.
The position of the peak follows the corresponding myx hypothesis closely, and the
resolution in the peak improves as my increases. Figure shows examples of the
signal fit for mass hypotheses of 500 GeV and 1 TeV.

The background estimation is done by fitting the same distribution in each cate-
gory on the interval [320, 1200] GeV. The lower edge is chosen to avoid the kinematic
turn-on of the background while ensuring full containment of the 400 GeV signal.

The same bias estimation procedure described for the low-mass resonant search is

applied here. The chosen background function is a power law for both categories,
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Figure 6.5: Simulated signal shape in the ml;i;‘jj spectrum for the high-purity (left
column) and medium-purity (right column) categories for the Radion with
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corresponding statistical uncertainties represent the simulation. The blue
line represents the signal model fitted to the simulation, while the green
dashed line and the red dashed line represent the two components of the

signal model.
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shown in Figure [6.6f Note that in this regime, the SM Higgs background does not

kin

have a resonance on the Mo

spectrum, so there is no resonant contamination from

the background.
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Figure 6.6: Events in the mgi,fjj spectrum in the high-purity (left) and medium-purity
(right) categories. The background fit is shown in blue with its corre-
sponding 1o and 20 confidence intervals.

6.3 Nonresonant Fits

For the SM nonresonant search, the signal yield is extracted by fitting the m., X m;;
plane. The signal model is built by simultaneously fitting both dimensions for each
of the four categories separately. The functional form used in both dimensions is the
sum of a Crystal Ball and a Gaussian, with each constrained to have the same mean.
The background estimation is done by fitting the same plane in each category on the
interval [100, 180] GeV for m.,, and [60, 180] GeV for m;;. The same bias estimation
procedure described for the low-mass resonant search is applied here. The chosen
background function is a power law for both dimensions in all four categories. The

SM Higgs production is treated as a resonant background, and each contribution is
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fit in the same way as signal with the normalization of each contribution fixed to the

expected yield, given in Table [6.4]
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Chapter 7

Systematic Uncertainties

The expected signal yield is estimated through simulation with corrections for various
effects. These corrections are related to the reconstruction and identification of pho-
tons and jets as well as and to the b-tagging of jets. The uncertainties associated with
these corrections are applied to the reconstructed objects in the simulation through
scaling and smearing the observables of interest. For the recorded luminosity, the
normalization uncertainty is 2.6% [90]. In addition to the uncertainties related to
photons and jets, covered in Sections [7.1] and [7.2] respectively, theory uncertainties
are imposed on the resonant background, where the expected yield is also taken from

simulation. These are covered in Section [7.3]

7.1 Photon Uncertainties

The photon-related uncertainties consist of those pertaining to the photon energy
resolution (PER) and the photon energy scale (PES) [87]. As a function of the
photon electromagnetic shower shape and 7, an uncertainty between 0.23% and 0.93%
is imposed on the PER, and an uncertainty between 0.12% and 0.88% on the PES. For
hard photons, namely those with pr > 100 GeV, the uncertainty on PES is increased

to 1%.
90



The photon preselection efficiency contributes a 1% normalization uncertainty to
the m.,, spectrum. The diphoton trigger efficiency contributes a 1% normalization
uncertainty to all spectra. An additional normalization uncertainty of 5% is imposed
in the high-mass resonant search to account for the differences in the pr spectrum
between photons of the signal and the electrons from Z — e*e™ used to estimate the

PES and PER and their corresponding uncertainties.

7.2 Jet Uncertainties

The jet energy scale (JES) uncertainty is found by varying the jet pp by 1-2%,
depending on the jet pr and 7 [80]. The jet energy resolution (JER) uncertainty is
found by varying the jet resolution by 10%. In the high-mass search, the jets tend to
have a higher boost and be closer together, and effects related to their partial overlap
are accounted for with an additional uncertainty of 1%. For the b-tagging efficiency
uncertainty, the b-tagging scale factors are varied by one standard deviation in each
category [82]. The uncertainty for the b-tagging efficiency between the two categories

was found to have negative correlation.

7.3 Theory Uncertainties

No theory uncertainties are imposed for the resonant or nonresonant signal. For the
resonant background, theory uncertainties are imposed on the SM Higgs contribution.
These include contributions from missing order effects and the dependency on proton
parton density functions [91) [15]. A systematic uncertainty is imposed on the Higgs
mass for both for the resonant or nonresonant signal and for the resonant background.
This uncertainty of 0.45 GeV is taken from the Higgs mass measurement performed

at CMS in the H — ZZ — 4¢ channel [92].
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7.4 Summary and Impact on Analysis

The impact of the quoted systematic uncertainties is summarized in Table for
the low-mass resonant search and Table for the high-mass resonant search. For
the nonresonant search, uncertainties on the jets are associated with the m;; shape
(parametric shift and resolution) rather than acceptance. The analysis is statistically
limited, and the systematic uncertainties worsen the expected sensitivity by at most

1.7% (3.8%) in the resonant (nonresonant) search.

Table 7.1: Systematic uncertainties for the low mass resonant search.

Normalization uncertainties

Luminosity 2.6%
Diphoton trigger acceptance 1.0%
Photon selection acceptance 1.0%
b-tag efficiency, high (medium) purity 4.6% (1.2%)
m;; and pr; acceptance (JES & JER) 1.5%
m.~;; acceptance (PES & JES & PER & JER) 2.0%
Total, high (medium) purity 6.0% (4.1%)

Shape uncertainties

Parametric scale shift (PES @ my uncertainty) Aijj = 0.45 @ 0.35%

Parametric resolution shift (PER) nf—; =0.25%
Ao __
o(myy) 22%
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Table 7.2: Systematic uncertainties for the high mass resonant search.

Normalization uncertainties

Luminosity 2.6%
Diphoton trigger acceptance 1.0%
Photon selection acceptance 1.0%

b-tag efficiency, high (medium) purity 5.3% (1.8%)
m;; and pr; acceptance (JES & JER) 1.5%
m+~ acceptance (PES & PER) 0.5%
Extra high pr 5.0%

Total, high (medium) purity 8.0% (6.3%)

Shape uncertainties
Parametric scale shift (PES & JES) | 20024 = 0.45 & (0.8 1.0) = 1.4%
Parametric resolution shift (PER & JER) WJ p nﬁ;‘%j) =10%
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Chapter 8

Results

The signal yield is evaluated by fitting the data with a model that additively combines
the signal and background shapes, where the normalization for each component is a

kin
YY33°

free parameter. This is evaluated from a simultancous fit to the m,,, m and
M.~ X m;; spectra for the low-mass resonant, high-mass resonant, and nonresonant
searches, respectively. From the signal-plus-background fit, the confidence level (CL)
for discovery or exclusion of double Higgs production is calculated. To compute the
upper limits on the production cross section, the modified frequentist approach CLj
is used with an asymptotic approximation, taking the profile likelihood as a test
statistic [93] [94]. This calculation is discussed in Section for the resonant search

and in Section [8.2] for the SM nonresonant search.

8.1 Resonant Results

8.1.1 Low-mass Resonant Results

In the low-mass resonant search, no excess above the expectation is observed, so
upper limits on the signal cross section are calculated. The 95% CL for observed

and expected upper limits is shown in Table [8.1] and Figure for both categories
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and for the high-purity category only. The latter result is provided to simplify the
comparison with new physics models where the Higgs branching ratios for the H — vy
and H — bb decays can be modified with respect to their values in the SM. The green
and yellow bands represent the 1o and 20 confidence intervals around the expected
limit. Theory expectations for Radion, RS1 KK-graviton, and bulk KK-graviton are
shown, where the Radion expectation assumes BR(R — HH) = 25% for all Radion
masses above 300 GeV. Through comparison with the Graviton simulation, the search
is verified to be spin-independent, so theory expectations for both spin-0 and spin-2

hypotheses may be overlaid together.

Table 8.1: Observed and median expected 95% CL upper limits for my < 400 GeV.

mx (GeV) || Obs. limit (fb) | Exp. limit (fb) || Obs. limit (fb) | Exp. limit (fb)
High-purity category only
260 3.14 2.12 3.54 2.41
270 2.70 2.40 3.07 2.74
300 3.98 2.73 3.64 3.14
350 1.67 2.23 2.17 2.66
400 1.97 1.66 3.40 2.01

8.1.2 High-mass Resonant Results

In the high-mass resonant search, no excess above the expectation is observed, so
upper limits on the signal cross section are calculated. The 95% CL for expected and
observed limits is shown in Table and Figure 8.2l The break at 400 GeV corre-
sponds to the border between the two methods for signal extraction. As in the low-
mass regime, the theory expectations for the Radion assumes BR(R — HH) = 25%
for all Radion masses above 300 GeV. The result is again spin-independent, allowing

for both spin-0 and spin-2 theory expectations to be overlaid together.
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obtained using the asymptotic CL; approach.
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Table 8.2: Observed and median expected 95% CL upper limits for my > 400 GeV.

mx (GeV) | Observed limit (fb) | Expected limit (fb)
400 2.98 1.87
450 1.76 1.42
500 1.19 0.97
950 1.45 0.80
600 0.98 0.69
650 0.61 0.60
700 0.44 0.54
800 0.31 0.46
900 0.32 0.43
1000 0.33 0.43
1100 0.41 0.48

8.1.3 Comparison of Resonant Results

Figure provides a comparison of the observed and expected limits obtained among
several final states in both the CMS and ATLAS Collaborations. The final states
compared here are yybb, bbbb, T77bb, and multileptons and photons. The comparison
reveals that the yybb is most sensitive to resonant double Higgs production for my <

400 GeV, while the bbbb final state is the most sensitive for my > 400 GeV.

8.2 Nonresonant Results

For the SM nonresonant search, no excess above the expectation is observed, so an
upper limit on the signal cross section is calculated. The 95% CL is found using the
same approach as in both regimes of the resonant search. The observed (expected)
upper limit on the SM pp — HH — ~~bb production cross section is 1.91 fb (1.59
fb). Assuming SM Higgs branching ratios, the observed (expected) upper limit on
SM pp — HH production is 726 fb (604 fb). In terms of the SM signal strength

98



17.9-20.3 o (8 TeV)

5
3 10 EI T 17T | T T T 7T | LI | LI | LI | T T T 7T | T T T 7T | LI | LI | T T lE
= - CMS-PAS-HIG-13-032 (yybb) =
T [ Assumes SM Higgs BR —————  ATLAS arXiv:1406.5053 (yybb) ]
T - — CMS arXiv:1503.04114 (bbbb) - spin-0 -

1 10% = = ATLAS-CONF-2014-005 (bbbb) —

o E = CMS Phys. Rev.D 90 (2014) 112013 (landy) I

g C = CMS bbt low mass (CMS-PAS-HIG-14-034)

(f)>< B i

) 3 _|
o 107 E — Observed 3
2 R N> .-« Expected 3
o C N T -
= I V' cou S R C D NG
() R S el L C T T T T 7
£10° E
. NSRS e -
O R s < TP 3
§’

8 10 1 1 1 | 111 1 | 111 | 111 | 11 1 | 111 1 | 111 1 | 111 | 111 | 11—
200 300 400 500 600 700 800 900 1000 1100

mP"(GeV)

Figure 8.3: The observed and expected upper limits of X0 — HH production at
95% CL are compared over various searches performed by the CMS and
ATLAS Collaborations looking at the yybb [95,96], bbbb [97, 98], 77bb [99],
and multileptons and photons [100] final states. As the CMS bbbb result
is dependent on the resonance spin, the spin-0 result for that analysis is
used.

modificator gy, defined generally as

the observed (expected) limit is 72.9 (60.7). These calculations account for the theo-

retical uncertainty associated with the SM NNLO cross section.
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Chapter 9

Conclusion

Double Higgs production is a possible key to discovering physics beyond the Stan-
dard Model. The process can be motivated either through the production of a new
resonance decaying to a Higgs pair or through the couplings A, v, or c¢o, which effect
the nonresonant production of a Higgs pair. The SM values for these couplings are
kx =1, kK, = 1, and ¢ = 0. The search also provides a means to test the SM through
the measurement of the Higgs trilinear self-coupling, giving more insight into the na-
ture of the Higgs potential. However, the SM rate is too low for current experiments
to be sensitive to it. Preliminary estimates indicate that a factor of O(100) more
data is needed at the relevant LHC experiments in order to achieve SM sensitivity.
With the current data, a search for the production of Higgs pairs is performed
by the CMS Collaboration in the decay channel HH — ~yybb using 19.7 fb~! of pp
collisions collected at /s = 8 TeV. For the search of resonant production, masses
under consideration are in the range between 260 GeV and 1100 GeV. The selected
events are divided into two categories based on the number of jets consistent with
the hadronization of b-quarks. A simultaneous fit is performed in each category to

kin

the m., spectrum for resonant masses below 400 GeV and to the mz2 . spectrum for

resonant masses above 400 GeV, and the results in each category are combined. The
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observations are consistent with expectations from Standard Model backgrounds, and
upper limits at the 95% confidence level are placed on the production cross section.
The limits are compared to the predictions from theories beyond the Standard Model,
such as the Radion and KK-graviton from models with warped extra dimensions or
the heavy Higgs from models with supersymmetry. The Radion with Agp =1 TeV is
observed (expected) to be excluded with masses below 0.97 TeV (0.88 TeV), and the
RS1 KK-graviton is observed to be excluded with masses between 340 GeV and 400
GeV.

For the search of SM double Higgs production, a fit to the m., x m;; plane is
performed. The selected events are divided into four categories based on the number
of jets consistent with the hadronization of b-quarks and the value of the four-body
mass. The observations are consistent with expectations from the Standard Model
backgrounds, and an upper limit at the 95% confidence level is placed on the pro-
duction cross section. The observed (expected) upper limit on the production cross
section is 1.91 fb (1.59 fb), or 72.9 (60.7) times the NNLO SM cross section. In
addition, a theoretical framework is described for the future study describing how

anomalous couplings change the production cross section.
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