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Summary

A search for HH production in the HH — 7777 final state is presented in the thesis
in the context of BSM physics where a spin-0 Radion (X) decays to a Higgs boson pair.
The HH production cross section in the SM is very small. Nevertheless, different BSM
theories consider either anomalous Higgs self-coupling or presence of a resonant particle
that decays to H H, that may lead to a significant enhancement of the production cross
section.

This analysis is performed using pp collision data recorded by CMS in 2016, which cor-
respond to 35.9 fb~!. The final states of HH — 7777 are selected to achieve the highest
S/B value. In this analysis, events where each of the Higgs bosons decays to a pair of tau
leptons and subsequently two tau leptons decay leptonically and other two decay hadron-
ically, are considered. Though the Higgs decay branching ratio to the tau lepton pair
is small, e.g ~ 6%, the absence of any b-jets in the final state reduces the background
contamination. These final states were further divided into opposite-signed (OS) and
same-signed (SS) channels based on leptonic decay of two OS or SS taus. This was done
keeping in mind that in the SS channels, the background contribution will be smaller com-
pared to the OS channels. Background contributions are estimated from MC simulated
events, except for the multijet contribution. The multijet contribution, where jets fake
Th, has been estimated using a data-driven technique. The contribution of multijet in the

signal region is extrapolated from the 7, anti-isolated region where one or two 73,s are fake.

124



The fake rate estimation method is validated in a region which is away from the signal
search region and good agreement is seen between the estimated and observed numbers.
No excess in data over the expected SM background contribution is observed in the signal
region. The 95% CL upper limits on o(pp — X) x BR(HH — 7777) has been calculated
where the observed limit is consistent with the expected one. The result has also been
compared with the other major search channels, namely, bbbb, bby~y, bbr, bW W . It has
been observed that the channel under consideration can be competitive with bbW W at
low mass. The sensitivity of the search is limited by statistics. With a lot more data
expected after LHC Run-IIT and eventually during the High-Luminosity LHC running
period, improved analysis techniques to separate signal and background and more robust

background estimation, the sensitivity of the search is expected to improve significantly.

A calibration procedure for the CMS HCAL and estimation of calibration constants using
2016 data has also been described in the thesis. Reliable estimate of the calibration con-
stants plays an important role in the measurement of energy of hadrons, jets as well as
missing transverse energy with high precision. Two different methods, namely iterative
and method of moments, have been discussed. In both the methods, either the mean
energy or the mean variance is equalized in all the segments along ¢ direction for a par-
ticular 1 segment utilizing the fact that the HCAL detector is symmetric in ¢ direction

and also the energy deposition from minimum bias events is ¢ dependent.

A simulation study using helicity angles sensitive to HH production to distinguish vec-
tor boson fusion process from gluon-gluon fusion process and use of the helicity angles in

CMS search for HH — bby~y has been presented.

125



Chapter 1

Introduction

Following the discovery of the Higgs boson by both A Toroidal LHC Apparatus
(ATLAS) and Compact Muon Solenoid (CMS) experiments in 2012, search for Higgs
boson pair (HH) production has become the main focus at the Large Hadron Col-
lider (LHC). The HH production cross section is small in the Standard Model (SM).
Different Beyond Standard Model (BSM) Physics consider either anomalous Higgs self-
coupling and top Yukawa coupling or presence of a resonant particle decaying to HH,
which may lead to enhanced production cross section of HH. In this thesis, search for
resonant H H production involving the decay of a spin-0 Radion (X), where each Higgs
boson decays to a pair of tau leptons and subsequently two tau leptons decay lepton-
ically and other two decay hadronically, has been studied for the first time in CMS.
gluon-gluon fusion (ggF') is the most dominant process of HH production, nevertheless,
it is also worthwhile to study the vector boson fusion (VBF) process, which has a cross
section 10 times smaller than ggF, but has a better signal-over-background ratio due to
the presence of two forward jets.

Chapter 2 describes the Standard Model of Particle Physics, discovery of the Higgs bo-

son and H H production in SM and BSM. The CMS detector and estimation of calibration



constants of the CMS Hadron Calorimeter are discussed in Chapter 3 and Chapter 4
respectively. Reconstruction of primary vertices, muons, electrons, tau leptons, jets in
CMS is discussed in Chapter 5. Chapter 6 presents a study of how ggf and VBF
processes can be separated using helicity angles and other variables using a multivariate
technique. A detailed description of the analysis of resonant HH search in the BSM
scenario is presented in Chapter 7. The final chapter presents a summary of the work

done.



Chapter 2

The Standard Model of Particle Physics

The Standard Model (SM) of particle physics describes three of the four known funda-
mental forces, namely, Strong, Electromagnetic and Weak interactions. The SM does not
include the Gravitational force. Each fundamental force is mediated by different vector
bosons. For example, Strong force is mediated by massless spin one gluons, Electromag-
netic force is mediated by massless spin one photons, spin one massive W and Z bosons
are mediators of Weak force, whereas quantum gravity is the theoretical framework that
attempts to describe the gravitational force where a hypothetical spin-two graviton is con-

sidered as the mediator of the force. Some characteristics of all the forces are described

in Table 1.1

Table 2.1: Range, relative strength with respect to strong force and mediators of four
fundamental forces.

Interaction Range | Relative strength | Mediators
Strong 107 m 1 gluons
Electromagnetic 00 1073 photons
Weak 107 % m 10~ W=, Z
Gravitational 00 1074 gravitons

The elementary particles are either bosons or fermions depending on their spin. Par-



ticles of half-integer spin are called fermions and follow Fermi-Dirac statistics. On the
other hand, particles of integer spin are bosons which follow Bose-Einstein statistics.
The Standard Model of particle physics contains 12 elementary fermions, plus their cor-
responding antiparticles, elementary bosons that mediate the forces as described earlier
and the Higgs boson. The 12 fundamental fermions are divided into 3 generations of 4
particles each. Half of the fermions are leptons, three of which have an electric charge
of —1, called electron(e™), muon (=) and tau (7). The other three leptons are neutri-
n0s (Ve,Vy,v;) which are the only elementary fermions with no electric or color charge.
The rest of the fermions are quarks : up, down, charm, strange, top and bottom. Each
type of quarks appears in three different color quantum numbers. Some of the properties

of all the elementary particles are presented in Figure 1.1.
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Figure 2.1: Elementary particles included in the Standard Model.

2.1 The Standard Model Lagrangian

The Standard Model is described by Quantum Field Theory (QFT) where the dynamics
of every field, which is a function of space and time, is described by a Lagrangian.

The Lagrangian should be invariant under Lorentz transformation as well as space-time



translation. To keep the Lagrangian of a given field invariant under a local transformation,
which is space-time dependent, a gauge transformation is performed where a new field
is introduced in the original Lagrangian. The new field is called gauge field and the

corresponding theory is known as Gauge theory.

2.1.1 U(1) QED Theory

The Lagrangian of a free Dirac field is described by

L= P—m) (2.1.1.1)
The above Lagrangian is invariant under the global transformation
) — ) = e Q%) (2.1.1.2)

where 6 is independent of space-time. However, under a local transformation ¢ — ' =
e¢@%=)q) where 6 is a function of space-time (x), the Lagrangian is no more invariant.
To keep the Lagrangian invariant under a local transformation, a covariant derivative is

introduced as,

D, = 8, +ieQA, (2.1.1.3)

where A, transforms in the following way

Al = A, +0,0(x) (2.1.1.4)

A, is the gauge field and the quantum of the corresponding field is photon. The full



Lagrangian for the ¢ and A, field becomes

_ 1 , _
L=y 0—m)y ~1 F,F'" —eQuvy'pA, (2.1.1.5)
free kinetic term interaction term

where the field tensor, F},, is defined by

F, = 8,A, — 0,4, (2.1.1.6)

The field theory with the Lagrangian as mentioned above is called Quantum Electrody-

namics (QED) which possesses U(1) gauge symmetry.

2.1.2 SU(3) QCD Theory

As in the previous case, the free Lagrangian for N Dirac fields having the same mass m

is given by

For example, in QCD k can represent the 3 color indices of the quarks. Like QED,

the above Lagrangian is invariant under global transformation

U0 =00 (2.1.2.2)
0
P

where, U = . and U, which is space-time independent, is a matrix that represents
ddg




a group element in the representation R of SU(N) and dp is the dimensionality of that
representation R. To keep the Lagrangian invariant under a local transformation where

U is function of space-time, the covariant derivative is defined as follows
D, =0, +igT,Aj (2.1.2.3)

where g represents the strength of the interaction and 7}, is the generator of the group.

These generators are non-abelian and follow the following algebra
[ To, Th) = i faeTe (2.1.2.4)
The gauge field Aj transforms in the following way
Al = A%+ 0,0%(x) + g farct () AS (2.1.2.5)

o

The full gauge invariant Lagrangian is given by

1
L=q( p—m)qg—~ GG — ggy"T.qAS, (2.1.2.6)
— 4 N—— S———
free kinetic term interaction term

where G, transforms as
G, = 0, A5 — 0,A% — gfac A A; (2.1.2.7)

Unlike QED, here G, contains quadratic terms of gauge fields due to the non-abelian
nature of the generators. This means that the gauge bosons, i.e. gluons in this case, are
self interacting and carry color quantum number unlike the photon. This field theory is
known as Yang-Mills Theory, after the names of the two physicists who first described

such theories. There are 8 different gluons which are mediators of Strong Interaction.



2.1.3 SU(2); ® U(1)y Electroweak Theory

While only the left handed neutrino (right handed anti-neutrino) is observed experimen-
tally, electrons, which are massive, can be observed both as left handed as well as right
handed. The left handed neutrino and the left handed electron can form a doublet under
SU(2) whereas the right handed electron behaves as a U(1) singlet, i.e the theory is
defined by SU(2), ® U(1)y representation where L defines the left chirality and Y is the
weak hypercharge, associated with the U(1) part. SU(2) has three generators while U(1)
has one generator resulting in a total of 4 gauge bosons which are defined by W; W

W2 for the SU(2) group and B, for the U(1) group. The gauge invariant Lagrangian is

given by
L = (D*p)1(D Yo wiw _Lp g 2.1.3.1
_( w)(uw)_z u'Va _Z pv ()
where
Dy =0, +ig=W* +igYB,
2 (2.1.3.2)
Wi, =0 Wg — W — gfascWIWS
01 0 —i
where 7’s are the Pauli matrices : , , . These fields are similar
10 0 0 -1

to Yang-Mills fields, i.e. the bosons are self interacting. ¢ and ¢’ are the coupling
constants for the SU(2) and U(1) groups respectively. As B, corresponds to the U(1)

group, it is similar to the field tensor introduced in Electrodynamics, i.e.

Buu = 8MB1/ - aqu (2133)

The interaction terms for the leptonic field with hypercharge value Y = —%, is given



+ erg' V" B,e(@.1.3.4)

1 (v _ >7M gW3—g'B, gW, —iW2) | (ve
9 L L

*Cint = 3
gW, +iW?) —gW3i—gB, | \eL
The £ can be decomposed into charged and neutral currents in the following way :

ﬁcc = —%(EL’}/“W;‘BL + EL’}/MWJVL)
(2.1.3.5)

1 1
Ly = _§5L7“I/L(9W,f —9'B.)+ §EL7“€L(9W3 +9'By.) +ery"g' Buer

where

WE— L

p ﬂ(Wj +iW?) (2.1.3.6)

Since W,* and B, interact with neutral particles, they cannot be the photon field which
has non-trivial interactions only with particles with non-zero electromagnetic charge and
hence should not have any interactions with the neutrinos. They can be expressed by a

linear combination of physical fields Z, (Z boson) and A, (photon) in following way :

Z, = cos GWWE —sinbw B,
(2.1.3.7)
A, = sin HWWE + cosOw B,
where 6y, called Weinberg angle, is defined by the relation
g/
tan Oy = = (2.1.3.8)
g

Using the above relation and identities involving the left (L) and right (R) projection

operators i.e L + R = 1, neutral current can be written as

9

g _
Loy.=——"——yWILvZ, + ———
vy “+20059W

" 2cos Ow ey (L -2 sin® Ow)eZ, + g’ cos OweryteA2.1.3.9)



The last term is equivalent to the QED interaction between electron and photon if

e = ¢ cos Oy = gsin Oy, (2.1.3.10)

2.2 Spontaneous Symmetry Breaking

If the Lagrangian of a system is invariant under certain transformation whereas the
ground state of the system is not, the associated symmetry is known to be spontaneously
broken. In QFT, the spontaneous symmetry breaking (SSB) occurs when there exists a
symmetric Lagrangian with degenerate and non-symmetric vacuum states. In case of the

Electroweak theory, SSB can be described with the following Lagrangian of a real scalar

field ¢
1 Lo A,y
L=T-V= i(am)(aw) — (5“ ¢o° + Zqﬁ ) (2.2.0.11)

which is symmetric under the transformation ¢ — —¢. The value of X is always positive;
otherwise it would not have any ground state. But there are two possibilities in the value

of p? as shown in Figure 1.2. If p? > 0, the first term in the potential represents the

,u2<0— ,u2>0 —————

Figure 2.2: Shape of the potential of Eq. (1.2.0.11).

mass term with m = /u. It p? < 0, the mass term gets a wrong sign. The minimum of

10



potential occurs when

Wy
0¢ (2.2.0.12)
= o(u* +X¢%) = 0

The solutions of the above equation are

<¢p>=0,%v (2.2.0.13)

with

V=4 (2.2.0.14)

which gives three real solutions. With the field at +v and small fluctuation of the field

around the minimum, the total field becomes
o) =v+ H(x) (2.2.0.15)

Using this modified field, the Lagrangian becomes

L= %(@LH)(@“H) — \NPH? — \oH? — %H“ (2.2.0.16)

apart from the term containing v*. This equation shows that the field H has a mass term

My given by

M3 = 2)\° (2.2.0.17)
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The modified Lagrangian is no more symmetric under the transformation H — —H. This
is because as soon as one of the two minima is chosen, the symmetry is lost. This phe-
nomenon is known as spontaneous symmetry breaking as no external force is responsible
for breaking the symmetry, the Lagrangian itself leads to a situation where symmetry is

not obeyed in physical processes.

2.3 The Higgs Field

The Higgs mechanism is the way the SM generates the mass terms for the massive fun-

damental particles. A scalar field is introduced in the SM as,

g L [T (2.3.0.18)

V2 4y + iy

Like earlier, the field potential has the form V = p2¢¢" + X\(¢'¢)? with A > 0 and p? < 0.
The field can be developed around one of its degenerate minima as

¢ = ieycp(icr.@) ! (2.3.0.19)

V2 v v+ H(x)

This gives one massive filed H(z) and three massless fields §; known as Goldstone bosons.
These massless bosons can be made to disappear by the phase rotation, which is equivalent
to gauge transformation, exp(—ia.@) of @, leaving only one massive field H(z) and the

quantum of this massive field is known as the Higgs (H) boson. This is known as Unitary

12



Gauge. The ®(x) and the corresponding Lagrangian of the system becomes

£ = (D,®(@) (D' (a)) — (42D (2)/ D) + A(@'D)?)

1 1 1 1
= |50uHO"H — 5(QAUQ)H2 + (Z(gv)2W+W_ + §“2(92 +¢*2"Z,)(1+ %}?’.020)

A
— M2H? — \WH? — ZH4

The first term represents the dynamics of the Higgs field with mass My = v2A\v?,
where v is the vacuum expectation value (VEV) whose value is 246 GeV. The second

term represents the mass of the weak bosons with :

My = =
2.3.0.21
A, - UVt Mw ( )
Z= 2 ~ cosOy

It can be seen that the 3 Goldstone bosons have been absorbed by the 3 gauge fields along
their longitudinal polarization. The second term also shows the interaction of Higgs boson
with weak bosons like HWW , HZZ, HHWW , HHZZ. The other terms represent the
Higgs self-coupling

1

1
V(H) = SMgH? + AgyavH +  Npn H (2.3.0.22)

with

Mi

o (2.3.0.23)
v

The orthogonal combination of Z, i.e A, still remains massless and can be identified
with the photon. The process of symmetry breaking can then be summarized into the

statement

13



SU@2)p x U(L)y = U(1)em (2.3.0.24)

2.3.1 Yukawa interaction

The interaction involving fermions and scalar boson is known as Yukawa interaction. The

Lagrangian density of the Yukawa interaction is given by

Ly = =h(¢y ol + Crd'trr) (2.3.1.1)

where 1y, and (g are the left and right chiral components of the fermion and h is the

strength of the Yukawa interaction. After spontaneous symmetry breaking and with the

value of ¢(z) = \% , the Lagrangian becomes

v+ H(x)

Lo ~ _ _
Ly = _T(U(eLeR + 0pl) + H(Crly + (1LR))
2 (2.3.1.2)

— —(mett + ™O0m)
v
The mass of a fermionic field is given by

i

me= 7 (2.3.1.3)

In the SM, fermion masses are thus explained as arising from the interaction of fermionic
fields with the Higgs field. The strengths of the interactions are directly related to the
fermion masses, and are free parameters of the theory. Since there is no right-chiral

component of the neutrino, the neutrino is massless in the SM.

14



2.4 Higgs discovery at the LHC

At the LHC, through proton-proton collision at a center of mass energy of 13 TeV, the

Higgs boson can be produced in the following ways :

e gluon-gluon fusion (ggF): The production process indicated in Figure 1.3.a in-

volves heavy quark loop. The cross section of this process is ~43.92 pb [?].

e Vector Boson Fusion (VBF): It is the next dominant production, shown in
Figure 1.3.b, with cross section ~ 3.75 pb [?]. In this process, two vector bosons
radiated by incoming quarks produce the Higgs boson while the two incoming quarks
give rise to two high pr jets in the forward direction. The presence of two high pr
jets in the forward direction gives an additional handle to separate background from

the signal.

e Associated production: In this process as shown in Figure 1.3.c, a virtual boson
splits into a real boson and the Higgs boson. The cross sections are ~ 1.38 pb for

W H and 0.87 pb [?] for ZH processes respectively.

e {tH production: In this process as shown in Figure 1.3.d, the Higgs boson is
produced in association with a pair of top-antitop quarks. Though the cross sec-
tion (0.51 pb [?]) of this process is small compared to other processes, nevertheless,
it is important to study as the process involves direct coupling of the Higgs boson

to the top quark.

Figure 1.3 shows the Feynman diagrams of Higgs boson production.
The cross section of a given process in pp collision, with momentum P and P’ of two

incoming protons, is given as

1
(PP (P) = Syurtons i /0 dedi' (2P, 2 P) i &, (2.4.0.4)
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Figure 2.3: Feynman diagrams of Higgs production in (a) ggF, (b) VBF, (c) associated
production and (d) ¢t¢H production.

where o;; is the cross section for the scattering of partons ¢ and j to produce the chosen
final state and gb;, gb;, are the probability density for finding partons ¢z and 7 in the incoming
particles p and p’ with momentum x P and 2’ P’ respectively, where 0 <=z <= 1.

The cross sections of different processes as well as the Higgs boson decay branching

ratios are shown in Figure 1.4. The maximum branching ratio (BR) of Higgs at mass 125

GeV is in bb channel (~ 58%) followed by the WW* decay ( ~ 21%).
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Figure 2.4: Production cross section of the Higgs boson in different channels as a function
of /s (left plot) and Branching ratio of the Higgs boson as a function of Higgs boson mass,
my (right plot) [?].

16



The Higgs boson production was observed for the first time by both CMS and ATLAS
experiments in 2012 using approximately 5 fb~! of 7 TeV and 8 TeV data. An inclusive
search was made in vy, ZZ*, WW*, bb, 77 channels where an excess of data over SM
background is observed in vy [?] and ZZ* [?] channels. Though the BR of H — ~v
is very small, only ~0.2%, the channel provides a clean final-state topology and also
the di-photon mass can be reconstructed with very high precision. Similarly, BR for
H — ZZ* is only ~ 2.6%, but the presence of four high p7, isolated leptons in the final
state provides a clean signature providing a high signal-to-background (S/B) ratio. The

combined measured mass of the Higgs boson is

my = 125.09 + 0.21(stat.) £ 0.11(syst.)GeV [?] (2.4.0.5)

2.5 HH production

After discovering the Higgs boson, one of the most important properties to study is the
Higgs self-coupling. With the Higgs mass now known with precision, the value of its self-
coupling can be computed from Eq. 1.3.0.23 which gives A = % ~ 0.12. Experimentally,
Aggg can be probed via di-Higgs production at the LHC. Similarly, with triple Higgs
final state, Agyypy can be studied, although the cross section of this process is small and
currently out of reach at the LHC. Experimentally, measuring Aggy will provide a test
of the validity of the SM. Any deviation from the predicted SM value would indicate
presence of physics beyond Standard Model (BSM). In the SM, Higgs boson pair can be

produced in the following ways :

e ggF: The cross section of this dominant HH production at /s = 13 TeV is
0.31 pb [?]. In this process the Higgs boson is produced either by trilinear Higgs
boson self-coupling or two on shell Higgs bosons are radiated from a heavy quark

loop. This process thus involves trilinear Higgs coupling, Aggy as well as Yukawa
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coupling y; as shown in the left and right figure of Figure 1.5 respectively.
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Figure 2.5: HH production in gluon-gluon fusion process.

e VBF': In this process shown in the Figure 1.6, two Higgs bosons are produced
through vector boson fusion in addition to two high pr jets in the forward direction.
The cross section of this process is 10 times smaller than the ggF process but the
presence of two additional jets in the forward direction provides an additional power

to separate signal from the background processes.

With the presently available total integrated luminosity and HH identification

Figure 2.6: HH production in Vector boson fusion process.

efficiency, the absolute number of VBF events that can be tagged at the LHC, is
insignificant. At the HL-LHC, however, with an estimated factor of 20 increase
in total integrated luminosity, a number of VBF events are expected to be tagged
with 3000 fb~! which, aided by improved analysis techniques, will allow us to study
VBF H H production modes for which the S/B ratio is better than the ggF process.
There is also a small probability where, due to initial state radiation, ggF events

may be selected as VBF. The event selection of these two independent processes
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should be orthogonal to each other to avoid the double counting of the same events
in the two independent processes. In this thesis, how the VBF contribution can be

distinguished from the contribution of the ggF process is discussed.

2.6 Physics Beyond Standard Model (BSM)

The SM has been very successful in explaining most of the phenomena pertaining to the
elementary particle interactions. In spite of this great success, the SM, however, suffers

from a number of shortcomings from both theoretical and observational point of views,

e The present version of the SM of particle physics is not considered as the funda-

mental theory of nature as it does not include the gravitational interaction.

e In the SM, the Higgs boson mass is not protected by any symmetry. When quantum
corrections to the Higgs boson mass are taken into account, the correction becomes
quadratically divergent [?]. As a consequence, if the SM is assumed to be valid up
to the Planck scale Mp; ~ 10! GeV, the Higgs boson mass would also be of order
Mp;, which is in clear contradiction with observation. An unnatural fine-tuning at
all orders of the perturbation theory is the only way to keep the Higgs boson mass

at the observed value.

e In the SM fermion contents, due to the absence of right-handed neutrinos one can-
not generate masses for neutrinos. However, data from various neutrino oscillation
(solar and atmospheric) experiments , indicate that neutrinos of the SM have tiny
masses ( O(eV)) and also establish the mixing among the various flavors of neutri-

nos [?].

e Different cosmological and astrophysical observational data provide substantial evi-
dence of the presence of a weakly interacting neutral massive particle, known as the

dark matter, in our universe. So far, there is no direct experimental observation of
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the dark matter, though various experiments have been dedicated to look for the
direct as well as indirect detection of this illusive particle. The SM does not provide

any viable dark matter candidate [?].

e The SM cannot predict the observed matter over anti-matter asymmetry of the

universe.

The above-mentioned shortcomings of the SM motivate us to look for physics beyond
the SM (BSM). The Higgs boson pair production can also be probed in the BSM frame-
work. In BSM, new particles can be produced which subsequently decay to a Higgs boson
pair. Alternatively, anomalous Higgs boson coupling may enhance the Higgs boson pair

production rate.

2.6.1 Non-resonant HH production in BSM

Non-resonant Higgs boson pair production may proceed through

e Anomalous coupling: Though the Higgs trilinear coupling Aggy is determined
by the equation 1.3.0.23, in the BSM, the value of Higgs self-coupling as well as
Yukawa coupling can be modified. The modification of these couplings have a direct
impact on HH production as well as final state kinematic distributions. Deviation
from the SM prediction is quantified in the following way where Agpm, A3k, are

SM

anomalous and SM Higgs trilinear coupling respectively and ¥, y7* are respectively

anomalous and SM Yukawa coupling.
AHHH

/\SM
HHH (2.6.1.1)

ky =

k't:

e Effective Field Theory (EFT): In the BSM [?, ?], there may be contact in-

teraction of the Higgs boson with gluons or two Higgs bosons with two gluons
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or top-antitop pair parametrized by the absolute coupling cy, (Figure 1.7 (c)),
cg (Figure 1.7(d)), ¢ (Figure 1.7(e)) respectively. All these processes that are ab-
sent in the SM, can increase the HH cross section. The corresponding Feynman

diagrams are shown in Figure 1.7.

Figure 2.7: HH production in SM processes (a), (b), and in EFT processes (c), (d), (e).

2.6.2 Resonant HH production in BSM

There are various models which deal with resonant production of Higgs boson pair at the

LHC.
e Higgs Singlet, 2HDM, MSSM models: In the Singlet model [?], one additional
Higgs Singlet is introduced to the Higgs doublet

0
5 =

v+ H

(v + h) (2.6.2.1)

Sl

Sl

where v and v’ represent the vacuum expectation values for both the fields. Af-
ter Electroweak Symmetry Breaking, this gives two scalar bosons where one of the
scalar bosons (say H) is identified as the Higgs boson discovered at 125 GeV and
the other scalar boson (say h) can decay to a SM Higgs boson pair if kinematically

possible. In the Minimal Supersymmetric model, two Higgs doublets are present
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which give five new bosons: two neutral CP-even bosons: h, H (one of which
is usually identified as the particle discovered at the LHC); one neutral CP-odd
boson (pseudoscalar) : A; and two charged bosons: H*. Models with this char-
acteristics are generally referred as Two-Higgs Doublet Models (2HDM) [?, 7, ?].
These models are also characterized by new phenomena related to the SM-like Higgs
boson, either by exotic production or decay. For the first case to happen, at least
one of the new resonances in the model, H for example, must be heavier than the
SM-like Higgs (h), which then allows decays such as H — h+ X, where X can either
be a Z, an A or even another h. Alternatively, if A, for example, is lighter than

mpg/2 = 62.5 GeV, h — AA becomes possible.

Warped extra dimension: A Warped Extra Dimension model [?] was proposed
by Randall and Sundrum (RS) to solve the gauge hierarchy problem in the SM. The
model is given in the five-dimensional space-time where one warped extra dimension

is compactified on the orbifold. The space-time metric is given by

ds* = ey, datdx” — dy? (2.6.2.2)

where e=2* is called the warped factor. Two 3-branes are located at y = 0(UV
brane) and y = L (IR brane). In the original RS model all the SM fields are confined
on the IR brane and the 5-dimensional fundamental scale M5 at UV brane is scaled
down to Mse *F at the IR brane. By taking kL ~ 35, the fundamental scale
M; = Mp is scaled down to TeV at IR brane. It is necessary to stabilize L to the
above value. Goldberger and Wise showed that a bulk scalar field propagating in
the background geometry, Eq. 1.6.2.2 can generate a potential that can stabilize L.

The quanta of this scalar field is called Radion.

The detection of Radion at LHC can validate the RS model. The decay channel of

R — HH has a large branching ratio (= 24%) [?] for Radion mass greater than 250
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GeV and this is almost constant as a function of Radion mass. The cross section
of Radion production and it’s subsequent decay to HH pair has been studied and

will be discussed in this thesis.
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Chapter 3

Experimental set-up at CERN

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) [18] is the world’s largest and most powerful particle
accelerator till date. The LHC consists of a 27 kilometer ring filled with superconducting
magnets and radio frequency cavities and is situated about 100 m underground at the
French-Swiss border close to Geneva. It was built in the tunnel which was previously
used by the Large Electron Positron Collider (LEP). Inside the accelerator two counter

rotating beams of high energy proton are made to collide.

Acceleration of proton beam

Protons undergo acceleration through a series of steps before they achieve their final
energy and are made to collide at 4 precise locations within the LHC tunnel. The ac-
celeration chain is shown in Figure 3.1. Linac2 is the starting point where protons are
produced from hydrogen gas and accelerated up to 50 MeV. Protons are then injected

into the Proton Synchrotron Booster (PSB) and accelerated up to 1.4 GeV. In the next
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step protons are injected into the Proton Synchrotron (PS) where they achieve energy up
to 25 GeV. From the PS, protons are injected into the Super Proton Synchrotron (SPS)
which accelerates them up to 450 GeV and transfers into the LHC rings where the pro-
tons are accelerated to their final energy. The final beam energy has been 3.5 TeV during

2011, 4 TeV during 2012 and 6.5 TeV in 2015 and 2016.

CERN's Accelerator Complex

LHC
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2008 (27 km) N
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B
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Figure 3.1: Overview of LHC accelerator.

Thousands of magnets of different varieties and sizes are used to direct the proton
beams around the accelerator. These include 15 meters long dipole magnets (1232 in
number) which bend the beams, and 392 quadrupole magnets of length 5-7 meters each,
which focus the beams. Immediately prior to collision, another type of magnet is used to

“squeeze” the beams of particles closer together to increase the chances of collisions.

3.2 Detectors at the LHC

The beams inside the LHC tunnel are made to collide at four locations around the accel-

erator ring, corresponding to the positions of the following four particle detectors,
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e Compact Muon Solenoid (CMS) [19], which is built to cover a broad physics pro-
gramme, from Standard Model (SM) physics to the extra dimensions and particles

that could make up dark matter.

e A Toroidal LHC Apparatus (ATLAS) [20], with the same scientific goals as the CMS

experiment.

e A Large Ion Collider Experiment (ALICE) [21], a heavy-ion detector, designed to
study the physics of strongly interacting matter at extreme energy densities, where

a phase of matter called quark-gluon plasma may form.

e Large Hadron Collider beauty (LHCDb) [22], which studies the matter-antimatter

asymmetry through studies involving b quarks.

One of the important parameters of the LHC is the luminosity £ [23] which is a
measure of how many collisions can occur when the beams collide. It depends on beam
parameters as,

kg N?
E_WfB P

= 3.2.0.1
4me, B* ( )

where 7 is the Lorentz factor, f is the revolution frequency, kp is the number of bunches (a
maximum of 2808), N, is the number of protons per bunch (which could be as high
as 1.15 x 10M), ¢ is the normalized transverse emittance (typically 3.75 ym), 8* is the
betatron function at the interaction point (IP) (designed to be 0.55 m) and F' is the
reduction factor due to the crossing angle. The designed instantaneous luminosity, £, is
103 cm 2571

The total number of particles produced in a particular process is given by

N=oxL (3.2.0.2)
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where L is the total integrated luminosity, [ £dt and o is the cross section of the corre-

sponding process.

3.3 Data recorded by CMS

The first run of the LHC physics started in 2009 at /s = 1.1 TeV. The energy was in-
creased to 7 TeV in 2010 and continued through 2011 reaching a maximum instantaneous

2s~1 with a bunch spacing of 50 ns. During 2012, the center-

luminosity of 3.5 x 103 cm™
of-mass energy was increased to 8 TeV, and the machine reached a peak instantaneous
luminosity of 7.7 x 1033 ecm~2s~!. The total integrated luminosity recorded by the CMS
detector during this time period was 19.7 fb~!. During 2013-2014, the LHC experiment
went through the first long shut down (LS1) when the accelerator went through several
upgrades to cope with its nominal configuration. After LS1, the first collisions started
in May 2015 at /s = 13 TeV with a bunch spacing of 50 ns and then 25 ns with peak
instantaneous luminosity of 5 x 103 cm™2s7!. The LHC delivered only 2.5 fb~! during
2015. However, the year of 2016 was a record breaking period of the LHC, with peak
instantaneous luminosity reaching 1.4 x 103 cm™2s7!. Figure 3.2 shows the luminosity

recorded by CMS for a certain time period. Data collected by CMS in 2016 with total

luminosity of 35.9 fb~! have been used in this thesis.

3.4 Overview of Compact Muon Solenoid detector

The Compact Muon Solenoid (CMS) detector [19, 23] is a multi-purpose apparatus oper-
ating at point 5 of the LHC. The detector is 21.6 m long with a diameter of 14.6 m and
total weight of 12500 t. The name comes from the limited size of the detector, good muon
identification capability and the presence of superconducting solenoid. The detector is
roughly cylindrical in shape, closed by two endcaps on either side. Different detector

components are shown in Figure 3.3.
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CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
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Figure 3.2: Integrated luminosity delivered by the LHC (blue) and recorded by the
CMS (yellow) at /s = 13 TeV in 2016.
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Figure 3.3: Layout of the CMS detector.
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The position of a point inside the detector is described by a right-handed co-ordinate
system with the origin located at the interaction point. The x axis points towards the
center of the LHC, y axis points vertically upward and z axis is given by the direction of
anti-clockwise proton beam.

The polar co-ordinate system corresponding to the cylindrical structure of the detector
is also used to define the position of a particle inside the detector. The azimuthal angle
¢ is the angle with the positive z axis in the z-y plane and r denotes the radial distance
from the origin. The polar angle 6 is the angle made by r with the z axis. The angle

is used to define the pseudorapidity which is given by

n = — In(tan(9/2) (3.4.0.3)
In the relativistic limit with £ >> m, pseudorapidity is equivalent to the rapidity which
is given by

1. E+p,

= -1
y=3 n(E—pz

) (3.4.0.4)

The projection of momentum in the transverse plane i.e. in the x-y plane is called
transverse momentum, denoted by pr. Both n and pr are invariant under Lorentz boost
along the z axis.

The CMS detector has four main sub-detectors. The innermost detector is the Tracker
which is surrounded by the Electromagnetic Calorimeter (ECAL) followed by the Hadron
Calorimeter (HCAL) and the Muon chambers successively. Between the Hadron calorime-
ter and the Muon chambers, there is a superconducting coil which provides a magnetic
field 3.8 T. A brief description of different layers of the CMS detector and the trigger

system is given in the following sections and in the next chapter.
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3.4.1 Tracker

The CMS tracker [19] (figure 3.4) is the closest sub-detector surrounding the interaction
point. The function of the tracker is to reconstruct the position of primary vertex as well
as secondary vertices and the trajectories of all charged particles precisely. To reduce
the effect of multiple scattering, nuclear interaction, bremsstrahlung radiation, photon
conversion etc. on the measurement of momentum resolution, the material budget around
the tracker has been optimized. To reduce thermal runaway effect, the entire tracker is

kept at < —10°C.
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Figure 3.4: Schematic cross section of the CMS tracker. Each line represents a detector
module. Double lines indicate back-to-back modules which deliver stereo hits [19].

The innermost part of the tracker is a pixel system which consists of three barrel lay-
ers (BPix) at mean radii of 4.4, 7.3 and 10.2 cm, with two endcap disks (FPix) extending
from =~ 6 to 15 cm in radius. The pixel size is 100 x 150 um? and the spatial resolution is
in the range of 15-20 um. The pixel detector delivers three high precision space points on
each charged particle trajectory. There are 66 million pixels in the pixel detector covering
an area of about 1 m?.

The pixel detector is surrounded by the Silicon Strip Tracker (SST). The SST con-

sists of four parts, tracker inner barrel (TIB), tracker inner disk (TID), tracker outer
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barrel (TOB) and tracker endcap (TEC). The TIB and TID, consisting of 4 barrel layers
and supplemented by 3 disks at each end, deliver up to 4 r—¢ measurements on a tra-
jectory using 320 pm thick silicon micro-strip sensors and the resolution of single point
varies from 23 pum to 35 pm. The TIB/TID is surrounded by TOB with 6 barrel layers of
500 pm thick micro-strip sensors. The TOB provides another 6 r-¢ measurements with
a maximum resolution of 53 ym. TOB is complemented with TEC which is composed
of 9 disks providing up to 9 ¢ measurements per trajectory on each side of TOB. A few
layers in TIB, TOB and a few rings of TID, TEC, carry double-sided modules where two
independent single-sided modules are mounted back-to-back with a stereo angle of 100
mrad to measure the second co-ordinate z in barrel and r on the disks. The resolution of
this measurement is 230 ym and 530 pym in TIB and TOB and varies with pitch in TID
and TEC. The CMS silicon strip tracker has a total of 9.3 million strips and 198 m? of
active silicon area. The acceptance of tracker is up to |n| ~ 2.5.

Figure 3.5 shows the expected resolution of transverse momentum, transverse impact

parameter and longitudinal impact parameter of muon with different pr as a function of

n.
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Figure 3.5: Resolution of transverse momentum (left), transverse impact parame-
ter (middle) and longitudinal impact parameter for single muons with pr of 1, 10 and
100 GeV [19].
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3.4.2 Electromagnetic calorimeter (ECAL)

The tracker is surrounded by the ECAL [19, 23] which is a hermetic homogeneous
calorimeter made of 61200 lead tungstate (PbWQ,) crystals mounted in the central bar-
rel part, complemented with 7324 crystals in each of the two endcaps. The function of
the ECAL is to measure the energy and position of incident electrons and photons. An
incident electron or photon excites the crystals which emit scintillation light while de-
exciting. PbWO, crystals with high density (8.28 g/cm?), short radiation length (X, =
0.89 ¢cm) and small Moliere radius (Ry =2.2 cm) provide fine granularity and a compact
calorimeter. Around 80% of light is emitted within 25 ns which corresponds to the bunch

spacing of the LHC. Figure 3.6 shows a transverse section of the ECAL.

ECAL (EE)

Figure 3.6: Transverse section through the ECAL [23].

The granularity of the barrel part of the ECAL (EB) is 360-fold in ¢ and (2 x 85)-
fold in 7, extending up to |n| < 1.479. The crystals are mounted in quasi-projective
geometry with their axes making a small angle (3°) with respect to the vector from the
nominal interaction vertex in both ¢ and n directions. Crystals are arranged in 18 super-
modules, each covering 20° in ¢, forming a half barrel. Super-modules are made up of
4 modules containing crystals in a thin walled alveolar structure. The crystal length is
230 mm corresponding to 25.8 Xy. The output of the crystals are read out by avalanche

photodiodes (APDs). Each APD, with a gain factor of 50, has an active area of 5 x 5
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mm? and a pair of APD mounted on each crystal.

The endcaps (EE), extending within 1.479 < |n| < 3.0, consist of identically shaped
crystals grouped in units of 5 x 5 crystals known as super-crystals. The crystals point
at a focus 1300 mm beyond the interaction point, giving off-pointing angles from 2 to 8
degrees. The length of the crystals is 220 mm (24.7 X;). In EE, the photodetectors are
vacuum phototriodes (VPT). One VPT with mean gain of 10.2 at zero magnetic field, is
glued to the back of each crystal.

Due to the dependency of number of scintillation photons emitted by crystals and
amplification of the APD on temperature (—3.8 & 0.4)% °C~! the temperature of ECAL
should be maintained at a constant value with high precision requiring a cooling system
to extract the heat produced by read-out electronics. The nominal temperature of ECAL
is stable at 18°C within £ 0.05°C.

A sampling calorimeter known as preshower is installed to identify neutral pions decay-
ing into a pair of photons, to improve the position determination of electrons and photons.
It is placed in front of the two endcaps within 1.653 < |n| < 2.6 and consists of two layers:
lead radiators to initiate electromagnetic shower from incoming photons/electrons, fol-
lowed by silicon strip sensors to measure the deposited energy and the transverse shower
profiles.

The energy resolution of the ECAL is parametrized as

— = (—=)?+ (%)2 + C?, (3.4.2.1)

where the first term is proportional to the secondary particles produced which has Poisson
distribution with mean proportional to the energy of incident particle, the second term
is proportional to the noise of electronics and digitization and the last term depends on
the leakage of shower energy which is again proportional to the incident particle energy.

A typical energy resolution for electron beam with momenta between 20-250 GeV/c is
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found to be [19]:

)? + (%)2 +(0.30%)? (3.4.2.2)

E:(\/E

The energy resolution for a 120 GeV electron is around 0.5%.

3.4.3 Magnet

Large magnetic field is required for a precise measurement of the momentum of charged
particles because the particle momenta are measured from the bending of the trajectory
within the magnetic field. In CMS, a superconducting solenoid with length of 12.4 m and
external diameter of 6.9 m produces 3.8 T magnetic field [21]. The solenoid sits outside
the tracker and calorimeter and inside the muon system. The magnet is made of 2168
turns of coils made out of niobium-tin alloy carrying 19.5 kA current. The magnetic field
generated by the superconducting coil is returned via yoke which is situated outside the

superconducting coil.

3.4.4 Muon chamber

The last component of the CMS detector is the Muon chamber system [25] which sits
outside the superconducting coil. Since muons are minimum ionizing particle, they can
traverse the other sub-detectors of the CMS and reach the muon chambers. The function
of the muon chambers is to trigger identification and momentum measurement of muons.
The Muon chamber system consists of three types of detectors. Figure 3.7 shows the
layout of the muon chamber system.

In the barrel, there are 250 drift tubes (DT, organized into 12 ¢-segments in 5 wheels
which are situated along z direction and form 4 stations in each wheel at different radii,
interspersed between plates of the magnetic flux return yoke. The basic element of the

DT system is drift cell with transverse size 42 x 13 mm? and with 50-gm-diameter anode
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Figure 3.7: Schematic of the layout of the Muon chamber system [25].

wire at the center. The gas mixture of argon and CO, inside the cell provides a drift
velocity of about 55 um/ns. Four staggered layers of parallel cells form a super-layer (SL).
Each chamber consists of 2 SLs which measure the r—¢ co-ordinates and an orthogonal SL
that measures r—z co-ordinate. A muon traversing the chambers ionizes the gas and the
position of the muon is measured from the time needed by the electrons to drift towards
the anode wire. The spatial resolution of the DT chamber is 100 gm in the r—¢ direction
and 150 pm along z direction.

To cope with high and non-uniform magnetic field and large background contributions,
the endcap cathode strip chambers (CSC), which are multi-wire proportional chambers,
are installed within 0.9 < |n| < 2.4. Like the DT, the CSCs also form 4 stations in the
endcap which are arranged in 4 disks perpendicular to the beam and in concentric rings,
3 rings in the innermost station and 2 in the others. There are 486 CSC chambers in
total in both the endcaps. Each CSC consists of 6 layers, containing 80 cathode strips in
each layer. The position resolution of the CSC chambers is around 75-150 pm depending
on the position.

In order to assign a hit in the muon chamber to correct the bunch crossing, CMS
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introduces resistive plate chambers (RPC) which provide fast and independent trigger
with excellent time resolution of about 3 ns within |n| < 1.6. The RPCs are double-gas
chambers operated in avalanche mode. Charged particles crossing an RPC ionize the gas
in both gas volumes and the avalanches generated by the high electric field induce an
image charge, which is picked up by the read-out strips. A total of 6 layers of RPCs are
embedded in the barrel muon system, 2 in each of the first 2 stations, and 1 in each of
the last 2 stations. The redundancy in the first 2 stations allows the trigger algorithm to
work even for low-pr tracks that may stop before reaching the outer 2 stations. In the

endcap region, there is a plane of RPCs in each of the first 3 stations.

3.4.5 Trigger

The time difference between the crossings of two proton bunches is 25 ns which translates
to a beam crossing frequency of 40 MHZ. The average event size produced by CMS data
acquisition system is about 1 MB which gives a bandwidth of data ~ 40 TB/s which is
impossible to store with the current technology available. A two-tier trigger system [20] is
introduced to reduce this huge output data while retaining the interesting physics events
and at the same time rejecting the background events to a very large extent. The work
flow of the first trigger level (L.1) is shown in Figure 3.8.

The first layer of the CMS trigger system is called the Level-1 (L1) trigger which is a
hardware system based on FPGA and custom ASIC integrated circuits technology, with
a fixed latency of 4 us. The L1 trigger reduces the output rate to 100 kHz. The first step
of L1 Calorimeter trigger is to measure the transverse energy in the calorimeters from
trigger towers (T'T) which is a collection of read-out channels in the ECAL and HCAL
separately. The Regional Calorimeter Trigger (RCT) determines the electron/photon,
tau, jets, Er (transverse energy), Hy (the scalar sum of the pr of all jets with pr > 10 GeV
and |n| < 3) etc. based on the output of TT. All the particles are sorted according to Er

and top four of each type are sent to the Global Calorimeter trigger (GCT) for further
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Figure 3.8: Work flow of the L1 trigger system at CMS [20].

processing. The GCT calibrates the clustered jet energies and also total transverse energy
supplied by the RCT.

The Muon triggers use information from three muon sub-systems, DT, CSC and RPC.
The DT and CSC provide track segments and complete tracks are formed joining the
tracks and hits reported by DTs and CSCs. RPCs provide a dedicated detector system
with excellent time resolution and produce their own track candidates based on regional
hit patterns. The Global Muon Triggers (GMT) combine all regional information from
the three sub-detectors.

The output from the GCT and GMT are received by the L1 global trigger system
which is the final step of the L1 trigger system and a decision is formed to either select
or reject the events based on certain conditions like minimum threshold of Er or pr, cut
on 7 and/or cut on the azimuthal angle between two particles etc. Several conditions are
combined by simple combinatorial logic to form up to 128 algorithms which are hard-
coded in firmware and can be changed by loading an updated firmware version.

Finally, the output from the L1 trigger along-with the complete read-out of all the
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detector systems is fed into the High Level Trigger (HLT) which reduces the output rate to
a few 100 Hz. While the L1 trigger uses information from calorimeter and muon chambers
only, the HLT considers the tracker information in addition and the event selection is done
in a way which is quite similar to the offline analysis except the calibration constants which
is applied during the offline analysis. The object reconstruction is done around the L1
seed to save the object reconstruction time. The events accepted by the HLT are stored

on disk for offline processing.
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Chapter 4

Hadron Calorimeter

The Hadron Calorimeter (HCAL) of the CMS is the layer of detector outside the ECAL.
The HCAL is important for the measurement of hadronic jets and missing transverse
energy which are caused due to neutrinos or exotic particles which escape the CMS
detector due to their very low interaction cross section with the detector material. Ide-
ally, the HCAL should be compact, hermetic and made of non-magnetic materials for the
components located inside the magnet. The HCAL consists of 4 components, HCAL Bar-
rel (HB), HCAL Endcap (HE), outer HCAL (HO), forward calorimeter (HF). Figure 4.1
shows the different parts of the HCAL. A short description of all the sub-detectors of the

HCAL is given in the following sub-sections.

4.1 HCAL Barrel (HB)

The HB [27] is a sampling calorimeter, extending up to |n| <1.39. The HB is made up
of 36 identical azimuthal wedges which form two half-barrels (HB+ and HB—). Each
wedge, covering 20° along ¢ direction, is further segmented into four azimuthal sectors,

each covering 5° in ¢. Of the 4 ¢ segmentations within a barrel wedge, the two inner ones
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Figure 4.1: A schematic view of the CMS Hadron Calorimeter during 2016 LHC opera-
tion, showing the positions of its four major components: HB, HE, HO and HF.

are staggered at larger radius with respect to the outer two to avoid any dead region over
the entire azimuthal coverage. The wedges are made of 17 layers of cartridge brass (70%
Zn and 30% Cu) and plastic scintillators. The innermost and outermost absorber plates
are made of stainless steel for structural strength. The innermost and the outermost
scintillators are 10 mm thick while the remaining 15 layers use 3.7 mm thick scintillators.
The innermost layer is made out of Bicron BC408 scintillator to have more light output
compared to Kuraray SCSN-81 scintillators which are used for the remaining layers. The
plastic scintillator is divided into 16 1 sectors, resulting in a segmentation (An, A¢) =
(0.087, 0.087). All 17 layers of scintillators corresponding to the same value of in (up to
lin| = 14) and i¢ are grouped into a single read-out which is called a tower where in and
i¢ represent the segment numbers along 7 and ¢ directions respectively. For |in| beyond
14, there are two towers with depth = 1 and 2. The total absorber thickness at 90° is
5.82 interaction length (A;). The effective thickness of HB increases with polar angle ()
as 1/sinf, giving in 10.6 A\; at |n| = 1.3. The Electromagnetic Calorimeter in front of

the HB provides about 1.1 A\; of material.
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4.2 Hadron Endcap (HE)

The HE [28] covers the region 1.3 < |n| < 3 and is made of brass absorbers with sampling
layers of plastic scintillators. Each endcap has 18 fold symmetry in ¢, covering 20° in ¢.
Like HB, HE also has the staggered geometry along ¢ direction to avoid any dead region.
The absorber plates are 79-mm thick with 9 mm gaps to accommodate the scintillators.
The endcap on either side is divided into 14 parts along 1 and 18 layers in total are
combined into 1, 2 or 3 depth sections. The granularity of the calorimeter is An x A¢
= 0.087 x 0.087 (0.17 x 0.17) for |n| < 1.6 (= 1.6). The total length of the calorimeter,

including the Electromagnetic Calorimeter, is about 10 interaction length, A;.

4.3 Hadron Forward (HF)

The HF [29] is located 11.15 m away from the interaction point on either side of the
CMS detector and covers 2.9 < |n| < 5.2 and thus significantly improves jet coverage
and the missing transverse energy resolution. These are essential in the studies of top
quark production, Standard Model Higgs, and all SUSY particle searches. The HF faces
a much larger particle flux and on average 760 GeV at the center of mass energy of 14
TeV, is deposited into the two HF calorimeters per proton-proton interaction compared
to 100 GeV for the rest of the detectors. Due to this hostile environment, quartz fibers are
chosen as the active medium and steel as absorber. The detector utilizes the technique
of Cerenkov light emitted by charged particles with energy above the Cerenkov thresh-
old (E > 190 keV for electrons) while passing through quartz fibers embedded within the
absorbers. Each HF module is constructed from 18 wedges made out of iron with quartz
fibers along its length and each wedge contains two ¢ sectors of 10°. There are two types
of fibers, with half of the fibers, known as Long fibers, run over the entire length of the
absorber (165 cm corresponding to &~ 10A;), while the other half, known as Short fibers,

starts at a depth of 22 cm from the front of the detector. These two sets of fibers are
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read out separately and help to distinguish the electromagnetic shower which are mostly
absorbed in the first 22 cm, from the hadronic shower which spread over a much longer
length. Size of hadronic shower depends on the energy of the particle and the total length
increases logarithmically with energy at high energies. The shower maximum happens
between 1.5 to 2 interaction length again depending on the energy of the hadron. In
the case of forward calorimeter, the absorber is stainless steel of interaction length 10.4
cm. The total length of the forward calorimeter corresponds to more than 10 interac-
tion length where the entire shower is supposed to be absorbed. The HF segmentation
is 0.175 x 0.175 except for |n| above 4.7, where the segmentation is 0.175 x 0.35 and

0.3 x 0.35 for the last two 1 segments.

4.4 HO

In the central pseudorapidity region, the EB and HB do not provide sufficient con-
tainment for hadron showers. To ensure adequate sampling depth for |n| < 1.3, the
Hadron Calorimeter is extended outside the solenoid with an additional detector called
the HO [30] which uses the solenoid as an additional absorber equal to 1.4/sin @ inter-
action lengths. Outside the vacuum tank of the solenoid, the magnetic field is returned
through an iron yoke designed in the form of five rings. The HO follows the same geo-
metrical structure of muon chamber in each wheel as mentioned in section 3.4.4. The HO
is placed as the first sensitive layer in each of the five rings. All rings have a single HO
layer except the ring at n = 0, where due to minimal absorber depth, two layers of HO
scintillators are present on either side of 19 cm thick ‘tail catcher’ iron. The sizes and
positions of the tiles in HO roughly map the layers of HB to make towers of granularity
0.087 x 0.087 in n and ¢.
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4.5 Signal read-out

Scintillator light inside each scintillator tile tower is collected by an embedded wave-
length shifting fiber and the signals are added optically. The colour scheme in Figure 4.1
denotes the longitudinal segmentation of the read-out where all layers with the same
coloured tower are summed. The optical signals for the HB, HE are detected by hybrid
photo diodes (HPD) with 19 independent pixels; 18 for read-out of fibers and one for
monitoring. For the HO, the signal is read out by Silicon Photo Multiplier (SiPM). In the
HF, Long and Short fibers are read out separately. The calorimeter is thus functionally
subdivided into two longitudinal segments. The photo detectors for HF are eight-stage
photo-multipliers (PMT) with a borosilicate glass window, which register the Cerenkov
light produced by the charged shower particles in the quartz fibers.

The signals from both types of photodetectors are read by a custom-designed chip,
which performs charge integration and encoding (QIE). The QIE is a non-linear multi-
range analog to digital converter (ADC) that provides approximately constant fractional
precision over a wide dynamic range. For each channel, the measured ADC value is
converted into a charge measured in femto Coulomb (fC), using a conversion factor that
was determined in the laboratory by charge injection into the QIE.

Figure 4.1 shows a schematic quarter view of the HCAL system in the barrel, endcap
and forward regions. Also shown are the locations of some of the Front End Electron-
ics (FEE). The HF FEEs (not shown) are placed around a ring at |n| = 3 (tower number

29) and HO FEEs are located inside the muon detectors at various locations.

4.6 HCAL Calibration

The purpose of the HCAL calibration is to derive response corrections (RC) and to estab-
lish a stable hadronic energy scale. The first step of calibrating the hadron calorimeter

with collision data is to equalize the response in ¢ for each 7 ring. The procedure takes
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advantage of the azimuthal symmetry of the detector and the corresponding ¢-symmetric
energy deposition from minimum bias (MinBias) events. The barrel and the endcap detec-
tors do not strictly provide a fully ¢-symmetric layout because of the absorber structure.
Figure 4.2 shows expected level of symmetry as a function of ¢ segments from a simu-
lation study with minimum bias events. However, this deviation from strict equality is

ignored in the determination of inter-calibration coefficients.
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Figure 4.2: Distribution of mean energy deposited as a function of i¢ for 3 7 rings. The
left plot refers to a HB ring (in = 4, depth = 1), middle one is for a HE ring (in = 21,
depth = 1) and the right refers to a HF ring (in = 35, depth = 1).

The inter-calibration is performed by comparing the average energy deposit in a
calorimeter cell to the mean of the average energy distributions in the entire in-ring.
There are two complementary calibration procedures which make use of the azimuthal

symmetry.

4.6.1 Iterative Method

Here the inter-calibration is performed by equalizing the mean of read-out energies within
some thresholds using physics data streams which are collected using triggers independent
of HCAL. The lower threshold is set to the value far from the noise level by 5 sigma (4
GeV at least). The upper threshold is set to 100-150 GeV to avoid accidental high-energy

hits. The values of upper and lower energy thresholds vary with detector types. For each
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channel, the total energy read-out value Ej. is estimated from the corresponding energy
spectrum dN/dE. A multiplicative correction to the calibration coefficient (scale factor) is
calculated as the ratio of Fy,; to the average energy of in-ring at the considered depth for
each channel in each iteration. These correction factors are then applied to the energy
measurement and the whole process is repeated including the selection of the towers
chosen for the energy summation. This process continues till the mean variation in the
correction factor falls below a convergence cut off value. The cut on the tower energy
in the evaluation of the correction factor applies to the current estimate of the tower
energy. So, if the correction factor is modified, the tower energy is changed, and the cut
may accept or reject the tower in the new estimation. In fact this is why an iterative
method is applied and the correction factor stabilizes after around 10 iterations. Number
of iteration is controlled by a convergence criteria.

The statistical uncertainties of the corrections obtained with the 2016 pp-collisions
data are of the order of 1% for the HB channels, less than 0.5% for the HF channels
and are within a range between 0.1% and 1.0% for the HE channels depending on in and
depth.

4.6.2 Method of Moments

In this method, the first two central moments of the energy distributions are used to
obtain the correction coefficients of each channel. The analysis is done using minimum
bias events. One event in every 4096 events satistying level 1 trigger is read out without
zero suppression for the entire hadron calorimeter and these events are known as non-
zero suppressed (NZS) data. In the Zero Suppression method it is checked if the sum of
the energy deposition in two consecutive time slices is above a certain threshold. If this
condition is not satisfied, the read-out of that particular channel is suppressed.

First two central moments of the read-out energy distribution are used to obtain the

correction factors using the property of azimuthal symmetry of the HCAL detector in
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the following way:

1. Direct comparison of the mean deposited energy in all the channels after noise

subtraction
2. Analysis of the variances of the signal and noise samples

The correction factor for each channel using the first moment or the mean is given

by :

1
w; X 2w, < Einge >
< Einﬂ'(ﬁ >

Corriyip = (4.6.2.1)

where Ny is the number of channels in an in ring and E;,, ;4 is the mean energy deposited
in a particular channel.

< Bipig >=< B30 > + < Epoise > (4.6.2.2)

After the noise subtraction and assuming < Ej%5¢ >= 0, we have < Ej, ;5 >=< Ef;f’i’;al >.

The uncertainty on the estimation of the correction factors is given by

VA< Bl 5y 4 A< B >) (4.6.2.3)

n,io i

where A? denotes the variance. The uncertainty is dominated by the uncertainty on the
noise estimation. For a precision of better than 2% in the middle of HB (|n| = 1), a few
tens of million events are required. Therefore, the simplicity and transparency of this
approach is offset by the requirement of larger data samples.

The second moment or variance relies on noise removal through subtracting the vari-

ance of noise from the variance in the measured energy. The correction factor in this case
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is given by :

1 2
Ny 2N, < A2Ripjs >

Corriyip = 4.6.2.4
O Tinyig < AQRM,M) > ( )

where
A’ Riyip =< A (B30 + AX(Epie) > — < AXERe) > (4.6.2.5)

The minimum sample for achieving 2% uncertainty on the signal variance is of the order
of a few million of events. This method requires substantially smaller samples but it is
still sensitive to the noise level in a channel. For noisier channels we need larger statistics.
The azimuthal inter-calibration with variances requires knowledge of the electronics noise
in a channel. Although azimuthal inter-calibration with mean values does not require the
knowledge of pedestals, we still need to investigate them to be sure that the expected

value is zero.

4.7 Noise estimation

Due to low luminosity data and large bunch spacing in Run 1, the same data sample can
be used for estimating both the signal and the noise. For HB and HE calibration, the
first four (0-3) time slices (TS) of width 25 ns are used to estimate the noise, while T'S’s
4-8, each of width 25 ns are used to estimate the signal. For HF, windows of three TS’s
are used both for signal and noise. But starting with 25 ns bunch spacing we cannot
use the first samples for noise estimation anymore due to the presence of out-of-time
pile up (will be described in next chapter) which interferes with the earlier T'S’s. Local
pedestal runs taken at the same period are used for noise estimation. The noise in each
channel for HB, HE is measured separately from an independent dataset coming from

pedestal runs which are termed as “TestEnablesEcalHcal”. Events from these runs are
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reconstructed using the standard procedure and the reconstructed energy in each channel

gives the noise. Each dataset contains 4-7 million events. There is no data available for

the HF, so noise level in HF cannot be examined.

4.8 Correction Factors

Method of moments using variance method is used to calculate the correction factors

for HB and HE, as noise in each channel for HB, HE can be measured from local runs.

Since there is no measurement of noise for HF, the correction factors for HF is estimated

by “Method of moments using means”.
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4.8.1 Combination of the iterative method and method of mo-

ments

Final correction factors for the HCAL calibration coefficients are estimated as the error-
weighted averages of corrections obtained with the iterative and the method of moments.
The arithmetic average of the corrections is used when statistical errors of both methods

are below 1% and the weighted average (w = 0—12) is used for the other cases.

4.8.2 Absolute Correction

Once relative correction factors are calculated using iterative and method of moments and
applied to the channels, absolute correction factors are used to equalize the 7 response.
Different techniques are used to calculate the absolute correction factors depending on the
detector’s position. In HB and parts of HE within tracker acceptance, isolated tracks are
used to obtain the absolute correction factors. In this method isolated tracks which be-
have like MIP in the ECAL and deposit energy in the HCAL are selected and calorimeter

response is defined as:

Encar

4.8.2.1
PTrack — EEC’AL ( )

where Eycar, EFrcar, are the energy deposited in HCAL, ECAL respectively and pryqck
is the momentum of the track measured in the tracker. The calibration corrections are
calculated in an iterative way where the iteration continues until the difference between
the calorimeter response at the subsequent steps become three times smaller than the

statistical uncertainty.
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4.9 Calibration of HF and HO

Calibration of the HF is carried out using Z — ee events where one electron is measured
in the ECAL and the other electron is reconstructed in the HF. The invariant mass of
the electron pair is made consistent with Z boson mass.

In the HO, the relative calibration makes use of muons from the collision data and
Cosmic muons that traverse the tiles of the HO. The determination of absolute energy
scale makes use of di-jet and y+jet events. In di-jet events, the energy of two leading jets

(ijetl _ijetQ )

are balanced by Ej, = 2 T where pr,,,, and pr,,,, are the leading and sub-leading

etl
jet

jet pr respectively. In the v+jet events, absolute response is defined as R,,s = IZ% where
T

pJ; " and py represent jet pr and vy pr respectively.

4.10 HCAL Upgrade

Though in Run 1 and the ongoing Run 2 of the LHC, the CMS HCAL detector has run
successfully, the radiation damage during this run period has increased the dark current
in the scintillator tiles and also the performance of HPD has degraded due to the high
operating voltage. During the HL-LHC phase, the instantaneous luminosity and hence
the PU will increase by a huge factor. While in 2016, CMS has experienced around 25
PU in an event, PU will increase to around 150-200 in HL-LHC. To cope with this harsh
environment, the entire CMS HCAL, especially the HE which is mostly affected by the
radiation damage, should undergo some upgrade to be able to perform successfully. The
Phase-I upgrade of the CMS, HB and HE detectors aim to update the photo-sensors and
read-out electronics instead of replacing the scintillator tiles. While during 2017 (2018), in
the HE detector, HPD’s in one (all) read-out box (corresponding to a ¢-sector of 20°) are
replaced by the Silicon Photo Multiplier (SiPM), in the long shut down 2 (LS2) in 2019,
all the HPD’s in the HB will be replaced by SiPM. The advantage of choosing SiPM over

the HPD is that it has better photon detection efficiency of around 28-35%, and a very
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high gain (2.7 — 3.5 x 10°) that is two orders of magnitude larger than the HPD gain and
works under lower voltages compared to the HPD. The SiPMs are also smaller in size
leading to more channels in the same physical space. For 2016 data taking period, the
HB has 1 or 2 longitudinal segmentation depending on the in while HE has a maximum
of 3 longitudinal segmentation. In 2017 and 2018, finer longitudinal segmentations are
introduced for HE as shown in the Figure 4.5. QIES is also replaced by QIE11 in order
to match the larger SiPM gain compared to HPDs. QIE11 has a 17-bit dynamic range

with 8-bit read-out while QIES had a 14-bit dynamic range with 7-bit read-out.

[— 70m

1 1L15m i

Figure 4.5: The HCAL segmentation in the upgraded system. Layers with same colour
are read-out together.
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Chapter 5

Particle-Flow

In CMS, the Particle flow (PF) algorithm is used to reconstruct and identify each particle
separately using information from all the sub-detectors. For example, to reconstruct an
electron, a compatibility is checked between the ECAL energy and momenta of tracks
reconstructed in the Tracker. In case of good matching, the particle is identified as
an electron, otherwise it is identified as either a neutral hadron or photon. Muons are
minimum ionizing particles and can pass through the ECAL and HCAL with negligible
energy deposit to reach the muon chambers. Once all the stable particles are identified
they are combined to form more complex objects like tau, jet, missing transverse energy

etc. A brief description of the PF algorithm is given in the following subsections.

5.1 Tracks and vertices

In CMS, tracks are reconstructed using the Combinatorial Track Finder (CTF) software
which is an extension of Kalman filter [31]. The collection of reconstructed tracks is
produced in an iterative way. The first iteration looks for prompt tracks with pr > 0.8

GeV and three pixel hits followed by the next iterations with loose selection criteria on pr
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and hits and finally it searches for tracks outside the beam spot. While constructing the
tracks, first step is to find out the seeds with three or two 3-D hits near the beam spot.
Once the seed is found out, track-finding starts by adding hits through extrapolating the
current hit positions in successive layers under uniform magnetic field. This procedure
continues until a termination condition is satisfied. In the third step, track candidates are
fitted with a Kalman filter to provide an estimate of the track trajectory parameters. In
this step, material effect as well as inhomogeneous magnetic field is also considered while
fitting the track components. Finally, all the reconstructed tracks are selected through
some quality requirements like number of hits, x?/dof value, compatibility with the
primary vertex etc. to reject fake track candidates. For isolated muons with 1 < pr < 100
GeV, the tracking efficiency is > 99% over the entire n range of Tracker acceptance.
Primary vertex (PV) is formed from the reconstructed tracks. Prompt tracks, selected
on the basis of transverse impact parameter significance with respect to the beam line,
number of hits in pixel and strip layers, normalized x? value, are clustered with |Az| <
1 cm between the nearest neighbours, where z is the closest approach to the beam line.
All the clusters containing at least two tracks are fitted with adaptive vertex [32] fit to
estimate the vertex parameters such as the position of vertex. For each track, a weight
between 0 and 1 is assigned depending on the compatibility of the concerned track with

the vertex. The number of degrees of freedom of the vertex is computed as

Tracks

Moy =2 Y w; —3 (5.1.0.1)
=1

The number of degrees of freedom of the vertex is used to select the real proton-proton
collisions. The PV efficiency is close to 100% with more than two tracks with pr > 0.5
GeV. While the PV is associated with the hard scattering process in the event, there are
also other soft vertices (with low pr tracks) present which are attributed to the underlying

events which is not coming from hard scattering and also the effects of events coming
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from before and after the considered bunch crossing. These vertices are known as pile
up (PU) vertices. In 2016 data taking period, there are on average around 25 PU vertices

in an event.

5.2 Muon

Muons are reconstructed using the tracks reconstructed in the Tracker and the Muon
Chambers [33]. The standalone muons, which are formed using tracks in the Muon
Chambers only, have worse momentum resolution and higher admixture of cosmic-ray
muons. For each standalone muon track, if there is a corresponding track in the Tracker,
a global-muon track is fitted combining hits from the muon chamber and tracker using the
Kalman-filter technique and the reconstructed muon is called a Global Muon which has
improved momentum resolution for pr > 200 GeV. For all tracks with pr > 0.5 GeV and
total momentum p > 2.5 GeV, if there is at least one muon segment which is matched to
the extrapolated tracks to the Muon Chamber, the corresponding reconstructed muon is
called a Tracker Muon which is efficient for p < 5 GeV. In 99% cases, reconstructed muons
are identified as Global or Tracker Muons and very often as both within the geometrical
acceptance of the muon system. To identify the muons, different working points like
Loose, Medium and Tight with different reconstruction efficiency are chosen, based on
the type of reconstructed muons, normalized x? value of global track, muon segment
compatibility, number of hits in the pixel tracker, the impact parameter in longitudinal
and transverse plane etc. The reconstruction efficiency of muon with pr larger than a
few GeV is above 95% within |n| < 2.4 while the mis-identification probability is below
1%.
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5.3 Electron

Electrons are reconstructed [31] from energy deposited in the ECAL and tracks in the
Tracker. Due to the bremsstrahlung radiation, which depends on material budget in front
of the ECAL, electron energy spreads along the ¢ direction with negligible spread in the n
direction except for very low pr (= 5 GeV) electrons. The “hybrid” clustering algorithm
is used to reconstruct the energy in the barrel whereas “multi-5x5” algorithm, is used
in the endcap. In the “hybrid” algorithm, array of 5 x 1 crystals in n x ¢ are added
around the most energetic crystal, known as seed crystal with E7 > 1 GeV in 17 steps in
both directions of ¢. The contiguous arrays are grouped into clusters, with each distinct
cluster having a seed array with energy greater than 0.35 GeV in order to be collected
in the final global cluster, called the supercluster (SC). In the “multi 5 x 5" algorithm,
seed crystals are the ones with local maximum energy (> 0.18 GeV) relative to their four
direct neighbours. Around these seeds, the energy is collected in clusters of 5 x 5 crystals
that can partly overlap. These clusters with total energy greater than 1 GeV are then
grouped into an SC within |An| = 0.07 and |A¢| = 0.3 around the seed crystal. The
energy-weighted positions of all clusters belonging to an SC are then extrapolated to the
planes of the preshower, with the most energetic cluster used as reference point. The
maximum distance in ¢ between the clusters and their reference points is used to define
the preshower clustering range along ¢ extended by 40.15 rad. The range along 7 is
set to 0.15 in both directions. The preshower energies within these ranges around the
reference point are then added to the SC energy.

Electron tracks are reconstructed in two steps: seeding and tracking. In seeding, two
or three hits in the tracker, from which track can be initiated, are found out in two
complementary ways: ECAL-based and tracker-based seeding. In ECAL-based seeding,
energy weighted SC positions are used to extrapolate the electron trajectory towards the
collision vertex with both positive and negative charge hypotheses. A first compatible

hit is then looked for in the innermost (barrel) pixel layer or in the next layer in case
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no matching is found, within a loose A¢ window and loose Az interval. The predicted
trajectory is then propagated for next compatible pixel hits in the next layers successively.
In tracker-based seeding, electron trajectory is reconstructed up to the ECAL, using the
KF approach when bremsstrahlung is negligible, with the direction compatible with the
position of the ECAL cluster.

The tracking phase is composed of track building and track fitting. The energy
loss of electrons in the tracker material does not follow a Gaussian distribution, but
a Bethe-Heitler distribution, which has a longer tail. The Gaussian Sum Filter (GSF)
algorithm is used to estimate the track parameters from a hit collection obtained with
a KF algorithm, by approximating the Bethe-Heitler distribution with a weighted sum
of Gaussian distributions. Tracks and superclusters are matched to each other in GSF
electron candidates. For an ECAL-seeded electron, the ECAL cluster associated to the
track is the one which led to the seed with some geometrical matching between the
extrapolated position of the GSF track at the ECAL surface and the SC with An < 0.02
and A¢ < 0.15. For a tracker-seeded electron, the association is done with a multivariate
technique that combines track and supercluster information.

To separate prompt electrons from background sources like photon conversion, jet
mis-identification etc., an MVA based Boosted Decision Tree (BDT) discriminator is used.
The BDT uses the observables that measure the agreement between ECAL and tracker
measurements, compares the energy deposited in ECAL and HCAL and checks the com-
patibility between GSF and KF tracks. Depending on different electron identification
efficiencies (80%, 90%), different threshold values of BDT output have been chosen in

CMS.

5.3.1 Isolation variable for Electron and Muon

The isolation variable measures the energy deposited by PF candidates within a cone of

fixed radius in 1—¢ plane, which is 0.4 in this case, around the concerned particle. This
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is defined by the following equation :

Iso — p;harged + maX[O, Zp%eutralhad + Zp% . Aﬁ > Zng] (5311)
where,
p;h‘”ged = Energy deposited by charged particles coming from PV, within the isola-
tion cone.

S peutrathad © )% — Fnergy deposited by neutral hadrons and +'s within the isolation

cone.
AB = A correction applied to estimate the neutral component coming from PU.

S"pkY = Energy deposited by charged particles coming from PU, within the isolation

cone.

The charged component of isolation, coming from PU, can be easily separated from that
coming from PV. However, the neutral component cannot be separated as the neutral
particles cannot be associated with the PV. To estimate the contribution of the neutral
component from PU, a parametrized correction, known as Af correction, is used. The
value of AS is 0.5, which is the ratio of neutral-to-charged pions. The ratio of isolation

value to the pr of concerned particle is known as Relative Isolation.

5.4 Jets

Quarks or gluons cannot be seen as coloured state, rather they manifest themselves as a
collimated spray of stable particles, known as jets, through fragmentation and hadroni-
sation. The anti — k; algorithm, which is infrared and collinear safe, is used to cluster
the stable particles into a jet. It proceeds by defining distances d;; between two enti-

ties (particles, pseudo-jets) i and j, and distances d;p between an entity i and the beam
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B in momentum space:

1 1 R,
d;; = min(—, —) x —2 5.4.0.2
J ( %Z p%j) R ( )
1
Ti

where R;; is the distance between two entities 7 and j, and R whose value is 0.4, is the
radius parameter of the jet. If the smallest distance is d;;, two entities 4, j are merged
into a single entity, otherwise 7 is considered as a stable jet and removed from the list
of entities. This process is repeated until all the entities are considered into a stable jet.
Once jets are formed, different jet correction factors (JEC) are applied to mitigate the
effects of pile up, underlying events, balance the momentum in transverse direction etc.
in order to match the reconstructed jet with generator level jet.

Given that the Higgs boson branching ratio to bb is ~ 58%, identification of b jets [37]
is very important in Higgs searches. For searches of other Higgs decay modes also, it
is equally important to identify b jets to exclude the ¢t events which has a large cross
section, ~ 730 pb while cross section of HH production is only 0.033pb. A Combined
Secondary Vertex (CSV) discriminator is used in this thesis to identify a b jet. This
method utilizes the finite life time (¢7 ~ 450pm) information of b quark to separate the
jets coming from light quarks. A secondary vertex is defined as a vertex sharing less than
65% of its tracks with the primary vertex and separated radially from the primary vertex
with a significance of at least 30. The secondary vertex with radial distance more than
2.5 cm from the primary vertex or mass associated with the secondary vertex compatible
with K° or exceeding 6.5GeV/c? are rejected. The CSV algorithm is still applicable
when no secondary vertices are found. The variables used by this method include the
number of tracks in the jet, the significance of the track impact parameter in 3D, mass
and number of tracks associated to the secondary vertex etc. For different working points

like, Loose, Medium, Tight, different CSV values have been fixed. The working points
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are defined at fixed mis-identification probability of light parton jets. For example, the
mis-identification probability of light parton jets for Loose, Medium and Tight working

points are 10%, 1% and 0.1% respectively.

5.5 Tau

The Tau lepton with mass 1.777 GeV is the heaviest lepton and has a finite lifetime of
~ 290 x 10~ s. Tau is the only lepton which can decay into hadrons as well as to leptons.
In about two-third of the cases, tau decays hadronically with one or three charged pions
or kaons and up to two neutral pions and tau-neutrinos. In the rest of the cases, it
decays to either an electron/muon in association with a tau-neutrino and electron/muon
neutrino respectively. Table 5.1 shows the branching ratios of tau.

Table 5.1: Approximate branching ratio of different 7 decay modes.

Decay mode Meson resonance branching ratio %
T S e U, 17.8
T — W Uyl 17.4
T~ = hTv, 11.5
™ = h 71, p(770) 26.0
7~ = h 7%, a1(1260) 9.5
T —=h hth v, a1(1260) 9.8
7~ = h™hTh =, a1(1260) 4.8
other modes with hadrons 3.2
Hadron + Strip Three Hadrons
=7 [T
Hadron I
LS pt > .r(i n° a, > Wt
a, > @ non® a, >t

Figure 5.1: Schematic of 7 decay mode.

The reconstruction and identification of hadronic tau decay modes (7;,) is done by

the Hadron Plus Strip (HPS) algorithm [36]. The high probability for photons coming

29



from 7 — v decays to convert to ete™ pairs is accounted for by collecting photon and
electron constituents with pr > 0.5 GeV of the jet into dynamic clusters. The clusters
are seeded by the most energetic electron and photon and formed by adding the next

energetic electrons and photons within a dynamic window defined by:

An = f(p}) + f(p7"™) (5.5.0.4)
Ad = g(p}) + 9(p7™) (5.5.0.5)

The functions f and g are determined from simulation using a single 7 gun sample such
that 95% electrons and photons coming from the 7 decay is confined within the strip.

The position of the strip is defined by pr weighted average of all constituents inside the

strip.
1 y
Nstrip = —sirip ZPT% (5.5.0.6)
Pr
1
¢stm’p = m Zp%gziy (5507)
Pr
with p5” = 3" pl.. This process continues until no more electrons or photons are found to

be added into the strip and it starts to cluster new strips. Charged particles with py > 0.5
GeV and with distance of closest approach between their tracks and 7 production vertex,
less than 0.4 cm along z direction and < 0.03 cm in the transverse plane, are considered
as hadronic tau decay products. Finally, the mass window cut is applied to define the tau
decay mode consistent with the decay channels as mentioned in the Table 5.1 in following

way :
e 1h® h¥ h*: combination of three charged particles with mass 0.8 < m,, < 1.5 GeV.

o W7 7%: combination of single charged particle and two strips, with total mass
0.4 < m,;, < 1.24/pr[GeV]/100 GeV with upper limit on the mass window con-

strained to be at least 1.2 GeV and at most 4.0 GeV.
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e 1= 7" combination of one charged particle and one strip with mass 0.3 < m,, <
1.34/pr|GeV]/100. The upper limit on the mass window is constrained to be at
least 1.3 GeV and at most 4.2 GeV.

e h*: asingle charged particle with no strips and mass of a charged pion.

5.5.1 Tau-isolation and Discriminator against jet, electron, muon

Tau-isolation is a good discriminator to separate 7, from gluon and quark jets as the
decay products of 7, are more collimated along the tau decay axis with less hadronic
activity around. Tau-isolation is defined as the scalar sum of pr of all charged particles
and photons with pr > 0.5 GeV within an isolation cone of AR = 0.4. The isolation

variable is defined as,

I, = ZpCT}IL(Az < 0.2em, AR < 0.4) +

max(Zp} —AS Zp%Z(AZ > 0.2em, AR < 0.8),0) (5.5.1.1)

where,

> pCT’; = Energy deposited within the isolation cone by charged particles coming

from the 75, production vertex with |Az| < 0.2 cm and Azy < 0.03 cm.

> py = The neutral component of isolation within the isolation cone.

A = The correction applied to estimate the neutral component, not coming from

the 75, production vertex.

> p§ = Same as p§! but not coming from the 7, production vertex i.e |Az| > 0.2

cm and Azy > 0.03 cm, within AR < 0.8.

As it is not possible to associate the neutral component with the 75, production vertex as

described in section 5.3.1, A correction is introduced and it’s value is estimated to be
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0.2 in Run2.

n?, *Tndirection

charged _

dz <0.2cm

Figure 5.2: Schematic of 7, identification using the isolation variable.

In Run2, to reduce the jet — 7, mis-identification, another cut on the pr sum of
e/~ which are included in the strips to reconstruct the 7, but outside the signal cone

Rsig = 3.0/pr is applied as follows:
PP = N " pd (AR > Ryg) < 0.10.p7% (5.5.1.2)

where maximum (minimum) value of Ry, is 0.1(0.05). The signal cone, Ry, is defined
around the leading track and the energy within that cone is excluded while calculating
the isolation i.e all the decay products of 7, are assumed to be confined within the signal
cone.

A multivariate BDT discriminator is used to reduce the 7, mis-identification. The
inputs to BDT training include tau lifetime information, 7, isolation value, 7, decay
mode compatible with 75, decay channels as mentioned in Table 5.1, transverse impact
parameter dy of the leading track, distance between 7, production and decay vertices etc.
Depending on the 75, identification efficiency, different working points of MVA are chosen :
VLoose, Loose, Tight, VTight. Figure 5.3 shows the efficiency of the 75, identification and

mis-identification probability as a function of 7, pr in Run-2 where 7, isolation value as
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described above is one of the input variables to BDT. The working points of the MVA
isolation discriminator, corresponding to different 7, identification efficiencies, are defined
by cuts on the BDT discriminant. For a given working point, the threshold on the BDT
discriminant is adjusted as a function of the transverse momentum of the 75, candidate to
ensure a uniform efficiency over pr. 7, passing a given working point is called isolated,
otherwise anti-isolated. Similarly, the region containing isolated 7;s only is known as

isolated, otherwise anti-isolated.
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Figure 5.3: Efficiency of 75, identification estimated with Z/v* — 77 events (left) and
mis-identification probability estimated with simulated QCD multi-jet events (right) for
the Very Loose, Loose, Medium, Tight, Very Tight, and Very Very Tight working points
of the MVA based 7, isolation algorithm [37].

There is a probability for electron and muon to be identified in h*7°, h*7%7°, h* decay
mode. To reduce the e— 75, mis-identification, another set of BDT variables which are
sensitive to e/ shower algorithm, is used. Similarly for g — 75, mis-identification, the
variables related to muon chambers are used in BDT. In all cases different working points

of BDT have been chosen corresponding to different 7, identification efficiency.
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Chapter 6

Higgs pair production: separation of VBF process

from ggF process

6.1 Higgs pair production

In this chapter, a simulation study of Higgs pair (or di-Higgs) production in proton-
proton collisions at a center of mass energy of 14TeV is presented targeting the High
Luminosity (HL) LHC [38, 39, 10] data-taking phase. As already discussed, Higgs boson
pair production in the SM can proceed in several ways: (a) gluon-gluon fusion (ggF), (b)
vector boson Fusion (VBF), and (c) associated production (AP) with a vector boson, W
or Z. Figure 6.1 shows the Feynman diagrams for di-Higgs production through ggF and
VBF process respectively.

The cross section (o) of ggF provides the largest contribution to the overall Higgs pair
production cross section of oy = 33.49753(scale) + 5.9(theo) fb. The next dominant
process is VBF whose cross section is about an order of magnitude smaller than that of
ggF. At the HL-LHC, the VBF process is expected to become significant because of an

order of magnitude increase in the instantaneous luminosity which will result in a yearly
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Figure 6.1: Feynman diagrams for the (a) ggF and (b) VBF processes.

integrated luminosity of 300 fb*.

Presence of two forward jets will make the VBF process distinguishable from other
di-Higgs production as well as SM background processes. Selection of Higgs pair events
produced in the VBF process with two forward jets and separation of VBF against ggF
processes using cut based as well as multivariate approaches are studied in this chap-
ter. Use of helicity angular distributions of the Higgs bosons and their decay products
to separate events produced through the two production mechanisms efficiently is also
discussed in detail.

For the present analysis, 100000 di-Higgs events at the leading order (LO) are produced
in the LHE format [11] using MadGraph5_aMCNLO for both VBF and ggF production
processes. As the cross section of the associated production is very small, the process is
not considered in this study. We consider VBF as signal and ggF' as background in this
study.

One of the Higgs bosons is allowed to decay to a pair of bottom (b) quarks while the
other to a pair of tau (7) leptons at the tree level in the event generation step. The gener-
ated events are hadronized using Pythia8 [12] followed by detector simulation and event
reconstruction with Delphes version 3 [13], using the environment of the CMS detector.
Delphes is a modular framework that simulates particle response inside a detector in a

parametrized fashion. Delphes is very useful for doing quick analysis but may not be
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suitable for precise measurements.
The study of the helicity angles has been used for HH — bbyy analysis in CMS using

2016 data, which is also described in this chapter.

6.2 Angular Variables

The helicity angles [11], namely, cos 6%, ¢1, ¢, cosf and cosfy can be used to find spin
and parity of the particles involved [15]. The corresponding distributions may be studied
to disentangle the signal (VBF) from the background (ggF). The first two helicity angles
are related to the production mechanism while the other three angles depend on the decay
chain. A pictorial description of all these angles is given in Figure 6.2 and the definitions

of all the angles are given below:

Figure 6.2: Illustration of helicity angles where the resonant particle X decays to Z; and
Z» which subsequently decay to u™ =t and ete™ pair respectively.

0* = Direction of one of the Higgs bosons in the di-Higgs system where the Higgs boson is
boosted in the di-Higgs rest frame. Distribution of #* is the angular observable that
contains information about the spin and parity properties of the resonant particle.
For example, the distribution of #* would be flat for a spin-0 particle as no spin
correlation is involved. However, the angle may be helpful to disentangle signal and

background.
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¢1 = Angle between the decay plane of one of the Higgs bosons and the plane containing
one of the incident partons and the Higgs boson under consideration, where all the

particles are boosted in the di-Higgs rest frame.

¢ = Angle between the decay planes of the two Higgs bosons measured in the di-Higgs

rest frame.

0; = Angle between one of the decay products of one Higgs boson (i) and the opposite
direction of the other Higgs boson, where all the particles are boosted in the rest

frame of the Higgs boson .

The angles, ¢ and 6;, can also be used to infer the spin of resonant particle. For example,
the distributions of all these angles would be flat if the decay particles come from a spin-0

particle. The angles can be expressed as

- hl . (Z, X Tll) 1,
¢ = (2 % ) cos (2" -mny) (6.2.0.1)

- —hl . (n1 X ng) _
? = |hy - (ny X ny))| -cos ! (ny - ng) (6.2.0.2)

where

h
S o= B (6.2.0.3)

|p1 X hq|

p1 is the momentum of one of the incident partons boosted in the di-Higgs rest frame

and h; is the momentum of one of the Higgs bosons in di-Higgs rest frame.

qi11 X q12

n = —, (6.2.0.4)
’%1 X Q12|
X
n, = X (6.2.0.5)
’CJ21 X Q22|
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where ¢;1, ¢;2 are the momenta of the two daughters of the Higgs boson 7. All the particles

are boosted in the di-Higgs rest frame.

@1 (—ha)
g = = 6.2.0.6
o |q1] x| he] ( )

where ¢; is the momentum of one of the daughters of the Higgs boson .

6.3 Selection of the VBF process

Three different methods are explored to select the VBF events, in order to find the

optimum one, as described below.

Jet pair with maximum p7: The first two highest pr reconstructed jets are matched
to quarks that give rise to the VBF jets at the generator level. Each reconstructed
jet is matched to a particle which comes from a quark whose status corresponds
to the outgoing particles of the hardest sub-process, also requiring that the quark
should not come from Higgs decay, which might be case for b quarks. The recon-
structed jets are said to be matched if the separation between the jet and particle
in the n — ¢ plane is < 0.5. Figure 6.3 shows the pr distribution of the quark

corresponding to the VBF jet and the matched reconstructed jets.

Jet pair with maximum 7 difference: Two reconstructed jets with maximum An
are matched with quarks corresponding to the VBF jets. The matching requires
that the separation in the n — ¢ plane between the reconstructed jets and particles
is within 0.5. The An between the two quarks which give rise to the two VBF jets
and maximum An between the two matched reconstructed jets are shown in the

Figure 6.4.

Jet pair with maximum invariant mass: Jet pair for which the invariant mass is

maximum is matched with the outgoing quarks corresponding to the VBF jets.
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Figure 6.5 shows the invariant mass distribution of the quark pair and reconstructed

jet pair matched with the quarks corresponding to the VBF jets.
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Figure 6.5: (Left) Invariant mass distribution of the two VBF quarks. (Right) Invariant
mass distribution of the two jets matched with the VBF quarks and having maximum
invariant mass.

The best matching is obtained for the jet pair with maximum invariant mass, in 48%
cases followed by the matching by maximum 7 difference between the two reconstructed
jets in 43% cases and finally, in 7% cases, two highest pr jets can be matched with the
VBEF jets. Two well separated forward jets with high invariant mass can be used to select

di-Higgs events produced in VBF process [17].

6.4 Separation of VBF and ggF events

Events independent of VBF and ggF' are selected with two 7 leptons and two b jets coming
from the Higgs boson decay. All the decay modes of 7 are considered. 7 is considered to

have decayed leptonically if a reconstructed lepton, electron or muon, is matched with the
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generator level lepton coming from 7 decay. Electrons are selected within the acceptance
of the CMS Tracker (|| < 2.5), while muons are selected requiring |n| < 2.4, with pr >
10 GeV in both cases. For a hadronically decaying 7, reconstructed jets are matched with
the generator level 7 coming from the Higgs boson decay within a distance of 0.5 in the
n— ¢ plane. Similarly, b jets are selected if there is a matching between the reconstructed
jets and generator level b quarks which come from Higgs decay. Both b and hadronic 7’s
are selected with pr > 20 GeV and |n| < 2.3 and 2.5 for 7 and b jets respectively. All the
selected particles are required to be separated from each other by a minimum distance
of 0.5 in the n—¢ plane. To select the VBF jets, a jet pair is selected with invariant mass
> 300 GeV and |An| > 3. The efficiency of VBF and ggF events passing all the cuts are
21% and 7% respectively. These cuts are referred to as pre-selection cuts in Table 6.1.
In addition to these cuts, an analysis is done by selecting the jet pair with invariant
mass > 300 GeV, 400 GeV and An > 3, 3.5, 4 for each mass cut to increase the signal
purity due to the presence of two forward jets with high invariant mass. Table 6.1 shows
the signal and background efficiencies for the respective cuts. As seen in Table 6.1, a
maximum background rejection efficiency (= 1-efficiency) of 47% can be obtained with a

signal efficiency of 84% for mass cut > 400 GeV and |An| cut > 4.

Table 6.1: Efficiency (in %) for events produced through the VBF and ggF processes and
after passing the pre-selection cuts, for different mass and |An| cuts for the additional jet
pair.

Mass cut 300 GeV Mass cut 400 GeV

|An| cut 3 |35 4 |An| cut 3135 4
Efficiency in VBF | 100 | 95 | 88 Efficiency in VBF | 92 | 89 | 84
Efficiency in ggF | 100 | 83 | 64 Efficiency in ggF | 77 | 66 | 53

To improve separation between signal (VBF) and background (ggF) further, events,
which pass pre-selection cuts, are fed into a Boosted Decision Tree (BDT). A BDT is
a multivariate analysis technique for event classification as signal or background com-

bining several variables and their correlation [18]. The decision tree consists of a set of
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sequential binary splits of the data where splitting is based on finding the best variables
and the corresponding values which can separate signal and background maximally. This
procedure continues until some convergence criteria is reached where ending nodes are
called leaves and if more than half of the events of a leaf corresponds to signal, the leaf
is tagged as signal leaf otherwise as background leaf.

Figures 6.6, 6.7, 6.8 show the distribution of all the angular variables defined in the
earlier section for events produced through the VBF and ggF processes after implementing
the kinematic and AR cuts. From these figures, it can be seen that only the cos6*
distribution has significant power to disentangle the VBF and ggF production processes
as it is sensitive to the tensor structure of the production mechanism [15, 16] resulting in
distinct distributions for VBF and ggF. The distribution is relatively flat for ggF while it
peaks around &+ 1 for VBF. Since Higgs is a spin zero particle, the angular distribution
of the decay products should be independent of any directions which is reflected in the

distributions of ¢, cos 8, and cos 6y,
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Figure 6.6: Distribution of cos 8* for both the Higgs bosons.

The following variables are used in the BDT,

e cosf*,

e invariant mass of the selected jet pair,
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e A7 between the selected jet pair.

The BDT is trained with 13581 signal and 6214 background events where VBF and ggF
events are treated as signal and background respectively and is tested with an independent
set of 3395 and 1553 events for signal and background respectively. Figure 6.9 shows the
output response of the BDT classifier and background rejection versus signal efficiency
where we can see that for ~84% signal efficiency, background rejection is ~ 64% which
gives about 25% better separation power compared to the cut based analysis presented

earlier in Table 6.1.
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Figure 6.9: (Left) Output of the BDT classifier. (Right) Background rejection versus
signal efficiency obtained from BDT training.

6.5 Application of helicity angles in HH — ~ybb anal-
ysis

The distributions of helicity angles are used in the HH — ~ybb analysis to improve
signal-background separation using BDT training in 2016 data collected by CMS. For
this analysis, events are selected using double-photon triggers, which require two photons
with p%l > 30GeV and p%z > 18GeV for the leading and sub-leading photons, respectively.
In addition, a number of pre-selection cuts, as described in Table 6.2, are applied. These

cuts are based on shower shape variables,

e R9, which is defined as the ratio between the energy deposited on a 3 x 3 ECAL
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crystal matrix around the most energetic crystal in the superclusters and the super-

crystal energy,

e isolation variables CHI, which is the energy sum of all charged hadron particle-flow

candidate inside a cone of AR < 0.3 around the photon axis,

e identification variables, H/E, the ratio between the photon’s energy deposit in

HCAL and in ECAL

e kinematic variables, namely, Fr and 7.

Table 6.2: pre-selection cuts applied on di-photon candidates.

Requirements Leading Photon Sub-leading Photon
Er 30 GeV 20 GeV
Er/M(v7) >1/3 >1/4
In| < 2.5 and outside 1.442 < |n| < 1.566
Shower shape and Isolation R9 > 0.8 or CHI <20 or CHI/Er < 0.3
Identification H/E < 0.08

Events containing at least one di-photon candidate passing the pre-selection require-
ments and with di-photon invariant mass (M.,,), 100 < M., < 180GeV are considered
for the analysis. Photons are identified using a multivariate technique where pr of the
electromagnetic shower, its longitudinal leakage into the HCAL and isolation variables
are used as the input. The score of the multivariate ID is selected such that efficiency
of photon identification is 90% both in barrel and endcap. If more than two photons are
found in an event, the photon pair with the highest p;.’ is retained.

b jets are reconstructed using the anti-k; jet clustering algorithm with radius param-
eter, R = 0.4. Jets with pr > 25 GeV and |n| < 2.4 are considered for this analysis.
Selected jets should be separated from each other by a distance AR.; > 0.4 where AR.,;
is the separation of selected b jet and v in n— ¢ plane. In addition, b tagging discriminator

is also used to select the b jets. In case more than two jets are found in an event, the di-jet
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constructed with the two highest b tagging scores is selected. Finally, an event is accepted
if the invariant mass of the jet pair (my;;) satisfies the condition: 70 < m;; < 190 GeV.

In this analysis, three helicity angles are used,

e The scattering angle, %3, is defined in the Collins-Soper (CS) [19] frame as the
angle between the direction of the H — ~~ candidate to the CS frame. The CS
frame is defined by placing the z axis half way between axes of two beams in the
di-Higgs rest frame to minimize the effect of initial state radiation of incoming

partons. The 6* defined in section 6.2 is not defined in CS frame.

e The Higgs decay angles are defined as the angles of the decay products in each

Higgs boson’s rest frame with respect to the direction of motion of the boson.

The dominant background contribution comes from nvy + jets events. The SM single
Higgs boson productions are three orders of magnitude smaller than the dominating
background process, ny + jets events. The distributions of three helicity angles after
the event selection as described above, are shown in Figure 6.10. Only the single Higgs
boson production with a significant number of events estimated from MC are shown for
clarity of the figure. Resonant signal events are normalized to cross section of 500 fb and
the SM-like ggF di-Higgs events (VBF di-Higgs events) signal to 10* (10°) times its cross

section. As seen in Figure 6.10,
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Figure 6.10: Data (dots), dominated by ny + jets background, compared to different
signal hypothesis and three single Higgs boson samples after the selections on photons
and jets as described in the text: (left) | cos 5%, (middle) |cosf.,| and (right) | cos0;;|.
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the distribution of | cos 057 | is relatively flat for ggF and the spin-0 Radion production.
For the spin-2 Graviton, it decreases towards 1 and for VBF and data it rises toward
1. Due to the absence of any spin correlation between the Higgs decay products, the
distribution of H — vy and H — bb is expected to be flat, but it decreases to 1 due to
the cuts applied on pr of the decay products.

These angular distributions in addition to the b tagging scores of leading, sub-leading
b jets and pr(vy)/M(5iv7Y), pr(jj)/M(jjvy) are used to as input to a BDT where di-
Higgs samples are used as signal events and background events are obtained from data
by inverting the score of the multivariate ID of one of the two photons. Figure 6.11 shows

the BDT output.
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Figure 6.11: Distribution of BDT classifier. Data dominated by nvy+jets background, are
compared to different signal hypotheses and three single-Higgs boson samples after the
selections on photons and jets as described in the text.

Events from the VBF production are selected less efficiently than those from ggF
production as one of the most discriminating variables, cos 053, as shown in Figure 6.10
has similar behavior to the ny + jets background and VBF process while it is different

for ggF process.
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6.6 Conclusion

MC simulation based study of separation of di-Higgs events produced through ggF and
VBF processes is presented. It is observed that, VBF events can be selected with high
efficiency by taking the jet pair with maximum invariant mass and jet pair with maximum
An separation. Five different helicity angles are studied to separate VBF events from
geF events. The angle cos0* is found to have the highest discriminating power, which,
along-with the maximum invariant mass of jet pair and An between the corresponding
jets are used in the BDT to maximize the separation power of the analysis. For a signal
efficiency of 84%, a background rejection efficiency of 64% is achieved. These variables
are unique to the VBF process and can also be used to separate VBF events against SM
backgrounds other than ggF' events.

The helicity angle distributions can be used to separate the signal and background
processes depending on the nature of signal as seen in bbyy analysis where ggF di-Higgs
events can be separated more efficiently compared to VBF di-Higgs events.

The analysis strategy discussed in this chapter can be put to effective use at the

HL-LHC where VBF production will become significant.
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Chapter 7

HH search in 7777 final state

As discussed in the previous chapter, the discovery of the Higgs boson at the LHC has
prompted physicists to take up the challenging task of understanding the Higgs self-
potential which can be probed by searching for double Higgs production. Search for H H
production has so far been limited to four final states only, namely : bbbb [50], bbyy [51],
bbrT [52], bbV'V [53] (where V. = W or Z boson), due to either higher BR or good mass
resolution. The HH — 7777 final state has not been studied previously by CMS and
ATLAS. The 47 final state is affected by a very low BR(~0.4%) which is seen in Figure 7.1.
However, the absence of b jets in the final state at the same time involves a relatively
smaller background contribution compared to the other final states studied so far. In this
chapter, a search for resonant production of HH, where a spin-0 Radion decays to a HH
pair, in the 47 final state has been discussed.

For the time being, only those channels where two 7’s decay leptonically (¢), where
all the combinations of lepton flavours are taken into account, and other two 7’s decay
hadronically, are considered. The reconstruction of hadronically decaying tau, 73, is
described in chapter 5, section 5.5, where the charge of 7, can be measured from decay

products. These channels are further divided into same-sign (SS) leptons where the two
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SS 7’s decay leptonically and opposite-sign (OS) leptons where the two OS 7’s decay
leptonically, while in both cases the other two 7’s decay hadronically, to take advantage
of small background contribution in SS lepton channels. These classifications give rise to

six independent signal regions

+ F +
KTy N:FTh

° eiT}TquTf

o (eI (u)T)
o I

o efrfetrt
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Figure 7.1: HH branching ratio in different final states.
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7.1 Data and Monte Carlo Samples

7.1.1 Data Samples

This analysis is based on data corresponding to an integrated luminosity of 35.9 fb~!,
collected by the CMS detector in 2016 at a center of mass energy of 13 TeV with 25 ns
bunch crossing intervals. The datasets used in this analysis are given in Tables 7.1 and 7.2
along-with the corresponding integrated luminosity. Good luminosity blocks provided by

CMS are selected for the analysis.

Table 7.1: Name of datasets used in the analysis.

| Dataset name | Luminosity in fb™! |
Double Muon Dataset 35.839
Double Electron Dataset 30.078
Muon + Electron/Gamma Dataset 30.078

Table 7.2: Name of the Datasets used in the validation of QCD estimation.

| Dataset name | Luminosity in fb™" |
Single Muon Dataset 35.381
Single Electron Dataset 35.381

7.1.2 Monte Carlo Samples

Independent signal samples at different Radion mass points starting from 260 GeV to 900
GeV, are generated at the leading order (LO) using the MADGRAPH5_AMCQ@NLO [51]
event generator. Both the Higgs bosons are allowed to decay to tau leptons only. The
list of all the signal datasets is given in Table 7.3. Cross section for all the signal samples
together with the branching ratio for HH —7777 is taken to be 1 pb.

The Monte Carlo (MC) samples used to estimate the background contribution are

listed in Tables 7.4 along-with the corresponding cross sections in pb. The W + n-jets
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Table 7.3: CMS datasets used in the analysis for Signal samples of spin-0 resonant pro-
duction at the leading order (LO) using the MadGraph5_aMC@NLO for different mass
points in the range 260-900 GeV.

Dataset name
/GluGluToRadionToHHTo4Tau_M-260_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-270_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-280_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-300_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-320_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-340_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-350_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-400_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-450_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-500_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau-M-550_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-600_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-650_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-700_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-750_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau-M-800_narrow_13TeV-madgraph/
/GluGluToRadionToHHTo4Tau_M-900_narrow_13TeV-madgraph/
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and Drell-Yan (DY) + n-jets samples are generated with MADGRAPH5_AMCNLO 2.3.2,
while the Single top and ¢t samples are generated with POWHEG 2.0 [55, 56, 57, 58,

]. The di-boson samples are generated with either MADGRAPHS5_AMCNLO 2.3.2 or
POWHEG 2.0. The PyTH1A8.212 [(0)] event generator, with the CUETP8M1 tune [(1],
is used to model the parton shower and hadronization processes, as well as tau decays

in all these samples. All the produced particles are simulated through the GEANT4 [62]

based simulation of the CMS detector.

7.1.3 Stitching Technique

The DY + jets and W + jets samples are generated with different associated jet multi-
plicities from 0 to 4 jets at the matrix element level. Due to excessive computing time
required to produce the events, the statistics in each exclusive sample is limited. The
event statistics can be increased if events in exclusive sample can be combined with the
events present in the inclusive sample using the generator level information of jet multi-
plicities. This process is known as stitching technique which is achieved by providing an
appropriate weight to the n-jet sample which is given as follows:

wezghtni]et Negze Ninc

XSe:cc XSinc

For the 0-jet sample, the weight applied to the event is:

weighto—je N

XSinc

where N.,. and Ny, are the number of events present in exclusive and inclusive n-jets
samples respectively while X .S,,. and X S;,. represent the cross section of exclusive and

inclusive production of n-jet samples respectively.
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7.2 Event Selection

7.2.1 Trigger Requirement

Events are required to satisfy at least one of the trigger paths of HLT defined in Table 7.5,
depending on the final state. All the triggers used are without any prescale at the HLT
level during the 2016 data taking period. The same trigger requirements are used for
both data and MC. All these triggers require either one or two leptons with a py cut and
loose isolation requirement. For example, HLT Mul7_ TrkIsoVVL_Mu8_TrkIsoVVL_DZ
requires two muons with leading muon py > 17 GeV and sub-leading muon py > 8 GeV
with a very loose isolation requirement in the tracker and with a |dz| cut which ensures

that muon is close to the primary vertex along the longitudinal direction.

Table 7.5: Trigger paths used in the analysis.

Channel HLT path name Dataset
WTRTh HLT Mul7_TrklsoVVL_Mu8_TrklsoVVL_DZ_v Double Muon
TR TR HLT Mul7_TrklsoVVL_TkMu8_TrklsoVVL_DZ_v Double Muon
TR TR HLT IsoMu24_v Double Muon
LT T HLT IsoTkMu24 v Double Muon
eeTHTH HLT _Ele23_Elel12_CaloldL_TrackIdL_IsoVL_DZ_v Double Electron
EETHTH HLT _Ele25_eta2pl WPTight_Gsf_v Double Electron

ety | HLT_Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_v MuonEG
pernt, | HLT Mu23_TrkIsoVVL_Ele8_CaloldL_TrackIdL _IsoVL_v MuonEG

LeTRTh HLT _IsoMu24_v MuonEG
WeThTh HLT _IsoTkMu24_v MuonEG
UeThTh HLT _Ele25_eta2pl WPTight_Gsf_v MuonEG

7.2.2 Event Vertex

The primary vertex of the hard scattering process is selected using the Deterministic
Annealing (DA) [063] clustering algorithm. The distance of the vertex from the nominal
interaction point is required to be smaller than 24 cm along the direction of the beam

and 2 cm in the transverse plane. The number of degrees of freedom of the vertex fit is
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required to be larger than 4. Out of the selected vertices, the one with the largest Yp2
of the tracks associated to that vertex is chosen as the event vertex corresponding to the
hard scattering process. All other vertices are considered to come from additional soft
scattering collisions (pile-up) during bunch crossing. Pile-up interactions are simulated
by superimposing a number of minimum bias events onto the hard scattering process. In
general, pile-up distributions of MC events do not match with that of data and to take

that into account, a pile-up re-weighting is applied to each MC event.

7.2.3 Object Selection

Muon selection in pu7,7, final state

Muons are required to be reconstructed by either the Particle Flow (PF) or the Tracker
or the Global muon reconstruction algorithm [64]. The leading and sub-leading muons

are selected with the following cuts:

Leading it pr > 18 GeV

Sub-leading p pr > 9 GeV

In| < 2.4

u should pass Physics Object Group (POG) recommended medium muon identifi-

cation (ID) criteria [65]

Relative isolation < 0.3

Invariant mass of the muon pair (M,,,) is required to be greater than 12 GeV to reject
background events with low lepton pair mass. In the case of opposite-sign muons, to
reduce the background contribution coming from the DY process, two additional cuts
are applied: 70 GeV > M, or M,, > 110 GeV and PF based missing transverse en-
ergy (pfMET) > 20 GeV.
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Electron selection in eer,7;, final state

Selection criteria for electron candidates demand :

e Leading e pr > 23 GeV

Sub-leading e pr >13 GeV

In| < 2.5

Relative isolation < 0.25

All the selected electrons should pass the POG recommended 90% electron MVA
ID [66].

To mitigate the charge mis-identification rates, electrons should pass one of the condi-
tions: charge is consistent between the GSF electron track and the pixel track, or the
charge is consistent between GSF electron track and Kalman filter track. To reduce
the background events with low lepton pair mass, the invariant mass of the electron
pair (M,.) should be greater than 12 GeV. For opposite-sign electrons, the DY contri-
bution is reduced by demanding 70 GeV > M, or M, > 110 GeV and pfMET > 20
GeV.

Muon and electron selection in per,7, final state
To select events in uer, 7, channel the followings cuts are applied :
e pr of leading lepton > 24 GeV
e pr of sub-leading lepton > 9 GeV
e Muons should pass medium muon ID with |n| < 2.4 and relative isolation < 0.3
e Electrons should pass the 90% electron MVA ID with |n| < 2.5 and relative isolation

< 0.25
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The Leading lepton may be either a muon or an electron. To reduce charge mis-
identification among electrons and muons, the following conditions should be satisfied.
For electrons, the charge should either be consistent (a) between the GSF electron track
and the pixel track or (b) GSF electron track and Kalman filter track, while for muons,
no muon should fail ¢, /pr < 0.2. Charges of the selected leptons could be of opposite
sign or of same sign depending on the final sate. Invariant mass of the lepton pair should
be > 12 GeV to reduce contribution of background events coming from low lepton pair

mass.

75, selection for all the final states

Hadronic 7’s (75,) are identified using the “Hadron Plus Strips” (HPS) algorithm. pz of
the 7, should be > 20 GeV and |n] is required to be < 2.3. The 7, candidate should pass
the loose MVA discriminator against electrons and muons to reduce the contribution of
e— 1, or u — 75, fake. The Loose MVA working point of the MVA based isolation is
chosen to increase the statistics.

To select same-sign leptons in the signal region, the charge of the two selected lep-
tons (u’s in purT channel, e’s in eerT channel and p, e in perr channel) should be the
same while two 73,’s should also have the same-sign but opposite with respect to the lep-
ton charge. For opposite-sign leptons in the signal region, selected leptons should be of
opposite charge and the same should hold for 7,,’s. Total charge of the selected leptons

and 73,’s should be zero and the separation between all the leptons and 7, is required to

be > 0.3, i.e. AR = /(An)2+ (A¢)? > 0.3 where Ay and Ag are the difference in n

and ¢ between any two particles.

7.2.4 b jet veto

To reduce contamination from tf, Single top events, events with well identified b jets are

rejected in all the three channels. The rejection criterion is based on jets with pr > 20
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GeV, |n| < 2.5 and BDT distribution score to tag a jet as b jet should be greater than
0.8484. This value corresponds to medium b tagging score for which the mis-identification

probability of light-flavour jets is around 1% and b tagging efficiency is around 63%.

7.2.5 Removal of overlap between different final states

To avoid double counting of events among all channels, events are rejected if there is any

extra muon with
e pr > 9 GeV
o |n| <24
e Relative isolation < 0.3
e Medium muon ID
or any extra electron with
e pr > 13 GeV
e |n| <25
e Relative isolation < 0.25

e 90% electron MVA ID.

7.3 Background Estimation

There are two types of background which can mimic the signal, irreducible background

due to ZZ — 40, ZH and reducible process, where one or both 7} s are faked by jets.
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731 ZZ -4

This is an irreducible background and a major background as both the Z’s can decay
to tau lepton where two 7’s can decay hadronically and the other two 7’s can decay

leptonically. The contribution of this background is estimated using MC samples.

732 ZH

A Standard Model Higgs boson produced in association with a Z boson is also an ir-
reducible background. The contribution from this process is also calculated using MC

samples.

7.3.3 Drell-Yan + Jets

This is one of the major sources of background where two opposite-sign, same-flavour lep-
tons are present. The contribution of this background is also important where two same-
sign electrons are selected due to charge mis-identification. Charge mis-identification rate
is larger for electrons than for muons. Two opposite-sign electrons coming from the DY
process can be mis-identified as same-sign while two jets can fake two 7,’s to mimic the

signal. The contribution of DY background is estimated from MC samples.

7.3.4 it, Single top, W + Jets, di-boson

The contribution of ¢f events is important in per,7,, where both the W’s can decay
leptonically and the two 7,’s are jets faking 75,’s. The contribution of Single top, W + Jets,
di-boson are found to be negligible. All background contributions from Single top, tt,
W + Jets, di-boson (ZZ, WZ, WW) are calculated using MC.
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7.3.5 QCD Multijets

This is one of the main reducible backgrounds which is estimated using a data driven
method that relies on estimation of jet — 7, fake rate. The fake rates are measured from
data as jet — 75, fake is not well simulated in MC simulated event samples and also due

to limited statistics of QCD MC events.

Jet — 7, Fake Rate Measurement

The probability of a jet faking a 7, is measured in a region with no genuine 75,. This is
achieved by selecting DY + jets events where Z decays to either a muon or an electron
pair. Muons and electrons are selected using the same procedure as in the event selection
and requiring that there should be at least two 7, which satisfy all the 7, selection
conditions except isolation. The total charge of two leptons and two 7,’s should not be
zero to remove overlap with signal events where total charge is zero. To select a sample
of events dominated by DY + jets events, electron and muon vetoes are applied in both
the channels and pfMET is required to be less than 20 GeV. The contribution of all
other non-DY processes is calculated from MC and subtracted from data to reject events
containing a real 7;, which can come from other non-DY events like WZ, ZZ events.
After this selection, the ratio of number of 73,’s which satisfy the loose MVA isolation to
the total number of 7,’s is defined as the fake rate. The pr distribution of the 73,’s in
the denominator and numerator for both the channels are shown in Figure 7.2. Around
20% disagreement is observed between data and MC for events in the numerator which
is attributed due to mis-modeling of jet — 7, fake in simulation. The measured fake rate
is shown in Figure 7.3 as a function of 7, pr.

For the per,7, channel, the fake rate is obtained by combining the fake rates from
pptyp T, and eer, 7, channels. The measured fake rate is then fitted with the following

function in the three channels separately:
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Figure 7.2: pr distribution of 7, in the denominator in pum, 7, (top left), in eer, 75, (bottom
left). pr distribution of 73, in the numerator in pum, 7, (top right), in eer, 7, (bottom right).
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F(pr(m)) = Coe®rr™ 4+, (7.3.5.1)
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Figure 7.3: Fake rate as a function of 7, pp in ppr,m, (left), in eer,7, (middle), in
pety Ty, (right) channels.

Background Estimation using 7, Fake Rate

To estimate the QCD background where 7,’s are faked by jets, the fit results are applied
to the signal region where all the event selection cuts are applied except the cuts for 7,

isolation. The control region is divided into three mutually exclusive regions:

FF: In this region, both 7,’s fail the isolation cut and the following weight is applied to

events:

F(n) F(r)
(1= F(n)) (1= F(n))

WFF

FP: In this region, the leading 7, fails the isolation criterion, but the sub-leading 7,

passes the same. The weight applied to this region is,

F(n)

e T U= F(m)
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PF: This region is the same as the FP region but the role of the leading and sub-leading
7, is exchanged. The weight applied to this region is as follows:

Wpr = —F<T2)
(1 - F (7))

F (7;) is defined as the fake rate at the py of 73, which fails the isolation criteria. Due
to the presence of the FF region in the other two control regions, we need to subtract
the contribution of the FF region from these two regions. After subtraction, the total

background estimation coming from jet — 7, fake becomes:

Nestimated = NFFF (7—1) F (7—2)
(1= F(n)) (1= F(n))
i (Npp — NppF (12)) % F () (Npp — NppF (11)) % F(7)
(1—F(m)) 1—F(m) (1—-F(m)) 1 —F(m)
- Nestimated,in,FP + Nestimated,in,PF - Nestimated,in,FF (7352)

where Ny represents the total number of events in region XY.
The contribution of other non-QCD background in the above three control regions

are estimated from MC sample and subtracted from data.

Validation of QCD Measurement

Validation of QCD measurement in data: The measurement of the QCD compo-
nent in data is validated in the W + jets control region for electron and muon chan-
nels. To select W + jets events, “SingleMuon” and “SingleElectron” datasets
described in Table 7.2 are used. Events are required to pass either the HLT IsoTkMu24 v
or the HLT IsoMu24 v trigger for the  channel and HLT Ele25 eta2pl WPTight Gsf v
trigger for the electron channel. Muons are selected with pr > 26 GeV, |n| < 2.4

and relative isolation < 0.3 with medium muon ID requirement. FElectrons are
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selected with pr > 26 GeV, |n| < 2.5 and relative isolation < 0.25 with POG rec-
ommended 90% electron MVA ID. Muon and electron vetoes are applied in both
the channels with pr > 9 GeV for ¢ and 13 GeV for electron in addition to the
other cuts. Tau selection is the same as mentioned in section 7.3.5, except that the
selected 7,’s are of the same sign. pfMET and transverse mass (mr) of the event
are required to be larger than 40 GeV and 50 GeV respectively, where mr is defined

as :

my = \/2L B (1 — cos Ag) (7.3.5.3)

between the lepton £ and the pfMET ( EZ¥*) where ¢ is the azimuthal angle between
¢ and E7ss. To reject tt events, b jet veto is applied. Contribution from other non
W + jets events, estimated from MC, are subtracted from data. Figure 7.4 shows
the 7, pr distribution in the denominator and numerator in the W 4 jets control
region. The fake rate is fitted with equation 7.3.5.1. Figure 7.5 shows the fake rate

as a function of 7, pr.

To calculate the QCD contribution, events are selected with one muon (electron)
and two 75,’s of opposite-sign in the muon (electron) channel. All the selected 73,’s

and muons (electrons) should be separated from each other by a minimum AR =

vV (An)2 + (A¢)? > 0.5. my of the selected event is required to be < 40 GeV. This
cut is orthogonal to the fake rate measurement region where mr > 40 GeV which
is mainly dominated by W + jets region. With this additional cut, event selection
goes to a control region which is dominated by DY+jets events where one tau may
decay to a muon (an electron) and the other hadronically with the additional 7,
faked by jets. The Figure 7.6 shows that the region with my < 40 GeV is mainly

dominated by DY +jets.

Selected events are categorized into three control regions based on the tau isolation
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Figure 7.4: pr distribution of 73, in the denominator in muon channel (top left), in electron
channel (bottom left). pr distribution of 7, in the numerator in muon channel (top right),
in electron channel (bottom right).
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as defined in section 7.3.5.

The excess in the data over MC is assumed to be coming from the QCD events as the
contribution of other processes are considered from MC. To extrapolate the QCD
contribution from the tau anti-isolated to isolated region, fake weight is applied to
all the events in these regions as described in section 7.3.5 where value of F(7;) is
taken from Figure 7.5. The distribution of invariant mass of 7, pair after applying
the fake weight in the three anti-isolated regions are shown in Figure 7.7.

CMS Preliminary 35.9 fb! (13 Tev) CMS Preliminary 35.9 fb! (13 Tev) CMS Preliminary 35.9 fb! (13 Tev)
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Figure 7.7: Invariant mass distributions of u7, pair in the FP (left), PF (middle),
FF (right) regions after application of fake weight factors.

Figure 7.8 shows the invariant mass of u7, pair in tau isolated region where the

contribution due to QCD is estimated from Figure 7.7 using equation 7.3.5.2.

Figure 7.9 shows the invariant mass of u7,7, pair in the FP, PF, FF regions. Fig-
ure 7.10 shows the invariant mass of u7,7, in the tau isolated region. Figures 7.8
and 7.10 show good agreement between the observed and estimated QCD contri-

butions within statistical uncertainty in the muon channel.

The same test is performed for the electron channel as well. Figures 7.11 and 7.12
show the invariant mass of er, pair in the FP, PF, FF and PP regions respectively.
Figure 7.13 and 7.14 show the invariant mass of er,7, in the FP, PF, FF and PP
regions. Figures 7.12 and 7.14 show good agreement between the observed and

estimated QCD contributions in the electron channel. Figures 7.8 and 7.12 show
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Figure 7.8: Invariant mass of 7, pair in the tau isolated region (PP).

that the distributions have a peak around 60 GeV which is due to the Drell-Yan
process where one 7, coming from the Z boson decays leptonically and the other
decays hadronically and the invariant mass of ur,, er, pair peaks around 60 GeV

due to the presence of neutrinos in the 7 decays.
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Figure 7.9: Invariant mass distributions of um,7, in the FP (left), PF (middle) and
FF (right) regions after application of fake weight factors.
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Figure 7.12: Invariant mass distribution of er;, pair in the tau isolated region (PP).
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regions after application of fake weight factors.
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Figure 7.14: Invariant mass distribution of er,7, in the tau isolated region (PP).
7.4 Control Plot

To check the agreement between data and MC, comparisons are made in regions where
the two muons are of opposite sign in the pur,7, channel, two electrons are of oppo-
site sign in the eer;, 7, and the muon and the electron are of opposite sign in the per, 7,
channel and total charge of the two leptons and the two 73,’s is non zero. This re-
gion does not overlap with the signal region where total charge of the selected leptons
and two 7,’s is zero. To improve the matching between data and MC distributions,
different scale factors (SF) like trigger SF [(7], muon ID, isolation SF, electron recon-
struction efficiency and MVA ID SF [65], 7, ID SF [70] are applied to MC distributions.
SF for each source is basically the ratio of events observed in data to that in MC. Fig-
ures 7.15, 7.16, 7.17, 7.18, 7.19, 7.20, 7.21, 7.22 and 7.23 show the kinematic distributions
of leptons (muons in pu7,,, electrons in eer, 7, and muon, electron in per,7, channels)
7’s and invariant mass of the two leptons and two 7,’s. In the per,7, channel, contri-
bution of the Drell-Yan process, which has a large cross section, is very small due to
the requirement of one electron and one muon. This leads to very small statistics in the

pet, T, channel compared to the pur,7, or the eer, 7, channel. In all these plots, there is
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a good agreement between data and MC within statistical uncertainty.
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Figure 7.15: Control plots of pr distribution of the leading muon (top left), sub-leading
muon (top right); and of n distribution of the leading muon (bottom left), sub-leading
muon (bottom right) in the puur,7, channel.

7.5 Signal Estimation

Size of the signal is measured using the invariant mass distribution of ¢¢7,7,. Contribution
due to QCD is estimated as mentioned in section 7.3.5 and fake weight is calculated from

Figure 7.3. Table 7.6 and 7.7 show the efficiencies of signal in the SS and OS channels for
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Figure 7.16: Control plots of py distribution of the leading 73, (top left), sub-leading 7, (top
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Figure 7.17: Control plot of invariant mass distribution of pu7,7, for the pupu7, 7, channel.

300 and 800 GeV mass Radion respectively. Table 7.8 and 7.9 show the expected event
yield in 6 different channels separately for background as well as for signal for Radion
mass 300 GeV and 800 GeV.

Table 7.6: Efficiency in % of signal in SS channel for Radion of 300 GeV and 800 GeV

1mass.

’ Mass point \ TR T \ €eT)Th \ WETRTh ‘
300 0.04 0.01 0.03
800 0.23 0.11 0.30

Table 7.7: Efficiency in % of signal in OS channel for Radion of 300 GeV and 800 GeV
mass.

] Mass point \ WITR TR \ eeTy,Th \ WETHTh \
300 0.06 0.01 0.08
800 0.37 0.23 0.76

Due to low statistics available in the signal region for the same-sign lepton analysis

as seen in Table 7.8, it is not possible to perform shape analysis in this case.
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Figure 7.20: Control plot of invariant mass distribution of eer, 7, for the eer,7, channel.

Table 7.8: Expected event yield in SS lepton final states. All backgrounds are normalized
with ox luminosity where luminosity is 35.9 fb~!. For signal ¢ x BR is assumed to be
1 pb. The error shows the statistical uncertainty only.

‘ Process ‘ MUTHTh ‘ ECETHLTh ‘ UETHLTH
ZZ—4l 0.140+0.03 | 0.105+0.02 | 0.298 % 0.04
ZH 0.04740.01 | 0.008+0.005 | 0.082+ 0.02
zZZ 0.192+0.19 - -
tt - 0.252+0.25 | 1.495 & 0.72
DY +jets - 0.570+£0.57 -
wz - 0.186+0.19 -
Single top - - 0.600 + 0.60
Multijet 0.542+0.51 | 0.323+0.44 | 0.238 & 0.60
| Total background | 0.92140.54 | 1.4444+0.79 | 2.713£1.11
300 GeV 24.190+3.64 | 10.578+1.98 | 30.944=+ 3.50
800 GeV 61.713+9.20 | 29.51246.17 | 80.145=+ 10.28
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Figure 7.21: Control plots of pr distribution of the leading lepton (top left), sub-leading
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lepton (bottom right) in the per, 7, channel.
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Table 7.9: Expected event yield in OS lepton final states. All backgrounds are normalized
with ox luminosity where luminosity is 35.9 fb~!. For signal ¢ x BR is assumed to be
1 pb. The error represents the statistical uncertainty only.

‘ Process ‘ MUTHTh ‘ CeTHLTh MUETHTH

7 Z—Al 0.828+0.07 | 0.604£0.06 | 0.475 & 0.05

ZH 0.086£0.02 | 0.040£0.01 | 0.086+0.02

ZZ 0.223+0.21 | 0.652+0.33 | 0.105+0.10

tt 2428+ 0.95 | 0.668+0.47 | 3.753 £1.14

DY +jets 10.97745.11 | 4.526£1.47 | 1.23840.88

wZ - 0.186+0.19 | 0.161£0.16

Single top - - 0.536+0.54
Multijet 13.576+1.84 | 4.101+1.41 | 5.869 + 1.44

| Total background | 28.118+5.52 | 10.7774+2.13 | 12.22342.12
300 GeV 38.03844.61 | 10.473+1.97 | 69.949+ 5.30
800 GeV 100.631411.85 | 62.00748.85 | 205.833416.46
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A separate mass window is chosen for each mass point of the resonant particle which
provides maximum separation between signal and background. This is achieved by max-
imizing the asymptotic formula [71] given by the following equation where s, b are the
expected signal and background yield respectively and yields of background processes are

scaled to the total luminosity.

@ oos (1+3) -)

Table 7.10 shows the mass window for Radion 300 and 800 GeV mass points.

Table 7.10: Mass window after maximizing the asymptotic formula in SS lepton channel
for Radion 300 GeV and 800 GeV mass points.

’ Mass point ‘ MUUTRHTh ‘ EETHLTH ‘ MUETHTH ‘
300 GeV | 100-200 | 100-300 | 100-200
800 GeV | 300-700 | 300-600 | 300-700

After selecting the mass window, all bins within the mass window are considered as
a single bin and it is equivalent to the ‘cut and count’ experiment. Tables 7.11 and 7.12
show the expected event yield in SS region after selecting the mass window for SS channels
separately for mass points of 300 GeV and 800 GeV.

Figure 7.24 shows the mass distribution of 4 particles in the signal region with same-
sign lepton for 300 GeV and 800 GeV mass points of Radion after applying all the
analysis cuts and before selecting the mass window whereas Figures 7.25, 7.26 show the
mass distributions after selecting the mass windows for Radions of mass 300 GeV and
800 GeV respectively. Figure 7.27 shows the mass distribution of 4 particles in the signal
region with opposite-sign lepton for 300 GeV and 800 GeV Radion mass points with all

background contribution after full selection in the signal region.
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Table 7.11: Expected event yield in SS lepton final states after fixing the mass window
for 300 GeV. All backgrounds are normalized with ox luminosity where luminosity is
35.9 fb~!. For signal o x BR is assumed to be 1 pb. The error is statistical uncertainty
only.

] Process \ WITRTh \ €ETHTH \ WeThTh ‘
47 —4l 0.0964+0.16 | 0.093+0.14 | 0.179+0.18
ZH 0.0274£0.10 | 0.003£0.003 | 0.041+£0.11
Z7 0.192+0.44
tt - 0.2524+0.50 | 1.13640.79
DY +jets - 0.57040.75 -
W2z - 0.18640.43 -
Single top - -
Multijet - 0.15140.62 - |

| Total background | 0.3154+0.48 | 1.25541.18 | 1.356+0.82 |
| 300 GeV  [20.108+1.824 | 10.578+1.60 | 26.380+1.79 |

Table 7.12: Expected event yield in SS lepton final states after fixing the mass window
for 800 GeV. All backgrounds are normalized with o x luminosity where luminosity is
35.9 fb~!. For signal o x BR is assumed to be 1 pb. The error represents the statistical
uncertainty only.

’ Process \ TR TR \ eeTHTh \ WETRTh ‘
27 —4 - 0.00640.006 | 0.061+£0.15
ZH 0.008=£0.06 | 0.005+0.004 | 0.01940.11
Z7 - - -
tt - - -
DY +jets - - -
WZzZ - - -
Single top - -
Multijet 0.059£0.38 | 0.049+0.16 | 0.12940.49 \

| Total background | 0.06740.38 | 0.06+0.16 | 0.209+0.52 |

| 800 GeV

| 49.622+5.65 | 26.966+5.91 | 61.304+£5.24 |
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7.6 Systematic Uncertainties

Sources of systematic uncertainty which can affect the cut and count analysis with same-

sign leptons and also the shape analysis with opposite-sign leptons are considered.

7.6.1 Luminosity Uncertainty

An uncertainty of 2.6% [72] on the yield of all the processes except QCD is considered as
the uncertainty on luminosity measurements. Since QCD contribution is estimated from
data, this uncertainty is not considered for QCD process. This uncertainty is correlated

for all the channels.

7.6.2 Uncertainty due to Efficiency of muon, electron and 7,

Identification, Isolation

The uncertainties on muon and electron identification and isolation efficiencies [52] are
determined from the uncertainties in the MC to data scale factors. Uncertainties of
2% [73] and 3% [71] are considered for muons and electrons respectively. The uncertainty
on the 75, identification efficiency is measured using Z/v — u, events and 6% uncertainty

is considered as 73, identification uncertainty.

7.6.3 7, Energy Scale

1.2% uncertainty on 7, energy scale is considered. 4-momentum of the reconstructed

7p, which is matched with the generator level 7 decaying hadronically within AR =

V(An)2 + (A¢)? < 0.5, is changed by +1.2%. The change in the yield for invariant
mass of 4 particles in the signal region is passed as nuissance parameter for the cut and
count analysis with same-sign leptons. The shape of the invariant mass of 4 particles with

up and down variations is used in the case of shape analysis with opposite-sign leptons.
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7.6.4 Jet — 7, Fake Rate

Since jet— 7, fake rate depends on the quark flavor and in the present analysis it is deter-
mined from DY + jets dominated events where softer jets are present, 50% uncertainty
is considered for all reducible background processes where one or two 7;,’s can be faked
by jets. This uncertainty is not considered for QCD process, as it is calculated using a

data driven method. This uncertainty is correlated among all the other channels.

7.6.5 Cross Sections

For the signal, a 5% uncertainty due to renormalization and factorization scale variation
and 3% due to the uncertainties on parton distribution functions are considered. The
cross section uncertainty considered for different background processes are mentioned in

Table 7.13.

7.6.6 QCD Background Yields

The QCD background, which is estimated from data in the three different control regions,
as explained in Section 7.3.5, affects the number of events in the control regions subject to
Poissonian fluctuation [09]. This is modeled as an uncertainty following Gamma distribu-
tion and with central value given by N x «, where N is the total number of events in the
three different control regions and « is the average weight applied to all the events so that
Na is the estimated QCD contribution in signal region. This uncertainty is uncorrelated

among the different channels.

7.6.7 Bin-by-bin Uncertainty

To consider the statistical uncertainty, bin-by-bin uncertainty is considered for each pro-

cess in each bin.
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The magnitude of the systematic uncertainties, considered in this analysis, is shown
in Table 7.13.

Table 7.13: Sources of systematic uncertainties.

’ Source of systematic uncertainty \ Magnitude \ Process ‘
Luminosity 2.6% all processes except QCD
Muon ID and Isolation efficiency 2% all processes except QCD
Electron ID and Isolation efficiency 3% all processes except QCD
Tau ID and Isolation efficiency 6% all processes except QCD
Tau energy scale 1.2% all processes except QCD
PDF 3% for signal
Z H cross section 4% ZH
W Z cross section 6% Wz
Single top cross section 4% Single top
tt cross section 10% TT
DY cross section 10% DY
Z 7 — 40 cross section 10% 27 — 4l

7.7 Results

In the absence of any excess in data over background events as expected from the Standard
Model processes, we calculate a 95% CL upper limits on o (pp — X) x BR(HH — 7777)
as a function of Radion mass. Figure 7.28 shows the observed (expected) limit as a
function of Radion mass for puur,m,, eet,1n, per,7, channels with same-sign leptons.
For opposite-sign leptons, limits are shown in Figure 7.29 for pur,m,, eetymn, uetyt
channels. In all these cases limits are calculated by the Asymptotic method [71] using the
combination tool developed by the Higgs combination group. Limits are given in terms of
the cross section of pp — X — HH — 7777. Figure 7.30 shows the observed (expected)
combined limit as a function of Radion mass. Figure 7.31 shows the comparison of limit

on o(pp — X) x BR(HH) in different Higgs boson decay modes.
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7.8 Conclusion and outlook

The results of HH — 41 have been compared with other final states in Figure 7.31 where
it can be seen that this channel can be competitive in the low mass region. A number of
improvements are planned for the future. Only 30% of all the HH — 4 7 final states has

been considered in this analysis. Other decay channels of 7, like,
o HH — TTTT — TR ThThTh
e HH — 1111 — (0L
o HH — 7711 — LllTy
o HH — 1177 — {T) TR Th

must be added to achieve higher sensitivity. Also invariant mass of 4 particles should
be reconstructed using the SVFit [75] algorithm where neutrinos from the 7 decay are
considered properly. This would lead to good mass resolution of signal. Moreover, this
analysis is constrained by limited statistics. Improved estimation of background contri-
bution from data, where one or more particles are faked by jets, will reduce statistical
uncertainty. In Run3 and beyond, i.e during HL-LHC with much higher statistics, there
will be other possibilities to improve this analysis so that it can compete with the major

final states : bbbb, bby~y, bbrT, bW W .
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