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Abstract

We have searched for higgs boson pair production in proton-proton collisions in the hh — bbr 7~
decay channel with the ATLAS detector at the CERN Large Hadron Collider. We have analyzed
proton-proton collision data corresponding to an integrated luminosity of 20.3 fb~! at a center-
of-mass energy of 8 TeV. The search is intended to examine possible hh production enhancement
predicted in some of the Beyond-the-Standard-Model scenarios, but also is motivated to develop an
analysis method applicable to future measurements of the higgs boson self-couplings predicted in
the Standard Model (SM). As hh production mechanisms, we consider both the non-resonant case,
where hh pairs are produced through the SM processes, and the resonant case, where a heavy higgs
boson H decays into a hh pair, H — hh. The final state objects bbr" 7~ are identified by requiring
one or two b-tagged jets for b-quarks, and a pair of a lepton (= electron or muon) and a hadronic
jet, consistent with leptonic and hadronic decays of a 777~ pair. The invariant mass distributions
of m,+,- and my,.+,- have been used as the final discriminants for non-resonant and resonant
searches, respectively. No excesses over the expected backgrounds have been observed. We thus
set a 95% CL upper limit on the non-resonant hh production cross section to be 1.60 pb with
an expected sensitivity of 1.31 pb. Also, 95% CL upper limits on the resonant production cross
section are placed, ranging from 4.2 pb for my = 260 GeV/c? to 0.46 pb for my = 1000 GeV /2.
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Chapter 1

Introduction

1.1 The Higgs Boson

1.1.1 Electroweak Interactions

Quantum Electrodynamics (QED)
The dynamics of charged fermions and electromagnetic interactions are described by Quantum
Electrodynamics (QED), which is an abelian gauge theory with U(1)gys group symmetry. For the
spinor 1, the Dirac equation is given as

(179,) = 0 (1.1)

where v* stands for gamma matrix.
The replacement of differential operator 9, to covariant derivative D, as:

0, — D, =0, +1qA, (1.2)
then Equation 1.1 is to be:
(i7" D)6 = 0 (1.3)

This shows the dynamics of the Dirac particle in the electromagnetic potential. The given La-
grangian of QED defined as:

Lqrp = Y(iy"D,, — m)y — iFWF’“’ (1.4)
is invariant under U(1) gy, local gauge transformation of :
o ) = e Xy (15)
if following gauge transformation is performed
Ay — A, = A, —0ux, (1.6)

where ¢ = 11~? and F. =0,A, —0,A,.
If the particle associated with A, has the mass, the mass term has to be added to Equation 1.4:

o % M2APA, . (1.7)

This term is however not gauge invariant. This means the mass of gauge field has to be zero. Here
the gauge field A, represents the photon.
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Weak Interactions

The weak isospin triplet of SU(2). is represented by three W fields. If the numbers i = 1,2, 3 are
assigned to W bosons like W' then the charged W bosons W and W~ bosons are represented
as:

1
|4 p—
V2
The weak interaction works to only left-handed fermions . The SU(2) doublet fermions and
singlet fermions are assigned for the left- and right-handed fermions, respectively:

(W FiWy) . (1.8)

Left — handed : v = (”L) , (Zi) Right — handed : v = (er), (ur), (dg) (1.9)

€r

for the first generation leptons and quarks.
The local gauge transformation of SU(2)y, state is given as:

1 .
vy — WL = exp <§7JX2'(37)> YL,
' (1.10)
WZL — W[f = WZL - gauxl + e;kij[f
where 7% is the Pauli matrix. The covariant derivatives D, is introduced as:
g
M —>Du:8u+§WH(:c)X (1.11)

where ¢ is the weak coupling constant, eék is antisymmetric symbol. The Lagrangian for weak
interaction is:

_ 1 ,
ﬁW = Q/)L(Z’)/MDM — m)z/)L - ZWMVVI/ZH (112)
where W}, = 0,W,.—08,W+ige,, WIWF. The mass terms such as my for fermions and my, W, W*
for W bosons are forbidden, in order to require the gauge invariant. Thus, SU(2) forbids the mass
term of fermions and bosons.

Electroweak unification

In the Standard Model (SM), Electromagnetic and Weak interactions are unified to the Electroweak
interaction by SU(2);,xU(1)y. Three W* bosons and the B field having weak hypercharge of U(1)y
are taking up the electroweak interaction. The neutral state W? is mixing with the B field. Z°
and v are the physical particles constructed from this mixing.

A, = B, cos 0, + Wj’ sin 6,

, \ (1.13)
Z,= —B,sinb,+ W;cosb, .

The mixing angle is called as “Weinberg angle” (6,,) representing the ratio of the coupling constants
of the SU(2) and U(1)y.

/

tand,, = g (1.14)
g
The Lagrangian of electroweak is given as:
- - Lo . v
Lew =Wy Db + 1ry Drytvr — ZWWWZ‘H - ZBWB“ (1.15)
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where B, = 0,58, — 0,B5,,.
Here, Dy, and Dg, are covariant derivatives as introduced to satisfy gauge invariance under

SU(2)L XU(l)y

D, = 0,+ §gTZ~W’,u + §g'YBM (1.16)
Dry = 0.+ %g’YBM (1.17)

where Y stands for a hypercharge operator. B boson interacts to not only left-handed but also
right-handed components of the fermion fields through hypercharge. The mass terms are forbidden,
in order to be gauge invariant. This inconsistency with the experimental result is resolved by Brout-
Englert-Higgs (BEH) mechanism described later.

Electroweak symmetry breaking
The Lagrangian with one complex scalar field added into gauge field is given as:

1 1

L= —1BuBY — WV £ (D) (D) — V(9) (118)
where D, = 0, — ieA,, and V(¢) is the potential of ¢ described as:
V(g) = u?o'o+ Ao'¢)? . (1.19)

Here, ¢ stands for the scalar field of SU(2), group, written as:

¢r L (1 +ipy
= = ; 1.20
¢ <¢° 73 \ 65+ o (1.20)
The A >0 on Equation 1.19 is required to stabilize the field. The shape of potential is split to two
types based on the sign of u?. They are shown in Figure 1.1.

2
o 1 >0
The shape of this potential is corresponding to (a) in Figure 1.1. In this case, the minimum
potential (vacuum) is given when ¢ = 0, and p? is corresponding to the mass of the field.

2
o <0
The shape of this potential is corresponding to (b) in Figure 1.1. The vacuum state is given
on the condition of:

2

(61 + (622 + (") + (") = - (1.21)
lead from g—‘; =0 (1.22)

«,

There are four freedoms of ¢!, ¢?, ¢* and ¢*. Here what only ¢* has non-zero value “v” and
otheres have zero is assumed, then ¢y.cuum is to be:

1
¢vacuum = % (g) s (123)
_Iu2
N

and the value v is,

v=1/— (1.24)
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V@@

V@@

(a) (b)
Figure 1.1: Potential V(¢) in case of (a)before and (b) after symmetry breaking.

The v value is called as vacuum expectation value. The vacuum state is degenerate up to

infinity on the circle satisfying |¢| = v/v/2. The rotational symmetry among four comparable
fields ¢!, ¢?, ¢* and ¢* is broken by choosing only one field (¢?) as the vacuum state.

Higgs field .
The complex scalar field is re-written by introducing x* with three components and higgs field
h, to consider the expansion around the stable state.

¢ = %eXp(%Tix’i) (U 2 h) . (1.25)

The following gauge transformation removes the three freedoms of y from Lagrangian.

¢ — ¢ =U(x)¢o (1.26)

,where U(x) = exp(—%nx’i) . (1.27)

6= % (U 0 h) _ (1.28)
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After the symmetry breaking, the Equation 1.28 is assigned into the Lagrangian. Then
Lagrangian is to be:

B 1 gW) —igW2\ |*
L= 8,uh' + 12—\/5(11 + h) (_gWi’ + g,B,u

(1.29)
~ Ly e L g “—2( +h)? — é(u + h)!
4 ot 4 2 4
After a calculation, following two terms are shown in the equation:
2,2
g
T (W2 + (w2P),
) (1.30)

v
) (QW::) - Q/Bu)2

These correspond to the mass terms of W* and Z° bosons. The mixing of W? and B leads
the fields of Zg and photon A, as already described in Equation 1.13. Furthermore from the

mass term of A%, the mass of higgs boson associated with the higgs field is given as:
my =/ —2u>. (1.31)
And the term of h? is to be:
vh?. (1.32)

This represents the higgs trilinear-self-coupling. The one of the freedoms of four complex
scalar fields is assigned to higgs field h and three freedoms are absorbed by spin-freedom of
the gauge bosons.

1.1.2 Discovery of Higgs Boson

The higgs boson has been discovered with ATLAS and CMS experiments at LHC in 2012 [1,2].
Figure 1.2 (a) and (b) show the mass distribution of h — 77 channel and local py value of the
standard model higgs boson search in the h — ZZ* — 4l, h — vy and h — WW* — evuv
channels combined with the amount of the data collected in 2011 and 2012 of 4.6-4.8 fb~! and
5.8-5.9 fb~! at the center-of-mass energy /s = 7 and 8 TeV, respectively. The p-value, which is
the probability that the observed event excess is explained by the background only, corresponds
to a significance of 60 around the mass of m;, = 125 GeV.

After the discovery, measurements of the higgs boson, i.e. mass my, couplings to gauge bosons
and fermions, and spin and parity quantum numbers are performed in the ATLAS experiment.

The result using the full dataset of 2011 and 2012 corresponding to 4.7 fb~! at /s = 7 TeV and
20.3 fb~1 at /s = 8 TeV sets the mass of higgs to be m;, = 125.36 £ 0.37 (stat) 4= 0.18(syst) GeV
from the h — vy and h — ZZ* — 4l channels combined [3]. The discovery of the higgs boson was
made through analyses of the bosonic decay modes. The h — 717~ has been reported the first
evidence of higgs Yukawa coupling [4]. The mass distribution and the local p, value are shown in
the Figure 1.3. h — bb channel is also analyzed as well as h — 77~ channel. The observed and
expected 95% CL limit is shown in the Figure 1.4. The signal strength normalized by the SM higgs
production measured using the full dataset of 2011 and 2012 and combination of all production

modes and decay channels is u = 1.18 7013 as shown in Figure 1.5 [5].
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Figure 1.2: (a) vy mass distribution of h — 7 channel. (b) The local pg value for the h — ZZ* — 4l, h — v and
h — WW?* — evuv channels combined. The SM Higgs boson mass hypothesis of my = 126.5 GeV is used. The
data statistics is corresponding to 4.6-4.8 fb~! and 5.8-5.9fb=! at /s = 7 and 8 TeV, respectively. The observed
(solid) local pg as a function of my in the low mass range. The dashed curve shows the expected local pg under
the hypothesis of a SM Higgs boson signal at that mass with its =10 band. The horizontal dashed lines indicate
the p-values corresponding to significance of 1 to 6 o. [1]

The spin-parity of J* =07, 1%, 17,2 assumptions are excluded at confidence levels more than
97.8% obtained from h — vy, h — ZZ* — 4l and h — WW™* — [viv channels using corresponding
dataset of 20.7 fb~! at \/s = 8 TeV (only h — ZZ* — 4l of 4.6 fb~! at /s = 7 TeV is included) [6].
It is shown in Figure 1.6. Thus higgs boson is consistent with 0% spin-parity state.
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Figure 1.3: (a) The mass of di-tau system reconstructed by MMC described in Section 5.7.2 for the MVA based
analysis and, all lep-lep, lep-had and had-had channels are combined by weighted by In(1 + S/B). (b) Observed
(solid red) and expected (dashed red) po values for a given my. All channels are combined in the cut-based analysis
(CBA). The expected py values are given for the background-only hypothesis. The corresponding observed and
expected pg values for the multivariate analysis (MVA) are indicated for my = 125 GeV by a full and open star
respectively. [4]
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Figure 1.4: The result from h — bb analysis. Observed (solid) and expected (dashed) 95% CL cross-section upper
limits normalized to the SM higgs boson production cross section for given mass mj, with full data set collected in
2011 and 2012 and including all analysis channels.
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1.2 Higgs Boson Pair Production

Higgs Boson Pair Production within the Standard Model

After the higgs boson discovery, the significant progress has been made in measuring the coupling
strength of the higgs boson to vector bosons and to fermions as well as studying the spin-parity
of higgs boson. To examine whether the observed higgs boson is truly the SM higgs is very
important, and to search for beyond the standard model (BSM) is carried out in newly discovered
higgs boson production and decay. The sign of the BSM has not been observed from any one of the
current results. The one of the remaining and most interesting confirmations about higgs boson
is the self-coupling among higgs bosons. The electroweak symmetry breaking leads the existence

. h

Figure 1.7: Higgs boson trilinear-self-coupling.

of higgs boson, which is described in Section 1.1 in framework of the SM. Since it predicts higgs
self-coupling as well, its measurement is essential in testing the BEH mechanism. The self-coupling
leads the higgs boson pair production (di-higgs) as shown in Figure 1.7. The processes of di-higgs
production in the SM are shown in Figure 1.8 [12]. The di-higgs production measurement is a
direct test of the BEH mechanism. However, since di-higgs production cross-section in the SM
prediction is quit small as summarized in Table 1.2 [12], the current amount of data provided by
the LHC collision does not have a potential to discover di-higgs production in the SM as found
from the studies of [7-11]. However it is significantly meaningful to quantify the sensitivity even

Table 1.1: The total Higgs pair production cross section in the main channels at the LHC (in fb) for given c.m.
energies(in TeV) with My = 125 GeV. [12]

Vs [TeV] Uﬁf—%h [tb] C’%/L—(fhhqq/ [fb] Ué\fjﬁ%)hh [tb] Uzj;\zfjﬁlé%h [fb] U(fqoggﬁtfhh [fb]
8 8.16 0.49 0.21 0.14 0.21
14 33.89 2.01 0.57 0.42 1.02
33 207.29 12.05 1.99 1.68 7.91
100 1417.83 79.55 8.00 8.27 77.82

for the current amount of data and to develop the analysis methods for future measurements.

10
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() gg double-Higgs fusion: gg — HH

9 w0000 —>—7 -~ - - H

g 00000 — ----H

c¢) Double Higgs-strahlung: qi' + ZHH/WHH

M w

Figure 1.8: Some generic Feynman diagrams contributing to Higgs pair production at hadron colliders. [12] The
capital " H” stands for standard model higgs in these diagrams.

Higgs Boson Pair Production in the Beyond Standard Model

The cross-section in the standard model is quite small at /s = 8 TeV pp collision, however BSM
can potentially enhance the cross-section. If the trilinear-self-coupling A;p;, shown in Figure 1.7
does not exist or is negative, then higgs pair production in other processes is enhanced. Figure 1.9
shows the ratio of the cross sections compared with the standard model predictions at given

Mot AT [12].

If A\ppp is —5 times with respect to the SM prediction, the rate of g¢’ — hhqq' is enhanced to about
40 times. This value is not so far from the analysis sensitivity achievable for the /s =8 TeV Runl
data. Furthermore the production cross section is enhanced in the Run2 thanks to upgrade the
center-of-mass energy to /s = 13 and 14 TeV. If A\pup/APM = —5 is assumed, the cross section
of q¢ — hhqq' is about 800 fb (Figure 1.10). Searching this process in Runl itself is worthful, as
well as it is very important from the point of the development and study of the analysis method
for Run2.

The existence or non-existence of additional higgs boson is also one of the important questions
for the higgs boson physics. The “Two-Higgs-Doublet-Model (2HDM)” is one of the simplest
expansion of the Higgs sector. This resonant can decay into di-higgs, consequence the cross section

11
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Figure 1.9: The ratio of the cross sections compared with Figure 1.10: di-higgs )\production cross sections in femt
standard model at a given {44 at /s = 8 TeV. [12] barn given at a given S at Vs =14 TeV. [12]

hhh

of di-higgs is strongly enhanced. The cross sections times branching ratios of 2HDM heavy scalar
higgs are shown on Figure 1.11 [12], where the units picobarn for /s = 8 TeV pp collision.
The channel decaying to di-higgs from heavier state opens if the scalar mass mpy is greater than
~250 GeV (= 2my,). The branching ratio decreases for my from 350 GeV which is corresponding
to the 2xMy,p,.

The 2HDM model requires two doublets of scalar fields.

2 .
b= (%(Uz + ¢ + ZXZ)) (i=12) (1.33)

The higgs potential in the 2HDM is generally given as:

A A
V(61,62) =5 (8161)° + 5 (6162)" + Xs(6161) (1)
F Xu(0102)(0160) + 5 s(6]02) + hc) (1.34)

1
= 5 (10161 + (mizdlds + hoc.) + miyelon)

¢ and ¢y get the vacuum expectation values vy, vo respectively. [ is defined as the ratio of v; and
Vy.

tan 8 = vy /vy (1.35)

There are eight freedoms, but the number of freedoms decreases to five because three fields are

absorbed as longitudinal polarization of gauge bosons. The rest of five fields are the neutral scalar

fields h, H, pseudoscalar A and charged higgs fields H*. The pseudoscalar field A and charged
higgs fields are given as:

H* = —¢fsinB+ ¢; cos (1.36)

A = —xysinf+ xacosf (1.37)

The light scalar field h can be regarded as to the observed Higgs boson.

12
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Figure 1.11: The cross sections times branching ratio of 2HDM heavy scalar higgs in units of picobarn for /s = 8 TeV
pp collision for given mass. The configurations are, Upper left: tan 8 = 1, cos(8 — a) = —0.32 = for Type 1 2HDM.

Upper right: tan 8 = 1, cos(8 —a) = —0.11 for Type 2 2HDM. Lower left: tan 8 = 10, cos(8 — )

1 2HDM. Lower right: tan 8 = 10, cos(f8 — «)
H [15].
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CHAPTER 1. INTRODUCTION

The physics of di-higgs is currently motivated within the BSM. It is split to two categories; one
is the non-resonant model, and another is the resonant model.

e Non-resonant:
Enhancement of ¢¢' — hhqq' led within BSM increasing the higgs trilinear-self-coupling de-
scribed above is included in this category. Other models, composite model [13] and light
colored scalars [14] could enhance the higgs pair production.

e Resonant Process:
The 2HDM heavy higgs described above is included in this category. Graviton [16], Radion
(whose field is useful for stabilizing the graviton field) [17] and other resonant models could
decay into higgs boson pair.

1.3 hh — bbrT7 Final State

1.3.1 Advantages in hh — bbr* 7~ Channel

The hh — bbrt7~ final state is examined as a di-higgs search in this analysis. This search channel
has the following advantages:

e Large branching ratio:
hh — bbr™7~ has third largest branching ratio 7.1 %. The branching ratio of the SM higgs
pair in percent is summarized in Table 1.2.

Table 1.2: The branching ratios of di-higgs decay combinations hh — X XYY in percent are shown. hh — bbrt7~
has the third largest branching ratio 7.1 % which is shown in bold.

bb WW 777~ 77 Yy
bb 32 25 7.1 3.1 0.26
WWwW - 5 2.8 1.2 0.1
THr o - - 0.39 0.34 0.029
77 - - - 0.076 0.013
¥y - - - - 0.000053

e (Clean signature:
The events containing one light lepton (electron or muon) is used in this analysis. This light
lepton is provided from leptonic 7 decay. This requirement suppresses the jets background
processes, giving clean signature.

e Reconstructable invariant mass:
The standard model higgs boson mass should be powerful discriminant between signal and
background. Both invariant masses of bb and 777~ are reconstructable. For example, hh —
bbbb channel has three bb combinations and this degrades the mass resolution.
Therefore, bbr™ 7~ mass is also reconstructable.

e Triggerable:

The single lepton trigger which shows a great performance can be used as an efficient event
trigger.

14
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Figure 1.12: The feynman diagrams of tau lepton decay (a) leptonically and (b) hadronically.

1.3.2 Signature of 7 Decay

The observable objects of hh — bbrt7~ are divided into three main classes based on 7 decay
modes, leptonic or hadronic decays. The difference of these decay modes, leptonic or hadronic
decay, represented by the decay of the W boson from 7 decay. In the leptonic decay W* boson
decays into light lepton (Figure 1.12(a)), and hadronic decay stands for what W= boson decays
hadronically (Figure 1.12(b)). The two decay modes of 7 pair decay give three combinations,
(1) both 7 decay hadronically (di-lepton), (2) one of them decays leptonically and another de-
cays hadronically (semi-lepton) and (3) both 7 decay leptonically (all-hadronic). The semi-lepton
channel was chosen in this analysis for the following reasons:

e Large branching ratio:
Table 1.3 shows the decay branching ratio of 7 pair decay categories in percent. The semi-
lepton mode has the highest branching ratio 46%.

Table 1.3: The branching ratio of 7+77.

di-lepton  semi-lepton  all-hadronic
12% 46% 42%

e (Clean signature:
Since energetic jets have certain probability of identified as a lepton (fake lepton), the back-
grounds including jets can be suppressed by requiring a light lepton in the final state.
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Chapter 2

LHC Accelerator and ATLAS Detector

The proton-proton collision is provided by the Large Hadron Collider (LHC), and the data was
collected with the ATLAS detector. In this section, the LHC, ATLAS detector and their operations
are described.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is located on the border of France and Switzerland,
being the currently largest and most powerful particle collider in the world. The LHC is composed
of superconducting magnets aligned along a 27 km circumference tunnel originally constructed for
the LEP collider. The main operation of the LHC is proton-proton collision, but heavy ions are used
as well. This section focuses on the proton-proton collision which is used in our analysis. Thanks
to the heavier proton’s mass compared with electrons, energy loss by synchrotron radiation, which
is proportional to 1/m* (Equation (2.1)), can be suppressed, therefore proton beam can reach very
high energy.

B draheB3y4 EN' 1

where f =v/c, v = (1— 52)_%. The maximum design center of mass energy is /s = 14 TeV. The
LHC has been operated at /s =7 TeV and /s = 8 TeV, in 2010-2011 and 2012, respectively. In
2015, /s = 13 TeV has been reached after finishing the shutdown in 2013. The LHC is planning
to upgrade to /s = 14 TeV in near future.

2.1.1 Proton Injection to The LHC

The proton beam is accelerated piecemeal in several machines. Figure2.1 shows the chain of
proton injection to the LHC. The protons, which are provided from hydrogen gas stripped with
their electrons by using electric field, are accelerated to energy of 50 MeV by the linear accelerator
(Linac2). Then the proton beam is injected to the Proton Synchrotron Booster (PSB), accelerated
up to 1.4 GeV and sent into the Proton Synchrotron (PS). In the PS, the beam reaches 25 GeV,
and is transfered into the Super Proton Synchrotron (SPS) to be accelerated up to 450 GeV, before
injection into the two beam pipes of the LHC. The beams circulating in the pipes are accelerated
to their maximum energy and collided at the detectors. The strong magnetic field is needed for
bending high energy protons.
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Figure 2.1: The proton injection to the LHC. [18]

2.1.2 The LHC Parameters

Table 2.1 shows the LHC beam configuration parameters of design value and 2012 Run.

Table 2.1: The beam parameters for pp collision in LHC 2012 Run.

Design value 2012 Run value

Center of Mass Energy [TeV] 14 8
Bunch spacing [ns] 25 50
Number of proton bunches 2808 1380
Number of particles per bunch 1.15x 10 1.7x10M
Peak luminosity [cm=2s7!] 1.0x10% 7.7x10%3
Dipoles magnetic fields [T] 8.33 4.76
Bunch length [cm] 7.55 >9
Transverse beam size at IP [um] 16.7 19
Crossing angle at IP [urad] 285 290

2.2 The ATLAS Detector

The data is collected with the ATLAS detector (Fig 2.2). The ATLAS detector is composed of
several sub-detectors. In this section, descriptions of each detectors are given.
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Figure 2.2: The ATLAS Detector.

2.2.1 The Inner Detectors

The Inner Detector is in a cylindrical shape with the overall size is 1150 mm, 7024 mm in length,
as shown in Figure 2.3. The solenoid magnet described later is surrounding the Inner Detector.
The Inner Detectors occupy the innermost region of ATLAS detector, composed radially of Pixel
Detector (PIXEL), Semiconductor Tracker (SCT) and Transition Radiation Tracker (TRT). This
detects the hit positions of charged particles and measure momenta and impact parameters, which
are used to reconstruct the vertex position of the event. The features of the sub-detectors are that
PIXEL and SCT provide fine-granularity measurements thanks to high-precision semiconductor
detectors, and that TRT gives many tracking points thanks to large detector size. The high
precision track reconstruction in both ¢ and z is achievable by combination of three, four and 36
tracking points at PIXEL, SCT and TRT, respectively, within pseudorapidity |n| <2.5. Here 7 is

defined as:
n=—In (tan (g)) (2.2)

where @ is polar angle from the proton beam with the original at the collision point. The momentum
resolution of Inner Detector is

OpT/p ™~ 0.05%pT ©® 1% (2.3)

The details of sub-detectors are described following:

PIXEL detector (PIXEL)

The PIXEL is located at the place closest to the collision point. The detector sensors are aligned
cylinderically around the beam axis in the barrel region and perpendicular to the beam axis
in the end-cap regions. The high granularity measurement is required because of high particle
density. The PIXEL provides precision tracking within the coverage of |n| <2.5. The pixel layers
are segmented in R — ¢ and in z, and the sensor size is 50x400 ym in R — ¢ x z. The total
readout channels is 80.4 million. The spatial resolutions are 10 ym and 115 ym in R — ¢ and in
z, respectively.
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Figure 2.3: Illustration of Inner Detector. It is composed of PIXEL, SCT and TRT [19].

Semiconductor Tracker (SCT)

The SCT is located at the second innermost area of the inner detector. There are eight layers of
silicon microstrip sensors. The detector uses small-angle stereo strips of 40 mrad to measure both
coordinates giving four space points. The typical space resolutions of the space point are 17 pum
and 580 pum in R — ¢ and z, respectively. The number of readout channels is 6.3 million.

Transition Radiation Tracker (TRT)

The TRT is located at the outermost area of the inner detector. The coverage is |n| < 1.0 and 1.0
< |n] < 2.0 in the barrel and end-cap regions, respectively. The TRT is composed of straw-shaped
drift tubes. The TRT is the detector operated using the principle of transition radiation'. The
proportional relation of the transition radiation yield to the Lorentz boost factor + enables to
identify electrons from mesons, since 7 is sensitive to incident particle’s mass. The straws with
length of 144 cm are parallel with the beam axis in the barrel region, and the straws with length
of 37 cm are aligned radially in the end-cap regions. The number of read out channels is about

351,000.

2.2.2 The Calorimeters

The calorimeters are used for the energy measurement of electrons, photons and hadrons. An
illustration of the calorimeters is shown in Figure 2.4 [19]. The calorimeter should have appropriate
amount of material, since the particles measured with calorimeters have to be absorbed within the
calorimeter. The calorimeter system of ATLAS detector is so-called sampling type calorimeter,
where the structure is composed of absorbers and sensors. The energy of particles is measured by

ITransition radiation: The phenomena that relativistic charged particles crossing ununiform materials emit photons.

20



CHAPTER 2. LHC ACCELERATOR AND ATLAS DETECTOR

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

LAr forward (FCal)

Figure 2.4: Calorimeters

sampling the particle shower generated by interaction with absorber. The calorimeter is composed
of electromagnetic- and hadronic-calorimeter. These calorimeters cover the range of |n| < 4.9.

Electromagnetic Calorimeter

The EM calorimeter is a lead-LAr sampling type calorimeter, lead and liquid Argon are used for
absorbers and active media, respectively. Accordion-shaped kapton electrodes are characteristic.
This shape allows complete ¢ symmetry without azimuthal cracks hence producing insensitive
area. The EM calorimeter is segmented in the depth direction into three sections. An illustration
is shown in Figure 2.5. The EM calorimeter is classified into two parts based on the 7 region,
barrel (|n| < 1.475) and end-cap (1.375 < |n| < 3.2) regions. The total thickness is designed as >
22 and > 24 radiation lengths (Xj) in the barrel and end-cap regions, respectively, as summarized
in Table 2.2.

Table 2.2: The coverage and total thickness of EM calorimeter.

barrel end-cap
[n] coverage In] < 1.475 1.375 < |n| < 3.2
Total thickness > 22 X > 24 X

Hadronic Calorimeter

The hadronic calorimeter is divided into three parts, Tile calorimeter (Tile HCAL), LAr hadronic
End-cap Calorimeter (HEC) and LAr forward calorimeter (FCal).

e Tile calorimeter:
Tile HCAL is placed outside of the EM calorimeter envelope. The coverage is |n| <1.7. The
steel and scintillating tiles are used as absorbers and active media, respectively. The photo-
multiplier tubes are used for readout via wavelength shifting fibers coupled to scintillating
tiles.
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Figure 2.5: The illustration of LAr EM calorimeter. [20]

Table 2.3: The hadronic-calorimeter.

Tile HCal HEC FCal
[n| coverage In| < 1.7 15 <n <32 31<|n <49
absorbers steel copper tungsten
active media scintillating tile LAr LAr

e LAr hadronic End-cap calorimeter:
HEC is placed behind the end-cap EM calorimeter. The coverage is 1.5 < |n| < 3.2. The
copper is used as absorbers, and LAr is shared with EM calorimeter acting as active media.

e LAr forward calorimeter:
HEC covers higher 7 region, 3.1 < |n| < 4.9. This enhances uniformity of full coverage
of the calorimeter outermost reducing in addition background from radiations in the muon
spectrometer.

2.2.3 Muon Spectrometer

The muon spectrometer measures the trajectory and momentum of the muons. The muon spec-
trometer is located outermost of the ATLAS detector, since muons have small interaction with
materials and tiny energy loss in the calorimeters. The muon spectrometer is shown in Fig-
ure 2.6 [19]. The coverage is || <2.7. The muon spectrometer is composed of three detectors,
Monitored Drift Tube (MDT), Cathode-Strip Chamber , Resistive Plate Chamber (RPC) and Thin
Gap Chamber (TGC). The MDT and CSC perform precise tracking measurement, and the RPC
and TGC perform as trigger chamber. The muon spectrometer measures the momentum from the
curvature of the track bent by toroidal magnets.
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Figure 2.6: Muon spectrometer.

Monitored Drift Tube Chamber (MDT)

The MDT performs precise measurement of the track coordinates. The MDT is located in both
barrel and end-cap regions, covers || < 2.7 (|n| < 2.0 for innermost layer). The MDT consists of
drift tubes, where a mixture of Argon and the carbon dioxide with the ratio of 97 and 3 % is filled.
The diameters are 30 pum, 50 pm for tubes and central tungsten wires.

Cathode Strip Chambers (CSC)

Similar to MDT, the CSC gives precise tracking measurement. In the innermost layer, the count
rate of MDT is exceeds its limit. The CSC is installed in the region 2.0 < |n| < 2.7 replacing of
MDT, because the CSC has higher rate resistance than MDT. The CSC is composed of multiwire
proportional chambers with cathode strip readout. A gas mixture of Ar, CO5 and CF, with the
ratio of 40, 50 and 10% is filled in the CSC. The position resolution is about 60 pm, and the muon
momentum resolution is 2.5% at 100 GeV.

Resistive Plate Chamber (RPC)

The RPC is the detector for the triggers in the barrel region, covering the region |n| < 1.05. The
fast response enables quick trigger process. The RPC is a gaseous detector utilizing as the basic
unit a narrow gas gap formed by 2 mm thick two parallel resistive Bakelite plates, separated by
insulating spacers. The gas CoHsFy with small mixture of C4H;y and SFg is filled in the RPC.

Thin gap chamber (TGC)

The TGC is the detector for the triggers in the end-cap region, covering the region 1.05 < |n| <2.7
(1.05 < |n| <2.4 for the triggering). TGC is multiwire proportional chambers with narrow gaps
of wires and strips enabling faster response. The gaps are 1.8 mm and 1.4 mm for wire pitch and
cathode-cathode distance, respectively. A gas mixture of 55% CO, and 45% n-CsH;, is filled in
the TGC for the purpose of quenching.
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2.2.4 The Magnets

The solenoid and toroid magnets are used in the ATLAS detector. The magnet system is shown
in Figure 2.7 [21].

End-Cap
Toroid

Central Solenoid

Figure 2.7: The layout of the magnet system. [22]

e The solenoid magnet:
The solenoid magnet is installed parallel to the beam axis designed to provide an axial magnets
field of 2 T for the inner detector. This strong magnetic field enables us to measure momentum
of the charged particles. The material thickness is 0.66 radiation lengths, and this value is
designed to be as low as possible located in front of the calorimeters for the desired calorimeter
performance. The diameters of the magnet are 2.46 m (inner diameter: ID) and 2.56 m (outer
diameter: OD), with the axial length 5.8 m.

e The toroid magnet:
The toroid magnets are installed outside of the calorimeters. The eight toroid magnets are
aligned to be symmetry in the ¢ direction. The magnetic fields are 0.5 T and 1.0 T in the
barrel and end-cap regions, respectively. The size of the toroid magnet is 25.3 m in length
and the diameters are 9.4 m (ID) and 20.1 m (OD), respectively.

2.3 Trigger and Data Acquisition System

In this section, the trigger system is described. The LHC provides the pp bunch collision in 20
MHz frequency, and it is impossible to record all collision data because of limit of the computer
resource. Therefore we have to select the interesting events recorded as the data by applying tight
selections. This scheme is called as the trigger system. Trigger is required to decrease the event
rate to 700 Hz in Runl [32]. The trigger system is split to three levels, Levell(L1), Level2(L2)
and Event Filter(EF). In order to decrease the event rate dramatically from 20 MHz to 70 kHz at
L1, L1 is hardware based trigger. The Region of Interest (Rol) which is the interesting position
information is defined at L1, and it is sent to L2. The more precise algorithm is applied at L2 and
EF, and the rate is finally decreased to 700 Hz.

2.3.1 Lepton Triggers

In this section, the lepton triggers, electron trigger and muon trigger, are described. The lowest
unprescaled single lepton trigger is used in this analysis. They are summarized in Table 2.4. The
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Figure 2.8: Illustration of the trigger system. [33]

thresholds of transverse momentum are 24 GeV and isolation is required for both electron and
muon triggers.

Table 2.4: The single lepton trigger used for the 2012 data analysis.

Trigger Chain Levell Trigger Period
Electron EF_e24vhi_medium1 EM18VH A-L
Muon EF_mu24i_tight MU15 A-L

Electron Trigger

The events including high pr electrons within || < 2.5 are acquired by the electron trigger. The
trigger system is split into three levels, L1, L2 and EF.

e Levell Trigger:
The hardware-based trigger is performed in L1. The trigger tower composed of electromagnetic-
and hadronic-calorimeters shown in Figure 2.9 are used for identification of electromagnetic
objects. The granularity of the tower cells corresponds to An x A¢p=0.1x0.1. The towers
measure the transverse energy Er in the cells, and electromagnetic objects are selected if Erp
sum deposited in the electromagnetic calorimeter is greater than the threshold.

e Level2 Trigger and Event Filter:
The L2 and EF are software-based triggers. Fast calorimeter energy and tracking reconstruc-
tion algorithms are used in L2. The calorimeter reconstruction algorithm is similar to offline
algorithm, but only the highest Er cell located in the middle calorimeter layer is used as seed
cluster. The track reconstruction is performed to satisfy tighter timing requirements.
The EF uses the same reconstruction algorithm as offline algorithm.
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Figure 2.9: The calorimeter trigger tower. [58]

Muon Trigger

The events having high pr muons within |n| < 2.4 are acquired by the muon trigger. Similar to
the electron trigger, the trigger system is split into three levels, L1, L2 and EF.

e Levell Trigger:
The hardware-based trigger is performed in L1. The hits patterns of thin gap chambers
(TGC) and resistive plate chambers (RPC) shown in Figure 2.10 are used for identification
of muon objects. The RPC and TGC are located in the barrel and endcap regions and the
geometric coverages of the L1 triggers are about 99% and 80%, respectively. The pr of muons
are coarsely measured by the hit patterns of RPC and TGC.

e Level2 and Event Filter:
The software-based trigger is performed in L2 and EF. A refined algorithm is used in L2. Fast
fitting is performed for the trajectory of the muon candidate within the Rol seeded by L1, and
pr is reconstructed using simple parametrised functions to achieve required resolution within
the given limited short time. The L2 stand-alone-muon is combined with a track measured
by inner detectors.
The EF uses the same reconstruction algorithm with isolation requirement added.
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Figure 2.10: A schematic picture showing a quarter-section of the muon system. [59]
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Chapter 3

Signal and Background Processes

3.1 Signal Processes

We search for the non-resonant and resonant higgs pair production. For the non-resonant search,
gg — hh is shown on Figure 3.1 is considered as a signal. And the cross section of gg — hh of
9.9+1.3 fb [66] is assumed in this analysis. For the resonant search, the heavy scalar H produced
with the gluon fusion (ggF) is assumed to have a narrow decay width of 10 MeV which is much
smaller resolution compared with experimental one. The production of H through ggF can be
given by replacement of the non-resonant production Figure 3.1 (a) to the H. The standard model
higgs mass of m;, = 125.4 GeV is assumed in this analysis. We identify di-higgs production from

g h9 DO000000—p——— 9 ———————— h

t/b -- -« t/b

(a) (b)

Figure 3.1: di-higgs production of leading order for non-resonant production, (a) self-coupling and (b) Yukawa
coupling.

their decay into bbr ™7~ final states, with 77~ reconstructed from lepton+hadron decay.

3.2 Background Processes

3.2.1 Single SM Higgs Production

The single higgs can be a background in this analysis. The considerable productions and higgs
decay modes are ggF and vector-boson fusion (VBF) production, the single higgs production
associated with vector-boson (Wh/Zh) and tt production (tth). For the decay the higgs is required
to decay into 7— or b-pair except for ggF and VBF productions where the higgs is considered to
decay into T-pair, because the final state should have only one lepton in this analysis. All of these
backgrounds are estimated by MC simulation.
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3.2.2 Top Pair Production

Top pair production (tt — W*bWW ~b) is one of the main backgrounds in this analysis. This process
can have real Missing-F;, electrons, muons or 7 leptons in the final state if one of the W bosons
decays leptonically. This is estimated from real data and MC simulation combined relying on
distributions of existing real taus. The events including real 7 are estimated by MC simulation.
The events which do not include real 7 can also contribute if a jet is mis-identified as a tau. The
“jet— 1 fake factor factor method” described in 7.2 is used for the estimation. The contribution
of mis-identified lepton events is found to be negligible, so it is not considered in this analysis.

3.2.3 Single-top Production

The contribution from single-top production via t- or s- channel production or in associated with
a W boson (t-channel, s-channel and Wt production) is also estimated from mixture of fake factor
method or MC simulation depending on the case that the tau candidate is real tau or fake tau of
the misidentified jet. A considerable contribution is in events where an electron or muon is from
W boson and tau is a mis-identified jet or another leptonic decay of associated W boson in Wt
production.

3.2.4 7 = 777~ 4jets Production

The estimation of Z° — 77~ +jets is a key point of this analysis because this process is one of
the main backgrounds. The event yield of Z+jets MC simulation was normalized to the data in
control region (CR). The signal contamination in the CR was estimated carefully because of large
branching ratio of h — 7t7~. Therefore a data driven method was developed where Z° — p*pu~
data distribution was used in this method. This process is well understood, signal-free environment
is obtained owing to small rate of h — putpu~ and kinematics in similar to Z° — 777~ except for
the difference in mass of muon and tau. The muons of Z° — u* ™ events are replaced to simulated
7 leptons with an embedding technique described in 4.3.

3.2.5 7°— efe/utpu~+jets Production

7% — eTe™ /T~ +heavy flavor events are considered as background process. In the case where
one of the charged leptons associated jets is mis-identified as a hadronic-7, the event is regarded
as background. MC simulation is performed for the estimation of this background.

3.2.6 Di-boson Production

The production of pair of vector bosons, ZZ, WW and W Z can be background. In the case of
Z 7, it has the same final state as signal bbr* 7~ if one of Z° bosons decays into b pair and another
decays into 7 pair. In case of WW and WZ, they can be background if the events have one or
two fake light lepton, fake 7 and b-jets. The MC simulation is performed for the estimation of this
background.

3.2.7 W(— ev/uv)+jets Production

The production of W¥ boson associated with jets is a significant background source, because of
large cross section. In this process, light lepton from W¥ boson decay, and jets mis-identified as a
hadronic-7 are the background source. “fake factor method” is used for the estimation.
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3.2.8 QCD-jet Production

QCD jets process can contribute as background, because of the large cross section. If one of
the QCD jets is mis-identified as a light lepton (e or p) and another jets is mis-identified as a
hadronic-7, it can be background. The leptons also can come from semi-leptonic decays of B and
D hadrons. The “fake factor method” is used for the estimation.
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Chapter 4

Monte Carlo Simulation Samples and
ATLAS Data

This section describes the data collected with the ATLAS detector and Monte Carlo (MC) simu-
lation samples.

4.1 ATLAS Data

The data used in this analysis were collected in 2012 with the ATLAS detector at the LHC in
Vs = 8 TeV proton-proton collision. The integrated luminosity corresponds to 20.3 fb~!, where
only good condition data which were recorded while all detector systems including LHC operated
well, were included.

4.2 Monte Carlo Samples

In this section, MC samples are summarized for signal and background processes. The list of event
generators are listed in Table 4.1.

4.2.1 Signal Samples

MADGRAPH5 [23] is used for both non-resonant and resonant di-higgs production. The SM
DiHiggs model [24,25] and the HeavyScalar model [26] are used for the non-resonant and resonant
models, respectively. With the mass of SM higgs m;, = 125 GeV, its decay products were filtered
to be only b-quarks and tau leptons pairs. For the resonant production, the decay width of heavy
scalar H is set to 10 MeV which is much smaller than the experimental mass resolution and the
setting is considered as arbitral.

4.2.2 Background Samples

e single higgs
The ggF and VBF productions are generated by POWHEG generator which calculates up to
next-to-leading order (NLO) in QCD corrections. These samples include finite bottom and
top-quark masses [27]. The calculated transverse momentum spectrum at next-to-next-to-
leading order (NNLO) and next-to-next-to-leading logarithm (NNLL) in QCD corrections are
used for higgs transverse momentum for ggF [28] Wh, Zh and tth productions are generated
by PYTHIAS generator.
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e clectroweak

Z+jets are generated by ALPGEN. tt, single-top (s-channel, Wt) and di-boson are generated
by POWHEG. single-top(t-channel) is generated by AcerMC. PYTHIAS is used for parton
showers, hadronization and underlying-event simulation. CT10 [29] and CTEQ6L1 [30] are

used for parton distribution functions (PDFs).

Table 4.1: List of MC generators and parton distribution functions used for the signal and background processes.

The light Higgs boson h is assumed to have a mass of 125.36 GeV.

Process Event generator PDF set
Background processes

W/Z+jets Alpgen + Pythia8 CTEQG6L1
Diboson: WW, WZ and Z°Z Powheg + Pythiag8 CT10
tt Powheg + Pythia8 CT10

Single top: t-channel AcerMC + Pythia8 CTEQG6L1
Single top: s-channel Powheg + Pythia8 CT10
Single top: Wt Powheg + Pythia8 CT10
g9 — h Powheg + Pythia8 CT10
qq — qqh Powheg + Pythia8 CT10

qq — Vh Pythia8 CTEQG6L1

qq/gg — tth Pythia8 CTEQG6L1

Signal processes
Non-resonant gg — hh MadGraphb + Pythia8 CTEQG6L1
Resonant gg - H — hh MadGraphb + Pythia8 CTEQG6L1

4.3 Sample for Z7° — 777~ Estimation

In embedding method [31], muons in Z° — p*u~ data are replaced with simulated 7 leptons. The
7-lepton kinematics are inherited from measured muon distributions and the 7 decays are forced

using the MC simulation.

4.3.1 Zu*p~ Event Selection

The Z° — p*p~ data are selected by following selection.

e trigger: di-muon trigger with pr threshold of 18 and 8 GeV and single muon trigger with pr

of 24 GeV.

e two muons: require exactly two muons as defined in Section 5.2.

e muon pr: ph > 25 GeV

AR<0.2
track isolation: track isolation of >’ prirack/pru < 0.2

tracks

e invariant mass of muons: m+,- > 40 GeV
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Subtraction ¢ Contamination from Embedding Sample

The di-muon events selected as Z° — u™p~ contain certain background, even if event selections
described in 4.3.1 are applied. After all event selection applied as detailed in Section 6.3, tf contam-
ination is not negligible, because one or two b-tagged jets are required in the event selection. The
contamination is 2.3% and 26.6% for one and b-tagged jet(jets) categories described in Section 6.2,
respectively. The details are described in Appendix B.
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Chapter 5

Object Reconstruction and Identification

Particles are detected and measured by the detectors described in Section 2.2. These detector
responses are used for the reconstruction and identification for the physics objects. The overview
for them are described in this section.

5.1 Electron

5.1.1 Reconstruction

Electrons are reconstructed from energy clusters, measured by the electromagnetic calorimeter,
associated with matched tracks in the inner detector.

The seed clusters with transverse energy of Epr > 2.5 GeV is searched by a sliding-window
algorithm [34]. The window size used in the algorithm is 3x5 units with one unit corresponding
to the middle layer granularity of 0.025x0.025 in the 1 X ¢ space.

A loose track matching is performed as a next step. The reconstructed tracks in the inner
detector with E7 >1 GeV is extrapolated to the middle layer of the EM calorimeter and checked
if it matches to the seed clusters with a loose threshold. The difference in the 1 direction between
the track and the cluster position, A7, is required as |An| <0.05. The cluster is identified as an
electron candidate, if at least one track is matched to the seed cluster. If several tracks are matched
to the same cluster, such information of ¢ direction is also used, where the one with smallest AR,
defined as AR = \/(An)2+ (A¢)?, is chosen. The electron tracks are refitted by an optimized
electron track fitter with Gaussian Sum Filter algorithm [35] which is a non-linear generalization
of the Kalman filter [36], after the loose track matching is applied, to achieve precise tracking in
shorter calculation time.

The electron cluster is rebuilt within 3x7 (5x5) lateral towers in the barrel (end-cap) region to
determine the cluster energy where four contributions are taken into account: energy deposit in
the material in front of the EM calorimeter, energy deposit in the cluster, external energy deposit
outside the cluster (lateral leakage) and energy deposit beyond the EM calorimeter (longitudinal
leakage).

The information of both the final cluster and the best track matched to the seed cluster is used
for the final calculation of the electron four momenta. Namely the energy and direction of the
electron are given by the cluster energy and the track, respectively.
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5.1.2 Identification

Certain contamination of fake electrons arises from hadrons, photon conversions and semi-leptonic
decays of heavy flavors. In order to suppress such contamination, further electron identification is
performed. The shower shape, strip layer, track quality and cluster-track matching variables are
effective information to separate the fake contamination with real electrons. Loose, medium and
tight working points are defined based on the identification efficiencies. The efficiencies are 95, 85
and 75 % for loose, medium and tight working points, respectively. The identification efficiencies
measured using a tag-and-probe method [37] applied for Z° — eTe™ and J/1) — eTe™ events are
shown in Figure 5.1.

5.1.3 Energy Scale and Resolution

In order to correct for residual differences between MC and data distributions, the corrections on
the electron energy scale and resolution, are evaluated. The energy scale corrections are derived

by:
Bt = pMO(1 4 @) (5.1)
where F2 and EMC are corresponding electron energies in the data and MC, «; is the deviation

from the optimal calibration, and ¢ represents the electron 7 region bin. The energy resolution
corrections are derived by:

(U_E)data _ (U_E)MC

7 7 ®c (5.2)

The x? minimization in two-dimensional parameters scan («, c) gives the optimal value of a and
c. The obtained « and ¢ are shown in Figure 5.2. The m,+.- distribution after the corrections are
shown in Figure 5.3. The total uncertainties in the energy scale and energy resolution are <0.05%
and <0.5%, respectively.

5.1.4 Object Selection

Electron candidates passing the following selections are defined as electron object.
e transverse momentum: pr > 15 GeV
e pseudorapidity: |n| < 1.37 or 1.52 < |n| < 2.47
e isolations:

— calorimeter isolation
This requires that energy deposit in the electromagnetic and hadronic calorimeters in
AR = \/(An)?2 + (A¢)?2 = 0.2 around the electron is less than 6% of the track pr of the
electron.

— track isolation
This requires that sum of the py of additional tracks which have pr >1 GeV in AR = 0.4
is less than 6% of the track pr of the electron.

38



CHAPTER 5. OBJECT RECONSTRUCTION AND IDENTIFICATION

-

4
1

e NI O g Sy $85 se g ged g9l
8 095+ §5¥3¥¢¥a 11 = g 0'95"?§§¥¥¥¥g'§;?‘§v3§
= = = = A A b2
- 0.9__f°g¥ it 3 & D-gi‘ia*i‘i‘i‘i“fﬁiai”!
- ? Ala | - I 4 ix =
g & 5 ] 0.85)- .. i
085 ., ] o = o = i :
F A a - Ll = 0.8F o ? E [ ] L] =1 a5
osffe | fiiag® = . . . .0
oL R Inl <2.47 3 T " 5 U
e o # * Loose 3 0.7k i ETET’GEV i —
- imi » Multilepton E imi * Loose L
0.7 ig ; * ATLAS Preliminary ! Mediuri . 0_61_1_ATLASPl’eIlmmar)-r + Multilepton A
E = ! = E o -1 + Medi =
0651 & J.Ldt-20.3fb « Tight E D_SE,ILdt_20.31b _ﬂgg{um 5
0.6 5587V |, Datafull, MG: gpent s ST Y o DB LIENG opa =
o ‘ T o EARDERERET T T T
g ] - . .
& = — & 1 : = __i04 ]
= o 0 o] © L4
S I ?%é;ﬂsvm % % S ggﬂgii%%%g%ﬁﬁgégg
E $ _ 0.95|- § g
0.95— = 0.9:§ —f
AR AR RN R LR
10 20 30 40 50 60 70 80 90 100 2 -85 4 056 0 05 1 15 2
Er [GeV] n
(a) (b)
[31 “I, T T T T ]
c Fe eeeevasagg 3
S 0%V vyvwvyyvyyyyyoLee © i‘:
E E oa KRR &N g YYYy v =
0.9+ ““AAAAAiiAAAAﬂn A 3
o Llaag,t 3
0.85[ j : -
08 @ YEiNERIIInaziocs o ;—
0-75E E > 15 Gev E
07§ 'Mouﬁggmon ATLASPreliminary —|
.+ Medium - a2 3
0655 . Yioht J-Ldt 203f0" =
oof Dataiful. MGiopen 1s=8TeV
o C T T ‘ ‘ T 7
= 1L .
o @ ©000%00g0o =
5 % §E‘é‘é;;n%333333%3 g ]
0.98 Ff8ong, .
& Pafp 3 ]
0.96|- =
0.941 -
5 10 i 20 25 30
Number of primary vertices
(c)

Figure 5.1: Electron identification efficiencies for each working point [38], calculated as function of (a) electron Er,
(b) electron 1, and (c¢) number of event vertices. The data (full mars) and MC (open marks) are compared.
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5.2 Muon

5.2.1 Reconstruction and Identification
Four type of muons, combined, stand-alone, segment tagged and calorimeter tagged muons.

e Combined Muons (CB):
Independent track reconstructions in inner detector and muon spectrometer are performed.
In the case, a track measured in muon spectrometer is extrapolated and matched to a track
measured in the inner detector, then it is reconstructed as Combined Muons shown in Fig-
ure 5.4 (a) [40]. Combined muon objects are most pure objects. CB is used for both physics
analysis and overlap removal.

e Segment Tagged Muons (ST):
In the case, muon spectrometer measures at least one hits, and it is matched with a track
extrapolated from inner detector, then it is reconstructed as a Segment Tagged muon, shown
in Figure 5.4 (b) [40]. This allows to recover reconstruction efficiencies. ST is only used for
object overlap removal.

e Stand-Alone Muons (SA):
In the case, a track reconstructed in the muon spectrometer but not reconstructed in the
inner detector, then it is reconstructed as a Stand-Alone Muons, shown in Figure 5.4 (c) [40].
In order to use only high purity muon, SA is not included in this analysis.

e Calorimeter Tagged Muons (CT):
In the case, energy deposit in the calorimeter of a track reconstructed in the inner detector
is compatible, then it is reconstructed as Calorimeter Tagged Muons, shown in Figure 5.4
(d) [40]. In order to use only high purity muon, CT is not included in this analysis.

The efficiencies are evaluated by tag-and-probe method using pu* ™~ events of data. The efficiency
of CB muon is shown in the Figure 5.5.

5.2.2 Momentum Scale and Resolution

Since MC includes the best configuration of the detector geometry and material distribution, the
corrections are needed. The large amount of data Z° — ptp~, J/¢p — ptp~ and T — ptu~ are
used for the calibration of momentum scale and resolution. The di-muon mass resolution o (m,+,-)
is given as:

o(my+y-)  lo(p) 1lo(p) 1 o(p)

.~ PP 7 — _ @ — e

Myt - 2 b 2 b2 \/5 p

where p; and py correspond to the momenta of two muons. The mass scale and resolution are
given by fitting of the invariant mass distributions. The distribution of mass of Z° — utpu~ is
shown in Figure 5.6. The Figure 5.7 and Figure 5.8 show the data/MC ratio of mass scale and
resolution obtained from Z° — u*tpu~, J/v — pTp~ and T — pTp~ [41]. This factors estimated
from this are applied to MC simulation samples. The systematic uncertainties are around 0.2%
depending on the muon pseudorapidity.

(5.3)

5.2.3 Object Selection
Muons candidates passing following selections are defined as muon object.
e transverse momentum pr > 10 GeV

e pseudorapidity |n| < 2.5
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Figure 5.4: Muon reconstruction by (a) Combined, (b) Segment-Tagged, (c¢) Stand-Alone, and (d) Calorimeter

Tagged Muons.
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e isolations

— calorimeter isolation:
This requires that energy deposit in the electromagnetic and hadronic calorimeters in
AR = /(An)? + (Ap)? = 0.2 around the lepton is less than 6% of the track pr of the
muon.

— track isolation: This requires that sum of the py of additional tracks which have pr >
1 GeV in AR = 0.4 is less than 6% of the track pr of the muon.

5.3 Jet

5.3.1 Reconstruction

The hadron particles form spread clusters in the calorimeter cells. Jet reconstruction is performed
through two steps, reconstructing clusters in the calorimeter and reconstructing jets from the
clusters. The topological clustering [43] and anti-kr algorithm [44, 45] are performed in the jet
reconstruction.

Topological cluster
The topological clusters are formed by with following steps:

1. searching seed cell as the initial cluster
The seed cell with E.q > 4040ise 1S chosen as the initial cluster, where FE.o stands for the
energy deposit in the calorimeter cell, and 0, is corresponding noise spread defined by one
standard deviation from the mean value of the calorimeter noise distribution.

2. adding neighbor cells into seed cells
The neighbor cells around the seed cell with Eo > 20,0 are added into the cluster.

3. summation all of adjacent cells
Finally all of the adjacent cells around the cluster are added into the cluster, then other
clusters are reconstructed.

Figure 5.9 illustrates the reconstruction by the topological clustering. The energy of cluster is

Cluster Not Cluster

2

]

[I[ol0lolhl @]

[Gl[0lGl oo .
n

Figure 5.9: Reconstructed cluster with topological clustering. (left) starting from a seed (= Topoise), all neighbors
with (> 20) and their adjacent cells are added. Finally cells with yellow colored construct a cluster. (right) No
cluster is constructed for the seed >4o.

given as sum of the energy deposit in the cells added into the cluster. The cluster  and ¢ are
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defined as the position of center of gravity weighed by the cell energies. The mass of the cluster is
defined as zero.

anti-kr algorithm
The following parameter d;; is introduced:

AR?
dij = min k7Y, k) —3" (5.4)
dip = ki" (5.5)

where k;; is transverse energy of the topological cluster ¢, min is a function choosing a smaller
value from two values in the brackets, and AR;; corresponds to the distance of two clusters i

and j defined as AR;; = \/(n; —n;)? + (¢; — ¢;)%. R is a constant value and represents the jet
cone size which is used in the algorithm. The jet cone size R = 0.4 is used in this analysis. p is
another constant value: the jet reconstruction is split into several algorithms based on this value.
The p = 1,0, —1 correspond to ky, Cambridge/Aachen and anti-kp algorithms, respectively. The
p = —1, anti-kr is adopted in this analysis.

1. d;; and d;p are calculated for each pair of clusters ¢ and j where B is the beam direction.

2. The minimum d,;, is searched from all the d;; and d;p. If a d;; is chosen as a dyin, the clusters
1 and j are merged and they are treated as single cluster. On the other hand, if a d;p is picked
up as dyi, then the cluster i is defined as a jet and removed from the list.

3. The processes 1 and 2 are repeated until all clusters are removed from the list.

One feature of anti-kp is that high pr clusters have higher priority in examination. This results
in the better jet cone shape which is one of the advantages of the anti-kr algorithm. The Fig-
ure 5.10 shows the example results of different jet algorithms, k7, Cambridge/Aachen and anti-kr
algorithms.

5.3.2 Energy Scale and Resolution

The scheme of jet energy calibration is shown in Figure 5.11. First the vertex is modified to
the “first primary vertex” which is defined by that which has the highest ¥p2 of tracks (with
pr > 400 MeV) associated with it, and next pile-up effect is removed. Then the jet energy is
calibrated by applying the jet energy scale (JES) which is derived as a correction of the fraction of
the reconstructed jet energy to the truth jet energy. The local cluster weighting (LCW) method is
performed for energy corrections [47]. The calibration has n dependence, therefore it is derived in
each n region. Figure 5.12 shows the average energy response for the LCW scale. And Figure 5.13
shows the jet energy pr response plots after applying the JES calibration. The good agreement
can be seen for n function, however there is some difference for py function. In order to improve
this difference, further corrections “Global Sequential Correction” are applied [48]. The residual
in-situ calibration is performed as the final stage of the calibration. The in-situ techniques use
y+ijet, Z%+jets and di-jets events and see the balance of pr between the objects and a recoiling
jet in the transverse plane. The pr of reference objects and a jet are compared in both data and
MC simulation, and following quantity is defined as a residual correction.

7?'data _ < ;t/p§9f>data
Ruc (P /o) me

(5.6)
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p, [GeV] _ k, R=1 p, [GeV] | cam/Aachen, R=1 |

Figure 5.10: The jet reconstructions with (a)kr, (b)Cambridge/Aachen and (c)anti-kr are shown for the parton-
level event generated with 10% soft “ghosts”. [44]
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EM or LCW
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Jet finding applied to
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EM or LCW scale
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Changes the jet direction
to point to the primary
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Jet area based pile-
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Function of event pile-up
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Function of u and NPV
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Absolute EtaJES

Corrects the jet 4-vector
to the particle level scale.
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measurements and is
applied only to data

Figure 5.11: The scheme of calibraition of the LCW jet. [46]
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Figure 5.12: Energy response as a function of 7 for LCW scale. [46]

Firstly, di-jet events are used for intercalibration for 7 in which the average py for forward jets
is equalised to the py of balancing jets in the central region. The relative jet response which is
defined as Equation 5.6 is shown in Figure 5.14. The Z%+jet and y+jet used to derive in-situ JES
correction for jets. Figure 5.15 shows the results of Z%+jet, v+jet and di-jet balance studies. The
difference of the response in MC and data is within 1% level.

5.3.3 b-Jets Identification

B hadrons have a long life time, therefore they can travel for a distance of ¢ &~ 450 um in the
rest frame before their decay. “MV1” tagger is used for the b-tagging in this analysis. First the
impact parameter (IP) is introduced as a ingredient used in the MV1 tagger.

Impact parameter:

IP is the distance of closest approach of the track to the primary vertex. The illustration is shown
in Figure 5.16. The tracks from b-jets tends to have large IPs. IP is defined in directions on the
transverse plane and along with z-axis, and named with dy, 2o and zpsin€. dy is the IP in the
r — ¢, 2y is the coordinate along the z-axis of the point of closest approach, and zj sin 6 stands for
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Figure 5.13: The energy response after applying JES calibration as a function of jet (a) pr and (b) 7 [46].

the longitudinal IP. To evaluate the IP, so called IP significance is defined as

do

do

o(de)  \/or a5 T oBy

(5.7)

where o(dira¥) is the IP resolution, and o2y, represents the uncertainty of primary vertex recon-
struction.

MV1 is an artificial Neural Network combination variable of the “IP3D”, “SV1” and “JetFitter”

algorith

1ms.

e [P3D algorithm:
The signed transverse IP significance dy/o(dy) and signed longitudinal IP significance zy/o(zp)
are used for the IP3D algorithm. The information are combined.

e SV1 algorithm:
The combined information of:

— The invariant mass of all tracks associated to the secondary vertex

— The ratio of the sum of the track energies between the vertex of one coming from the
secondary vertex and all the tracks in the jet.

— The number of vertices in the jet.

— The distance between the jet direction and the line connecting the points of primary
vertex and secondary vertex.

e JetFitter algorithm:
JetFitter algorithm [54,55] the topology of weak b- and c-hadron decays in the jet and finds
a common flight line of B and D hadrons. Kalman filter performs for the fitting the primary
vertex, secondary vertex and tertiary vertex.

5.3.4

Object Selection

Jet candidates passing following selections are defined as jet object.
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0.9

Figure 5.14: The relative jet response as a function of n [46]. The black solid line shows the derived intercalibration

factors.

e transverse momentum:

ATLAS Preliminary _
Ldt=20fb" !
Data 2012, {5 =8 TeV -

| R L) R L o
_ Anti-k, R = 0.4, LCW+JES
40 GeV < p* < 55 GeV

¢ Dijets
——— 7rintercalibration

j [ Total uncertainty
I Statistical component

det

pr > 30 GeV

e pseudorapidity: |n| < 4.5
e jet-vertex fraction (JVF): [JVF| > 0.5 for |n| < 2.4 and pr < 50 GeV.

JVF is the variable to suppress pileup, defined as the fraction of sum of pr of the tracks
associated to the primary vertex in concern and any vertex in the event. [JVF| > 0.5 is

required for the jets in

In| < 2.4 and with pr < 50 GeV.
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Figure 5.16: Tllustration of bottom quark decay [73].
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5.4 Tau

5.4.1 Leptonic Decay Tau

For leptonic decay tau shown as Figure 1.12 (a), only a light lepton electron or muon is detected and
neutrinos are the component of missing transverse energy. The electron or muon is reconstructed
with the way described in Section 5.1 or 5.2.

5.4.2 Hadronic Decay Tau

Reconstruction

The 7 lepton can decay hadronically because of its heavy mass shown as Figure 1.12 (b). Such
7’s are referred to as Ty.q in this thesis. The 7.4 is reconstructed using the jet candidates which
are reconstructed by anti-kp algorithm with distance parameter R = 0.4. The jets with pr >10
GeV and |n| <2.5 are seeded into mq reconstruction. The primary vertex (defined as the highest
Y(pak)?) associated to the seed jet is not always corresponding to the one originated from tau
decay. The vertex from tau is given by tau vertex associated algorithm [42]. The algorithm provides
the vertex which has the highest vertex fraction. The calorimeter cell and cluster directions are
calculated in a coordinate system using this vertex provided from the algorithm. The reconstructed
tracks, which have pr >1 GeV and pass the quality cut of the number of tracking detector hits, are
matched with the 7,9 seed in the core region which is AR(seed, track) <0.2 from a center of the
Thad- The reconstructed Ty,.q is splitted to 1-prong, 3-prong or multi-prong based on the number
of tracks in the core region.

Identification

The T,.q identification is performed, since many QCD jets are contaminated in the reconstructed
Thad- The boosted decision tree (BDT) algorithm is used for the tau identification. The variables
performed as a input of the BDT to reject the jets are listed in Table 5.1. The details description
is summarized in Appendix A.

The BDT training is performed with separating with 1- and 3-tracks, using simulated tau leptons

in Z% W% and Z’' samples for the tau, and large collision data samples are used for multi-jet
data samples. The some of the variables are shown on Figure 5.17 [42]. The three working points

Table 5.1: The variables performed as a input of the BDT to reject the jets.

Variable lprong 3prong
feent L4 L4
ftrack
Rtrack
Slgadtrack
iso
Ntrack
ARM&X -
flight
ST

Mtrack

M 70 4 ¢rack

N o

p}o + track/pr

of loose, medium and tight are available corresponding to the tau identification efficiencies. The
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Figure 5.17: Signal and background distribution of (a) feens for 1-prong, (b)N;5° , for 1-prong, (¢)Rirack for 3-prong
and (d)moq¢reer for 3-prong. These variables are input into the tau identification BDT algorithm. [42]
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Figure 5.18: The tau identification efficiencies for (a)l-prong and (b)3-prong. [42]

loose, medium and tight working points are corresponding to the signal efficiencies of about 70, 60
and 40% for 1-prong and 45, 40 and 30% for 3-prong, respectively. The Figure 5.18 shows the tau
identification efficiencies for 1- and 3-prong 7j,.q.

Energy Scale

The Thaq energy calibration is performed with two steps [42].

The 7.4 is in first calibrated with LCW similarly with jets described in 5.3. In order to optimize
the cone size for 7,9 (AR = 0.2) and to consider the specific mix of hadrons for 7 decay, additional
correction is needed. This correction is given as a function of E7, using Z° — 7777, W — 11
and Z' — 777~ events simulated with PYTHIAS8. The reconstructible 7,,q candidate is Ep >15
GeV and || <2.4, since true Ti,q is available from Effy >10 GeV. Moreover to pass medium
tau identification and to have a distance of AR >0.5 with other jets are required. The response
curve is defined as a ratio of the 7,4 energy with the LCW scale E7 and true visible energy
EZ'e and given as a function of E].. The calibration is operated with two processes, (1) the
calculating response curve and (2) additional small corrections in order to consider the 1 bias and
pile-p effects.

The response curve is given with respect to the intervals of E%" and of the 7 for 7,,4 candidates

with one or multiple tracks. The function is given average E7 ~ by fitting with a Gaussian function.
The Figure 5.19 shows the response curves for 1- or multiple-prong.

Object Selection

The hadronic 7 candidates passing following selections are defined as hadronic 7 object.

e transverse momentum pr > 20 GeV

e pseudorapidity |n| < 2.5

e number of charged tracks: 1 or 3 charged tracks associated to the 7,,q candidate are required.

e charge: charge of the 7n,,q candidate, which is determined from associated tracks, is +1 is
required.
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Figure 5.19: The tau energy response curves as a given EJ . for (a)l-prong and (b)3-prong. [42]

e medium 7,4 identification is required

5.5 Missing Transverse Momentum

The neutrinos are not detected with any detectors. In the transverse plane, the momentum of

all particles should be balanced, therefore the sum of momentum of neutrinos in the transverse
plane is expected to be missing transverse energy E7™* which the flipped vector of the sum of the
momentum of all of observable objects. The E7"* is calculated with

miss
Em

miss
Ey

miss
ET

_(E;al + Eg)u
cal
—(E," + EY),

\/(E;niss)2 + (E/‘?rJniss>27

(5.8)
(5.9)
(5.10)

where E™ and E™9 are z- and y-component of missing transverse energy. E° and E are
the energies of objects which is reconstructed in the calorimeter, electrons, photons, 7.4, jets and

the soft term in the x and y axis, respectively. The soft term includes the energy deposited of

non-reconstructed particles and non-associated tracks with any objects or clusters. And E* and
EY represent energy of reconstructed muon. Here all calibrations are applied for the each objects.
And for the soft term, the scale so called Soft Term Vertex Fraction (STVF) is applied to take
into account the impact from the soft term coming from other vertices. STVF is defined as:

Ep;oft—track (PV)

STVF =

Zp;?ft—track(Pv) + Sall—vertex (szg)ft—track)

5.6 Object Assignment

(5.11)

The defined physics, electron, muon, 7,,q and jet objects can be overlap among multiple objects.
In the case, only one of them is chosen. The selection priority follows the reconstruction and
identification efficiencies: muon, electron, hadronic-7 and jet. The cone size used in testing overlap

is AR = 0.2. For example, if reconstructed a muon object and an electron object are within

AR < 0.2, then only muon is selected as a physics object and an overlapped electron is removed.
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Loose identification is used for the muon and electron in the overlap removal. Furthermore, since
low pr muon is likely to be mis-identified as 7,,4. lower threshold p7"*" > 4 GeV is used for the
muon in testing overlap with 7,.4. in order to suppress the fake 7y,,4 of mis-identified muons,

5.7 Higgs Boson

5.7.1 h — bb Reconstruction

The b-quark pair is reconstructed by their four vectors. The one or two b-tagged categories are
used. For one b-tagged category, highest pr jet is choosen from no-b-tagged jets. The categorization
is discribed in Section 6.2. The mass distribution are shown in Figure 5.20. What the one b-tagged
jet events create the tail in low and high mass regions can be found.
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Figure 5.20: bb mass distribution for my = 300 GeV resonant sample. The black and red lines correspond to one
and two b-tagged category, respectively. The merged one is shown with green line. The blue line stands for the bb
mass reconstructed from correct two b-jets by using truth information.

5.7.2 h — 777~ Reconstruction

The reconstruction of di-tau system is not straightforward because of existence of multiple neu-
trinos. In this analysis the missing mass calculator (MMC) technique is used for evaluating their
contribution [56]. MMC reconstructs the full di-tau system kinematics. If we assume neutrinos
come from di-tau decays and detector resolution is perfect, following constraint equations can be
written (equation 5.12).

miss : :
E;p = pm151 S11 Hmisl COs ¢misl + pmisz S1n HmiSQ COs ¢misz

miss __ . . . .
Ey = Pmis; SII emisl S1Il ¢misl + Pmis, S111 emisz S1I1 ¢misz

2 2 2 2 2 2 2
mTl - mmisl + mvisl + 2\/pvisl + mvisl \/pmisl + mm151

_2pvislpmisl COS Aval
2 _ 2 2 2 2 2
m'rz - mViSz + 2\/pViSQ + mvisz \/pmisz + mmisz
_2pvi52pmisg COS Aevmg (512)
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Figure 5.21: Example of the probability distributions as a function of Af3p and 7 momenta for (a) 1-prong hadronic
decay (b) 3-prong hadronic decay (c) leptonic decay.

where 1,1 5 is the invariant mass of tau lepton (= 1.777 GeV/c?), Ef** and E}™ are components
of the transverse missing energy in « and y axes, Pyisi,2, Myis1,2, Pvis,2  are the momenta, invariant
masses, and angles of the visible tau decay products. And pmiss1 2, Mmiss1,2 and Afyp,g 2 are the
momentum, invariant mass of sum of invisible objects of each taus and the angle between the
visible and invisible vectors, which are unknown parameters. For the hadronic decay tau, the
invariant mass of invisible objects can be set to zero (Mmpyiss2 = 0), then the number of unknown
parameters is reduced. In the case of lep-had channel the number of unknown parameters is seven.
To solve the equations, three parameters have to be given, because there are only 4 constraint
equations for seven unknown parameters. Here, ¢missi 2 and mmiss1 are chosen. To determine the
event fully, a maximum likelihood method with templates of Afsp is used. A#sp is the angle
between the directions of visible and invisible objects from the 7 decay. This templates are given
in 5 GeV steps of initial 7 momenta, in the range of 10 GeV < pr < 230 GeV, for each decay
types of leptonically and hadronically, moreover each number of tracks of one or three for hadronic
decay. The templates for 45 GeV < pr < 50 GeV are shown on Figure 5.21. These templates
were created from Z°/4* — 777~ simulation and solid lines on the templates show the fitting
functions of linear combination of Gaussian and Landau function. The mean, width and relative
normalization of the Gaussian and Landau functions are dependent on the p,, and it is parametrised
to ag(e~ """ 4+ ag/p;). Where a; are the coefficients of the parametrisation. This parameterisation
leads fully parametrised distributions P(A6, p,). And this arrows to calculate the probability of
a particular 7 decay topology. @miss1,2 and M1 are scanned and following event probability is
calculated for given ¢piss1,2 and Mupiss1-

7Devent = 7D(Aelap'rl) X P(A927p7'2)a (513)

The resolution of the missing energy have strong correlation with MMC, and have to be con-
sidered [56]. Then following probability function is used to take in account it.

7Devent == P(Aelap71> X P(A‘92ap72> X P(AE?ISS) X P(AE;]iss)a (514>

where the probability functions P(AE}™®) and P(AE;"™) are defined as:

(AE;I’IZIJSS)2)

202

P(EDS) = exp (— (5.15)
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where o is the resolution of missing transverse energy, and it is provided from missing transverse
energy group at ATLAS collaboration [57] and AEm;fS are the differences of z- or y- components
of mlssmg transverse energy between measured values and the values in the parameter space while
scanning over E™SS and E;‘“SS The invariant mass distribution of 777~ reconstructed by MMC is

shown in Figure 5.22 for Z° — 7t7=, h — 77~ and H — bbrt7~ at 300 GeV resonant.
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Figure 5.22: 7t7~ mass distribution reconstructed by MMC for Z° — 7+7=, h — 7t7= and H — bbrt7~ at
300 GeV resonant.

5.8 bbrt7~ Reconstruction

The invariant masses of the two b-jets and two 7 is used as a final discriminant variable. The
constrained mass method is introduced in this mass reconstruction to achieve better mass reso-
lution. This method is performed by rescaling pr and E of the 4-vector of two b-jets and two 7
to be my, = myp and my = m.+,—. The my, is the mass of the SM higgs, and m; = 125 GeV is
used. This is corresponding to scale only pr and E and keep the direction ¢ and n of the 4-vectors.
The 4-vector of two 7 given by MMC described in Section 5.7.2 is used for the calculation. The
Figure 5.23 shows the my,+,- for 300, 500 and 800 GeV reconstructed in different ways. The
solid line and dashed line show the with and without constrained mass method, and better mass
resolution is achieved with this method.
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Figure 5.23: The myj,+,- distributions reconstructed by three ways.
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Chapter 6

Event Reconstruction and Selection

This section describes event reconstruction.

6.1 Event Pre-Selection

Additional requirements are applied for the events that pass the trigger conditions described in
Section 4 in order to increase the data purity and quality. At least one vertex has to be recon-
structed using at least four tracks to ensure that the event comes from hard-scattering. Other
quality criteria are applied for the suppression of spurious electron candidates lead from the LAr
calorimeter problems and of sources of fake missing transverse energy that does not come from
proton-proton collisions. Following additional selections are applied, such that the signal event
include the physics objects of one isolated charged electron or muon, one 7,,q and two hadronic
b-jets.

e clectron or muon: exactly one electron or muon with pr >26 GeV is required.
e hadronic 7: exactly one 7y,,q is required.

e lepton charge: electron/muon and 7,,q are oppositely charged

e hadronic jets: at least two jets are required.

Some important kinematic distributions after the event pre-selection are shown in Figure 6.1-6.4
and Figure 6.5-6.8 for electron+mj,,q and muon+7,,q channels. The efficiency evaluated at for the
each pre-selections step is summarized in Table 6.1. Tables 6.2 shows the number of events passing
the pre-selection per 20.3 fb~1 at /s = 8 TeV for the electron-+7y,q and muon+7,,q channels. The
data yields is well agree on the background model for both channels.

Table 6.1: Efficiencies of pre-selections evaluated for different H — hh masses for 260 to 1000 GeV.

Non-resonant | 260 GeV 300 GeV 350 GeV 400 GeV 500 GeV 800 GeV 1000 GeV
generated 100% 100% 100% 100% 100% 100% 100% 100%
trigger 35.0% 22.4% 26.3% 29.6% 32.9% 38.5% 46.6% 50.0%
one lepton 26.8% 14.0% 18.0% 21.6% 24.9% 30.1% 37.2% 39.8%
di-lepton veto | 24.4% 12.6% 16.2% 19.5% 22.8% 27.3% 33.8% 36.1%
one tau 8.3% 4.2% 5.1% 6.5% 8.0% 10.4% 14.0% 16.8%
opposite sign | 8.2% 4.1% 5.0% 6.4% 7.9% 10.3% 13.8% 16.6%
at least 2jets 7.2% 3.0% 3.9% 5.2% 6.7% 9.1% 13.1% 15.9%
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Figure 6.1: Distributions of (a) transverse momentum of 7.4, (b) transverse momentum of electron, (c) Missing
Energy, and (d) transverse mass of electron and ET* in the electron+7haq channel in the pre-selection level. The
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on the background model.

combined of the background modeling.
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Table 6.2: Signal and background yields per 20.3 fb~! at /s = 8 TeV.

Process Events
HUTh €Th
Signal non-resonant 25.0 £ 1.0 23.0 £ 1.0
Signal resonant 300 13.7 £ 0.9 11.3 £ 0.8
Single Higgs(125.4) 73.2 £ 1.1 62.4 + 1.0
(VBFH — 7777) 204 £+ 0.2 17.5 £ 0.2
(ggFH — 7777) 42.3 £ 1.0 35.7 £ 1.0
(W/ZH — 7F77) 8.9 £0.2 7.6 +0.2
(t6¢H — 7777) 1.6 £ 0.4 1.5+ 0.1
(W/ZH —bb) 1.5 +0.4 1.6 £ 0.4
tthar 6979.4 £ 701.9 5364.3 £ 541.2
AN 6338.1 £ 71.8 3989.5 £ 68.2
Single Top 1007.0 & 50.3 843.7 + 48.6
Diboson 942.5 + 31.4 780.8 &+ 30.2
Z0 — 136.2 £+ 16.6 421.8 £ 22.2
Fake 7 15778.4 £ 3156.0 | 13220.5 4 2644.4
Total Background 31255.8 + 3234.5 | 24683.7 £ 2700.8
Data 32009 24729

6.2 Analysis Categorization

The events are categorized into following four categories.

e number of b-tagged jets
The signal process should have two b-tagged jets in the final state, but one b-tagged jet events
are also used in our analysis to allow one un-tagged events to enhance the signal efficiency.
Here 80% efficiency working point for b-tagging is used. In the one b-tagged category, for
reconstruction of two b-tagged jets kinematics, a jet with highest pr is selected as un-tagged
jet from all of the non b-tagged jets in the event.

e pr of di-tau system
The fraction of signal and background is different depending on di-tau system transverse
momentum. The di-tau system transverse momentum distribution, which is calculated by
MMC, is shown in Figure 6.9 for both one and two b-tagged jets categories. The categorization
based on the transverse momentum of the di-tau system is used to increase the sensitivity,
and the events are split into two categories based on pff of lower or higher than 100 GeV.

Table 6.3: Analysis categories.

category Number of b-tagged jets pgf

TwoB HighPt >2 >100 GeV
TwoB LowPt >2 <100 GeV
OneB HighPt 1 >100 GeV
OneB LowPt 1 <100 GeV
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Figure 6.9: Number of events as function of pr of di-tau system (a) 1 b-tagged and (b) 2 b-tagged categories.

6.3 Event Selection for Background Suppression

The following event selections are applied to suppress the background events and raise the signal
to background ratio.

e transverse mass of lepton and missing transverse energy:
The motivation of this cut is to suppress the backgrounds including W* boson decaying
leptonically. The transverse mass of lepton and missing transverse energy distributes to form
W boson edge. Full reconstruction of the W boson decaying leptonically is hard because
of lack of information neutrino z-direction. In stead, transverse mass defined as:

l EmlSS _ \/2plepEm1ss — COS Agb) (61)

retains information of W* mass, where p;‘ip stands for the transverse momentum of the lepton

and A¢ is the angle between the directions of lepton on pr and ERss. mlT’E%‘{uss < 60 GeV is

required to suppress W+ background.

e ¢ centrality of missing transverse energy:
This variable, B ¢ centrality, quantifies the positional relationship of light lepton(e/mu),
tau and E3'°. This variable is defined as:

EPs ¢ centrality = (A + B)/V A2 + B2 (6.2)
B sin(ngW“ — &)
B Sin(¢e/u - Cbr)
B sin(gbe/u - ¢E%iss)
B Sin(¢6/u - ¢T>

(6.3)

(6.4)

This variable returns the value of v/2 when the direction of EX® equals the bisector of e/u
and Tyaq directions, 1 when EX direction is completely the same as e/u or Tp,q and < 1
if £ is outside the region between e/u and 7. The motivation of this cut is to suppress
top and W +jets backgrounds. For the signal case, ¥ direction is likely to be inside of the
region between e¢/p and 7. Figure 6.10 shows this variable for signal(my = 300 GeV) and
W +jets background.
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e semileptonic decaying ¢t rejection cut:

The event topology of semileptonic decay of tt has two b-tagged jets, one electron or muon
and two non b-tagged jets in the final state. If one of the jets is mis-identified as a hadronic-7,
it could be background. This cut is motivated to suppress such events. In the events, the
hadronic decay side W= boson can be reconstructed from two jets, where one of the jets is
mis-identified as a hadronic-7. Moreover, if b-tagged jets are assigned correctly to the two
b-jets, the parent hadronic decay side top quark can be reconstructed as a parent W= boson
can be reconstructed from m(jet,7) and the parent top quark can be reconstructed from m(b-
jet,jet,7). The b-tagged jet is selected in a way as to minimize m(e/p, b-jet)+m(7, b-jet).
Figure 6.11 shows the 2 dimensional plots of reconstructed W+ boson mass and top quark
mass. And a x? of them in the elliptical transformation:

(6.5)

Amyy cos 0 — Amy,, sin 0 2 Amyy sin — Amy,, cos 0 2 -1
28 GeV 18 GeV

is required. The ellipse is defined as following equation and shown in the figure with black

solid line.
R (2 () oo

(:)s) . <cos€ —sin 6’) <Amw> (6.7)

y) \sin€ cosf JAN . :

e dileptonic decaying tt rejection cut:
The pr of hadronic-7 is likely to be greater than pr of an electron or muon, in case of signal,
because the electron or muon comes from 3-body decay of parent 7, while hadronic-7 comes
from 2-body decay. But in case of tf decaying into dileptonically, pr of the electron or muon
is likely to be greater than py of hadronic-7, because electron or muon and parent 7 directly

come from W= boson decay, but hadronic-7 is sharing its py with a neutrino emitted from
parent T decay. So a variable Apr(lep, 7) defined as following is introduced.

Apr(lep, 1) = p;ewp —pr (6.8)

Figure 6.12 shows the distribution of Apr(lep, 7) for both signal and tt. Apr(lep, 7) < 20 GeV
is appropriate for this variable to select signal events.

e higgs mass window:
The higgs masses are reconstructed from a b-tagged jet pair and two-tau pair, and following
cuts are required for resonant search.

— 90 < my; < 160 GeV
— 100 < m+,- < 150 GeV

For the non-resonant search, only my; cut is applied, because m +,- is used as a final dis-
criminant variable.

The signal deficiencies for non-resonant and resonant search for varied mass points are shown
in Table 6.4-6.6 for each of analysis categories.

The number of data passing all selections are listed in Table 6.8 for both non-resonant and
resonant search .
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Figure 6.10: MET ¢ centrality distribution of mz = 300 GeV signal(red) and W +jets(blue).

Table 6.4: Signal deficiencies for all selections for OneB and Low p}+77 category for non-resonant and various
resonant masses from 260 to 1000 GeV.

Non-resonant | 260 GeV 300 GeV 350 GeV 400 GeV 500 GeV 800 GeV 1000 GeV

generated 100% 100% 100% 100% 100% 100% 100% 100%
pre-selection 7.2% 3.0% 3.9% 5.2% 6.7% 9.1% 13% 16%

OneB 3.00% 1.27% 1.31% 2.26% 2.92% 3.75% 4.87% 5.32%
Low pgf 0.26% 1.16% 0.83% 0.95% 0.56% 0.39% 0.097% 0.045%
mr(l,7) < 60 0.22% 0.91% 0.68% 0.78% 0.43% 0.3% 0.073% 0.03%
MET ¢ centrality>1. 0.13% 0.54% 0.42% 0.5% 0.27% 0.18% 0.053% 0.018%
Ellipse R>1 0.13% 0.51% 0.44% 0.48% 0.26% 0.18% 0.053% 0.018%
Apr < 20 GeV 0.1% 0.47% 0.35% 0.39% 0.19% 0.16% 0.053% 0.01%
90 < mj; < 160 GeV 0.044% 0.23% 0.17% 0.18% 0.095% 0.055% 0.017% 0%

100 < my+,- < 150 GeV - 0.18% 0.12% 0.1% 0.058% 0.038% 0.01% 0%

Table 6.5: Signal deficiencies for all selections for OneB and High pgf category for non-resonant and various
resonant masses from 260 to 1000 GeV.

Non-resonant | 260 GeV 300 GeV 350 GeV 400 GeV 500 GeV 800 GeV 1000 GeV
generated 100% 100% 100% 100% 100% 100% 100% 100%
pre-selection 7.2% 3.0% 3.9% 5.2% 6.7% 9.1% 13% 16%
OneB 3.00% 1.27% 1.31% 2.26% 2.92% 3.75% 4.87% 5.32%
High p?f 2.74% 0.11% 0.48% 1.3% 2.37% 3.36% 4.77% 5.28%
mr(l,7) < 60 2.44% 0.095% 0.43% 1.15% 2.14% 3.03% 4.34% 4.8%
MET ¢ centrality>1. 1.56% 0.065% 0.26% 0.67% 1.28% 1.91% 2.56% 3.12%
Ellipse R>1 1.52% 0.062% 0.25% 0.64% 1.24% 1.85% 2.55% 3.11%
Apr < 20 GeV 1.05% 0.035% 0.18% 0.47% 0.87% 1.28% 1.69% 2.02%
90 < mj; < 160 GeV 0.34% 0.0025%  0.035% 0.14% 0.34% 0.47% 0.78% 1.01%
100 < my+,- < 150 GeV - 0.0025% 0.06% 0.12% 0.29% 0.38% 0.68% 0.88%
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Table 6.6: Signal deficiencies for all selections for TwoB and High p}+77 category for non-resonant and various
resonant masses from 260 to 1000 GeV.

Non-resonant | 260 GeV 300 GeV 350 GeV 400 GeV 500 GeV 800 GeV 1000 GeV
generated 100% 100% 100% 100% 100% 100% 100% 100%
pre-selection 7.2% 3.0% 3.9% 5.2% 6.7% 9.1% 13% 16%
TwoB 2.97% 1.18% 1.49% 2.17% 2.8% 4.18% 7.35% 8.62%
High p}+77 2.68% 0.097% 0.53% 1.22% 2.24% 3.95% 7.29% 8.6%
mr(l,7) < 60 2.41% 0.083% 0.49% 1.12% 2.05% 3.54% 6.66% 7.84%
MET ¢ centrality>1. 1.58% 0.058% 0.3% 0.62% 1.31% 2.3% 4.27% 5.16%
Ellipse R>1 1.54% 0.058% 0.3% 0.61% 1.28% 2.24% 4.26% 5.14%
Apr < 20 GeV 1.00% 0.04% 0.21% 0.46% 0.87% 1.59% 2.79% 3.32%
90 < mj; < 160 GeV 0.77% 0.023% 0.15% 0.36% 0.69% 1.24% 2.31% 2.79%
100 < my+,- < 150 GeV - 0.01% 0.12% 0.31% 0.56% 1.03% 1.99% 2.4%

Table 6.7: Signal deficiencies for all selections for TwoB and Low p}+77 category for non-resonant and various
resonant masses from 260 to 1000 GeV.

Non-resonant | 260 GeV 300 GeV 350 GeV 400 GeV 500 GeV 800 GeV 1000 GeV

generated 100% 100% 100% 100% 100% 100% 100% 100%

pre-selection 7.2% 3.0% 3.9% 5.2% 6.7% 9.1% 13% 16%

TwoB 2.97% 1.18% 1.49% 2.17% 2.8% 4.18% 7.35% 8.62%
Low pgf 0.29% 1.09% 0.96% 0.95% 0.56% 0.23% 0.06% 0.02%
mr(l,7) < 60 0.23% 0.87% 0.82% 0.78% 0.45% 0.19% 0.053% 0.018%
MET ¢ centrality>1. 0.15% 0.47% 0.5% 0.5% 0.3% 0.12% 0.037% 0.015%
Ellipse R>1 0.15% 0.46% 0.48% 0.49% 0.3% 0.12% 0.037% 0.015%
Apr < 20 GeV 0.12% 0.4% 0.39% 0.38% 0.24% 0.095% 0.03% 0.015%
90 < mj; < 160 GeV 0.09% 0.34% 0.32% 0.32% 0.18% 0.07% 0.023% 0.01%
100 < my+,- < 150 GeV - 0.22% 0.23% 0.21% 0.11% 0.045% 0.013% 0.01%

Table 6.8: The numbers of events passing event selections per 20.3 fb~! at \/s = 8 TeV.

search mode | OneB Low | OneB High | TwoB Low | TwoB High
non-resonant 266 157 118 117
resonant 92 46 35 35
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Chapter 7

Background Estimation

In this section, the methods of background estimation are described.

7.1 Overview of The Methods

The final state in this analysis contains two b-tagged jets and one light lepton (electron or muon)
and 7y.q. The major background processes are split into four sources depending whether light
lepton and hadronic-7 are true or fake.

e a jet fakes to tau:
The main processes of this source are top background, QCD and W +jets.

e a jet fakes to light lepton:
This process, for example W — 7v+jets (fake to electron or muon), is not considered in this
analysis, because of tiny contribution and negligible.

e both light lepton and hadronic-7 are true:
The main processes of this source are tt, and Z°/v* — 777~ associated with heavy flavor
jets, diboson— [ 4+ 7,9 + X and single-top can contribute.

e a lepton fakes to hadronic-7:
The main processes of this source are top background and Z° — eTe™/u*pu~+heavy flavor
jets, and diboson can contribute.

7.2 Fake Factor Method

7.2.1 Fake Factor Method

The fake 7,4 background is estimated by fake factor (FF) method. This method is used in the
standard model higgs boson search in h — 717~ analysis [61]. The basic approach of this method
is applying the FF | which is the rate that a jet fakes to 7,.q, to the jet events. This method
has been developed using a jet rich control sample. This control sample is created by applying
similar event selection as signal 7,,4. but failing medium 7 BDT identification is required. This
requirement enhances the purity of jets. In order to minimize the difference in partons components
between identified-7 and “anti-7” samples, passing the criteria of 0.7 times the working point of
loose 7 BDT identification is required for anti-7 identification. This working point provides to keep
a similar quark/gluon fraction (Figure 7.1) in the two samples. The fake factor FF¢g is calculated
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Figure 7.1: Fraction of partons in jet events as function of tau selection criteria.

in the data control regions described later, and defined as

Nidentiﬁed—T

FFcr = CRf (7.1)
N
, where is the number of events identified as 7, and Ng%fi_T is the number of events of
anti-identification 7 in the control region.
The fake background Ngﬁtg'. is estimated by multiplying this factor to the anti-r data sample
subtracted true tau contribution,

Nidentiﬁed—T
CR

Est. anti—7 anti—7
NBkg. - (Ndata,SR - true,SR) X FFCR (72)

where N3 is the number of events of anti-7 in the signal region, N2"'of is the number of

events including real 7. N2t is evaluated as the failed 7,4 identification in Z° — 7H7 is

estimated from MC simulation. t¢ and diboson also contribute to this.
The one anti-tau event can have multiple anti-7 candidates, and considering this, Equation 7.2
can be transformed to

Nigg = D, D FFon— > > FFgy, (73)
i € data 0<j<mn; i € true 0<j<n;

where ¢ stands for event number, and j shows the number for anti-7 candidates. This method
allows to estimate the fake 7 background from different processes, QCD, W+jets, Z° — £0(j — 7)
and Top(j — 7), all at once. In a practical way, one anti-7 candidate is weighted by FF and
summed up for one event.

7.2.2 Control Region Definitions

The fake factors are measured in the control regions optimized of each background, W+jets, QCD,
Top and Z° — 00(j — 7). The definitions of the control regions are:

o W+jets: pre-selections, but with mffE?

> 70 GeV requirement
e QCD: pre-selection, but with lepton isolation relaxed (no track or calo isolation)

l’E,In:HSS

e Top(j — 7): pre-selections but with one b-tagged jet and m,. > 70 GeV requirement
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o 7% — 0l(j — 7): pre-selections but with dilepton veto inverted

The fake factors are shown in Figure 7.2 for the number of tracks of one or three.
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Figure 7.2: Fake factors for various processes for (a) 1 prong and (b) 3 prong.

7.2.3 Combined Fake Factor

The FFs are measured in each control regions, but we can not know the actual physics process for
one event. Therefore the pre-measured event fraction R; of a background 7 in the anti-7,.q signal
region is applied for the FF.

FF(pr, tprong) = Y Ri FFi(pr, prong) (7.4)

i=bkg

where R; is the fraction of the background 7. For W4jets, the fraction Rw.jets is calculated by
using data events and part of simulation.

anti—7 anti—7
Ruv i — NW+jcts o NW+jcts (7 5)
W-tjets — Nanti—T - Nanti—T _ Nanti—T :
all—fakes data others, MC
Nanti—T _ Nanti—T Nlil/ln(tjl,w—i-jets 7.6
W+jets — *'data, WCR X ( : )

anti—7
NMC,W—I—jets,WCR

where Njfl‘t_if_aﬂes represents the total numbelf of fake m,,q events and N\%lfrlj_e; is the number of events
of Wjets in the anti-7 signal region. Ni%'~7 is the number of data in the anti-7 signal region and
N jf}f;r_sTMc is the number of events which is real 7,,q with failing 7 identification and estimated by

MC simulation. The number of expected W +jets events NS&};; are estimated from the number
of data events of anti-7 in the W4-jets control region multiplying to the factor of the fraction of
the anti-7 events between the signal Nf/lnétWJrjets and W +jets control region Nf/lnaWJrjets’WCR. The
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factor is estimated by MC simulation. The Rr,, and Rz_,; are estimated from MC simulation,
and Rqcp is estimated from

Rqoep = 1 — (Rwjets + Rrop + Rz—11) (7.7)

Table 7.1 summarize the fake background composition.

Table 7.1: Fraction of the different processes contributing to the fake background.

Rw 0.46
Rgcop | 0.40
Rz 0.11
Rrop 0.03

7.2.4 Method Validation

The FF method is validated by checking the same sing of light lepton and 7,,q events. Kinematic
distributions are shown in Figure 7.3, 7.4 in one and two b-tagged categories, respectively. In the
plot, the low and high p?Tﬁ categories are merged for the event statistics. The estimated yield is
132.4426.7 and 32.947.5 for one b-tag and two b-tag category, and 130 and 33 events are observed
for each categories. And the reasonable agreement can be seen for not only event yield but also
shape of the each distributions.
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Figure 7.3: Kinematics distributions of (a) transverse momentum of mh,q, (b) transverse momentum of di-tau
system, (c) invariant mass m.,+,- reconstructed by MMC, and (d) invariant mass myj,+,— in same sign events for
one b-tagged category. Background model enhanced fake background well agrees with same sign data. The shaded
area indicates statistical and systematic uncertainty which includes ones of b-tag and fake estimation.
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Figure 7.4: Kinematics distributions of (a) transverse momentum of 7,,4, (b) transverse momentum of di-tau
system, (c) invariant mass m.,+,- reconstructed by MMC, and (d) invariant mass myj,+,— in same sign events for
two b-tagged category. Background model enhanced fake background in same sign well agrees data. The shaded
area indicates statistical and systematic uncertainty which includes ones of b-tag and fake estimation.
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7.3 Top Background

The tt processes can be split to two background sources based on its decay types, semi-leptonic or
di-leptonic decays. The semi-leptonic tf is a decay type including only one W+ boson from a top
quark decaying leptonically, and in case of di-leptonic tt, both W bosons from top quarks decay
leptonically. For the semi-leptonic ¢, a tau object is provided from faking jet, and this is estimated
by the fake factor method described in 7.2. On the other hand, di-leptonic tf is estimated from
MC simulation applied all kind of scale factors for efficiency and the others.

Figure 7.5 shows some kinematic distributions for two b-tagged jet category in the Top control
region which is defined by pre-selection with inverted my; mass window cut described in 6.3, and
low/high tau pff categories are merged here to keep enough event statistics. The total number of
yields of estimated model in this region is 369437 and this number is consistent with the observed
data of 360 events. And from these figures, the shapes of the kinematics distributions also can be
seen reasonable agreement with estimated model.
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Figure 7.5: Kinematics distributions of (a) transverse momentum of transverse momentum of 7,,4. (b) transverse
momentum of di-tau system, (c) invariant mass m,+,- reconstructed by MMC, and (d) invariant mass myg,+,- in
top control region. Background model enhanced tf background in same sign well agrees data.
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7.4 7° - 77~ Background

The estimation for Z° — 77~ background is very important in this analysis because of large
contribution in the signal region. Therefore data-driven way with a part of simulation, so called
embedding technique, is used for the estimation. The embedding sample is generated from Z° —
putp~ data events with replacement muons to simulated 7 leptons. The Z° — utu~ events are
acquired by the selection described in Section 4.3. The 7 kinematics is inherited from the two
muons. The advantage of this method is what the systematic uncertainties related to jets, pile-up
interactions and underlying events do not need to be considered.

7.5 Diboson and Z° — e*e™ or p"u~ Background

The diboson and Z° — ete™/uTu~ backgrounds are estimated from MC simulation. The events
of mis-identified fake 7,,q from a jet are estimated from FF method described in Section 7.2 for
Z% — ete” /uTu~, but MC simulation is used for the diboson background estimation because of
tiny contribution.

7.6 The Events in Signal Region

The background events are estimated from the background estimation methods described in this
section. The number of events for each background source after the event selection described in
the Section 6.3 is summarized with data and signal in Tables. For the non-resonant searches,
they are listed in Table 7.2 and Table 7.3 for one and two b-tagged jet categories, respectively.
For the resonant search, they are listed in Table 7.4 and Table 7.5 for one and two b-tagged jet
categories, respectively. In both non-resonant and resonant search, 1 pb is assumed as a signal
cross section, and for resonant search heavy higgs of my = 300 GeV is listed. The numbers of
second and third terms represent statistical uncertainty and systematic uncertainty, respectively.
The systematic uncertainty is described in the next section. The dominant background sources
come from tt, Z° — 777~ and fake 7 backgrounds for both non-resonant and resonant searches.
The Figure 7.6 and 7.7 show the mass distributions of m,+,- reconstructed from MMC method
and myg,+,— reconstructed from mass constrained method, respectively.

Table 7.2: Number of events in the OneB category of the e, and pu7, channels combined for non-resonant search,
assuming signal cross section of 1 pb. Various background processes are estimated with the methods described in
Section 7. Both statistical (first number) and systematic (second number) uncertainties are given.

Process Number of Events

Low Higgs Pt High Higgs Pt
Signal 0.3 +0.1+0.1 2.3 +0.24+0.3
tt 56.8 + 4.7 + 5.3 51.6 + 3.7+ 7.1
SM higgs 0.7+ 0.1 +£0.1 0.94+0.14+0.2
20 —» rtr- 96.4 +£ 4.9 £6.9 539 + 4.3+ 54
others 274 +£ 5.0+ 5.1 92+22+44
Fake 7 117.4 £ 3.7 £ 12.3 39.0 £21+4.1
Total 298.7 9.2 & 15.9 | 154.6 + 6.4 + 10.8
Data 266 157
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Table 7.3: Number of events in the TwoB category of the er;, and u7, channels combined for non-resonant search,
assuming signal cross section of 1 pb. Various background processes are estimated with the methods described in
Section 7. Both statistical (first number) and systematic (second number) uncertainties are given.

Process Number of Events

Low Higgs Pt High Higgs Pt |
Signal 0.6 £ 0.1 +£0.1 524+ 0.3+0.6
tt 81.6 £ 4.7 £ 10.8 74.5 + 4.3 £ 12.5
SM higgs 0.2+ 0.0+ 0.1 0.4 +0.0+0.1
20 > - 16.8 £ 2.2 + 2.1 16.1 =24 + 2.5
others 9.8 +£2.74+ 27 26 +1.14+24
Fake 34.8 £ 2.1 £ 3.7 1794+ 154+ 1.9
Total 143.1 £6.2 £11.9 | 111.5 £ 5.3 £ 13.1
Data 118 117

Table 7.4: Number of events in the OneB category of the er; and 7 channels combined for resonant search,
assuming signal cross section of 1 pb. Various background processes are estimated with the methods described in
Section 7. Both statistical (first number) and systematic (second number) uncertainties are given.

Process

Number of Events

Low Higgs Pt

High Higgs Pt

Signal(300)
tt

SM higgs
20 > rtr-
others

Fake 7

0.8+£0.1+0.2
19.1 £ 23 £ 3.1
0.5+01+0.1
381 +31+31
143 £3.7£25
370+ 21+£39

04+01=£02
16.2 +£ 2.1 £ 3.3
0.8+ 0.1£0.1
202 £2.7+£25
39+15=£15
121+ 12+ 1.3

Total

109.1 £ 5.8 £ 6.4

53.1 £ 3.9+ 46

Data

92

46

Table 7.5: Number of events in the TwoB category of the er;, and p7, channels combined for resonant search,
assuming signal cross section of 1 pb. Various background processes are estimated with the methods described in
Section 7. Both statistical (first number) and systematic (second number) uncertainties are given.

Process

Number of Events

Low Higgs Pt

High Higgs Pt

Signal(300)
tt

SM higgs
20 -t
others

Fake 7

1.5£02+02
283 +£2.7+64
0.1 +£00=£0.1
6.8+ 14+12
34+1.6=£30
13.7+£13+£14

0.8+ 0.1%0.2
22.7+244+45
0.2£00=x0.1
26 +£08=£0.6
1.2+ 07+£04
54 +08 £0.6

Total

522 +£3.7+£73

321 +£2.7+£46

Data

35

35
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Figure 7.6: The m +,- distribution reconstructed from MMC method after the non-resonant search selections in

each of categories, (a) one b-tagged and p}ﬂﬁ < 100 GeV, (b) one b-tagged and p}ﬂﬁ > 100 GeV, (c) two b-tagged
and p{;f < 100 GeV, and (d) two b-tagged and p{;f > 100 GeV.
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Figure 7.7: The myp,+,- distribution reconstructed from constrained mass method after the resonant search selec-
tions in each of categories, (a) one b-tagged and p{;f < 100 GeV, (b) one b-tagged and p{;F > 100 GeV, (c) two
b-tagged and pT. © < 100 GeV, and (d) two b-tagged and p}. ™ > 100 GeV.
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Chapter 8

Systematic Uncertainties

8.1 Theoretical Systematic Uncertainties

QCD scale and PDF

Theoretical cross sections for some tiny contributing backgrounds are used for the normalization.
Table 8.1 shows the uncertainties assigned for each backgrounds. The uncertainties of QCD scale
are shown as QCDScale XX, with XX being V and VV standing for a Gauge Boson and di-boson,
respectively [62]. The PDF uncertainty is also assigned [63].

Table 8.1: Summary of theory uncertainties for the background process normalizations.

Background Uncertainty

tt QCDScale_ttbar 6%
tt pdf_gg 2%
diboson QCDScale.VV 5%
AR QCDScale_V 1%
Z% 500 and VV pdf_qq 4%
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8.2 Experimental Systematic Uncertainties

8.2.1 Electron

e Reconstruction and Identification:
The correction factors of the single electron trigger and the reconstruction and identification
efficiencies are applied for the MC simulation samples for both signal and background pro-
cesses. Their systematic uncertainties are assigned and evaluated to be 3% [39]. The impact
of the propagation from these uncertainties is estimated by varying them within one upper
or lower standard deviation.

e Calorimeter Isolation:
The correction factors of isolation are applied for the MC simulation samples for both signal
and background processes. The isolation requirement efficiencies are estimated by the study
with tag-and-probe method and the uncertainty of +2% for electron pr > 20 GeV and +4%
for electron pr < 20 GeV are assigned [39]. The impact of the propagation from the their
uncertainties estimated by varying them within one upper and lower standard deviation.

e Energy Scale and Resolution:
The correction factors of energy scale and resolution are applied to the MC for both signal
and background processes. The factors are estimated by comparing between MC simulation
and Z° — eTe™ events on data. The uncertainty of £1% for central region and 3% for
forward region are assigned.

8.2.2 Muon

e Reconstruction and Identification:
The correction factors of the single muon trigger and the reconstruction and identification
efficiencies are applied for the MC simulation samples for both signal and background pro-
cesses. Their systematic uncertainties are assigned and evaluated to be 1% [41]. The impact
of the propagation from these uncertainties is estimated by varying them within one upper
or lower standard deviation.

e Momentum Resolution:
The correction factors of energy scale and resolution are applied to the MC for both signal
and background processes. The factors are estimated by comparing between MC simulation
and Z° — putpu~ events on data. The uncertainty of £1% for central region and 3% for
forward region are assigned.

8.2.3 Hadronic-7

e Identification:
The correction factor of 7 identification efficiency is applied to MC simulation samples. The
factor is obtained by tag-and-probe method of Z° — 777~ events, and its systematic uncer-
tainty is assigned. The correction factors on the rate of misidentification efficiency and its
scale factor is estimated from Z° — eTe™(e — Thaq) events. The systematic uncertainties
on the scale factor is depended on the pr and |n|. The impact of the propagation from the
uncertainties is estimated by varying them within one upper or lower standard deviation.

e Energy Scale:
The tau energy scale is determined by resonant fitting to visible mass of Z° — 777~ events,
and the systematic uncertainties are estimated. [64]. TES uncertainties are measured with a
precision of £2 - +4%. The TES uncertainty is divided into four uncorrelated parts:
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— In-situ interpolation on true taus:

uncertainty of the in-situ energy scale, relevant mainly for pr < 50 GeV.

— Single particle interpolation on true taus:

uncertainty of the particle decomposition component, relevant mainly for pr < 70 GeV.

— Modeling on true taus:

sum of many components related to modeling of pile-up, underlying event, dead material

and physics lists.

— fake taus:
A single systematic uncertainty is assigned for
TES uncertainties on true taus.

8.2.4 Jet

The JES uncertainty is given as following uncorrelated
e In-situ energy correction
e 1) inter-calibration
e high-pr jets
e Non-closure
e Flavour composition and response for light jets
e b-jets
e Pile-up
The total uncertainty is shown in Figure 8.1. The MC

fake taus, and treated uncorrelated to the

components:

modeling is one of the main source of the

Frrrrprrrrprrrrprr T
- Anti-k, R =0.4, LCW+JES
__pT =35 GeV
B [_] Total uncertainty
[ --m- Statistics
— === MC modelling
w8 AO(1,]2)
Radiation
=a= JER

0.04

0.03

0.02

Fractional uncertainty

= <> shift
NPV shift

o= i

0.01

T g
ATj.ASPreIiminary:

Ldt=20fb"

=)

Figure 8.1: Uncertainties on the JES as a function of the jet |n| in pr = 35 GeV [49].

uncertainties. It is evaluated from the difference of the generator, Sherpa and PowhegPythiaS.
The comparison of the Sherpa and PowhegPythia8 is shown in the Figure 8.2.
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Figure 8.2: Relative jet response 1/c¢ as a function of jet n in the pr slice from 25 GeV to 40 GeV [49].

8.2.5 Missing Transverse Energy

The EXiss calculation depends on the other objects, therefore their uncertainties propagates to the
E7' uncertainty. And E7™* soft term scale and resolution are considered as the E7' uncertainty.

8.2.6 Trigger

The scale factors of both single electron and single muon lepton trigger are applied. The uncer-
tainties of them are about 1-2% depending on the transverse momentum and pseudo rapidity.

8.2.7 Luminosity

The systematic uncertainty on the integrated luminosity of +2.8% is evaluated from beam-separation
scans and is assigned for the 8 TeV 20.3 fb~! dataset.

8.2.8 Fake Background

The fake 7 background is estimated by FF method described in 7.2. The systematic uncertainties
comes from the composition fraction R; (i stands for each processes, W-jets, Z+jets, QCD jets
and Top). The +50% uncertainty is assigned for the fraction. The impact from this uncertainty
is estimated by varying this fractional uncertainty, and is estimated to be +9.5%. The £5.1% is
assigned for statistical uncertainty. These uncertainties are summarized in Table 8.2

Table 8.2: The uncertainty for fake background.

Source uncertainty| %]
total 10.8
composition 9.5
statistical 5.1

92



CHAPTER 8. SYSTEMATIC UNCERTAINTIES

8.2.9 Estimation of Z° — 777~ +jets with Embedding Method

7% — 7777 +jets backgrounds are estimated by embedding technique. The systematic uncertain-
ties are composed of three components, 7% — ptp~ event selection, replacement of muons with
simulation taus, and subtraction of tt.

o 7% — ptp~ event selection:

The uncertainties from isolation requirement on Z° — p* =~ event selection is evaluated from
AR<0.2

comparing the nominal isolation requirement ( > pPrirack/Pr, < 0.2) with other criteria,

tracks
AR<0.2

tighter isolation requirement (Y  prirack/Pr, < 0.06) and no-isolation requirement.
tracks

e replacement of muons with simulation taus:
The calorimeter cells which is to be associated is expected from MC simulation, and subtracted
in the replacement of muon to simulation tau. The subtraction systematics are assigned by
scaling up and down with 20% for each cell energy.

e subtraction of tt: )
The systematic uncertainty of 15% is assigned for the subtraction of ¢t process described in
Selection 4.3.1.

8.2.10 Estimation of Top Background

The uncertainty of tf events in signal region is extrapolated from top control region. The un-
certainty is estimated from the difference of the generator, between the generator Powheg and
MC@NLO. The difference of the event yields fraction of signal region and control for each gener-
ators is assigned as the uncertainty. The systematic uncertainties of 2.0% and 7.9% are assigned
for Low and High p?f category respectively, for both resonant and non-resonant searches.
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Chapter 9

Results

The signal events are extracted by a maximum likelihood fit on the m +,- and m;z,+,- distributions
for non-resonant and resonant searches, respectively.

9.1 Fit Method for The Background and Signal

The profile likelihood method performed for the limit setting on the cross section is introduced.
The likelihood function is given as:

,C(,U, gsampa 9_;7 é;)a é'global) - POIS(”L“JT) POiS(nsamp|ﬁsamp)£(9—;a 9_;” é'global)a (91)

where:
e function “Pois” stands for the poisson distribution

e n is the number of events in the signal region

° ﬁsamp are the statistical uncertainties of the MC or data driven control sample events, using
the initial event numbers (Ngamp), before scaling to the cross section

° 9:7;, are the specific nuisance parameters related to the signal and the background, such as the
efficiency and the cross section uncertainties

® Oq1oba1 Tepresent the common nuisance parameters which are correlated between channels, such
as the luminosity uncertainty

e .7 is the total number of expected events given by

Hr = Z ”Lal(mH)fs(gs)fg(gglobal) + Z Lﬁjfb(é;))fg(gglobal), (9.2)

=1

where

— L is the nominal integrated luminosity

— 1 is the one parameter of interest e.g., the scaling factor for the expected signal rate
(signal strength)

— oy(my) is the effective cross section (in pb) for signal events
— f; is the nominal effective cross section (in pb) for background j (including Bsamp)

— fspelobal Tepresent the dependence of the expected number of events on the various nui-
sance parameters.
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The likelihood is used to construct a statistical test based on the profile-likelihood ratio and
asymptotic formulae [65] are used when appropriate. The statistical test is given by

)

N zodoy <0 o5
qn = L(p0(p) P :
—2In =22 0< <y,
sy =N
> .

where

e 0 represent the nuisance parameters: i, g evaluated at I
e 0(y) are the Maximum Likelihood Estimators (MLE) of p, 6 .

For computing statistical significance, the background-only p-value is computed from the test
statistic qO0.

Po = /OO (9010, 80)dgo (9.4)

40,0bs

9.2 Result of Non-Resonant Analysis

The limits for the non-resonant search is derived in this section using the techniques for the limit-
setting described in the previous section. The MMC distributions shown in the Figure 7.6 are used
as a final discriminant. The expected exclusion with 95% confidence level (CL) limit is 1.3 pb. And
the observed 95% CL exclusion limit is 1.6 pb. It is summarized in Table 9.1 showing observed
and expected 95% CL limits. This limit is corresponding to the 130 times cross section of gg — hh
predicted within standard model of 9.941.3 fb [66]. If the signal cross section of 1 pb is assumed,
the local signal significance pg is —0.560 for the expectation of 1.3¢. It is summarized in Table 9.2.

Table 9.1: Observed and expected 95% confidence level upper limits (UL) for non-resonant search.

Category | Observed | Expected UL
Combined | 1.60 pb 1.31 pb
TwoB 1.40 pb 1.70 pb
OneB 4.47 pb 4.75 pb

The major uncertainties on the signal strength are summarized in Table 9.3. The leading
uncertainty is statistical uncertainty of the data. The jet energy scale and resolution contribute
most to the signal strength estimation.

Table 9.2: Observed and expected local significance, pg, in non-resonant search, for each categories, assuming signal
cross section is 1 pb.

Category | Observed py | Expected pg
Combined -0.56 o 1.30 o
TwoB -0.56 o 1.23 ¢
OneB -0.20 ¢ 0.47 o

96



CHAPTER 9. RESULTS

Table 9.3: The effect of the most important sources of uncertainty on the signal strength parameter, for the
non-resonant signal.

Source of uncertainty Uncertainty on p [%)]
Data statistics 61.2
Jet energy scale and resolution 25.2
Background Model 11.3
b-jet tag 11.1
Tau 9.4
Branching ratio 6.8
Total systematics 33.1

9.3 Result of Resonant Analysis

The resonant search is derived for the range of 260-1000 GeV. The limits for the resonant search
is set on the cross section gg — H production of the heavy Higgs boson times branching ration of
BR(H — hh) as a function of the mass of the heavy Higgs boson my. The my;,+,- distributions
shown in Figure 7.7 are used as a final discriminant. The expected exclusions on 95% CL are 3.1,
0.66 and 0.28 pb for the heavy higgs mass of my = 300,500 and 1000 GeV, respectively. And
the observed exclusions on 95% CL are 1.7, 1.0 and 0.46 pb for my = 300,500 and 1000 GeV,
respectively. They are summarized in Table 9.4 and illustrated in Figure 9.1. Since a deficit can
be seen in the muz,+,- distribution, the observed limit around my = 300 GeV is appreciably lower
than the expectation.

The local significance assuming signal cross section of 1 pb are summarized in Table 9.5 and
Figure 9.2..

The major uncertainties on the signal strength for the resonant mass of my = 260, 400, 500 and
1000 GeV are summarized in Table 9.6 to 9.9.

Table 9.4: Observed and expected 95% confidence level upper limits (UL) for each mass point for the 1b-tag and
2-btag combined.

mass [GeV] || Observed UL | Expected UL
260 12 pb 2.6 pb
280 3.2 pb 3.7 pb
300 1.7 pb 3.1 pb
350 2.8 pb 2.2 pb
400 1.5 pb 0.97 pb
500 1.0 pb 0.66 pb
800 0.51 pb 0.31 pb
1000 0.46 pb 0.28 pb
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Figure 9.1: Observed (solid line) and expected (dashed line) 95% CL limits as a function of resonant mass for
category combination. Green and yellow bands represent the +1 and 20 deviation.

Table 9.5: Observed and expected local significance, pg, for each mass point for the combination, assuming signal

cross section is 1 pb.

mass [GeV]

Observed pg

Expected po

260
280
300
350
400
500
800
1000

1.70
-0.14 o
-1.70
0.69 o
1.2 0
130
130
140

1.2 0
0.75 o
0.84 o
110
210
290
4.5 o
4.8 o
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Figure 9.2: Observed (solid line) and expected (dashed line) local significance, pg, as a function of resonant mass
for category combination, assuming signal cross section is 1 pb.
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Table 9.6: The effect of the most important sources of uncertainty on the signal strength parameter, for the resonant
260 GeV signal.

Source of uncertainty Uncertainty on p [%)]
Data statistics 90.1
Jet energy scale and resolution 25.7
Missing Et 9.6
b-jet tag 7.8
Branching ratio 7.5
Lepton 7.0
Total systematics 31.9

Table 9.7: The effect of the most important sources of uncertainty on the signal strength parameter, for the resonant
400 GeV signal.

Source of uncertainty Uncertainty on p [%)]
Data statistics 45.9
Jet energy scale and resolution 16.1
Tau 11.1
Branching ratio 6.7
b-jet tag 5.2
Signal theory 4.5
Total systematics 22.5

Table 9.8: The effect of the most important sources of uncertainty on the signal strength parameter, for the resonant
500 GeV signal.

Source of uncertainty Uncertainty on p [%)]
Data statistics 31.4
Jet energy scale and resolution 20.3
Tau 9.4
Lepton 7.4
Branching ratio 6.7
Signal theory 4.5
Total systematics 25.3

Table 9.9: The effect of the most important sources of uncertainty on the signal strength parameter, for the resonant
1000 GeV signal.

Source of uncertainty Uncertainty on p [%)]
Data statistics 22.0
b-jet tag 7.3
Branching ratio 6.6
Tau 4.9
Jet energy scale and resolution 3.8
Luminosity 2.5
Total systematics 12.8
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Combination with Other Analysis
Channels

In order to achieve better sensitivity for the search of di-higgs production, the results of all analysis
channels hh — bbr 7=, yyWW, ~y~bb, bbbb have been combined [67]. The results of hh — yybb [68]
and hh — bbbb [69] channels have been reported in stand alone analysis. The results of each analysis
channel are described in Appendix C. In this section the results of these channels and combination
of all channels are described.

10.1 Result of Non-Resonant Analysis

In the non-resonant search, the combined observed and expected 95% CL exclusions on the di-higgs
cross sections are 0.47 and 0.69 pb corresponding to 70(48) times the standard model cross section
predictions. It is summarized in Table 10.1. The most sensitive channel is hh — bbbb channel.
The observed combined limit is slightly weaker than expected. This is largely due to the result of
hh — ~~bb analysis where some excess of events is observed [68].

Table 10.1: The expected and observed 95% CL upper limits on the cross sections of non-resonant gg — hh
production at 4/s = 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay
branching ratios. The cross-section limits normalized to the SM value are also included.

Analysis  yybb yYWW?™* bbrT7~  bbbb Combined
Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69
Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

10.2 Result of Resonant Analysis

The mass ranges used for the combination are summarized in Table 10.2. The combined limit of
the resonant search is summarized in the Table 10.3 and Figure 10.1. The most significant excess
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Table 10.2: The mass ranges used for the search in each channel.

channel ~vbb YYWW™ bbr T~ bbbb
mass range | 260 - 500 [GeV] 260 - 500 [GeV] 260 - 1000 [GeV] 500 - 1000 [GeV]

is corresponding to a mass point of 300 GeV in the combined results. The local significance of
3.00 in hh — yybb analysis is dominating.

Table 10.3: The expected and observed 95% CL upper limits on (g9 — H) X BR(H — hh) in pb at /s = 8 TeV
from individual analyses and their combinations. The SM branching ratios are assumed same for the light Higgs
boson decay.

my Expected limit [pb] Observed limit [pb]

[GeV] ~yybb ~AyWW™ bbrT7~  bbbb  Combined yybb  yYWW*  bbrTr~  bbbb  Combined
260 1.70 11.2 2.6 - 1.1 2.29 18.7 4.2 - 2.1
300 1.53 9.3 3.1 - 1.2 3.54 15.1 1.7 - 2.0
350 1.23 7.8 2.2 - 0.89 1.44 13.3 2.8 - 1.5
400 1.00 6.9 0.97 - 0.56 1.00 11.5 1.5 - 0.83
500 0.72 5.9 0.66 - 0.38 0.71 10.9 1.0 - 0.61
500 - - 0.66 0.17 0.16 - - 1.0 0.16 0.18
600 - - 0.48 0.070 0.067 - - 0.79 0.072 0.079
700 - - 0.31 0.041 0.040 - - 0.61 0.038 0.040
800 - - 0.31 0.028 0.028 - - 0.51 0.046 0.049
900 - - 0.30 0.022 0.022 - - 0.48 0.015 0.015
1000 - - 0.28 0.018 0.018 - - 0.46 0.011 0.011

The upper cross section limits of the resonant search gives the exclusion for the parameter
spaces in the hMSSM [70,71] and low-tb-high [72] scenarios of MSSM. In this interpretation, the
CP-even light higgs boson in MSSM is assumed to A and CP-even heavy higgs boson in MSSM
is corresponding to H, respectively. Since the di-higgs production rate depends on tan S and the
mass of the CP-odd Higgs boson (m4) in both scenarios, the upper limits on di-higgs can give the
exclusion for the parameter space of (tan 3, m4). The analysis has sensitivity for the low tan
and m4 region ~ 200-350 GeV. H — hh decay is strongly suppressed for lower and higher than
this mass, because of out of range from 2xm;, to 2xmy,,. Figure 10.2 shows the exclusion in the
parameter space of (tan 3, my).

The observed exclusion region is smaller than expected, because of small excess observed in
hh — ~~bb.
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CHAPTER 10. COMBINATION WITH OTHER ANALYSIS CHANNELS

10°

E El LI | I LI B B | I LI I | | LI B | | LI | LI L LI L LI L IE
Q = , =
= -~ ATLAS V/s=8TeV, 20.3 b .
5 10 o —s—Observed - bbrzexp |
L = Tl e Expected ~ ------ WWyy exp J
% i . ticexpected —— bbyyexp
% 1 + 20 expected — — bbbbexp _|
T S -
m = —
3 " ]
S i

107 E

107 =

300 400 500 600 700 800 900 1000
my [GeV]

Figure 10.1: The observed and expected 95% CL upper limits on o(99 — H) x BR(H — hh). hh —
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Figure 10.2: (a) hMSSM scenario and (b) low-tb-high scenario. [67]
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Chapter 11

Conclusions

We have searched for di-higgs production in hh — bbrt7~ decay channel for both non-resonant
and resonant di-higgs production scenarios using proton-proton collision data amount to 20.3 fb™!
at /s = 8 TeV recorded with the ATLAS detector. This analysis is motivated for the searches
including beyond standard model, while this channel is potentially very important for future search
of higgs self-coupling decays. No excess is observed in both non-resonant and resonant searches.
For the non-resonant search the observed and expected 95% CL limits are 1.60 pb (corresponding
to 160 times o37/) and 1.31 pb. For the resonant search the observed 95% CL limits varied with
my from 4.2 pb to 0.46 pb for the resonance mass region from 260 GeV to 1000 GeV.

The hh — bbr™7~ channel is combined to other channels, hh — ~yW W, yybb, bbbb. The
hh — bbr*7~ is third sensitive channel for the non-resonant search, 30% worse than second
sensitive channel yvybb. Improvement of hh — bbr* 7~ is foreseen by including other 777~ decays,
all-hadronic- and leptonic- decay channels. For the resonant mass from about 400 to 500 GeV,
hh — bbrT 7~ is most sensitive channel.
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Appendix A

Tau Identification Variables

e Central energy fraction (feent):
The fraction of transverse energy deposited around the 7,4 candidate with cone size of
AR <0.1 and AR <0.2.

AR;<0.1
. ZiEall< ET,Z’ Al
fet = SAmzom o (A1)

e Leading track momentum fraction (firack):
The fraction of the momentum of the 7,,q candidate attributed to the track and the total
momentum of the candidate.
track

p
ftrack = Tlrl (A2>

Pr

e Track radius (Rirack):
distance of the associated tracks to the direction of the 7,,q candidate weighted with pp, using
all tracks in the core and isolation regions.

AR;<0.4
R . > pT,iARi
track — AR;<0.4
) pryi

(A.3)

e Leading track IP significance (Siead—track):
Transverse impact parameter of the highest pr track in the core region, using the tau vertex
in the calculation, divided by its estimated uncertainty.

do

Sload—track = (STJO

(A.4)

e Number of tracks in the isolation region (N2, ):

Number of tracks associated with the 7,,q4 candidate in the region 0.2< AR <0.4.

e Maximum AR (ARpjay):
The maximum AR between the 7,9 candidate and a track associated with it.

e Transverse flight path significance (S:f;ight):
The decay length of the secondary vertex in the transverse plane which is given by tau vertex
associated algorithm, divided by its estimated uncertainty.

flight
flight 5LT

T - flight
5LE

(A.5)
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APPENDIX A. TAU IDENTIFICATION VARIABLES

e Track mass (Mgrack):
Invariant mass of all tracks in the core and isolation regions.

o Track-plus-m’-system mass (70 track):
Invariant mass of the system on the tracks and 7° mesons in the core region.

e Number of 7° mesons (N, ):
The number of 7% mesons reconstructed in the core region.

e Ratio of track-plus-m’-system pr (p}O + track/pr):
Ratio of the pr estimated using the track + 7 information to the calorimeter-only measure-
ment.
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Appendix B

tt Contamination in Embedding Sample

The di-muon selections which is used for embedding sample are:

o P > 20 GeV, pi? > 15 GeV
° |77”1’“2| <2.5
o mHH2 >40 GeV

But the contamination of other processes, in particular tt, single top and diboson have potentially
to be negligible contribution because of one or two b-tagged jets requirement of SR selections. This
can lead the double counting of the event number. In order to estimate the contamination, the
number of events which passes the embedding selections has been checked for ¢¢. The contribution
in resonant mass and MMC in two b-tagged jets category is shown in Figure B.1. We found that
tt is not negligible source, therefore we subtract this from embedding sample. 15% uncertainty,
which is the uncertainty of ¢¢ normalization, is assigned for the subtraction. And the event yields
on each selection levels in one and two b-tagged jets categories are shown in Table B.1 and B.2.

Table B.1: The event yields comparison on each selections of tf di-tau with Z° — 7+ 7~ in one b-tagged jet category.

Selection tt(di-tau) | Z2° — 77~
mr(l,7) < 60 54.4 £ 2.9 | 8802.4 + 72.9
OneB 43.9 £ 2.6 | 14729 £ 304
MET ¢ centrality>1. 204 £ 1.8 770.0 £ 22.2
Ellipse R>1 20.3 £ 1.8 761.0 £ 22.1
Apr < 20 GeV 162+ 1.6 601.0 + 19.6
90 < mj; < 160 GeV 4.0 £0.8 150.3 £ 9.6
High p1. ™ 12404 | 532456
100 < moi, <150 GeV | 1.0 +£04 | 4314+ 5.0
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Table B.2: The event yields comparison on each selections of tf di-tau with Z% — 777~

category.

Selection tt(di-tau) | Z2° — 7F7—
mr(l,7) < 60 458 £ 2.7 | 305.4 £ 14.6
TwoB 451 + 2.7 | 305.4 + 14.6
MET ¢ centrality>1. 227+ 1.9 | 151.2 + 10.4
Ellipse R>1 221+ 1.9 | 146.8 + 10.3
Apr < 20 GeV 18.0 + 1.6 | 114.0 + 8.8
90 < mj; < 160 GeV 70+ 11| 33.0+49
High pT. ™ 23406 | 84419
100 <m i, <150 GeV | 21405 | 7.9+ 19
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APPENDIX B. TT CONTAMINATION IN EMBEDDING SAMPLE

A B L o e s B A B o e
s 121 ] o - b
o - B 0] 12— —
o r b o - B
ro) 100 R ro) = B
- — . — - L ) 1
= L —-—embedding 4 = 10— —=— embedding |
o - b o r b
> = - - > [ _ -
w 8— = ti- vty — w 87 }l = tt- vV B
6~ - 6 —

4- + + 7 4= -

L ] r + +<> + b
=t T4 i i i i
Oi‘u"H\H—‘i—m‘H\Hurtuﬁ:wuumumﬁ O’HHH“\‘#ﬁﬂ‘m‘u}ﬁ*ﬁm#m‘mwmuuf

E G.Si ; E G.Zi ;
E = | 15 - |
g E = g E 7
8 04— — 8 015 —
0af— = = E

E E 01— + -

ool 3 2 }lﬂ E

E = 005 —

01— — £ B

E E e E

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900 =

Resonant Mass X, [GeV] Resonant Mass X, [GeV]

T

LN e B B B |

35

—

30 —— embedding

Event / 25 GeV

25 = tin vty

20

.

15
10
oy

\\%f%iﬂ:l‘ \—-—\d‘-{\\\AAJ\\\A‘J

‘HH‘HH‘\H\‘HH‘HHM—H\\‘HH‘HH‘HH‘HH‘HH‘HH“F

@
w o

Contamination

25

~

15

N

05

o

\HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH! TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T

05

N

L L L 1
300 700 500 600
Resonant Mass X, [GeV]

Figure B.1: Top two plots show embedding(blue) and t¢ contamination(black) in resonant mass distribution of
two b-tagged jet category for resonant search. Bottom plot shows embedding(blue) and ¢ contamination(black) in
MMC distribution of two b-tagged jet category for non-resonant search.
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Appendix C

Other Analyses

C.1 hh — bby~v analysis

The result of hh — bbyy [68] is summarized in this section.

For the non-resonant search, the background is fitted with sum of a Crystal Ball function and a
wide Gaussian component in the CR defined as fewer than two b tags region. The invariant mass
distribution of diphoton is shown on Figure C.1 (a).

For the resonant search, the background is fitted with Landau in the CR defined as fewer than
two b tags region. The invariant mass 1, distribution is shown on Figure C.1 (b). The 95% CL
upper limits for resonant production cross section times branching ratio is calculated as shown of
Figure C.4.
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Figure C.1: Left: Invariant mass of diphoton m.~ for non-resonant search (Upper) signal region, and (Lower) fewer
than two b tags control region. The fitted curve is also used in the upper plot. Right: Invariant mass myy, . for
resonant search (Upper) signal region, and (Lower) fewer than two b tags control region. The fitted curve is also
used in the upper plot. [68].
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C.2 hh — bbbb analysis

The result of hh — bbbb analysis [69] is summarized in this section. The event is required to have
at least 4 b-tagged jets, and split into two analysis categories, Resolved or Boosted analysis.

Resolved analysis

Two dijet systems are chosen to satisfy AR between the jets in each of the dijets is smaller than
1.5. In the rare case that a jet could be used to create more than one dijet, the dijet with the
highest mass is chosen. For the non-resonant search, invariant masses of two dijet system in
2D plane shown in Figure C.3 (a) is used. The surrounded region by inner back contour line is
corresponding to the signal region. For the resonant search, invariant mass my; is used shown in
Figure C.3 (b).

Boosted analysis

For the higher four jets mass, the higgs boson candidate is reconstructed as a single anti-Kt jet
with large cone size AR = 1.0. Here, it is called as “fat jet” and denoted by “J”. For the
non-resonant search, invariant masses of two fat jets in 2D plane shown in Figure C.3 (c) is used.
The surrounded region by inner back contour line is corresponding to the signal region. For the
resonant search, invariant mass ms; is used shown in Figure C.3 (d).
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Figure C.3: Resolved analysis: Invariant masses of two dijet system in 2D plane (a), and four jets ma; (b). Boosted
analysis: Invariant masses of two fat jets in 2D plane (c), and two fat jets may (d).
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Figure C.4: The 95% CL upper limits for resonant production cross section times branching ratio of hh. [69]

C.3 hh — WW~vy analysis

The result of hh — WW~~ analysis [67] is summarized in this section. To suppress dijet back-
ground, one light lepton is required. Therefore hh — WW v — lvqqyy channel is analyzed. The
invariant mass of diphoton is shown in Figure C.5. The result is derived to count the event yields in
the signal region. The 95% CL upper limits for resonant production cross section times branching
ratio is shown in Figure C.6
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