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A Higgs-like boson has been discovered by the experiments ATLAS and CMS at the LHC.
We need to verify that it is the Standard Model (SM) Higgs and understand its nature.
A Circular Electron Positron Collider (CEPC), has been proposed as a Higgs factory for
detailed study of the Higgs boson. In this dissertation we study the feasibility of measuring
the H — Invisible decays at the CEPC. Dark Matter (DM) interacts with matter by gravity,
thus appears to be invisible in the CEPC experiment. If Higgs boson couples to DM it could
be an important “portal” to New Physics. A Monte Carlo analysis of H — Invisible
optimized to achieve high signal significance, and low backgrounds in the ete™ — ZH,
Z — ptp~ channel based on an integrated luminosity of 5 ab™! expected for ten years
run of the CEPC, is performed. Precision on the Higgs to invisible branching ratio at the
input values of 0.1%(SM) and Beyond Standard Model (BSM) cases 0%, 1%, 5% and 10%
is determined. Two approaches have been employed. They are the cut-based analysis and
the multivariate analysis. Based on this dissertation study a baseline analysis approach is

recommended for future CEPC design and studies.
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CHAPTER 1

INTRODUCTION
1.1 INTRODUCTION

In this opening chapter, a brief description of elementary particle physics is followed by the
theoretical framework for Higgs mechanism. The properties of the Higgs boson is described.

A small section is dedicated to BSM at the end.

1.2 STANDARD MODEL OF ELEMENTARY PARTICLE PHYSICS

In today’s Standard Model (SM), the elementary quantum mechanical (QM) fields and their
quanta (discreet indivisible units of energy that QM implies for waves and fields), which are
the elementary particles, the relationships between them and their properties like having
energy, momentum, spin (fermion or boson) etc., are described to a remarkably good extent.
Fermions are associated with matter particles; they obey Paulis exclusion principle as a
consequence of which, no more than one fermion can be in the same quantum mechanical
state [I]. Bosons are force carriers, they follow Bose-Einstein statistics, which does not
restrict them from being in the same quantum mechanical state [I]. The gauge structure of

SM arises from the symmetry group,

where, U(1)y is the unitary group of electromagnetic theory (photons and leptons), subscript
Y stands for hypercharge operator. SU(3). is the special unitary groups of quantum chro-
modynamics (QCD), ¢ stands for the color charge. SU(2). is the special unitary group of
electro-weak (EW) interactions, L stands for the left handed fermion the weak gauge bosons
couple to. The symmetry of equations of motion can be generated from a Lagrangian. The

Lagrangian is a tool for encoding the interaction between the particles. The various terms



in the Lagrangian, for example products of fields, represent properties, here the vertices of
process, where particles come in and other particles go out. Forces arise due to exchange of
elementary particles. Any particle can be exchanged in some context or the other, and it
produces force. In molecular physics, it is the exchange of protons and electrons. In electro-
dynamics, it is the exchange of photons and so on. Elementary particles, their field and the
forces which are associated due to exchange processes with that particular kind of particles

it can jump back and forth, have one to one correspondence. We have a triangle as shown

in the Figure[l.1

Figure 1.1. One to one correspondence between field, particle and force.

SM divides the particles, the players in the drama, into groups and they have name
and personality. The list of elementary particles is summarized in Table [[.I, We however,
don’t understand why some particles exist and others don’t. We only understand some
relationships between particles. It is hypothesized that there is a possibility that if certain
particles exist, there must be other particles as well, so as to maintain the symmetry of the

physical world.

1.3 THE GAUGE THEORY AND SPONTANEOUS SYMMETRY BREAK-
ING

According to quantum field theory, reality is a series of fields. The gauge theories describe

all elementary particle interactions. There are three kinds of fields-scalar for spin 0, spinor



Table 1.1. Elementary particles of Standard Model.

Name Symbol | Spin | Charge| Baryon| Mass
(h) | (e)

Boson
Photon 0 1 0 0 0
Gluon g 1 0 0 0
Weak Gauge Bosons
w+ w+ 1 +1 0 80.4 GeV
W= W= 1 -1 0 80.4 GeV
Z° A 1 0 0 91.2 GeV
Higgs Boson H 0 0 0 125.6 GeV

Fermion

Lepton
Electron et 1/2 | -1 0 0.511 MeV
Electron Neutrino Ve 1/2 0 0 0?
Muon o 1/2 | -1 0 105.7 MeV
Muon Neutrino Yy /2 |0 0 0?
Tau T~ 1/2 | -1 0 1.777 GeV
Tau Neutrino Vr /2 |0 0 0?

Quark
Down d 172 [-1/3 [1/3 |48 MeV
Up 1 12 [2/3 |1/3 |24 MeV
Strange S 1/2 | -1/3 1/3 104 MeV
Charm c 1/2 2/3 1/3 1.27 GeV
Bottom b 1/2 | -1/3 1/3 4.2 GeV
Top t 1/2 [2/3 |1/3 |171.2 GeV

for spin 1/2, and vector for spin 1 particles. The dynamics of the field is controlled by the
Lagrangian [1]. In quantum field theory the Lagrangian is axiomatic and concocted in a way
so as to arrive at the desired field equation through Euler- Lagrangian equations [I].

Symmetry operations are operations that we do that do not change the Lagrangian of
the system, or the Lagrangian remains invariant.

Requiring the Dirac Lagrangian to be locally phase invariant or gauge invariant leads to
the introduction of a vector field and it has to be massless [I]. This leads to the Lagrangian
for the quantum electrodynamics, viz. the Dirac fields (leptons and quarks) interacting with

Maxwell field (photon). This is the invariance of the U(1) group. The symmetry involved



is called the U(1) gauge invariance. The strong interaction is described by the SU(3) group,
and are mediated by gluons, there are eight of them and have color charge and interact with
particles that carry color charge.

The coupling strength of the EM and weak forces both increase with energy. The
Glashow-Salam-Weinberg model showed that at high enough energies, the EM and weak
forces combine to yield the electroweak interactions described by the SU(2) x U(1) group.
The requirement of guage invariance to this group yields four bosons called gauge Bosons.
W+, W~ and Z° arise from SU(2) group and they can interact with each other since SU(2)
is non-abelian. The remaining gauge boson is the photon. With their respective forces
combined, the discrepancy between the masses of the weak bosons and that of the photon
remains and must be explained. Higgs et al. proposed a massive scalar boson identified
with the field, which we call the Higgs boson, and hence the Higgs field. The Higgs mech-
anism allows for the symmetry of the massless bosons to be broken spontaneously through
interaction with a complex scalar field [T} 2].

The Lagrangian with spontaneously broken continuous symmetry is constructed as,

1 1 1 1
L = 50"010up1 + 50"020up2 + G707 + 93] — TV [p1 + i) (1.2)

1 and y are the two fields and the Lagrangian is invariant under rotations in ¢y , (9 space

[T]. The potential energy is given by

1 1
U= —yﬂs@f + @3] + ZAQ[% + 3] (1.3)

The minimum lies at the circle of radius § . Figure shows the Higgs potential as a

function of field.

12

We now choose a particular value of p1,,;,, and ©oin-



On introducing two new fields ¢ and p , such that they represent fluctuations about the

vacuum state.

Figure 1.2. Higgs Potential.

i)
C=p1—Jip=9 (1.6)

The Lagrangian in terms of these two fields read,

)\2
[50"COuC — 1)+ [50%pu] — [NC + 1)+ (4t 120+ o ()

It is seen that ¢ and p in fact are two real Klein-Gordon fields. Fields whose quanta are

spin zero particles. By quantising these fields the Lagrangian describes two different spin 0

particle fields. The ¢ bosons will have mass,
me = V2uh/c (1.8)
which arises from the ¢? term while the p bosons will be massless.
m, =0 (1.9)

The masslessness of the p bosons are a direct consequence of the minimum being degenerate.

These are called the Goldstone Bosons and show up when the continuous global symmetry



is spontaneously broken [I]. The remaining terms are the interactions among the ¢ and
p particles through perturbation theory also called the couplings [I]. It can be seen that
the spontaneous symmetry breaking of the U(1) symmetry due to the degenerate energy

minimum of the Lagrangian, gives rise to a pertubative theory with a massive scalar boson.

1.4 THE HIGGS BOSON

Higgs is a spin 0 scalar boson, a quanta of the Higgs field. The Higgs field is responsible
for giving mass to the fundamental particles. In 1964, a mechanism for this process was
proposed by three groups of researchers: Brout and Englert, Guralnik, Hagen and Kibble
and Higgs [3, 4, B [6]. To create massive vector bosons in a gauge invariant theory, the
spontaneous symmetry breaking is extended and is called the Higgs mechanism [I],2]. Writing

the Lagrangian in terms of a single complex scalar field,

© = 1 + iy such that p*p = @% + gog (1.10)
The Lagrangian reads,
1 * “w 1 2 x 1 2 * 2
L =500u) (0") + Spog™p = A (¢7) (1.11)

When we apply local guage invariance and spontaneous symmetry breaking, namely by
introducing covariant derivative

. q
Dy =0t iz A, (1.12)
and the new fields,
1
C=p1—Jip=9 (1.13)

we also select a convenient guage to obtain the Lagrangian which is,

1 1
L= [-0CO,C — 12 + [~ —Fu P + —(LEy2 4,47
2 16 2 he A
pog 1.4 Nty A
[ay e 2 1% (1 22 no_ 3 o~ ~ 2



By making a clever choice of gauge, the Goldstone Boson is eliminated and what is left
is the massive scalar (, the Higgs particle and a massive gauge field A, .

A massless spin zero particle has two transverse polarized states while a massive spin
zero particle has an additional longitudinal polarized state.

When the spontaneous symmetry breaking of the U(1) symmetry occurs, the complex
scalar field (two degrees of freedom) and a massless vector field (two degrees of freedom),
transform into one real scalar field (one degree of freedom) and a massive vector boson
field (3 degrees of freedom) [1l 2]. Total degrees of freedom is four and is conserved during
symmetry breaking.

When the spontaneous symmetry breaking of SU(2) x U(1) symmetry occurs a complex
scalar doublet (four degrees of freedom) and four massless vector bosons (eight degrees of
freedom) transform into one real scalar (one degree of freedom) , three massive vector (nine
degrees of freedom) and one massless vector boson (two degrees of freedom). Total degrees

of freedom is twelve and is conserved during symmetry breaking.

1.5 THE PRODUCTION AND DECAY OF THE HIGGS BOSON

In the search for the Standard Model (SM) Higgs boson at the Large Hadron Collider (LHC),
the discovery of a narrow resonance, with a mass near 125.7 GeV, was announced at CERN
by both the ATLAS and CMS experiments on July 4, 2012 [2]. “For the theoretical discovery
of a mechanism that contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the predicted funda-
mental particle, by the ATLAS and CMS experiments at CERN’s Large Hadron Collider, on
8th October, 2013 the Nobel Prize in Physics was awarded jointly to Francgois Englert and
Peter Higgs [6].” The most important processes for Higgs production at hadron colliders are
the gluon fusion, vector boson fusion, associative production with the W, and an associative

production with a top pair, as shown in the Figure a, b, ¢ and d, respectively [7].
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Figure 1.3. Feynman diagrams for the Higgs production mechanism [g].

Table tabulates the production cross-section in pb (pico barn) for gluon fusion, vector
boson fusion, associated production with a W or a Z boson and top pair in pp collision at 4.8
fb=t with the ATLAS detector at /s= 7, 8 and 14 TeV. The dominating Higgs production
mechanism is the gluon-gluon fusion process for all possible Higgs masses. However, at low
energies (~250 GeV) electron positron collider associative production with Z is the most

dominant Higgs production mechanism [7].

Table 1.2. Production cross-section in pb for gluon fusion, vector boson fusion, associated
production with a W or a Z boson and top pair in pp collision at 4.8 fb~! with the ATLAS
detector at \/s= 7, 8 and 14 TeV [§].

NG geF | VBF | VH | ttH
(TeV) | (pb) | (pb) | (Pb) | (pb)
7 15.1 | 1.221 | 0.914 | 0.086
8 195 [1.58 |0.09 |0.13
14 499 [4.18 |238 |0.611

In the Figure cross section is shown as a function of the Higgs mass. The Higgs boson
couples to fermions and gauge bosons, or more precisely particle-antiparticle pair and also
to massless gluons and photons. The branching ratio of the Higgs is shown in Figure [1.5]
Table shows the branching ratios for the Standard Model Higgs Boson decay modes for
mp=125 GeV at /s =14 TeV at the ATLAS Detector. When Higgs decays to fermions, its
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Figure 1.4. Total cross sections for Higgs production at the LHC [§].
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Figure 1.5. Branching ratio BR(H) of the Standard model Higgs Boson to different decay
channels for different mass ranges [§].



Table 1.3. The branching ratios for the Standard Model Higgs Boson decay modes for
mp=125 GeV at /s =14 TeV at the ATLAS Detector [§].

Process Branching | Uncertainty
ratio
H — bb 5.77x 107 | +3.2%
-3.3%
H— 17 6.32x 1072 | +5.7%
-5.7%
H — pup 220 x 107* | +6.0%
-5.9%
H — cc 2.91x107% | +12.2%
-12.2%
H — gg 8.57x 1072 | +10.2%
-10.0%
H — vy 228 x 1073 | +5.0%
-4.9%
H— Zy [154x1072 | +9.0%
-8.8%
H—WW [ 215x 107" | +4.3%
-4.2%
H— 77 [264x107%| +4.3%
-4.2%
TH[GeV] |4.07x107% | +4.0%
-3.9%

decay into heavier particles is more likely than decaying into lightweight particles. Higgs can

have vector boson decay, fermionic decay, two photon decay, two gluon decay among others.

1.6 BEYOND THE STANDARD MODEL

There are new physics models that try to eliminate the deficiencies of SM, and they have
new particles in them, the consequence of which is the deviation of the Higgs coupling from
SM prediction. Some examples of the models are One Parameter Model, Two Higgs Doublet
Model, Minimal Supersymmetric Model (MSSM), phenomenological version of MSSM called

pMSSM, Composite Higgs Model and New Couplings arising from loops [9} 10} [T1].
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The unified description of interaction in nature is noted for being innovative and beautiful,
but it also leads to concrete quantitative description of the relative strengths of these interac-
tion [12]. In the traditional realm of HEP, the strong, weak and electromagnetic interactions
are mediated by spin one gauge bosons. Georgi and Glashow have shown that the simplest
of gauge group for grand unification is the SU(5) symmetry group, such that transformation
between SU(3) and SU(2) is possible. The existence of gauge bosons corresponding to all
possible changes and responses among all five dimensions are predicted, such that processes
like, particle carrying color charge can couple to particle with weak isospin [12]. In such
processes baryon number is not conserved. Process like the decay of the proton to pion and
antilepton is possible by coupling through these supersymmetric particles. Minimal super-
symmetry also predicts value for the coupling constants that unifies at energy of 10'® GeV.
We know that the coupling constant is not a constant but varies with energy, this is called
running of coupling constant. This is due to asymptotic freedom. Quarks hit at high energy
behaves like point particle and emit fewer gluons while when hit softly behaves like a thick
ball of virtual gluons, quark and anti-quark [12], [14]. So we see that as energy increases the
coupling decreases. This is called the asymptotic freedom. It is the opposite of electromag-
netic screening effect. In the SU(3) the coupling is more affected by asymptotic freedom as
there are more gauge bosons than colors, (8 gluons compared to 3 colors) in SU(2) it is not
so much as there a not as many gauge bosons [1], (3 weak gauge bosons compared to 2 weak
isospin) while in U(1) the ordinary screening effect prevails. Figure shows the running of
the inverse coupling constant for strong, weak and electromagnetic interactions (red, green
and blue lines) in minimal supersymmetric model and their unification at 10'® GeV. The
SU(H) is a symmetry whose operation transforms particles with a spin to a particle of other
spin which differs by i/2 . So it changes fermions to bosons and vice versa. This entails
inclusion of a whole set of new particles called superpartners, which raises the scale of uni-

fication by partially cancelling the asymptotic freedom [12]. The minimal supersymmetric
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model predicts unification scale of the coupling strength at 10'® GeV and proton lifetime
of about (103%) years . Local guage invariance applied to supersymmetry leads to Einteins
general relativity thus clarifying the hierarchy problem, that is, the vast difference between
Plank mass scale 10" GeV and electroweak mass scale (246 GeV) [12]. Another hierarchy

problem is the mass of the superpartners of scalar field, that is, the Higgs field.

Resolution [m] Resolution [m]
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Figure 1.6. Running of the inverse coupling constant for strong, weak and electromagnetic in-
teractions (red, green and blue lines) in minimal supersymmetric model and their unification
at 106 GeV [13].

The proton decay rate is inversely proportional to the product of the Higgs mass and its
superpartner mass according to some BSM models. The mass of the Higgs field responsible
for electroweak symmetry breaking is small, while if that of superpartner, the strong color
Higgs [12, [14] is small as well, it would mean that the proton decay rate will increase
catastrophically, so the superpartner of Higgs has to be massive. This means that the

complete symmetry does not exist.
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CHAPTER 2

RESEARCH TOPIC AND MOTIVATION
2.1 INTRODUCTION

This chapter states the topic and discusses the motivation for my research.

2.2 TOPIC OF RESEARCH

We set out to do a full Monte Carlo analysis to reconstruct and measure the SM Higgs to
invisible decays, in the Higgs-strahlung process, ete~ — ZH, with the CEPC detector in
the Z — p™p~ channel with an the integrated luminosity of 5 ab™!. Figure shows the

event display for this process at the CEPC. The newly discovered Higgs boson is light and

Figure 2.1. Event Display.

expected to have a narrow width of approximately 4 MeV. This implies that its branching

fractions are highly receptive to any new particles, to which it has unsuppressed coupling.
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Higgs mass is taken to be 125 GeV. Studies at LHC [15] have been performed, however with
a very limited precision. Our aim is to update these studies and estimate the sensitivity of
250 GeV electron-positron collider experiment, CEPC, to an invisibly decaying Higgs.

My research is divided into two parts:

Part 1: To find out ways to increase efficiency and significance for the signal, Higgs to
invisible with the CEPC in the SM and BSM cases. Which means, when its branching ratio
is 0.1% (SM) or 0%, 1%, 5%, 10% (BSM).

Two approaches wil be adopted: (1) Cut based analysis where effective cuts on the
kinematic variables for better background rejection, while retaining the efficiency for the
signal. (2) Multivariate analysis: BDT.

Part 2: To measure the erros on the Higgs to invisible branching ratio. Determine the

upper limit on the branching ratio for the SM case.

2.3 MOTIVATION

An electron-positron collider operating in the center-of-mass energy of 250 GeV is a very
suitable experiment for the precision study of the Higgs boson. Higgs boson will be copiously
produced by this collider in the process called Higgs-strahlung, ee~ — ZH. Figure
shows the Feynman diagram of the Higgs-strahlung process.

Compared to LHC that has much more QCD background, CEPC will provide a much
cleaner environment for analysis.

Invisible particles such as dark matter that may be invisible Higgs decay modes are
predicted by physics models that rectify the inabilities of the SM to explain the electroweak
symmetry breaking. There is strong motivation to study full models which demonstrate a
corresponding coupling pattern if notable deviations in any Higgs coupling scale factors is

detected.
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Invisible

Figure 2.2. Feynman diagram contributing to the Higgs-strahlung process.

In their work, “Motivation and detectability of an invisibly-decaying Higgs boson at
the Fermilab Tevatron”, Stephen P. Martinand and James D. Wells have itemized various
scenarios in which Higgs will have invisible decays [16]. They are for example, the lightest
supersymmetric particles like neutralinos, soft charginos that escape detection, neutrinos
in extra dimensions, Dark Matter, Higgs decays to Majorons. It is evident from these
examples that answers to todays most important physics questions, like the understanding
of the mechanism of EWSB, existence of Dark Matter, matter-antimatter asymmetry and
inclusion of gravity in SM can be manifested in this invisible decay channel of Higgs. So it
is important to investigate this mode with high precision instruments [16].

The estimated CEPC capabilities are presented in a model-independent way, since the
total cross-section measurement of the ete™ — ZH can be done at the CEPC, the total width
is only constrained by the total cross-section, thus facilitating measurements of coupling scale
factors unimpeded by theoretical preconceptions. The coupling strength gy is related to
the cross-section in a way that g%, is proportional to the cross-section o = %, where N is
the number of ZH events, € is the efficiency and L is the luminosity. In the SM, an invisible

Higgs decay is H — ZZ* — 4v process and its BF is small 0.1%. If we found sizable

invisible Higgs decays, it is clear new physics signal.
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2.4 HIGGS-STRAHLUNG

In this dissertation we focus mainly on the Higgs-strahlung process which will be the main
production mechanism of the future CEPC collider. The integrated cross section of the

Higgs-strahlung is given by the formula,

G2M} A+ 12M2 /s
Tem = ZH) = L2 (12 4 e )\ 20 2.1
where A is the phase space function given by
A= (1—Mj/s—Mz/s)> —4MzMz/s* (2.2)

Gr = 1.16637 x 107°GeV 2 is the fermi coupling constant, a, = —1 and v, = —1+4s¥, with
s¥, = 0.23149 is the electroweak mixing angle [17, 18} [19]. The Figure shows the cross
section of Higgs-strahlung process, as a function of center of mass energy and as a function
of Higgs mass. The production cross-sections have a sharp increase at the threshold center

of mass energy /s ~ My + V2My after which it decreases as ~ 1 /s. There is a decrease in
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Figure 2.3. Cross section of Higgs-strahlung process, as a function of center of mass energy
and as a function of Higgs mass [17].

cross section as the Higgs mass increases (left), and cross-section decreases with increasing
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center of mass energy for an average Higgs mass [I7]. To achieve maximum cross section,
the center of mass energy should be just above the threshold energy.

The angular distribution of the Higgs-strahlung process as a function of the scattering
angle is shown in the Figure after detector simulation. Z production angle is the angle
between Z and the z-axis. Its distribution for the most part is central and this characteristics

distinguishes it from other SM background angular distribution.
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Figure 2.4. Cosine of Z polar angle for Higgs-strahlung process.

2.5 STUDY OF THE HIGGS AT THE CEPC AND LHC IN A NUTSHELL

In an electron positron collider, the final state depicts precisely the physics interactions
involved. Figure shows the pp — HX, H — bb at the LHC and the the Higgs-strahlung in
Z — ptp~ channel at the ete™ collider, emphasizing the clean experimental condition at

electron positron collider [20, 21].
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At the LHC, the physics involves the scattering process of proton constituents or the
partons (quarks and gluons), these are strongly interacting particles and the energy is upto
several TeV. There are enormous amounts of QCD backgrounds and the signal to background
ratio is small. The main Higgs production mechanism is the gluon gluon fusion. At the
CEPC, the scattering process of ete™ provides an unblurred experimental environment,
clear cut initial state, tunable energy, beam polarization and relatively small backgrounds.
Figure shows the pp — HX, H — bb at LHC and the Higgs-strahlung in Z — putpu~
channel at the eTe™ collider [22]. The main Higgs production is through the Higgs-strahlung
process at 250 GeV. The LHC can trigger only one event in 107 events, while the CEPC will
have untriggered operation and can find signals of unexpected new physics that is apparent
in events that may not be selected by the LHC trigger scheme [21]. Figure shows the

comparison between the resolution of CEPC to that of the LHC [21].

Figure 2.5. The pp — HX, H — bb at LHC and the Higgs-strahlung in Z — p*p~ channel
at the eTe™ collider [22].

CEPC

Figure 2.6. The CEPC will probe whether the Higgs is truly elementary with a resolution
up to a hundred times more powerful than the LHC [21].
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The direct production at CEPC along with its high sensitivity to new physics by means of
precision measurements will contribute to LHC findings by improving and verifying each oth-
ers analysis. This can be achieved by thorough and exhaustive information on measurements
of wide variety of observables in different scenarios made by CEPC and LHC along with close

alliance of experts consisting of theorists and experimentalists working meticulously [22].

2.6 EXPERIMENT RESULTS ON HIGGS TO INVISIBLE STUDY AT LHC

Searches for Higgs to invisible decays have been done at the ATLAS and CMS experiments.
The study is done by means of the qg — Z H process using missing transverse energy, s
against leptonic Z decays. Since the initial momenta of the partons cannot be precisely
determined, they cannot reconstruct missing Higgs mass, using the recoil mass method.
This method is model dependent since the cross section of ZH in pp collision is assumed as
that in the SM [23] 24, 25| 26].

At the LHC, the measured quantity is the rate, which is the product of the production

cross-section o; and the branching ratio of the decay channel BR;:

T
Rateij =0; X BR] =0; X J , (23)
Ftot

I'; is the decay coupling, I';,; is sum of all the Higgs couplings.
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CHAPTER 3

THE CIRCULAR ELECTRON POSITRON COLLIDER
3.1 INTRODUCTION

This chapter describes the experiment for my analysis. I describe the different components

of the detector which are used to identify the final state particles.

3.2 THE CEPC PROJECT

With the discovery of the low mass Higgs boson, and stimulated by ideas of a Circular e*e™
Higgs factory in the world, CEPC-SppC (Circular Electron-Positron Collider+Super proton-
proton Collider) configuration was proposed in Sep. 2012 in China [20]. The CEPC-SppC
identifies itself as the essential collider project for particle physics in China. Rendering high
luminosity at its center-of-mass energy, CEPC (240 - 250 GeV) it can be upgraded to a high
energy (70 —100 TeV) SppC, which will complement with the CEPC and further extend the
discovery reach. CEPC can operate at the Z pole at a center of mass energy of 91 GeV. CEPC
is likely to be cost-effective and technologically expedient. The preCDR study examined
these aspects. The CEPC preCDR study has gained betterment from the progress in the
ILC (International Linear Collider) accelerator and detector designs, and the mechanism and
proficiency achieved through the ILC projects and the LHC experiments [20]. The CEPC
study team, along with the FCC (Future Circular Collider) and ILC community, will cater
to the needs of future high energy colliders and experiments which will guarantee that the
elementary particle physics remain a vital and dynamic field of fundamental investigation
for many years to come. I will focus on CEPC as the Higgs factory, its timeline is shown
in the Table [3.1] The reference for this chapter is CEPC preCDR. Compared to ILC, the
CEPC does not require push-pull system and its energy range is at 250 GeV as opposed to a

maximum of 1 TeV at the ILC. From ILD to CEPC there is, changed granularity (no power
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Table 3.1. Goal and timeline for the CEPC

Goal CEPC Timeline
Pre study 2013-15

Pre-CDR By 2014

Funding request R&D | 2016-2020
Engineering Design 2015-2020
Construction 2021-2027

Data taking 2028-2038

pulsing), changed luminosity, changed VTX inner radius and TPC outer radius, changed

detector half Z, changed yoke/muon thickness, changed sub detector design among others.

All changes need to be implemented into simulation, iterated with physics analysis and cost

estimation. Required performance for the CEPC sub-detectors for measuring Higgs decays

is enumerated in the Table[3.2l A CEPC ring of 100 km circumference is recently proposed,

Figure |3.1

Table 3.2. Required performance for the CEPC sub-detectors for measuring Higgs decays

21].

Physics Process ~ Measured Quantity

Critical Detector Required Performance

ZH — (7f—X  Higgs mass, cross section Tracker A(l/pr) ~2x 1075

H — ptp~ BR(H — pp™) @1 x 1073 /(pr sin f)

H — bb, cé, gg BR(H — bb, ce, gg) Vertex Ory ~ 5@ 10/(p sin®/2 ) um
H —q3, VV  BR(H — qq, VV) ECAL. HCAL %' )E ~3 - 4%

H — vy BR(H — v7) ECAL op ~ 16%/VE & 1% (GeV)

By applying a radio frequency voltage to separated sections of the tube, charged particles

like electrons and positrons can be accelerated through a tube because the charged particles

experience an accelerating electric field when they pass the gap [20]. The charged particles

attain double the energy they would have gained from just the application of the maximum
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Figure 3.1. The CEPC ring with 100 km circumference recently proposed.

field of the RF when they arrive at the next gap at the right phase of the RF voltage and
thus they are accelerated again.

Synchrotron radiation SR is a radiation which occurs when charged particles are acceler-
ated in a curved path or orbit. The Booster is a circular accelerator that accelerates beam
particle energy from low to high before injection. It uses magnets to bend the beam of

charged particles in a circular path.

e In a circular collider there is energy loss due to SR, and it is proportional to the fourth
power of the beam energy and is inversely proportional to the square of the radius of
the path, so a low beam energy of 120 GeV to reduce energy loss due to SR as well as

keeping it close to the Higgs cross-section energy of 125 GeV.

e RF system provides power to accelerator beams to the desired energy and compensates
the energy loss due SR around the ring. Keeping RF power of 50 MW and achieve high
luminosity we need to store more beam current in the ring. This is realized by a bigger
ring, so a 50 km circumference tunnel is proposed. It will also encase proton-proton

beam in future.
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As a Higgs factory the peak luminosity of 2 x 103 em?s™! is required to meet the

physics goals.

A linac will be the main injector of the CEPC. The electron and positron will be

accelerated to 6 to 10 GeV.

A booster is considered to be in the same tunnel of the main ring to save budget,
and connect with transport lines to the ring and the linac. A pretzel orbit scheme is

adopted for pre-CDR.

There are eight bent and eight straight sections. RF cavities are distributed in all the
straight sections to overcome the loss due to synchrotron radiation. IP1 and IP3 are

for CEPC, the other two are for future SppC as shown in the Figure (3.2

g
D173 km
RF /
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<€ = 54,752 km

~
¥

v5 =240 G

Figure 3.2. Accelerator chain (left) and CEPC lattice and RF section around the ring

(right) [21].

The Beamstrahlung is a process of energy loss by the incoming electrons deflected by the

electromagnetic field of the electron (positron) bunch moving in opposite directions. The

beam energy spread is the energy dispersion of the incoming beams. They are determined

by the beam parameters at the interaction point (IP), which are listed in Table The

Higgs-strahlung process and the Higgs recoil mass precision measurement is sensitive to these

two beam factors.

23



3.3 DETECTOR OVERVIEW

Table 3.3. CEPC parameters as a Higgs factory.

Parameter Value Unit
Center of mass energy 250 GeV
Peak Instantaneous Luminosity 2 x 103 | em?s!
Integrated Luminosity over 10 years 5 ab™!
Tunnel Circumference 54.752 km
Number of bunches per beam 50

Number of particles in each bunch per injection | 3.7 10!
Beam size o,,/0, 73.3/0.16 | pum
Beam size o, 2260 i
Beam current 16.6 mA
SR power/beam 51.7 MW
SR loss/turn 3.11 GeV
Number of Interaction points IP 2

Bunch spacing 3.5 psec
Number of Higgs events over 10 years period 1 Million

CEPC will be the outcome of creative design by physicists and engineers, supported by a
strong frame of past and continuing process of detector research and development [21]. Fig-
ure [3.3|shows the geometry of the conceptual CEPC detector as implemented by Mokka and
Geant 4. While each component has received advancements from ongoing development, like
ILD and FCC, the CEPC design has merged these components into a consolidated system
for optimized measurements of jet energies, as well as of charged leptons, photons and miss-
ing energy, based on the Particle Flow Algorithm (PFA) approach. CEPC was formulated
as a fully integrated, amalgamated design with the fundamental features of compactness,
pixel based vertex detecting, silicon-based tracking, a time projection chamber, fine-grained
calorimetry and a high central magnetic field provided by a solenoid. On the outside of the
coil, the iron return yoke is instrumented as a muon system and as a tail catcher calorimeter.

This design has been developed for experiments at a future electron positron collider, assem-
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Figure 3.3. Geometry of the conceptual CEPC detector as implemented by Mokka and Geant
4 [21].

bled on substantial acquaintance with previous detectors, and harnessing major advances in
sensors, materials, and electronics.

CEPC uses a right-handed coordinate system with its origin at the nominal interaction
point. The +z axis is along the beam pipe in the direction of the electron, the +x axis
points away from the center of the CEPC ring and the +y axis points vertically upward.
Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle
around the beam pipe. The pseudorapidity 7 is defined as n = — Intan(6/2)] where 6 is the

polar angle. Figure [3.4] shows the cross-sectional view of the CEPC detector.

3.4 VERTEX DETECTOR

The CEPC vertex system consists of a multi-layer pixel-vertex detector (VTX) having a pure

barrel geometry, which has three super-layer of two layers each as shown in Figure 3.5
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Figure 3.4. Cross-sectional view of the CEPC detector [21].

Figure 3.5. The vertex detector [21].
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The first super-layer is only half as long as the outer to reduce the background hits,
optimized for point resolution and minimum material thickness. An assemblage of silicon
strip and pixel detector encompass the VI'X detector. In the barrel, to bridge the gap
between the VIX and the TPC two layers of silicon strip detectors (SIT) are laid out. To
provide low angle tracking coverage in the forward region, a system of two silicon-pixel disks
and five silicon-strip disks (FTD) are used. CMOS Pixel Sensors (CPS), Fine Pixel CCD
(FPCCD) sensors, and Depleted Field Effect Transistor (DEPFET) sensors are currently the
three sensor technology options that are actively developed for the CEPC vertex detector.
They exhibit to possess the potential of meeting or coming close to the detector requirements.

The main performance goals of the vertex detector are:
e Spatial resolution near IP to be better than 3 micrometer,
e Material budget below 0.15% radiation length X, per layer,
e First layer located as close as 16mm to the IP,
e Detector occupancy not to exceed 1%,
e Power consumption should be kept below 50mW/cm?,

e Readout time should be shorter than 20 microsecond, to minimize event accumulation

from consecutive bunch.

3.5 SILICON TRACKER

The silicon part of the CEPC tracking system comprises of four components: two barrel
components, the Silicon Inner Tracker (SIT) and the Silicon External Tracker (SET), one
end cap component End-cap Tracking Disk (ETD) behind the endplate of the TPC, and the
Forward Tracking Disk (FTD). They form the Silicon Envelope. The overall layout of the

system is shown in Figure [3.6]
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Figure 3.6. Preliminary layout of the CEPC silicon tracker. The red lines indicate the
positions of the vertex detector layers and the blue lines are the SI'T and FTD for the silicon
tracker. The SET and ETD, which outside the TPC are not shown [21].

The overall momentum resolution is improved by the barrel silicon parts SIT and SET
which provide precise space points before and after the TPC and links the VTX detector
with the TPC. Figure shows the resolution of the transverse impact parameter as a
function of single muon track momentum estimated for the CEPC baseline design for polar
angles of #°and 80°, and compared to analytical results obtained from the equation o(r¢) =

a® ;m, where, a=5 and b=10.

b
p(GeV) sin3/?
It also helps in extrapolating from the TPC to the calorimeter. The ETD completes the
coverage of the TPC with silicon tracking, located within the gap separating the TPC and
the end-cap calorimeter. Collectively, these systems serve in calibrating the overall tracking
system, especially the TPC. The time-stamping of the tracks and assignment of them to a

given bunch within an CEPC bunch train is enabled by good timing resolution of the silicon

detectors relative to the time between bunches in the CEPC together with the high spatial
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Figure 3.7. Resolution of the transverse impact parameter as a function of single muon
track momentum estimated for the CEPC baseline design for polar angles of #°and 80°,
and compared to analytical results obtained from the equation o(r¢) = a @ b

p(GeV) sin3/26”um’
where, a=5 and b=10 [21].

precision. Efficient and precise tracking down to very small angles in the very forward region,
where the TPC does not provide any coverage is provided by a system of seven silicon disks

(pixel and strips).

3.6 THE MAIN TRACKING DETECTOR TPC

A large volume Time Projection Chamber (TPC) with up to 224 points per track is a unique
characteristic of CEPC. Figure [3.8 shows the TPC structure.
TPC is modified to achieve three-dimensional point resolution and minimum material in
the field cage and in the end-plate. It also provides dE/dx based particle identification.
The TPC comprises of two chambers filled with gas, with a high voltage applied across

the length of the TPC. The motion of charged particles ionizes gas molecules which is carried
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(Readout Modules)

Figure 3.8. Structure of the TPC [21].

by the electric field toward the end plate caps, where they are absorbed and detected. The
drift time is used to calculate the position of the ionization.

Despite the fact that the TPC is less accurate than the VTX, it has the supremacy of
being able to track a large continuous volume inside the detector. A large volume of space
relatively can be easily covered by the TPC.

The mechanical constitution of the TPC comprises of an endplate, where the readout of
the amplified signals occurs using custom-designed electronics, and a field cage, made from
advanced composite materials. Two options for the gas amplification systems are Micromegas
(Micro-MEsh Gaseous Structure) and Gas Electron Multipliers (GEM). Currently, either
option would use pad size of 6 x 10 mm?, leading to about 10° pads per endplate.

The drift velocity and the diffusion constant are determined by the properties of the
gas. To preserve an intrinsically excellent resolution, the parameters are chosen to minimize
the diffusion in the transverse and longitudinal directions. T2K gas mixture (Ar-CF4(3%)-
isobutane (2%)) is a promising candidate for a drift length of more than 2 m and a high field
of 3.5 T.
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3.7 CALORIMETRY SYSTEM

The Electromagnetic Calorimeter (ECAL) measures photons and charged particles, by virtue
of the fact that it will leave a shower of secondary particles as they interact with tungsten.
These secondary particles are then detected by the position sensors. The analysis of the
shapes of the shower give the identification of the original particle type. Electrons and
photons generate broad showers with large energy depositions. Muons are minimum ionizing
particles and tend to pass easily through the calorimeter. Pions and kaons vary in reaction,
sometimes passing easily through the calorimeter, other times suffering a nuclear collision

followed by a hadronic shower. The ECAL is made up of interleaved layers of absorbing

Endcap1

Endcap2

Figure 3.9. View of the SiW ECAL geometry. The barrel is segmented in 8 staves of 5
modules. Each barrel module incorporates 3 towers of 11 alveoli in which detector slabs are
lodged. The end caps are segmented in quadrants of 2 modules (with 2 and 3 towers) [21].

material (tungsten) and position sensors. The two options for the position sensors are
silicon pixel or pad sensors and the other is to use scintillator plastic strips. Tungsten
(radiation length X, = 3.5 mm, Moliere Radius RM = 9 mm and interaction length = 99

mm) as absorber material fulfills the requirements on granularity, compactness and particle
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separation. Compared to e.g. lead, a better separation of electromagnetic showers generated
by near-by particles is achieved along with a compact design with a depth of roughly 24 X,
within 20 cm. The ECAL is longitudinally segmented into 30 layers, possibly with varying
tungsten thicknesses to attain an adequate energy resolution. In order to optimize the
pattern recognition performance, the active layers (either silicon diodes or scintillator) are
segmented into cells with a lateral size of 5 mm. The Figure shows the ECAL geometry.

The main function of the HCAL is to differentiate the deposits of charged and neutral
hadrons and to do the accurate measurement of the energy of the neutrals. They contribute
around 10% on average to the jet energy, which fluctuates over a wide range from event to
event. The dominant contribution is the accurate measurement of the particle flow resolution
for jet energies up to about 100 GeV. At higher energies, the performance is dominated by
confusion. A better topological pattern recognition and energy information are important for
correct track cluster assignment. The HCAL is formulated as a sampling calorimeter made
up of steel absorber and scintillator tiles (analogue HCAL) or gaseous devices (semi-digital
HCAL) as active medium. The rigidity of stainless steel, allow for a self-supporting structure
without auxiliary supports (dead regions). Compared to other heavier materials, iron has
a moderate ratio of hadronic interaction length (Ay= 17 cm) to electromagnetic radiation
length (X; = 1.8 cm) which enables a fine longitudinal sampling in terms of X,. The
detector volume and readout channel count within admissible level is achieved by reasonable
number of layers in a given total hadronic absorption length. Required for particle separation
and weighting, this fine sampling is favorable both for the measurement of the substantial
electromagnetic energy part in hadronic showers and for the topological resolution of shower
substructure. The scintillator-tile based AHCAL and the Glass Resistive Plate Chamber

(GRPC) based SDHCAL are the two baseline technology options that have been developed.
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3.8 MUON SYSTEM

The muon system will reside in the outermost part of the whole detector. Figure shows
the muon system layout for the CEPC detector. It is divided into barrel and end-caps.
Both the barrel and end-caps are further segmented into modules. For CEPC muon system,
dodecagon segmentation is selected for the baseline design. The number of sensitive layers
and the thickness of the iron (or tungsten) in the absorbers are two critical parameters. The
total thickness of the iron absorber should not exceed 13 times the nuclear interaction length
(M) of iron, for the center of mass energy 240 GeV. 8\ distributed in 8 layers will provide
efficient muon tracking. 4 cm gaps between neighboring iron layers give adequate space
for the RPC and scintillator strips sensors. Figure (left) shows that muon detection
efficiency is high for muon energy as low as 4 GeV and it is 95% even after penetrating
8 layers. Figure (right) shows the detection efficiencies for 10, 30 and 50 GeV muon

energies, respectively.

Endcap Barpel Endcap

Rout
R

Figure 3.10. The muon system layout for the CEPC detector [21].
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It is inferred from the graph that pion detection efficiency is independent of energy and
decreases drastically with increasing number of layers and vanishes after 8 layers which is
the chose number for CEPC baseline design. The CEPC muon system solid angle coverage
in accordance with TPC should be 0.98 x 7. The position resolution of 0,4 = 2.0 cm and
o, = 1.5 cm are required. Maintaining 95% efficiency for the module over 5-10 years of
running with gas detector option will be a challenge. For the dimension and segmentation
required by the baseline design, the total sensitive area of the muon system add up to
8600 m?. With strip width of 3 cm and 1-D readout (2 ends for barrel and one end for
endcap) the total number of electronic channels amount to 5.5 x 10* . RPC with glass and
Bakelite options are being studied as they provide following advantages like cost-effective,
sturdy, easy construction of large, large signal, simple front-end electronics, good time and
spatial resolution. Scintillator strips are another attractive technology for compact and rigid
modules with 1-D and 2D readout strip arrays. The required spatial resolution of 3 cm can

be achieved with 1 cm thick, 3 cm wide and 2-5 m long scintillator strips.
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Figure 3.11. The muon detection efficiency as a function of momentum for different numbers
of layers of muon detector (left), and the pion detection efficiency as a function of number
of layers for different momenta (right) [21].
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3.9 DETECTOR MAGNET SYSTEM

The CEPC detector magnet system consists of a solenoidal coil and an iron flux yoke, Figure
designed to provide and axial magnetic field of about 3.5 T, homogeneous over the
tracking volume. The superconducting solenoid has a warm bore of 6.8 m [2I] in diameter
and 8.05 m in length. The iron yoke is made up of barrel and end-cap components. It
provides magnetic flux return, accommodates the installation space for the muon detector

and serves as the main support structure for the CEPC detector.

End-caps Barrol yoke

T240

§

e —2 — —1 —

rd
Salenoid \
Semadule coll [4 layers) Cryastat vacuum tank

i

1810

6983 5863 4143 2350 ofiP}

Figure 3.12. The CEPC detector magnet system [21].
For the baseline design five modules with three long sectors each 1.8 m long in the middle
and other two short sectors each of length 1 m on either end, are used. The modules are

mechanically and electrically connected. They have thermal shields and are supported by

tie-rods inside the vacuum tank.
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CHAPTER 4

MONTE CARLO SIMULATION
4.1 INTRODUCTION

In this chapter, the sequence for the data analysis using Monte-Carlo (MC) method is de-
scribed. The details about the signal and background data samples for our study are given.

A small section at the end is dedicated to describe how muons are identified at the CEPC.

4.2 DATA ANALYSIS

From the standpoint of data analysis, an event is represented by a set of physics objects,
arising from physics interactions, organized in data structures containing information we rely
on to analyze and identify the physics [27]. An event is essentially a sequence of numbers,
related to the responses of the detector cells. The real data events are acquired by the
Data Acquisition System (DAQ). It is however, very useful to have samples of simulated
MC events. The sample of events are stored in a data storage system. The reconstruction
program transforms these information in higher level quantities, like energies, momenta,
multiplicities and so on. For our analysis we are interested in studying specific reactions, so
that we want to select only events corresponding to the final state of those reactions [27].
We have to define a procedure, called selection that loops on all events and decides whether
to accept or to discard each of them. At the end of the selection what is left is a sample
of candidates. In particular, we need two categories of simulated events: the signal events
(namely the complete simulation of the final states corresponding to the reaction we want to
study) and the background events (namely all those categories of events that are not due to
the reaction we want to study but that have similar characteristics of those we are looking
for) [27]. Figure shows the CEPC simulation, reconstruction software and data analysis

chain.
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Figure 4.1. CEPC simulation, reconstruction software and data analysis chain.

4.3 DETECTOR SIMULATION AND SOFTWARE CHAIN

The simulation of the CEPC detector makes use of the ILC software chain. CEPC uses
iLCSoft [28], the standard software chain for the linear collider studies, as the software
framework for its simulation studies. iLCSoft provides a uniform data format, common data
management services and rich reconstruction/analysis functionalities. Dedicated software
tools have also been developed, including the CEPC fast simulation tool and a general physics
analysis framework. In addition, GuineaPig [29] is used to generate the beam background
and beam energy spectrum. The CEPC detector simulation studies follow three major steps:
generation of physics events, simulation of detector response and reconstruction of physics
objects. Higgs signal and SM background processes are simulated with a dedicated event
generator, WHIZARD [30], 31, 32]. In addition, MADGRAPH [33],[34] and PYTHIA [35], 36]
have been used to generate samples for Higgs exotic decay studies. The event generators
are interfaced to Mokka [37] /GEANT4 for detector simulation. Geant4 (for GEometry

ANd Tracking) is a platform for “the simulation of the passage of particles through matter”
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using the MC methods. Reconstruction of conceptual detector geometry has been fully

implemented and validated.

4.4 PHYSICS EVENT GENERATION

WHIZARD is the universal MC event generator program that automatically computes com-
plete tree-level matrix elements, integrates them over phase space, evaluates distributions of
observables, and produces (a set or sequence of items) by performing specified mathematical
or logical operations on an initial set unweighted event samples which are ready to be used
directly in detector simulation [30} B1]. Using current hardware, the program has success-
fully been applied to hard scattering processes with up to eight particles in the final state,
it is not limited by any process complexity. The spin and color correlations are retained as
the matrix elements are computed as helicity amplitudes. Along with the SM, the MSSM,
and many alternative models such as Little Higgs have been put in effect [30]. Anomalous
couplings, or effects of extra dimensions or noncommutative SM extensions have been ap-
plied. WHIZARD produces complete physical events and covers physics at hadron, lepton,
and photon colliders, using standard interfaces to PDF, beamstrahlung, parton shower and

hadronization programs.

4.5 DETECTOR SIMULATION

Mokka is a full simulation package using Geant4 for a realistic description of a detector for
the future collider which was first developed for TESLA project in Europe [37]. The Mokka
current release is able to simulate several detector pieces like TPC, VXD, SIT, FTD, etc..
It can simulate the electromagnetic calorimeter by simulating energy deposition in sensitive

volume.
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4.6 DIGITIZATION

Digitization is a simulation of the electronics response to the incident particles. It is an
essential part of the full simulation. Digitization should simulate all the important response
of detector, namely efficiency, dead time/dead zones, fluctuation, noise, pedestal, etc.[21].
It should have a very good understanding of the physics and mechanism of detection. The
current CEPC studies use the default digitisation modules in iLCSoft. More realistic digi-
tization should be pursued in future studies. The digitized hits are then reconstructed into

physics objects.

4.7 EVENT RECONSTRUCTION

The granularity of calorimeter has been refined for future collider experiments such that the
sub structure of showers especially hadronic showers can be recorded to a high precision
[38]. Following the idea that shower follows the topology of the tree, the Arbor program was
developed, as a Particle Flow Algorithm framework. The idea under this clustering algorithm
is based on the topological development of hadronic showers in high granularity sampling
calorimeters. The objective of this algorithm is to use the energy deposits in calorimeters as
vertexes to connect and thus create an oriented tree-topology. Tested on both simulated data
and test beam data, it can successfully separate nearby showers. The objective jet energy
resolution at the ee™ machines is usually referred to as 3% of relative accuracy, roughly
improved by a factor of two than that achieved at ALEPH and CMS [39, [40]. Such accuracy
is needed to distinguish the Z boson from W boson in their hadronic decay mode, while it

also provides a much better separation between the Z boson and Higgs boson [38].

4.8 FULL AND FAST SIMULATION

Large MC data sets for the the modeling of background processes, estimation of systematic

effects, and the study of rare processes with small cross sections are required for physics
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analysis. This MC production to the finest simulation detail is usually a very CPU-intensive
task [41]. The high demand for MC samples rises further as the recorded luminosity at the
CEPC, and hence the amount of detector data to be analyzed, increases over time. So, full
and fast detector simulation techniques have been developed to achieve the goal of large-scale
MC production within the computing limits of the experiment. The geometry of the detector
is complicated, the use of Geant4 simulation slows the many physics studies, so a faster sim-
ulation method is required [41]. To achieve this, several fast simulation techniques have been
developed to complement the full Geant4 simulation. To simulate the progression of particle
showers traversing the calorimetry, largely produced by the electromagnetic particles such
as electrons and photons, which cause large secondary particle cascades in the complex elec-
tromagnetic calorimeter take almost 80% of the full simulation time with Geant4. The fast
simulation software speeds up this slowest part of the full simulation by replacing low energy
electromagnetic particles in the calorimeter with frozen showers which are pre-simulated and
stored in memory as libraries [41]. All Higgs signal and part of the leading SM background
samples have been processed with full simulation and reconstruction [43]. The rest of SM
backgrounds is simulated with a dedicated fast simulation tool, CEPCFS [21], where the
detector acceptance, efficiency, intrinsic resolution for different physics objects and identifi-
cation efficiency are taken into account. To cross-check samples that were simulated for ILC

studies are used as a cross-check [42].

4.9 MONTE CARLO PRODUCTION

The MC samples used for analysis are generated by CEPC simulation group (Dr. Mo and
Dr. Li) using the version 1.95 of the event generator WHIZARD [42]. The reference for this
chapter for the most part is, “Physics cross sections and event generation of electron-positron

annihilations at the CEPC” by X. Mo et al. [42]. Figure shows the cross sections of

major SM processes.
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Figure 4.2. The cross sections of major processes of SM [42].
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The signal sample was fully simulated with Mokka package, based on the GEANT4
framework, and reconstructed with Arbor in MARLIN framework. The Initial-State Radia-
tion (ISR) effect is included in the simulation. The beamstrahlung effect is studied in both
present and absent scenarios. The unified luminosity is 5 ab=!. The cross-sections of the
signal and background at 250 GeV are shown in the Table [4.1] The background samples are
reconstructed using fast simulation [42]. The samples are stored at the IHEP linux machine

(Ixslc6.ihep.ac.cn) in the path /cefs/data/stdhep/.

Invisible

Figure 4.3. Feynman diagram contributing to the signal event.

4.10 SIGNAL EVENT TOPOLOGY

In a signal event, an electron and positron collide, annihilate and produce a Z boson with
a Higgs boson, H, recoiling against it. The Z further decays leptonically to two oppositely

charged muons and H decays invisibly. Figure shows the Feynman diagram.

4.11 SIGNAL SAMPLES

The signal sample consists of Higgs which decays to invisible via and Z decays into oppositely

charged muons. The samples generated with WHIZARD undergo full detector simulation.
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Table 4.1. The information of the signal sample.

Cross- Event Event Ratio
section
Mode [fb] Expected | Generated
ZH 7.10 35849 100000 2.79
Z — ptp”

4.12 BACKGROUND

The processes that are source of di-muon other than the Higgs-strahlung process, comprise
the background. For our analysis we consider two fermion and four fermions processes
which are further classified as described below. More than four fermions is not considered,
as the cross-section of having more particles at this energy (250 GeV) of CEPC is small.

Background samples are prepared using fast simulation.

4.12.1 TWO FERMIONS

The direct di-muon conversion process, the di-tau and the di-quark processes which decay
into muons, make the two fermion backgrounds for my analysis. Table lists the cross-
sections, number of event expected, number of event generated and the “ratio” for the two
fermion background processes. Figure 4.4] shows the Feynman diagram contributing to such
processes.

Event Generated

Ratio = 4.1
ato Event Expected (4.1)

4.12.2 FOUR FERMIONS

The source of the four fermion processes are the combinations of the intermediate Z and

W bosons. They are classified into the following categories. The cross-sections, number of
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Figure 4.4. Feynman diagram contributing to two fermion backgrounds.

Table 4.2. The cross-sections, number of event expected, number of event generated and the

ratio for the two fermion background processes [42].

“? T’q

Cross- Event Event Ratio
section

Mode [fb] Expected | Generated

qq 49561.3 2.5E+08 2.5E+08 1

L 4967.58 25086253 25086255 1

TT 4374.94 22093447 22093445 1

event expected, number of event generated and the ratio for the four fermion background

processes are listed in Table[4.3] Figure [4.5 shows the Feynman diagram contributing to the

background events.

e 77- The particles in the final states of “ZZ” samples are combinations of particles with
same flavor in principle, as the Z boson can be considered as a particle composed of
fermion and anti-fermion with the same flavor for example. They are further classified
into hadronic, leptonic and semi-leptonic reactions depending on their decay modes.
The leptons in this case are the muons and the tauons as the electrons are considered

separately in the single Z process. Its cross-section is listed in Table [£.3] Figure [4.5a

show the Feynman diagram contributing to ZZ process.

e WW-These are W-pair production via a Z, s-channel, through triple gauge coupling or

t-channel via neutrino. The outgoing W bosons decay to lepton and their accompanying
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(a) Feynman diagram of the ZZ pro- (b) Feynman diagram of the WW
cess. process.

Figure 4.5. Feynman diagram of backgrounds.

neutrino or the flavor changing quarks for various processes. Unlike the Z boson, W
boson can be thought to be composed of two quarks with different flavors, therefore the
“WW” samples contain the flavor changing processes, for example. Its cross-section
is listed in Table Figure |4.5b| show the Feynman diagram contributing to WW

process.

Single Z -Meanwhile, if there are an electron-positron, or electron neutrino pair, and a

Z boson in the final state, this case is named as “Single Z”. Its cross-section is listed

in Table [4.3]

Single W- If there are electron-positron together with its neutrino and a W boson in

the final state, this type is named as “Single W” process. Its cross-section is listed in

Table 4.3

Mixed - are processes in which the final particles can come from either ZZ or WW

process, these are referred as “ZZorWW?” process. Its cross-section is given in Table

4.3l
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Table 4.3. The cross-sections, number of event expected, number of event generated and the
ratio for the four fermion background processes [42].

Cross- Event Event Ratio
section
Mode [fb] Expected | Generated
77 1095.84 5533990 5711445 1.032066
WWwW 8836.41 44623914 44794678 1.003827
SingleZ 1561.79 7887056 7913405 1.003341
SingleW 3437.93 17361537 17361538 1.00
ZZorWW | 3559.99 17977937 27333536 1.520393

4.13 MUON IDENTIFICATION

Muons are identified by their ability to penetrate through all the detector components, from
tracker to calorimeters, where they ionize and lose small portion of its energy mainly through
ionization and then being able to reach the muon detector [43]. The stepper (the algorithm
that accounts for the effects of the loss of energy by charged particles due to ionization and
the effect of magnetic field inside the detector) initiates with a particle at the interaction
point, IP, and it calculates in stages the particle trajectory throughout the detector. There
is uniform axial magnetic field B up to the coil. Due to the q (vxB) term the momentum
components px and py undergo changes, whereas due to the energy loss dE/dx in material,
all the components of particle momentum reduced. Muons may be produced within jets, an
efficient algorithm to deal with the identification and separation of particles within jets is
important for many of the physics processes of interest.

A large amount of hadron-induced showers produce charged particles that reach the muon
detectors and are wrongfully classified as muons by the muon identification algorithm. By
utilizing the patterns of hadron showers in HCal compared to the minimum ionizing signals
left by muons, these false muon identification can be reduced.

Single muons can be easily identified due to the following two main characteristics: 1) In

all sub-detectors, the muon leaves a repetitive pattern (1 to 2 hits per cell) . 2) The muon
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travels without any strong interations through the sub-detectors. The hadrons do not show
these properties typically. Hadrons characteristically interact in the innermost layers of the
hadron calorimeter, due to which, they dont reach the end of the hadron calorimeter. An
interacting hadron exhibits a set of hits that usually ends in a splash followed by no hits
[43].

These factors are implemented into the algorithm in terms of hits per layer in HCal and

muon detector and maximum muon identification efficiency is achieved.
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Figure 4.6. Particle Identification performance at the CEPC [21].

CEPC achieves a muon identification efficiency of 97% for muons with momentum greater
than 7 GeV/c and pion mis-identification is less than 0.25% (decays in flight) [43]. Figure

[4.6] shows the particle identification performance at the CEPC.
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CHAPTER 5

ANALYSIS OF SIMULATED DATA
5.1 INTRODUCTION

In this chapter the event kinematics of the recoil mass method is described. The details

about the variables we have used for our analysis are given.

5.2 EVENT KINEMATICS

We search for the invisible decays of the Higgs using a recoil mass technique in a model
independent way. At the CEPC, we will know the initial momenta of the e*e™ system, and
the four momentum of the Z is measured from the di-muon, from which we can reconstruct
the Higgs mass: the invariant mass is calculated using the energy and momentum of the
decay products of a single particle and is equal to the mass of the particle that decayed,
from the conservation of energy and momentum. Thus the mass of a mother particle can
be calculated. The Z is reconstructed using invariant mass measurement of its p*pu~ pair.
The Higgs mass is then reconstructed as the recoil against fully reconstructed Z mass. To
accomplish this, muons coming from the signal process need to be identified, this is done
through cut-based analysis or a TMVA based selection, and well measured. Some beneficial
kinematics associated to the Higgs-strahlung process are the energy and momentum of the
Higgs boson and the Z boson [44]. Using the center of mass energy /s =250 GeV, Mz=91.2
GeV, My=125 GeV they can be calculated easily in the laboratory frame and are given by

treating the problem as a two body decay.

s — Mz + M3

Ey =
H 2 /5

S—M?{ﬁLM%

E, =
z 25
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Vs = (My + My)?] - [s — (My — My)?]
2v/s

| Pl = [Pz] = (5.3)

Ey = 140 GeV

|Py| = |Pyz| = 62 GeV

Invariant masses of the Higgs and Z bosons, Myzand M respectively can be expressed
by,

M2 = E% — P (5.4)

MIQJ = Mzecoil =S5+ Mg - 2E’Z\/g (55)

Where E; and Py are measured from Z — pu*p~. Most importantly the My in equation
m gives the so-called Higgs mass, and the My is the Z invariant mass [44]. The possi-
ble minimum and maximum momenta of the muons decayed from the Z, P{’fgm and Py’y*

respectively, can be calculated likewise.

, My |[Ez — |Py|
Py = ~ 24GeV 2.6
1T\ B+ [Py ‘ (56)
My |Ez+ |Py
Prye = ~ :
e 2\ 5=, 86GeV (5.7)

5.3 BACKGROUND REJECTION

To distinguish the p leptons coming from the background, we perform what is called the
background rejection procedure [44]. We identify kinematic variables that distinguish signal
from the background due to the underlying physics. We then apply cuts on them to suppress

background.
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Table 5.1. The Variables reconstructed at CEPC.

Name Comments

Run index of each run, is the number of files
contained by one xml file

Event index of each event, is how many
events each sample file contains

Weight weight of each event

ntrks number of tracks

nclus number of clusters

nPFOs number of PFOs

Pmax maximum magnitude of 3-momentum in
event

Emax maximum energy in event

nmuons number of muons, forced to be 2

nElec number of electrons passing electron selec-
tion

nMuon number of muons passing muon selection

nGamma number of photons passing photon selection

VisEn visible energy in event

VisPx visible momentum in x direction in event

VisPy visible momentum in y direction in event

VisPz visible momentum in z direction in event

RawAllMass visible mass in event2

MissingMass2 | square of missing mass

TotalP magnitude of 4-momentum of two muons,
which is equivalent to the invariant mass

TotalEnergy total energy of two muons

TotalPx total momentum in x direction of two muons

TotalPy total momentum in y direction of two muons

TotalPz total momentum in z direction of two muons

TotalPt total momentum in transverse direction of
two muons

Rrecol Recoil mass against muonl

Rcosl Cosine of muonl polar angle

Rreco2 Recoil mass against muon2

Rcos2 Cosine of muon2 polar angle

RMass12 Invariant mass of di-muons

Rrecol2 Recoil mass against di-muons

Rcos12 Cosine of the di-muon opening angle

Rcosphil2 The angle between the projected 3-vector of

two muons in x-y plane
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5.4 VARIABLES USED IN THE ANALYSIS

Variables used in the analysis are shown in Table

5.5 VARIABLES FOR THE SELECTION CRITERIA

First we recognize and describe the variables that can be used to differentiate signal from

the background sufficiently.

Number of Muons, nMuon: The number of muons in the signal process is two. So
events that have more than or equal to three muons, allowing the detector to make one
mistake, is used to eliminate background. Figure [5.1] shows the distributions of number of

muons for the signal and background.

Number of Track, ntrk: The number of tracks also should not be greater than two given
that the Higgs decays into invisible final state. However we allow one extra track to avoid
simulation error, the number of tracks is taken to be less than or equal to three. Figure

shows the distributions of number of tracks for the signal and background.

Number of Photons, nGamma: The number of photons should be zero, but allowing
one photon and requiring one or less than one photon is a very strong cut and eliminates a
significant amount of backgrounds. Figure [5.3|shows the distributions of number of photons

for the signal and background.

Transverse Momentum of the di-muon system, Prg,,: Higgs-strahlung result in a two
body decay in the final state, where both bosons gain equal transverse momentum which is
conserved by their decay products. In order to suppress background, a cut |Prg,;,| > 20 GeV
of the di-muon system is applied for the following reasons. Figure [5.4]shows the distributions

of up~ total transverse momentum for the signal and background.

o1



e Direct muon pair production are back to back and have no transverse momentum.

e For the decay from pair of 777~ or quarks, since the mass of tau and quarks are much
less than its momentum, the decay product will be in its direction. So the transverse
momentum of the di-muon decaying from the tau or quark pair production are softer,

so their cross-sections are maximized at cosf = +1.

e However in the case of WW conversion the transverse momentum variable is not very
efficient in distinguishing it from the signal, as muons are coming from different Ws

and the W mass is heavy, so the muons are isotropic.

e The 77 intermediate process distribution is also maximized at cosf = 41 and have

small PTdm .

Invariant Mass and Recoil Mass, M;,, and M,...,;: The di-muon invariant Mass is
very close to be the Z mass, and the recoiling mass is close to the Higgs mass. These are very
important variables because it is very unlikely that combinations of background processes
fulfill both conditions simultaneously. These are also useful in suppression of background
events of type ete™ — ptpu~ which are undergoing Final State Radiation. Figures
and show the distributions of p* ™ invariant mass and recoil mass for the signal and

backgrounds.

Cosine of the Z production angle, cosf: The Higgs-strahlung process is an annihilation
or s channel process, and its cross section has no angular dependency. Background processes
that are exchange or t channel process for example, ete™ — ZZ, diverges at # — 0 which
is the very forward region of the detector. Also, the cosf and Prg,, are correlated by the
formula, cosf = /1 — Iif’}j%’ so processes which have softer Prg, diverge at 6§ — 0,
and processes for which Prg, is uniform, cosf is uniform as well. Figure shows the

distributions of pu*u~ polar angle for the signal and backgrounds.
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Muon momentum P,+ ,- : Not very correlated to the Z recoil mass, correlation coefficient
= -0.1719. However, for the signal process the minimum and maximum muon momentum
are 24 GeV and 86 GeV, respectively. We will not apply any cut tighter than this. Selection
between 24 and 86 GeV. Figure [5.8shows the distributions of muon momentum for the signal

and backgrounds.

Visible Energy, F,;;: With an invisible Higgs in the signal events, the visible energy and
visible mass are close to the Z mass. The SM two fermion and four fermion background
processes carry large visible energy conversely. Figure [5.9 shows the distributions of visible

energy for the signal and backgrounds.

Cosine of muon decay helicity angle, cosf),.;: This variable is useful for the suppression
backgrounds from ZZ leptonic decays only. In the reaction, ete™ — ZH — (utp~)(H —
Inv) the helicity angle is the angle between the daughter, u* and grandparent, eTe™ in the
parent Z’s rest frame. Since the Z has spin one, the distribution of cosf;,; is quadratic. Figure
5.10| shows the distributions of cosine of muon helicity angle for the signal and backgrounds.

Figure shows the kinematic distributions of the ete™ — ZH — (Z — p*p~)(H —

Visible) background process. In the last three graphs|5.12} |5.13|and [5.14| correlation between

the ™~ momentum and their recoil mass, correlation between the g momentum and the
wtp~ recoil mass and correlation between the ptp~ polar and the helicity angle are shown,

respectively.

5.6 FIT OF THE Z PEAK

Z mass peak follows a Breit-Wigner shape at the generator level. When detector resolutions
introduce additional uncertainties, that is modelled with a “Gaussian”. Thus a Breit-Wigner
(for the inherent shape) convoluted with a gaussian (to describe the detector effects), is an

option for fit function. The fit result is shown in the figure [5.15
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CHAPTER 6

CUT BASED ANALYSIS
6.1 INTRODUCTION

In this chapter we describe the cut based analysis. We describe the detection efficiency for
H — invisible signal, significance and statistical uncertainty on the Higgs signal and how

they are calculated.

6.2 CUT BASED REJECTION AND OPTIMIZATION

We apply cuts, numerical limits on the kinematic and geometric variables and detector
response. The selection consists of a set of cuts, and is presented by tables and plots that
are referred to as “Cut-Flows” in this dissertation.

We apply cuts on these variables. The selection procedure is laid out as a sequence of
cuts [27]. In order to have the largest possible signal event content in the H — invisible
sample while keeping a low background level a score function is defined. If N is the number
of events selected, that is the sum of S and B, the number of signal and background events

respectively, so that our best estimate of S is,
S=N-B (6.1)
The uncertainty in the signal is given by,
0%(S) = o*(N) + o*(B) (6.2)

Considering Poisson fluctuation for N, 0%(N) = N and uncertainty in average estimation of

B negligible for large Monte Carlo sample,

o*(S) = N; (6.3)



We introduce a score function,

s s 5
o(S) VN S+B

(6.4)

This quantity in equation [6.4] gives us the number of standard deviations away from 0 of
the signal, a quantity that should be as large as possible, so that it is a good score function

for our purpose, a function that we will maximize [27].

6.3 DETECTION EFFICIENCY

The fraction of produced signal (Higgs) events passing a set of cuts is defined as the efficiency
(€) of the cuts [27]. The efficiency is used in the calculation of the branching fraction and in
the calculation of the upper limit, of the Higgs signal. Efficiency is calculated through the
Monte Carlo study. From the total number of Monte Carlo events generated, the percentage
of events selected by the cuts gives the efficiency. We have made the following selections for

the above described variables:

e number of muons,(nMuon) <= 3,

e number of tracks, (ntrks) <=3,

e number of photons,(nGamma) <=1,

e di-muon invariant mass, (RMass12), lies between 85 GeV and 95 GeV,

e total transverse momentum of the di-muon, (Total Pt) is between 40 GeV and 65 GeV,

e cosine of di-muon polar angle, (Costheta) is between (-0.8, +0.8) and

e visible energy, (VisEn) is between 100 GeV and 120 GeV.
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6.4 SENSITIVITY

The sensitivity which is the uncertainty on the signal cross section [46] 47, [48] [49] 50, 51].

vVNg+ N
do = yis+ N5 _ BR(H — inv.)
N OsM

OBSM

(6.5)

where opgys stands for the Beyond the Standard Model cross-section and og), stands for the
Standard Model cross-section in the eTe™ collider in the best possible way. In the case for
which the Higgs boson decays entirely to the invisible mode, sensitivity is the ratio between
the non-Standard Model cross-section and the Standard Model cross-section. The goal is to
find this ratio with 5 ab™! of CEPC fully simulated MC data with Higgs mass of 125 GeV.
The limit on the sensitivity for the invisibly decaying Higgs will also be calculated. The
statistical uncertainty is given by /Ng + Np [46], 47]. % is the uncertainty on the
signal cross-section.

Tables [6.1] and list the cuts used; the events passing the cuts; the efficiency for the
signal and survival rates for the background. The H — Invisible efficiency is (56 £ 0.22)%.
The background survival rate is estimated to be (0.01 4 0.0002)% for the combined SM

backgrounds used in this work. If the initial number of events is Ny and the final number

after the selection is Ny the statistical uncertainty is given by,

<=

Stat.Unc. = (6.6)

0

A fit is performed for the signal (Crystal Ball function) and background (Polynomial).
The selected events are shown in the Figures 6.2 A simple Crystal Ball function does not
adequately describe the Higgs signal in terms of the recoil mass against the Z boson. So for
the signal and background, a Piece-Wise function that match the histogram of the Higgs
signal in Z recoil mass distribution, referred to as HistPdf is used. From the fit the number

of signal and background events are obtained. Figures [6.3], (6.4}, [6.5] show the fit results. The
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Table 6.3. Uncertainty on the branching ratio for BR(H — Invisible)=0%, 0.1%, 1%, 5%

and 10%.

Input BR | Nsig (without | Nbkg (with- | Nsig (with fit) | Nbkg (with | BR(H —Inv.)
(%) fit) out fit) fit) +opr(%)

0 0 13239 0t 13238 £123 | 0.0079:23

0.1 18 13239 16512 13242 £ 124 | 0.087923

1 184 13239 191 + 48 13234+ 124 [ 1.00£0.25

5 924 13239 879 + 60 13286 + 127 | 4.62 £0.32

10 1848 13239 1764 + 71 13324+ 129 [ 9.26 +0.37

Table 6.3 shows the number of signal and background event with and without the fit. The

BR and its uncertainty are obtained using the formula given by,

_ Nyt
NZH X BR(Z — /ﬁ/ﬁ) X 5sig’

BR (6.7)

where Ny;; is the number of signal events obtained from the fit, Nz is the total number of ZH
events obtained with the integrated luminosity of 5 ab™! and is equal to 10°. BR(Z — p*u™)

the Z to dimuon branching ratio is (3.440.007)%, and £, is the signal efficiency (56+£0.22)%.

B ANy
"~ Nzu X BR(Z — ptp=) X eg4’

OBR (6.8)

where ANy;; is the error on the number of signal events obtained from the fit.
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Figure 6.3. Fit result for BR(H — invisible)=0% and 0.1%.
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CHAPTER 7

MULTIVARIATE ANALYSIS WITH TMVA
7.1 INTRODUCTION

This chapter describes the details of the TMVA (Toolkit for Multivriate Analysis).

7.2 TMVA

TMVA serves to the demands of the high energy physics applications by providing a ROOT
integrated machine learning platform for the processing and parallel evaluation of multivari-
ate classification and regression techniques [52]. Classification is categorization and is used
in the separation of signal from background processes. Regression finds the value of the
parameters of a function, in terms of input variables which is later used for the prediction

of the response.

7.3 EVENT CLASSIFICATION AND MULTIVARIATE ANALYSIS

We restrict to just two types or classes of data in our sample the signal and the background.
Let x1, 2o, ...., zp be a set of discriminating variables, we find the decision boundary to select
events of the type signal. The boundaries may be rectangular cut or linear, in which case
they are low variance, high bias or non-linear which is high variance and small bias class
boundary [52].

Multivariate analysis is finding a mapping of D dimensional feature space to a one dimen-
sional output y(x), where z represents the set of input variables 1, xs, ...z p. The variable
y(x) is called the discriminating function. The normalized distribution of y(z) give the prob-

ability density function, PDF, for the signal and background. If f, and f, are the fraction

fsPDF,
fsPDF,+ [ PDFg’

of signal and background events in the sample then is the probability of an

event being a signal type.
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7.4 EMPLOYING TMVA FOR MULTIVARIATE ANALYSIS

The TMVA involves three stages of analysis. I) Pre-analysis, II) the training and III) the
application. The pre-analysis stage consists of preparing the ROOT files containing a true
signal sample for event classification. A set of baseline selection cuts are made on these files
to reduce the background to a manageable level. Decision needs to be made on the analysis
type which can be either classification or regression type. In our case, it is classification.
Discriminating variables have to be determined and a minimum of two input variables is
required. The TMVA method used for the analysis is required to be selected from all the
options provided by the toolkit [52]. The training can be done inclusively with the sum of
all the backgrounds as a combined background and a signal sample, or exclusively with just
one background type at a time and a signal. The TMVA method is decided, in our case it is
the Boosted Decision Tree Gradient (BDTG) technique [52]. Well motivated input variables
with small correlation should be used. Training with many variables is time consuming and
highly correlated or non-discriminating variables lead to failure in the achievement of a good
result by the method. Some methods give a ranking of the variables which depend on the
method used. They may not be optimal. The optimal selection on the MVA output is the
S

selection for which the significance, 7578 is maximum. S and B are the number of signal

and background events, respectively.

7.5 BOOSTED DECISION TREE

Decision Trees: We discuss the BDT, which is one of the methods implemented in TMVA.
To choose and determine the events out of the sample as either signal or background succes-
sive decision nodes are used. Each node uses only a single discriminating variable to judge if
the event is signal-like or background-like. A structure that looks like a tree is formed with

“containers” at the end (leave nodes).
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In Boosted Decision Trees, a set of decision trees (ensemble) are derived from the same

sample. Figure [7.T]illustrates a decision tree.

Root
node
/ \.
xi >cl xi<cl
VAN VAN
Xj>c2 xj=c2 Xj>c3 x<c3

e _ 4 N
B S j__ S
/\

xk>c4 xk<cd

F N
B S

Figure 7.1. Illustrating the decision tree.

Training is the process that defines the “cut criteria” for each node of a decision tree.
The training starts with the root node. Once a certain node reaches either a minimum
number of events, or a minimum or maximum signal purity the division concludes. Based
on how many signal or background events from the training sample the leave nodes contain
they are called “signal” or “background”, respectively. Weights tell us which events are
important to get rightly classified in the next iteration. The signal events from the training
sample, that are wrongly classified i.e., they end up in a background node (contrariwise) are
given a higher weight than events that are in the correct leave node. The outcome of which

is a re-weighed training event sample, from which a new tree emerges. The boosting can be
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applied several times (typically 100-800 times), in my study it is 300, this generated a group
of decision trees, the forest of trees [52].

A test event is fed through an individual decision tree that results in a classification of
the event as either signal or background. This process is called Testing. A “likelihood”
estimator is obtained based on how often an event is classified as signal or background when
it is fed to the whole set of decision trees consecutively. This estimator value is then used
to select the events from an event sample, and the value of the cut on this estimator defines

the purity and efficiency of the selection.

7.5.1 SPLITTING CRITERION: ENTROPY AND INFORMATION, GINI
INDEX

Entropy is a measure of disorder or unpredictability of an event sample and depends on the
probability of the outcomes of the events in the sample.

The entropy Hen(x) is given by

Hene(x) = Xp(x) log(1/p(x)), (7.1)

where x is one of the outcomes and p(x) is the probability of that outcome. The sum is over
all the outcomes. There can be two outcomes, the signal or background. The more desirable
the decision stump or selection criterion the higher the information gain. Similar to entropy

is the gini index and is given by

Hen(2) = Ep(2)(1 — p(x)) (7.2)

It measures how frequently a randomly selected element from the set would be wrongly
classified if in the subset, it was randomly labeled according to the distribution of labels.
By adding the probability p(z) of an item with label x being chosen times the probability
1 — p(x) of a mistake in categorizing that item, gini impurity can be computed. When all
cases in the node fall into a single target category, gini index is zero. Thus it measures the

purity of the events in a particular node of a classification and regression tree (CART).
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7.5.2 ADA BOOST AND GRADIENT BOOSTING

In a classication problem, misclassied events are multiplied by a common boost weight «.
From the misclassication rate, error, of the previous tree, a = % the boost weight is
derived.

Renormalization of the weights of the entire event sample makes the sum of weights
remain constant. We define the result of an individual classier as h(x), with (x being the

tuple of input variables) encoded for signal and background as h(z) = +1 and 1, respectively.

The boosted event classication ypes: () is then given by,

1 N&nsemble

Yoost (L) = In o, - hy(x) (7.3)

Nensemble &

where the sum is over all classiers in the ensemble. Background-like (signal-like) event
is indicated by small (large) values for yp.ost(z). Equation represents the standard boosting
algorithm.

AdaBoost [52] based on exponential loss, L = ef(®¥ where F(z) is the model response
and y is the true value, is the most popular boosting method. In the presence of outliers or
mislabelled data points, however, exponential loss lacks robustness. For this reason, in noisy
settings, the performance of AdaBoost is expected to degrade.

The GradientBoost algorithm attempts to solve this problem by using a binomial log-
likelihood loss L(F,y) = In(1 + e~2F@¥) which is more robust and does not give up on the

good out-of-the-box performance of AdaBoost.

7.6 MULTIVARIATE ANALYSIS WITH BDT

The BDT method is used for the multivariate analysis of Higgs to invisible decays in this
dissertation. The BDT are first trained with the MC samples. Higgs to four neutrino (invis-

ible to CEPC detector) sample is used for the signal training and the total SM backgroud
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is used for background training. The event selection before the training has an influence on
the training. This is studied first. A baseline event selection is used to which the BDT cut
is added for different Higgs to invisible branching ratio scenarios which are 0%, 0.1%, 1%,
5% and 10%.

7.6.1 PRESELECTION OF EVENTS

The event selection influences the shape of the distribution of variables. After the event
selection the background is enriched with signal-like events, and the background shape be-
comes more signal-like. Thus the seperation of signal from background becomes onerous.
Therefore training is done with loose event selection inspired only by the triggers that have to
be used. This is verified by the background rejection versus the signal efficiency graph called
the “ROC” (Receiver Operating Curve) obtained after the training using two pre-selections,
selection 1 and selection 2. The ROC is the best plot to estimate the discrimination power
[52]). Figure shows the background rejection versus the signal efficiency for the two sets
of selections. Higher the area of the curve, better the discrimination power. The area of

ROC for selection 1 is 99.27 while that of selection 2 is 79.11. Selection 1, loose cut are,

number of muons,(nMuon) <= 3,

number of tracks, (ntrks) <= 3,

number of photons,(nGamma) <=1,

e di-muon invariant mass, (RMass12), lies between 80 GeV and 100 GeV,

total transverse momentum of the di-muon, (Total Pt) is between 30 GeV and 75 GeV.
Selection 2, tight cut are all the selection from cut-based analysis.

e Number of muons,(nMuon) <= 3,
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— Selection 1-Loose cut

—— Selection 2-Tight cut

R

Qgckg réejec@n (1-eff)

0.3

0.2

0.1

II\‘III\‘III\‘II\\‘II\\‘IIH'IIH'I\Hll\HlIHI
01 02 03 04 05 06 07 08 09 1
Signal eff

o

Figure 7.2. Figure showing the background rejection versus the signal efficiency for the two
sets of selections.

e number of tracks, (ntrks) <= 3,

e number of photons,(nGamma) <=1,

e di-muon invariant mass, (RMass12), lies between 85 GeV and 95 GeV,

e total transverse momentum of the di-muon, (Total Pt) is between 40 GeV and 65 GeV,
e cosine di-muon polar angle, (Costheta) is between (-0.8, +0.8) and

e visible energy, (VisEn) is between 100 GeV and 120 GeV.

7.6.2 TRAINING AND TESTING OF BDT

The BDT was trained with five discriminating variables. The variable distributions are
shown in the Figure
The Figure [7.4] shows the BDTG response for the training sample. The background

events have smaller BDTG value. The selection efficiencies and the optimal cut value are
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Figure 7.3. Variable distributions after preselection.
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Figure 7.4. BDTG response of signal and background.
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shown in the Figure [7.5] The BDTG cut value greater than 0.7815 is required which is
obtained from the significance curve shown in the Figure For 0%, 0.1%, 1%, 5% and
10% Higgs to invisible branching ratios, the BDTG cut value is stable and does not change.
The logarithm of significance versus BDTG cut graphs for the 0.1% and 100% are shown in
the Figures [7.6) and

Cut efficiencies and optimal cut value

Signal efficiency | ——— Signal purity
gnal etheiency  —— Signal efficiency*purity
\2*¢ :g.]],"[pg: {S+B}/B}-S}}

——— Background efficiency

™ @
g 0.0%
S [
e 0.08
5‘ 08 0.02
c
3 | 0.06
£ 06 005
[ 0.04
04
0.03
0.2 For 25 signal and gH0-backzround - 0.02
| c\cuh_mcma.\.mmml.";_ loall 0.01
0.0887 when cuttng at 0.7815

0_1 -08 06 04 02 0 02 04 06 08

Cut value applied on BDTG output

Figure 7.5. Selection efficiencies and optimal cut value for the BDT.

7.6.3 APPLICATION OF BDT RESPONSE

After aquiring the trained classifier from the training and testing phase it is applied to an
unknown data sample for classification as signal and background. A signal and background
sample thus obtained is further used for analysis. A fit is performed on the recoil mass
spectrum. It is noted that the background shape changes after the BDT cut as shown in
the Figure[7.8 For the signal, a Piece-Wise function that match the histogram of the Higgs
signal in 7 recoil mass distribution, referred to as HistPdf is used and the background is

modelled by a Chebyshev polynomial. From the fit the number of signal and background
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Figure 7.6. Optimal cut value for BR(H — Invisible)= 0.1%.
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Figure 7.8. Background shape before and after BDT cut.

events are obtained. Figures [7.9] [7.10] show the fit results. The Table [7.1] shows the
number of signal and background event with and without the fit. The BR and its uncertainty

are obtained using the formula given by,

Nyt

BR =
NZH X BR(Z — /ﬁ/ﬁ) X 5sig’

(7.4)

where Ny;; is the number of signal events obtained from the fit, Nz is the total number of ZH
events obtained with the integrated luminosity of 5 ab™! and is equal to 10°. BR(Z — pu*u™)
the Z to dimuon branching ratio is (3.4 & 0.007)%, €44 is the signal efficiency (44 £ 0.22)%.

The fraction of background surviving the selection is (0.05 £ 0.0004)%.

B ANy
" Nz x BR(Z — ptum) X gy

. (7.5)

where ANy;; is the error on the number of signal events obtained from the fit.
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Figure 7.9. Fit result for BR(H — invisible)=0% and 0.1%.
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Table 7.1. Uncertainty on the branching ratio for BR(H — Invisible)=0%, 0.1%, 1%, 5%,

10%.
Input BR | Nsig (without | Nbkg (with- | Nsig (with fit) | Nbkg (with | BR(H —Inv.)
(%) fit) out fit) fit) +opr(%)
0 0 14486 038 14500 + 126 | 0.007%%
0.1 15 14486 15532 14498 £ 126 | 0.097923
1 147 14486 129 + 40 14506 £ 127 0.86 + 0.27
) 734 14486 715+ 51 14506 £ 128 4.75+ 0.34
10 1467 14486 1447 £+ 62 14508 £ 130 9.61 +£0.41
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Figure 7.11. Fit result for BR(H — invisible)=10%.
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CHAPTER 8

RESULTS
8.1 RESULTS

The efficiency for the Higgs to invisible decay selection has been determined using the cut
based analysis. The final selection has an efficiency of (56 + 0.22)%. The fraction of back-
ground surviving the selections is (0.01 £ 0.0002)%.

Using the TMVA approach, the final selection has signal efficiency of (44 £+ 0.22)%, the
fraction of background surviving the selections is (0.05 & 0.0004)%.

We determine the branching ratios corresponding to input sample values of 0%, 0.1%,
1%, 5% and 10%.

Systematic error due to the uncertainty on the BR(Z — p*p~) and the signal efficiency
obtained from TMVA is calculated. For the input sample values of 0%, 0.1%, 1%, 5% and
10% the (BR =+ dgg(stat.) &+ dpgr(sys.)) are, (0.000 £ 0.250 £ 0.0000)%, (0.090 + 0.250 +
0.0005)%, (0.860+£0.2704+0.0043)%, (4.75+0.340+0.0238)% and (9.61 +0.410 £ 0.0482)%,
respectively.

The upper limit on the branching ratio is 0.55% for 0.1% BR (SM case), at a confidence
level of 95%.

The two methods of data analysis presented in this dissertation, the cut-based and the
TMVA approaches, result in comparable precisions, and are recommended to be the dual
baselines for further study of the Higgs boson with the CEPC. Table [8.1] shows the compar-
ison.

The possible bias due to the fit procedure and the efficiency evaluation can be estimated
using statistically independent samples of the signal and the background, and will be per-

formed in future studies.
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Table 8.1. Comparison of Cut-Based analysis and Multi-Variate analysis results.

Input BR | Cut-Based TMVA

(%)
BR(H —Inv.) | BR(H —Inv.)
+55r(%) +55r(%)

0 0.00%5-23 0.0050-25

0.1 0.087923 0.0975:33

1 1.00 & 0.25 0.86 £ 0.27

5 4.62 £0.32 4.75+0.34

10 9.26 £0.37 9.61 £0.41
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CHAPTER 9

FUTURE STUDIES

9.1 FUTURE STUDIES

Study of H — Invisible can be further improved by future studies.

e Larger and fully simulated SM backgrounds will predict better background shape and

errors,
e better theoretical calculation,
e detector may be optimized for measuring H — Invisible study,

e other decay channels of the Z boson such as ete™, ¢gq can be added in the study of

H — Invisible to enhance the sensitivity,

e sources of systematic uncertainties will be further studied, reduced and accounted for

in future analysis.
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