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Abstract

The discovery of a Higgs boson at the Large Hadron Collider (LHC) confirms the validity of the
Standard Model (SM) in the description of particle interactions at electroweak scale. However,
radioactive corrections to the Higgs mass drives its value to the model’s validity limit, indicating
either extreme fine-tuning or the presence of new physics at higher energy scale. Since 2015, the LHC
starts its Run 2 journey with unprecedented center of mass energy of 13 TeV. Along with increase
in luminosity, this greatly extends the sensitivity of ATLAS experiment to heavy new particles at
TeV scale. In particular, many new physics models beyond the Standard Model manifest themselves
through significant coupling to the Higgs boson in decays of new particles to a Higgs boson and
other SM particles.

In this work, two searches for resonances decaying to either pair of Higgs bosons or a Higgs boson
associated with another SM vector boson in all hadronic final states are presented using data collected
by ATLAS during Run 2. Due to the heavy mass of new resonance, Higgs boson and W/Z boson
can be boosted to large momentum, causing their decay products to be collimated. The dominant
H — bb decay mode also provides a clear signature through displaced vertices. A powerful boosted
boson identification technique fully exploiting such jet substructure and heavy flavor information
is therefore developed and used in both searches to suppress the dominant multijet backgrounds
and largely enhance search sensitivity in particular for very high resonance mass. In the absence of

significant excess, new exclusion limits are set on benchmark new physics models.
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Chapter 1

Introduction

Everything not forbidden is compulsory
— Murray Gell-Mann

Over 20th century, especially the last few decades, the Standard Model has been established to be
highly successful in describing our world at the most fundamental level. It tells us that our seemingly
complex world full of variations is made of two types of fermions, quarks and leptons, each of which
has three generations and six flavors in total. The dynamics and interaction of these particles is
governed by only a handful of basic physics principles, based on which three most fundamental
interactions between particles are found: electromagnetic, weak and strong interactiorﬂ To make
the picture even more elegant, all these three interactions can be unified through a gauge symmetry
under SU(3) x SU(2) x U(1).

However, what makes the Standard Model truly remarkable is that all its predictions are con-
firmed by experimental high energy physics at precision levels. In particular, all force carriers,
the so-called gauge bosons, predicted by the Standard Model are found by humans one by one as
we extend our particle colliders to the corresponding energy scale. The last element of the Stan-
dard Model, the Higgs boson, which is playing a central role in the whole picture through so-called
spontaneous symmetry breaking (or Higgs mechanism), was just discovered by ATLAS and CMS
collaborations in 2012 using proton-proton collisions produced by the Large Hadron Collider (LHC)
at a confidence level beyond 50 [11 [2].

Despite of great success of the Standard Model, several disturbing issues also arise at the same
time. One of the most disturbing problems is probably the so-called hierarchy problem. While
the hierarchy problem typically manifests itself as the divergence of Higgs mass from radioactive

correction, this is more a tip of iceberg among a series fundamental questions of why so on our

IThere is an additional interaction between any massive particles, which is the gravity. However, it is not included
under the Standard Model framework and is significantly weaker than other three interactions.



CHAPTER 1. INTRODUCTION 2

universe: Why is gravity so weak? Why is there a huge gap between electroweak scale and Planck
scale? Is the Standard Model truly fundamental?. .. The list of why can simply keep extending as
we are diving further into it. However, just like the situation at the beginning of 20th century
when “The beauty and clearness of the dynamical theory, which asserts heat and light to be modes of
motion, 1s at present obscured by two clouds’ﬂ these myths are the opportunities for us to discover
brand new world. Numerous new theories or frameworks beyond the Standard Model are proposed,
from supersymmetry to extra dimensions, trying to answer these questions. Nevertheless, nobody
knows the true answer unless proved by the experiment.

In this thesis, we are trying to tackle these fundamental problems in the nature from an experi-
mental point of view. In order to probe new physics beyond the Standard Model at an energy scale
higher than the already discovered electroweak scale, proton-proton collisions with unprecedented
collision energy of 13 TeV at the LHC, the largest and most energetic particle collider ever built by
human beings, are exploited. By tracing the particles created from collisions using ATLAS detector,
one is able to infer the physics at short distances, thus either testing existing theories or discovering
new physics. In particular, many new models beyond the Standard Model predicts heavy resonances
of narrow width at TeV scale, which is an excellent phenomena for the LHC. Furthermore, these
heavy resonances can have large coupling to the Standard Model sector via electroweak bosons and
the Higgs boson, which can provide various signature in experiment through these Standard Model
bosons’ decays. Two searches are therefore presented in this thesis trying to cover a wide range of
heavy resonances in spin-0, spin-1 or spin-2, with masses above 1 TeV. Searches are conducted in the
channel where these heavy resonances decay to either a pair of Higgs boson or a Higgs boson associ-
ated with another Standard Model gauge boson. Although these heavy resonances are predicted by
different specific models, the experiment result itself is model-independent to a large extent, making
our results generic enough.

All searches presented in this thesis are done in the all-hadronic channel, meaning Higgs bosons
and electroweak gauge bosons decay hadronically. While this has the advantage of high branching
ratio, it was traditionally regarded as insensitive channel due to dominant multijet background
produced at hadron colliders. However, due to the heavy mass of resonances being hunted for, Higgs
boson and W/Z boson are so boosted that their decay products get collimated. This observation
turns out to be a crucial leverage point through various techniques developed in the so-called jet
substructure, a field being very active in last ten years on LHC [3, [4 Bl [6]. In addition, since
Higgs particle decays dominantly to bb final state, displaced vertices left by b-hadrons can provide
a unique signature which can strongly suppresses background process. In the thesis, development
of a powerful boosted boson identification techniques fully exploiting these two aspects is presented
as well. It turns out this techniques can significantly extend our search sensitivity to very boosted

phase space that was never able to be reached before.

2By Lord Kelvin in the speech “Nineteenth-Century Clouds over the Dynamical Theory of Heat and Light”
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The thesis is organized in following way. An introduction to the theoretical considerations, espe-
cially the new physics models beyond Standard Model being searched for, is presented in Chapter [2}
A general introduction to the LHC as well as ATLAS detector can be found in Chapter [3] and
Reconstruction of physics objects that are relevant to the searches in this thesis are presented in
Chapter [5f The techniques being developed for boosted boson identification can be found in Chap-
ter [Bf Two searches for the heavy resonances can be found in Chapter [7] and [§] one being pair
production of Higgs boson and another being production of Higgs boson associated with a W/Z
boson respectively; Summaries and future prospects of searches in this thesis can be found in Chap-
ter [0} In the last, two studies that are not directly related to this thesis can be found in Appendix [A]
and [Bl The first one discusses an improved simulation of interactions between particles and pixel
detectors which has already been implemented into ATLAS official simulation. The second one
discusses several advanced techniques that was explored to resolved two close-by b-hadrons beyond

the limit of existing techniques.



Chapter 2

Theoretical Considerations

Particle physics is essentially trying to answer two very fundamental questions: what the most
fundamental particles that constituent our matter world are, and how these particles interact with
each other. The quest for these two questions can originate from as early as the ancient Greek era
when people concluded that elements of nature was composed from some fundamental unit from
pure philosophy point of view. By the 20th century, especially since the discovery of electromagnetic
phenomena and radioactive elements, people started to probe the particle worlds in real sense with
solid concept of atoms.

Fundamental breakthrough on theoretical side was made in early 20th century with the establish-
ment of relativity and quantum mechanism which completely replaced Newtonian laws of motion.
Later by 1960, a more sophisticated quantum field theory was gradually developed, becoming a re-
ally powerful tool in describing particles as well as interactions between them (electromagnetic and
weak interaction then). At the same time, numerous experimental techniques, most of which are the
prototypes of modern experimental methods, were developed enabling either creation or detection of
subatomic particles, including the utilization of high energy cosmic ray, bubble chambers, spectrom-
eters, synchrotrons etc.. Such coherent effort from both theory and experiment advancement led
to the discovery of various subatomic particles such as neutron (1931), muon (1937), pions (1947),
kaons (1949), and eventually the eruption of discoveries of mesons and baryons in 1950s and 1960s,
called “particle zoo” at that time.

By the mid 1960s, physicists further realized that there should be even more basic level than
protons and neutrons in order to explain the wide spectrum of new particles being discovered.
The idea of quarks was then proposed in 1964 by Murray Gell-Mann [7] and George Zweig [g]
tentatively under this context. In 1973-1974, this idea evolved to a more formal theory called
quantum chromodynamics (QCD), in which the quarks were determined to be real particles carrying
color charge and interact with each other through strong interactions by exchange of gluons. An

unique property of QCD, now called asymptotic freedom, was also identified which is essential in
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understanding how hadrons are composed of fractionally charged quarks. On parallel, people also
started to unify various interactions observed previously under a common framework. The first step
was an attempt to combine electromagnetic and weak interactions by Sheldon Glashow [9] in 1961.
In 1964, spontaneous symmetry breaking (also called Higgs mechanism) was proposed to explain
masses of gauge bosons [10, 11} 12]. In 1967, Steven Weinberg [13] and Abdus Salam [14] was able
to incorporate Higgs mechanism into the electroweak interaction framework developed by Sheldon
Glashow earlier. The formulation of QCD as mentioned above in 1973 was in a similar structure
as the unified electroweak theory [I5], 16, 17]. Combined with all these efforts, the grand view of
the Standard Model that people are familiar with today were first presented by John Iliopoulos in a
summary talk for a conference in 1974.

The Standard Model turns out to be a great success, since all particles, both fermions and force-
mediating gauge bosons, were discovered by high energy physics experiments. The latest example of
this, which is also the last piece of the Standard Model, is the discovery of Higgs boson by ATLAS
and CMS collaboration using the Large Hadron Colliders (LHC) at the European Organization for
Nuclear Research (CERN) [I 2]. As a matter of fact, high energy particle colliders with higher
and higher collision energy were playing a key role in this discovery path: J/v particle, a charm-
anticharm meson, was discovered at SLAC and Brookhaven by Burton Richter and Samuel Ting
independently in 1974; Tau lepton was discovered at SLAC in 1976; Bottom quark was discovered
at Fermilab in 1977; Strong evidence for a gluon radiated from initial quark and anti-quark was
found in PETRA at DESY and several other experiments; W and Z bosons were discovered by UA1
and UA2 collaborations at CERN in 1983; Precise measurement of Z resonance width carried out at
CERN’s Large Electron-Positron Collider (LEP) in 1989 strongly suggested there are three and only
three generations of fundamental particles; Top quark was discovered by CDF and DO collaborations
at Fermilab in 1995; Higgs boson was discovered by ATLAS and CMS collaborations at CERN using
LHC in 2012.

However, the quest of the very first questions people ask in particle physics never ends, even
with the discovery of Higgs boson. It turns out there are still many problems — some are even very
fundamental — that cannot be explained by the Standard Model. Therefore, the search of physics
beyond Standard Model is still ongoing today in both theory and experiment side in all aspects of
particle physics.

In this chapter, an overview of the theoretical framework that the work of this thesis resides in is
presented. A formal description of the Standard Model is presented in Section An overview of
the physics beyond Standard Model with focus on the models that searches presented in this thesis
are hunting for can be found in Section Since this is a very broad topics, it is impractical to
cover all aspects here. However, there are numerous excellent pedagogical materials available for
readers who wish to know more details. Selected examples include [I8] and [I9] which are typically

used as text book. Examples of short introductions to these topics can also be found in [20] where
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part of this chapter is adapted from.

2.1 The Standard Model

2.1.1 Introduction

The Standard Model of particle physics is a framework that can describe three of four known
fundamental interactions in the universe as well as all known elementary particles as constituents of
the matter world. As summarized in Figure[2.I] all elementary particles are composed of three parts:
The spin-1/2 fermions as the building block of matters; The spin-1 gauge bosons as intermediator
of fundamental interactions; The spin-0 scalar Higgs boson explaining the origin of mass of other

elementary particles.

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass 2.4 MeV/c? ~1.275 GeV/c? ~172.44 GeV/c? 0 125.09 GeV/c?

charge |2/3 2/3 2/3 0 0
spin | 1/2 u/ 12 C 12 t 1 3 0 H

4 4
up charm top gluon Higgs
_J ) J
~4.8 MeV/c? =95 MeV/c? 4,18 GeV/c? 0
-1/3 -1/3 -1/3 0
172 d/ 1/2 S/ 12 b/ 1 *
down strange bottom photon
) ) J

~0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? E

-1 -1 -1 0

12 e 12 “- 12 T 1 3
electron muon tau Z boson

<2.2eV/c? <1.7 MeV/c* <15.5 MeV/c? =80.39 GeV/c*
0 0 0 +1
12 Ve 12 Vl.l 12 p%: 1 m

electron muon tau W boson

neutrino neutrino neutrino \

91.19 GeV/c?

LEPTONS

Figure 2.1: Schematic overview of the Standard Model [21]

Fermions are further divided into two categories, quarks and leptons. There are six flavors of
quarks, organized in three generations with up-type and down-type for each generation: wup and
down, charm and strange, top and bottom. The defining feature of quarks is that they carry the
color charge, thus interact via strong interaction. Due to asymptotic freedom as revealed in QCD,
quarks cannot exist in standalone form — instead they must bind with each other in the color-
neutral form as either baryons or mesons, collectively called hadrons. Common examples of baryons

are protons and neutrons, while a common example of meson is pion. Baryons are further bound to
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each other through the nuclear force, which can be regarded as residual strong interaction, forming
the nucleus, which is the central core of an atom. All quarks also take fraction of electric charge.
The up-type takes +2/3 electric charge and down-type takes -1/3 electric charge. Furthermore,
quarks carry weak isospin. Therefore, quarks can also couple with the electroweak sector just as
any fermion. Similarly, there are also six flavors of leptons, organized in three generations, each
of which has a charged particle and electrically neutral neutrinos. All leptons carry weak isospin,
and charged leptons also carry electric charge. Therefore they have coupling with the electroweak
sector. However, leptons do not carry color charge, hence do not couple via strong interactions.
Neutrinos can only interact through weak interactions, making them extremely hard to be detected
in experiment.

Gauge bosons are treated as propagator of the fundamental interactions in the Standard Model.
In particular, electromagnetic force is carried by the massless photons; weak interaction is interme-
diated by massive W*/Z bosons; Strong interaction is propagated via massless gluons. As we will
see, all these interactions can be described by a unified framework of non-Abelian gauge symmetry
under symmetry group SU(3) x SU(2) x U(1). However, these gauge bosons were supposed to be
massless as constrained by the gauge symmetry. As a result, a spontaneous symmetry breaking, also
called Higgs mechanism, is developed to explain the origin of mass of W/Z through the introduction
of Higgs field in gauge invariant way. Furthermore, mass of fermions is acquired through Yukawa
coupling between fermions and Higgs field. Hence, the spin-0 scalar neutral Higgs particle is playing
a central role in the Standard Model.

In summary, the Standard Model starts with the relativistic quantum field theory as the basic
theoretical framework to describe particles and their interactions through fields. The local gauge
symmetry provides an elegant way to formulate the Lagrangian and thus is able to unify all three
basic interactions. This is then supplemented by spontaneous symmetry breaking to embed massive
particles in a gauge-invariant way. With model being built, quantum field theory also provides a
powerful tool to calculate the observables such as cross-sections for any process in order to compare
with the experiment data. However, before predictions can be made from the Standard Model there

are a few input parameters that have to be predetermined from experiments.

2.1.2 Fields

Natural unit (A = 1 and ¢ = 1) is used in this section, and throughout the whole chapter. The

convention of metric being used here is

Guv =

©c o o =
o
|
—
o
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In quantum field theory, particles are described by fields, which act as operators in the quantum
mechanics on the particle state in Hilbert space through creating and annihilation operators for
particles and anti-particles. For particles in the Standard Model, they are described by different
kind of fields depending on the spin. Spin-0 particles are described by scalar (complex) fields,
usually denoted by ¢(x); Spin-1 particles are described by vector field, usually denoted by A, (z);
Spin-1/2 particles are described by spinor field, usually denoted by ¥ (x).

The dynamics of particles are then described through Lagrangian £ = L(¢(x),d,¢(x)) which

yields the action

s = [ et (o@).0,6() (2.2

. Then following the Euler-Lagrangian equations based on Hamilton’s principle, one can get the

equation of motions as

oL oL

where ¢ represents any generic field or its components here.
Scalar Complex Fields

The Lagrangian for a free scalar complex field is
L = (0,0)1(0"9) - m*¢T¢ (2:4)

which could lead to the Klein-Gordon equation:
(0,0" +m?)¢ =0 (2.5)

Vector Fields

Vector field A, (x) is used to describe spin-1 particles. Compared to the scalar field, it has another
degree of freedom in terms of helicity for both the annihilation / creation operators and the particle
states. Vector fields can be further divided into massive case and massless case.

For massive vector fields, free Lagrangian can be written as

1

£:4

2
L, m
where F,, = 0,4, — 0, A,. The equation of motion to it is:

[(0,0" +m2)g"” — 919"]A, = 0 (2.7)

Its solution in momentum space is
N tik
efL )tk (2.8)
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where there are three independent polarization vectors 65;\), corresponding to A = +1,0. All these

polarization vectors are transverse to the propagation direction k in 4-dimension and can be chosen
to be orthogonal and normalized through proper choice of basis.

For massless term, the free Lagrangian is the same as above but without the quadratic mass
term. Therefore the equation of motion is also similar to massive one by setting m = 0. However,
being massless has an important physical consequence on its solution, that only two polarization
vectors are transverse while the third one being longitudinal polarization vector is unphysical. This

is because such longitudinal polarization can always be removed by a gauge transformation.

Dirac Fields

Spin-1/2 fermions are described by 4-component spinor field

Y1 ()
P2 ()
— 2.9
¥(z) () (2.9)
Ya(x)
The free Lagrangian for spinor field is
£ = P70, — m) (2.10)
where
b =9’ (2.11)

where 7, are the Dirac matrices written in terms of Pauli matrices.

2.1.3 Gauge Theory

As one might notice only free Lagrangian is discussed above, while the interaction term is missing.
It turns out the structure of interactions between vector bosons and fermions, as well as vector
boson self-coupling can be dictated by the principle of gauge invariance. In particular, the Quantum
Electrodynamics (QED) is determined by the Abelian gauge symmetry, while non-Abelian gauge

symmetry is needed when it comes to more generalized electroweak and strong interactions.

Abelian Gauge Symmetry

QED is dictated by the U(1) symmetry, which requires invariance of Lagrangian

Lo = P18, — m)y (2.12)
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under the local transformation

Y(a) = (z) = () (2.13)

for arbitrary real a(z). This requirement leads to the introduction of covariant derivative in place
of normal partial derivative:

8, — D, = 8, —ieA, (2.14)

where A, is the vector field as introduced earlier which transforms as
, 1
Au(r) = Al (z) = Au(z) + gaua(x) (2.15)

under U(1) symmetry. The local transformation is really the key here since otherwise it would be
simply a global phase transformation and the original free Lagrangian is invariant under such global
transformation automatically without the need of covariant derivative. As a result, the interaction

term between fermion and vector field naturally arises after this substitution:
L=Y(iv"D,, —m)p = Lo+ epy*pA, = Lo + Lint (2.16)

Of course, there should be another term in the Lagrangian which is the kinematic term for vector
field
1
La= _ZF“VFW (2.17)

where F,,, = 0,A, — 0,A,. In the definition of F},,, there is no need to replace normal derivative
with covariant derivative since it is already invariant under the local gauge transformation. Vector
field A, can be identified as photon since the equation of motion from this Lagrangian would be
Maxwell’s equation. As we can see, one is able to formulate QED with the only requirement of local

U(1) gauge symmetry.

Non-Abelian Gauge Symmetry

The formulation of Abelian gauge symmetry can be generalized to non-Abelian gauge symmetry,
where a multiplet of fermion fields ¥ = (11, %3, ...,1,,)T is considered. Similar to the Abelian case,

one can start with free Lagrangian and realize it is invariant under global transformation
U(z) = Ulal,a?, ..., o) ¥(z) (2.18)

where U is unitary matrices from n-dimension representation of non-Abelian Lie group G of rank
N. As we will see later, only SU(2) and SU(3) with n = 2 and n = 3 representation are relevant for

the Standard Model. The transformation can be written as

U = i@ Tit.taNTy) (2.19)
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where T; is the generator of Lie group, a set of Hermitian matrices following Lie algebra
[Taa Tb] = Z'fabcTc (2.20)

where fqpc is structure constant.
Now, similar to the case in QED, we put a further requirement that such transformation should
be local, i.e. o' = a;(z). As a result, normal derivative needs to be replaced by the covariant

derivative in free Lagrangian in order to make it invariant under such local transformation:
Oy = Dy =0, —igW, (2.21)

where vector field is introduced again together with coupling constant ¢ (in QED as formulated
above, e is the coupling constant). Since D,, is supposed to be applied on the n-dimension multiplet
U(x), vector field W), here has to be a n x n matrix as well. Therefore, we can express it as a linear
combination of the generators:

W, (z) =T, W (z) (2.22)

where W (z) here is no longer a matrix, but rather acts like a coefficient. However, since all W, (z)
can be decomposed in this way, we will refer vector fields to these coefficient Wlf(ac) from now since
that is the one we will be more focused on later on. Now under local gauge transformation that

leaves £ invariant, fields would transform as following:

U =0T

a ! a a 1 a b c (223)
Wi —W,*=W;+ gaﬂa + favcW,a

Compared to the Abelian case, there is an additional term for vector field at the end which is pure
effect from non-Abelian group.
Consequently, the reformulation of Lagrangian directly leads to the interaction term between
fermion and vector field
Lint = jEWS = gUy"T,¥W (2.24)

which can be regarded as a coupling between N vector fields and currents.
As we see in QED, there is no tree-level interaction between photons. However this is no longer

the case for non-Abelian gauge symmetry. The field strength tensor F),, now is
F.=T,F;, (2.25)

where Fj}, = W7 — 0,Wj7 + g fachijWVC. This can be seen as a generalization of field strength

%

tensor in QED to n X n matrices decomposed with generators as basis.
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To construct a gauge invariant and scalar Lagrangian term for vector field kinematics, the trace

is used: ) )
Ly = —iTr(FWF’“’) = —ZFSVF“”“’ (2.26)
By putting the expression of Fj, into this kinematic term, one can immediately identify the quadratic
and cubic coupling term between vector fields in addition to the familiar kinematic term. Therefore,

the vector field self coupling is a direct consequence of non-Abelian transformation.
2

m
One should notice that mass term TWS W®H is not included since they are not invariant under
gauge transformation. As a result, these vector fields are massless by construction. This peculiar

feature has a significant consequence on the electroweak sector as we will discuss later on.

2.1.4 Quantum Chromodynamics

The formulation of Quantum Chromodynamics (QCD) is fairly straightforward following the non-
Abelian gauge transformation invariance formality as discussed with the Lie group being SU(3).
Fermions are identified as quarks in a triplet with each component representing a color state (R, G,
B), thus forming the fundamental n = 3 representation of the group. For Lie group SU(3), there

are eight generators, which can be expressed under fundamental representation as:
1
T, = 5)\(1 (2.27)

where A, is 3 x 3 Gell-Mann matrices. Consequently, there are eight different vector fields Gy,
corresponding to eight different kind of intermeidating gluons. Then all the formulations discussed
above applies here, with g, identified as QCD coupling constant.

As a summary the Lagrangian for QCD is

Locp = VU (iv*d, —m)¥ + gs‘iv“%\ll(}z - iGgyGavW (2.28)
where first term is the free Lagrangian for quarks, second term is coupling between quarks and
gluons and third term is a combination of gluon kinematics and self-couplings.

One thing important is that the Lagrangian above only consider one flavor. In the Standard
Model we already know there are six different flavors of quarks and the mass for each quark is
different. In that case, quark of each flavor is described by a color triplet and a summation of

Lagrangians for each flavor following same structure is needed.

2.1.5 Electroweak Sector and the Higgs Mechanism

For electroweak interaction, same formulation as general non-Abelian gauge symmetry discussed

earlier can be applied, but using Lie group SU(2) x U(1). Therefore, there are four generators,
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corresponding to three isospin operators and one Abelian hypercharge operator: I, (a = 1,2,3) and

T, =Y respectively. They form the Lie algebra
[Ia; Ib] = ieabcIcy [Ia, Y] =0 (229)

Furthermore, these operators would also correspond to a set of quantum numbers that are supposed
to be conserved due to the symmetry: weak isospin I, I3 and weak hypercharge Y. These quantum
numbers are related to the electric charge through @ = I3 + Y/2.

Each of these generators in SU(2) x U(1) Lie group is associated with a vector field, as we have
already seen in the general non-Abelian gauge symmetry above: isotroplet Wy with I, fora =1,2,3
and isosinglet B, for Y. Following the same non-Abelian gauge symmetry discussion, Lagrangian
for these vector fields are

Lo = fiWﬁl,W“’”” — EBWB”” (2.30)

where W¢, and B, are the field strength tensors corresponding to non-Abelian SU(2) and Abelian
U(1) respectively. In this pure gauge field Lagrangian, both kinematic terms and gauge self-coupling
terms are already included (W;} only). Explicit mass term for gauge fields is forbidden since it would
violate gauge symmetry.

Things would get a bit complicated when it comes to the fermion fields. Unlike the case in
SU(3), two different representations are used for fermions, depends on its chirality. Left-hand
fermions spinor fields have I = 1/2 and thus are grouped into SU(2) doublet, while right-handed

fermions have I = 0 and thus form singlet:

7= ( wj“ ) » Uy (2.31)

L—

where j is the generation index and o represents each component in the doublet. In the case of
lepton, o0 = + represents neutrino and ¢ = — represents charged lepton. In the case of quarks,
o = + represents up-type quark (the one with charge +2/3) and o = — represents down-type quark
(the one with charge -1/3). In the original version of the Standard Model, neutrinos are considered
to be massless, and there are no right-handed neutrino fields. Therefore, there are in total three
doublets for left-hand leptons corresponding to three generations and three singlets for right-hand
neutrino; Three doublets for left-hand quarks corresponding to three generations and six singlets for
right-hand quarks corresponding to six flavors.

Coupling between fermions and vector fields is realized through covariant derivative
DL’R =0 ; IL,Rwa ; YB
m =0y — 1924, w +101 5 °w

. . ~ . (2.32)
Lr =) 01y Dt + Y dh,in" D,
J J,o
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where IL = 1aa and I = 0. Weak isospin is different under different representations while other
parts are the same. There are two coupling constants here one for the SU(2) part and one for U(1)
part. Furthermore, mass term for fermions are avoided since an explicit mass term would mix left
and right-hand components and hence violate gauge symmetry.

So far, the legitimate Lagrangian for fermion and vector fields under SU(2) x U(1l) are all
massless. However, this is inconsistent with the observation on massive W/Z bosons, quarks and
charged leptons. Therefore, the Higgs mechanism is introduced to solve this problem through a
spontaneous symmetry breaking of SU(2) x U(1) leaving electromagnetic U(1)e,, unbroken.

Here a isospin doublet of complex scalar field with hypercharge Y = 1, is introduced as

¢t (x)
d(z) :( S ) (2.33)

Similar to the procedure how we formulate Lagrangian in gauge invariant way, we can start with a
free Lagrangian for complex scalar field as discussed in Section [2.1.2] and then replace the partial

derivative with covaraint derivative:
Ly = (D,®)(D"®) — V() (2.34)
where v
D,=0,- igglaW;j + iglEBu (2.35)

Obviously, I = 1/2 representation is used here. The interaction term between vector fields and this
scalar complex field arises naturally when we are trying to write out the Lagrangian for it. Next,
the Higgs potential, V(®), is defined as

V(®) = —p20Td + 2(@*@)2 (2.36)

For p2, A > 0, this Higgs potential has the shape of famous “Mexican hat” or “wine bottle”, as
shown in Figure where the minimum does not happen at ® = 0. Instead, it is minimized by a
non-vanishing field configurations where ®'® = 22 /A, which is a circle on the complex plane. Now

we can select the one that is the eigenstate of electric charge operator such that Q® = 0 where

Y 10
Q=13+2=<0 0) (2.37)

This would set ®*(x) = 0. Then by choosing ®° to be real, one can get the vacuum expectation
value (VEV)

<q>>=\2<2> (2.38)
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where v = 2/ Vv/A. Although our Lagrangian for this scalar complex field is gauge symmetric, VEV

is not, which is the reason why we say gauge symmetry has been spontaneously broken.

V()

>\ v
Re(¢) ]

Figure 2.2: Illustration of Higgs potential [22]

Now the complex scalar field can be expanded around the VEV:

B(z) = < ¢ (@) ) (2.39)
(v + H(z) +ix(2))//(2)

By expanding the Higgs potential around VEV in this form, one could get a mass term for H(x),
while ¢*(x) and x(x) are massless. As a matter of fact, the components ¢ and x are unphysical
degree of freedom since one can always choose a particular gauge such that they vanish. As a result,

we have a much simpler expression for Higgs doublet field

1 0
o) = 75 < v H) ) (2.40)

Consequently, the Higgs potential becomes

@ I
V =p?H? + 7H3 + mH4 (2.41)
Now the real field H(x) is able to be associated with a physical neutral scalar particle, the Higgs
boson, with mass being identified as My = v/2u. The triple and quartic self-coupling term is also
identified with coupling constant proportional to M%.

Next we put this simplified complex scalar field into the gauge invaraint Lagrangian in order
to see the interaction with vector fields. Since the non-zero part of Higgs doublet is v + H(z), the
interaction terms break into two parts: one part has the direct trilinear and quadrilinear coupling
between H () and vector fields; The other part only has the interaction between vector fields with
constant v mixed in. The first part is more related to the HWW, HZZ, HHWW and HHZZ

coupling, while the second part is the main focus here, which is related to the origin of electroweak
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boson mass.

By writing out second term explicitly, one can get

L g2 (o0 2y, 1/ Vo 3 9 9192 Wi
s oPE w5 (wi ) (07 . (2.42)

It is unfortunately not very clear on the physics meaning behind it since there are off-diagonal terms.

However, this can be easily diagonalized through a proper linear transformation:

1

V2
Zy\ cosfy  sinfy wi (2.43)
A, | —sin Ow  cos Oy B,

Now the expression has very clear physics meaning, that it is nothing but quadratic mass term for

+ _ 1 Y172
Wi = —=(WLFiW?)

each vector field after the linear combination. Therefore, we associate th with the charged W
boson, Z,, with the neutral Z boson and A, with the photon under U(1).y,. In particular, the mass

of each boson can be identified as following

1
My = 592”
1 (2.44)
Mz = 5\/9% + g3v
In addition, there is a mixing angle during the linear transformation:
M
cos Oy = 52 s = W (2.45)
Vit Mz

The mixing angle is a very important parameter to be determined by experiment since it is able to
relate coupling constant g; and go, as well as the relation between W/Z mass. Furthermore, if we
plug the linear transformation into the part of Lagrangian where vector fields interact with fermions,

one is able to express gauge couplings in terms of electric charge:

e e
= = 2.46
91 = Cos Oow’ 92 = Sin Ow (2.46)

While this can successfully solve the mass of electroweak bosons, one needs an additional mecha-
nism for mass of fermions. This is handled through the introduction of coupling between Higgs field

and fermion fields, called Yukawa coupling:

Ly = —GlI_/L(I)lR — GdQL(I)dR — GUQL(I)CUR + h.c. (247)
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Again we plug the simplified Higgs doublet into it, and this can be reduced to

['Y = — meﬂ;ﬂ/)f — Z %@f?/)fH (2.48)
f f

where my = Gyv/ V2. Here G ¢ is the Yukawa coupling constants which could be different value for
different fermions. In this way, the fermion mass is able to be incorporated to the SM Lagrangiarﬂ
Additionally, the real Hff coupling is also shown in the reduced Lagrangian, with a coupling
proportional to the fermion mass.

But this is not the end of story yet. One complication is that there is more than one generation of
fermions, while the formulation above only consider coupling within same generation. For the lepton
sector, lepton number is conserved and thus coupling between different generations is forbidden.
However, mixing between quark generations is induced by the same Yukawa coupling mechanism as

before, but with the coupling now being matrices in the generation space with complex entries:
k 9 — . . — . . .
LY = ~GLQL Py, — G QL P uy, (2.49)

where index i,j are generation index. Then we again plug in the simplified complex scalar field.
Similar to the case in gauge boson, there would be many off-diagonal items mixing different gen-
erations. Therefore a diagonalization is applied here through linear transformation on the fermion
fields, leading to mass eigenstates as following:

fLi = (Y ikuk
L,R ( L,R) L,R (250)

- J i
.- = (VL,r)idL R
And the diagonalized mass matrix becomes:

v

V2

where ¢ = u,d. Here, one would get a 3 x 3 diagonal matrix for up-type or down-type, thus masses

ViG,vit (2.51)

for all six flavors.
Furthermore, this linear transformation introduce a unitary CKM matrix through the flavor-

changing quark interaction with charged vector boson
ViVt = Voru (2.52)

Due to constraints from unitary, CKM matrix has four independent physical parameters, three real

angles and one complex phase. The CKM matrix plays an essential role in the so-called flavor

1While this relabels the fermion mass as Yukawa coupling, it can hardly explain the origin of huge difference
between observed fermion mass, which is sometimes called flavor hierarchy problem
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physics.

Now with all parts in hand, we are able to write the full Lagrangian as
Lew=Log+Lr+Lyg+ Ly (2.53)

But from discussion above we can see that certain linear transformation on the original fields —
both vector fields and fermion spinor fields — is needed in order to be associated with the physical
fields and parameters. Therefore, we replace the original vector fields with W/Z and photon field,
fermion spinor field with the mass eigenstates. As a result, the fermion-gauge interaction term can
be re-written as

Lrc = Jb, A+ ThecZy + JEcW,E LW, (2.54)

which is in a uniform structure that current interacts with electroweak bosons. The current inter-
acting with photon is the EM-current that we have already seen when deriving QED. The current
coupling with Z is called neutral current and the one coupling with W is called charged current.

Expressions for these currents are summarized below

Tl =—e > Qe iy

f=lq
92 -
The = 52— Y (br(o7" — apy"vs)eby)
2 cos Oy = (2.55)
92 i l= i o L—ns ;
J# — < () 7 iU Vi.dd
cc= 5 _7;31/772 6+__Z Yt Vi
1=1,2, 7,7=1,2,3
In the neutral current, coupling constant are determined by electric charge and isospin:
_7f 02
v = I3 —2Q ¢ sin” Oy
res ! (2.56)

af = Ig

One can notice that in electromagnetic current and neutral current, there is no flavor mixing — all
fermions only couple to themselves. Thus flavor-changing neutral current can only happen beyond
the leading order. On the other hand, flavor mixing happens in the charged current. For lepton
sector, this is the mixing between charged lepton and neutrino withint same generation; For quarks,
this is the mixing between any two flavors controlled by the CKM matrix. The CKM matrix in
charged current is a direct consequence of flavor mixing Yukawa coupling and the diagonalization
that we perform in order to move to mass eigenstates.

In addition to the fermion-gauge coupling, there are also gauge boson self-couplings which is
entirely contained in the gauge-field part of Lagrangian. This is a direct consequence of the non-

Abelian structure of Lie group under which the physics is invariant.
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While the Standard Model provides a beautiful framework to incorporate all known particles
and interactions, it does contain some parameters that needs to be predetermined from experiment
before making any prediction. In the original representation where we formulate the structure, sets of
parameters are g1, g2, A, 1%, G ¢. However, with all the transformation we have just been through, this
can be equivalently replaced by another set of more physical parameters e, My, Mz, My, mg, Vorm.

Indeed, with the discovery of Higgs boson in 2012, all parameters are known now.

2.2 Physics beyond Standard Model

2.2.1 Difficulties of the Standard Model

Despite of its great success as examined by various high energy physics experiments, the Standard
Model is still not a complete theory. For one thing, there are already several very solid experimental
observations that cannot be explained by the Standard Model, which are listed below; For another,
several theoretical considerations strongly suggest the Standard Model might be an low-energy ap-
proximation of a complete theory at higher energy scale.

For the first issue, below is a selected list of the observations that cannot be explained by the
Standard Model

e Neutrino mass and oscillation
As discussed in Section [2.1] in particular in the Higgs mechanism, fermions acquire mass by
interacting with the Higgs field through Yukawa coupling. In particular, such coupling is pos-
sible because these fermions can be both left-handed and right-handed. However, neutrino
is an exception here. In the Standard Model, neutrinos are assumed to be massless, which
comes from the assumption that there is only left-handed neutrino. As a matter of fact, such
assumption is fairly solid as shown in the famous Wu Ezperiment conducted by Chien-Shiung
Wu as well as many other experiments that only left-handed neutrinos are observed. However,
this picture kinds of change as people find that flux of neutrinos in certain flavor originated
from the Sun was detected to be much less than expected in 1960s. Later people realize that
if neutrinos are allowed to oscillate between three different flavors, then those “missing” flux
can be attributed to neutrinos oscillated to other flavors. Such hypothesis was later confirmed
by numerous experiments with neutrinos from all kinds of sources like sun, atmosphere and
nuclear reactors. Nowadays, we already have precision measurement of neutrino oscillation,
characterized by the mixing angle 6;3, with more than 5o confidence, for instance, in the Daya
Bay Reactor Neutrino FExperiment. The oscillation of neutrino flavor arises from the mixture
of flavor eigenstates and mass eigenstates. When being produced through electroweak inter-
actions, neutrinos start with some pure flavor eigenstate, which is a superposition of mass

eigenstates of three flavors. During propagation, the mass eigenstates evolves with different
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rate due to the difference of masses between three flavors — in other words, the relative phase be-
tween mass eigenstates changes over the time. As a result, their superposition would no longer
be the original pure flavor eigenstate, but instead a superposition of three flavor eigenstates
now. Since neutrinos can only be observed through electroweak interaction, any observation
might collapse to different flavor eigenstate with certain probability. Since the phase changes
in a periodic manner, neutrino would go through an oscillation between different pure flavor
eigenstates with mixture states in-between. Apparently, neutrino cannot be massless with the
experimental observation of oscillation. Nevertheless, further experiment suggest that mass of
neutrinos should be very small. However, a massive neutrino would indicate the existence of

right-handed neutrino, which has not be found yet.

e Dark matter
The existence of dark matter is established from numerous astrophysics observations. For
example, the spiral galaxy rotation curve does not decrease as one goes further from galaxy
center, which is expected by assuming luminous mass were all the masses; Estimation of galaxy
cluster mass through galaxy dynamics, X-ray emission and gravitational lensing suggest there
is a significant part of invisible mass that is outweighing the visible part with a ratio of ap-
proximately 5 : 1. All these observations strongly suggest the existence of dark matter and the
proportion of these dark matter in our universe is estimated to be about 27%. Unfortunately,
for such a big portion of our universe, we have no idea what they really are — in the Standard
Model, there is simply no place reserved for the dark matter at all. As a matter of fact, dark
matters are neutral, colorless, non-baryonic and massive. Most properties of the dark matter

that people know today are inferred from gravitational effect.

e Abundance of matter over anti-matter
This is also sometimes referred to as baryon asymmetry that there is a huge imbalance between
baryonic matter and anti-matter in our observed universe. The Standard Model is unable to
provide explanation over this, while it is naturally assumed that matters and anti-matters are
equally created during the Big Bang. There are several hypotheses trying to explain this, but
they are either insufficient to explain the observed imbalance (CP violation), or have not found

any experimental support yet.

Furthermore, there are several serious concerns over the Standard Model from theoretical con-
siderations, including hierarchy problem, strong CP problem and so on. Here we would only discuss
the hierarchy problem briefly, which is most relevant to the studies of this thesis.

Generally speaking, the hierarchy problem refers to the huge gap between electroweak scale of
246 GeV and huge Planck scale of 1019 GeV (weakness of gravity). Technically this is often expressed
in terms of the Higgs mass. Experimental observation by ATLAS and CMS has determined the Higgs

mass to be 125 GeV. However, due to the coupling between Higgs to fermions, gauge bosons and
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themselves, one can imagine loop corrections for the Higgs mass in quantum field theory, and indeed
the one-loop correction for Higgs mass is at the order &,, ~ gA?. Here the A is the UV cut-off.
The correction would diverge as we integrate all momentum in the loop up to infinity. However,
such divergence is not really the problem, since people already know how to address them through
renormalization trick. Roughly speaking, in the normalization theory, parameters such as mass
and couplings are re-defined by absorbing those infinities into the corresponding bare parameters,
yielding a finite value as observed. This leads to the picture of running couplings and masses where
one starts with the bare value at some very high energy scale and then let them flow down to the
energy scale where we observe them. In this scheme, the Standard Model can be regarded as a
low-energy effective field theory as an approximation of a UV complete theory at cut-off scale.

The UV divergences that Higgs mass experiences also happen to other particles like fermions
and gauge bosons. However, what makes Higgs unique is that it does not have the “protection
mechanism” as fermions and gauge bosons. For fermions, such protection is provided by chiral
symmetry and for gauge bosons this comes from gauge invariance. For example, in the case of
fermions, the loop correction is d,, ~ g?mlog(A/m)). This has two very special features: 1) log-
divergence is much slower than quadratic one as in the case of Higgs; 2) the correction is proportional
to mass. Now if we resort to the renormalization flow picture as mentioned above, one needs to make
sure that correction being canceled has an uncertainty less than the low-energy scale parameter to be
consistent with experiment results: A(J) < m, or equivalently, A(d)/0 < m/d,,. For fermion, this is
not a serious problem since correction is proportional to m and it is only log-divergent. However, it
would be a disaster for Higgs mass as that means the cancellation to divergences must be extremely
accurate due to the quadratic divergence. In other words, it requires an extreme fine-tuning of the
theories to make sure one get results compatible with observations if we believe the Standard Model
is valid all the way up to the Planck scale (setting A = Ap;).

As we have seen, the hierarchy problem is more a naturalness problem instead of inconsistency
problem, as it involves a fundamental question on why so small. Various models or frameworks have
been developed trying to address this in various aspects, including supersymmetry, extra dimensions,
composite Higgs and so on. In the following sections we would only focus on the models that will

be searched in the work of this thesis.

2.2.2 The Randall-Sundrum Model

Among various methods to address the hierarchy problem, the Randall-Sundrum (RS) [23] model
is a very appealing one due to its simplicity. In the RS model, an extra dimension in addition
to the ordinary 4-dimensional space-time that we are familiar with is proposed. Different from a
similar extra dimension model as proposed by Arkani-Hamed, Dimopoulos and Dvali (ADD) [24]
with a large volume for the extra dimensions, RS model considers only one extra dimensions where

4

the metric cannot be factorized, but rather the 4-d metric is multiplied by a “wrap” factor that is
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changing rapidly along the extra dimension:
ds? = 720y, datdz” + r2dp* (2.57)

where ¢ represents the extra dimension and r. is a free parameter here independent of ¢ character-
izing the size of extra dimension. In this setup, a boundary condition that ¢ is periodic is applied.
The domain of ¢ is therefore determined to be 0 < ¢ < m, with two end-points being identified
as where the 3-brane, the place that support (3+1)-dimension field theories, locates. In particular,
¢ = m corresponds to the visible brane (or sometimes called TeV-brane) where we are living in, and
¢ = 0 corresponds to the hidden brane (or sometimes called Planck-brane).

The metric can be determined by solving five-dimensional Einstein’s equation:
ds? = e 2kreldly  datda” + r2dg? (2.58)

where k is a scale variable. In particular, it is assumed that 7. is small but larger than 1/k such that
the fifth dimension cannot be resolved in practice. Therefore one would want to build the relation
between high-dimensional fundamental theory and the four-dimensional effective field theory as we
observed in the 3-brane. This involves two important scales — the Planck scale M and VEV scale
my in the five-dimensional fundamental theory — and how these two scales in the high-dimensional
fundamental theory appears to be in 3-brane, especially the TeV-brane.

For the Planck scale, it turns out there is not much difference as indicated by the results:

M3 ok
M2 = T[l — e 2krem] (2.59)
Since kr, is large in general, the Planck scale in TeV-brane is therefore at the same order as one in

fundamental theory. However, things are different for the VEV scale:

v = e—k’l‘cﬂ'

Vo (260)
where vg is the VEV scale in five-dimensional fundamental theory and v is the VEV we are familiar
with in spontaneous symmetry breaking. Due to the Higgs mechanism, the mass of particles are in

general determined by VEV scale. Therefore, this conclusion is very general for any mass scale

—krem

mo (2.61)

m=e

In the five-dimensional fundamental theory, vq is at the same scale as M. However, the mass scale as
observed in TeV-brane is exponentially suppressed even for the given extra dimension size r., while
the Planck scale is not sensitive to the size of extra dimension. This naturally solves the hierarchy

problem since there is no longer large hierarchies in the fundamental theory M and vy, while the huge
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hierarchies in TeV-brane is a nature result of the warped extra dimension. This can be illustrated by
Figure [2.3] showing how the Planck scale and mass scale diverges. This also explains the weakness
of gravity with graviton localized at the Planck-brane: The overlap of graviton wavefunction with

our brane decays exponentially along the extra dimension.
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Figure 2.3: The generation of an exponential hierarchy [25]

So far r. is a free parameter that we just tune it to be whatever value that needs to solve the
hierarchy problem as shown above. This is still not ideal, since we are essentially transfering the
hierarchy problem to explaining why 7. is that particular (small) value. One way to address this is
the so-called Goldberger-Wise mechanism. Reader might find more details on this in [26].

In the original RS model as shown above, all Standard Model particles are confined on the
TeV-brane. However, it does not solve the flavor hierarchy problem that there is large difference
on quark mass of different flavors (e.g. top quark mass is significantly larger than other quarks).
Therefore, the RS model is later modifed to the so-called “bulk” version, in which only Higgs particle
is confined to TeV-brane while gauge bosons and matter fields can propogate in the bulk (i.e. extra
dimension) [27]. The original version of the RS model as described above is called “RSl”ﬂ In such
scenario, 1st and 2nd generation of quarks can be localized near the Planck-brane while top quark
can be closer to the TeV-brane. Due to the exponential decay from warped extra dimension, Yukawa
coupling between top quark and Higgs which is confined at TeV-brane is much larger than the other
quarks, leading to the flavor hierarchy as observed (remember that fermion acquires mass through
Yukawa coupling with the Higgs).

One important reason for RS model being appealing is its distinctive phenomenological implica-

tion on the LHC. In RS scenario, there exists spin-2 Kaluza-Klein (KK) gravitons whose masses and

2There is another so-called “RS2” where there is no TeV-brane by allowing 7. to be infinite. Particles of the
Standard Model are presumed to be on Planck-brane. This model is more of interest for studies of Ads/CFT conjecture.
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Figure 2.4: Branching ratio of KK graviton of various resonance mass for RS1 (left) and bulk (right)
scenario. “MGr” on the plot is the KK graviton resonance mass; Symbol ¢ represents sum of all
flavors of quarks except top quark; Symbol [ represents sum of all flavors of charged leptons (e, u, )
or neutrinos; Dashed line and solid line on the right plot represents bulk scenario in two difference
cases: coupling of KK graviton to top quark is ignored in the dashed line, while a fully elementary
top quark is considered in solid line. [28§]

couplings to the SM particles are set by the TeV scale rather than the Planck scale. Furthermore,
each excited state can be individually detected through their decay products. In the RS1 scenario,
the KK graviton mainly couples to the light components like ¢ and gg. However, this is flipped in
the bulk scenario since KK gravitons are localized near the TeV-brane while light quarks are closer
to the Planck-brane. As a result, coupling to light quarks are highly suppressed in the bulk scenario.
Instead, decays of KK gravitons are dominated by top quarks and Higgs due to their profile being
near TeV-brane. A comparison of KK graviton branching ratio in two scenarios can be found in
Figure [2:4

In one of the searches as presented in this thesis, we would focus on the KK graviton of TeV
mass from RS model in bulk scenario. As discussed above, the KK graviton has very large coupling
to the Higgs boson, making the di-Higgs channel plausible. Although this channel was traditionally
regarded as challenging [29], dedicated techniques are developed to fully exploit the potential in this

channel, as will be elaborated in details throughout this thesis.

2.2.3 Bridging Theory and Data

While the RS model above is an appealing possibility for new physics beyond the Standard Model, it
is not the only one. Depending on the underlying assumptions, various models have been proposed to
solve the problems in the Standard Model more or less from different aspects, and at this moment it is

hard to say which one is more compelling than others. Many of them are actually framework instead
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of a concrete models. These generic frameworks are usually defined as a set of broad assumptions on
the new physics and it could be mapped into many concrete models depending on the scenarios being
adopted. To make things more complicated, even we are able to pin down a specific model, it usually
contains many free parameters that should be determined from experiment. Such complication leads
to two practical challenges when comparing experiment data and the thoery: 1) All models should
be tested in principle since we simply do not know which one is better; 2) A multi-dimensional scan
on parameter space is needed to properly interpret data. For the first issue, different scenarios may
lead to completely different final states and thus numerous search efforts are needed in experiment
collaboration; The second issue would require massive computation resources, if ever possible, since
MC simulation is needed for the whole parameter space.

While in practice it probably would never be possible to fully explore all possibilities, progress
can be made using the so-called “Simplified Model” strategy [30]. The main idea is that searches for
narrow-width resonance, as predicted in many models, are not really sensitive to all the parameters
or scenarios, but instead only to a limited number of combination of parameters controlling the reso-
nance mass and its coupling with decay products. Therefore, one can construct a phenomenological
Lagrangians only with relevant parameters in it. An important disclaimer is that these Lagrangians
are by no means complete theories — they are simply a way to parameterize a broad set of explicit
models. Therefore, many theoretical requirements as imposed on explicit models can be relaxed in
the Simplified Model.

With the introduction of Simplified Model, comparison between data and theory gets much easier,
as illustrated in Figure|2.5] For the experimentalists, they only need to interpret the data based on
phenomenological Lagrangians in the Simplified Model as L(¢). This would usually be expressed as,
for instance, an exclusion limit on parameter space of just single on or a few dimensions. Then, a
mapping from explicit theory to the Simplified Model can be built analytically as &(p), when writing
down the phenomenological Lagrangian. With this mapping, limits can be imposed on the explicit
models instantaneously since only analytic calculation is needed here. In this way, the Simplified
Model serves as a bridge connecting the data and theory in an efficient way.

However, some care must be taken when adopting this “bridging” strategy. As mentioned earlier,
the Simplified Model is by no means a complete theory and any prediction from it should be restricted
to its realm. In particular, it should only describe the on-shell resonance production and decay, while
any off-shell behavior should depend on the explicit models. Since off-shell behaviors can present in
the tail of distributions, or manifest them selves through a very broad distribution, predictions from
Simplified Model are reliable only around the resonance peak. Such constraint also requires that
resonance searches using Simplified Model should only cut on “on-shell variables” which are only
sensitive to the resonance formation and decay, such as dijet system invariant mass. Besides the
concern of Simplified Model validity, on-shell variables also have the nice feature that they can be

easily converted to the phenomenological Lagrangian parameter spaces. In experiment searches, the
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Figure 2.5: Pictorial view of how to connect experiment and theory. ¢ represents the parameters of
phenomenological Lagrangian; L(¢) represents the likelihood function or exclusion limits as function
of these parameters as extracted from the data; p represents the free parameters in explicit models;
é(p) represents the relationship between parameters in phenomenological and explicit models [31]

exclusion limits are usually set on the production cross-section and decay branching ratios as function
of resonance mass. Since the cross-sections and branching ratios are usually a simple function of the
Simplified Model parameters, mass-dependent limits can be easily converted to phenomenological
parameter space analytically.

In the second search presented in this thesis, we would focus on a particular Simplified Model,
called Heavy Vector Triplets (HVT) [31], where electroweak-charged spin-1 heavy resonances of
TeV scale, W' and Z’, are predicted. Such resonances are common predictions from many new
physics models. Depending on the underlying assumptions, this can be further split to Model A [32)
and Model B [33]. In the Model A, vector triplet emerges from the symmetry breaking pattern
SU(2)1 x SU(2)a xU(l)y — SU(2)1, x U(1)y achieved through a linear o-model. In the Model B,
Higgs boson emerges as a light state from some underlying strong dynamics predicting the existence
of heavy vector resonances. An example of the explicit model behind this scenario is the Minimal
Composite Higgs Model where the Higgs doublet emerges from the spontaneous breaking of a global
SO(5) symmetry to an SO(4) subgroup. More details on the HVT can be found in [31].

Phenomenologically, a major difference between Model A and Model B is their relative couplings
with the Standard Model gauge bosons and fermions, as shown in Figure In Model A, the
coupling relation is

JgvCH = gQCF/gV ~ gz/gv (2.62)

where g is the SM SU(2) coupling constant, gy is the typical strength of heavy vector boson coupling
and ¢y (cp) parameterize coupling of heavy vector boson with Higgs boson (fermions). In this case,
it has comparable branching ratio to fermions and bosons. The total width decreases as gy increases
due to the suppression from g2?/gy. On the other hand, ¢z in Model B is no longer suppressed so

that
gven =~ —gv, gcr/gv ~ ¢*/av (2.63)

As a result, the dominant decay mode in Model B is di-bosons while fermionic decays are extremely
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suppressed or the order of one percent or even smaller. The total width increases as gy increases
since the dominant di-boson coupling is proportional to gy as shown above. Therefore, for Model B,
a very large gy (like gy = 8) coupling is no longer meaningful since the resonance width is so broad

(T'/M > 0.1) that the experimental searches for a narrow width resonance are no longer motivated.
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Figure 2.6: Branching ratios (upper row) and total width (lower row) for the two body decays of
the neutral vector V° for the benchmarks A,, =1 (left) and B,, = 3 (right). [31]



Chapter 3

The Large Hadron Collider

The Large Hadron Collider (LHC) is a circular superconducting hadron collider with approximately
27 km circumference, operated by the European Organization for Nuclear Research (CERN). It is
located across the boundary between Geneva, Switzerland and France, underneath the surface by
45 m to 170 m on a plane inclined at 1.4% sloping toward the Geneva Lake [34]. The machine is
primarily designed as a proton-proton collider, which is expected to accelerate each of two proton
beams to an energy of 7 TeV and thus collides at a center-of-mass energy of /s = 14 TeV with
unprecedented luminosity of 103* em™2s~!, making them the world’s largest and most powerful
particle accelerator. In addition, it can also collide heavy ions (Pb) with an energy of 2.76 TeV
per nucleon (total center-of-mass energy of 1.15 PeV) and a peak luminosity of 1027 ecm =251 [34].
The unprecedented energy and luminosity of LHC not only allows physicists to test the Standard
Model, including the discovery and measurement of Higgs boson, but also opens an window toward
the potential new physics at TeV scale.

The physics motivation of building LHC was fairly obvious when it was first discussed in 1984, a
time that colliders with even higher energy were actively proposed. Superconducting Super Collider
(SSC) near Waxahachie, Texas, was considered a main competitor to LHC at that time due to its
much higher collision energy of 40 TeV . However, SSC was eventually canceled in 1993 due to
budget problem, while LHC was approved by the CERN Council in December 1994, marking a shift
of experimental high energy physics center to Europe until now.

The decision to build LHC at CERN was strongly influenced by the cost saving to be made by
re-using the LEP tunnel and its injection chain [34], whose construction was completed in 1988.
Furthermore, broad international collaboration, especially the CERN non-member state agreement
with financial contributions, not only spread the budget load of the project, but also proves to be
an extremely successful way for a big physics experiment as LHC.

This chapter is only intended as a very brief introduction to the machine design (Section as

well as its performance (Section [3.3]) until now. A brief discussion on the physics and engineering

28
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limitations of LHC designed energy and luminosity is also presented in Section Readers with in-
terests in details can find more information in LHC Conceptual Design [35], LHC Design Report [36]
and LHC Machine [34].

3.1 Machine Design

The design of LHC is largely constrained by the LEP layout, though LHC adopts many latest
technology as much as possible. A schematic layout of the LHC can be found in Figure[3:1] Following
the LEP layout, there are eight arcs and eight straight sections, composing in total 8 octanes. Each
straight section is about 528 m in length and can be used as either experimental or utility insertion.
During the LEP era, these eight straight sections are mainly designed for Radio-frequency (RF)
cavities in order to compensate the high synchrotron radiation losses due to electron (and position).
However, for LHC, this is much less a problem as a proton accelerator. While it is ideal to have a
longer arc and shorter straight section for the same circumference for LHC, it is eventually decided to
use the tunnel “as built” which was the most cost-effective solution. Nevertheless, only four straight

sections are used in LHC, with the other four straight sections suppressed for beam crossings.

Low B (pp)
High Luminosity

RF
& Future Expt.

Cleaning Cleaning

Octant 3
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Low B (pp)
High Luminosity

Figure 3.1: Schematic layout of LHC [34]

All these four “activated” straight sections are reserved for high energy experiment detectors:
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ATLAS and CMS are located at Point 1 and Point 5 respectively, diametrically opposed to each
other, both of which serve as high luminosity experiment using proton-proton collision data; ALICE
is located at Point 2 and is mainly used for heavy ion studies; LHCb is located at Point 8 as a
low-luminosity proton-proton collision detector, mainly for b-physics studies.

As a proton-proton collider, there are two rings with counter-rotating beams in LHC , instead
of both beams sharing a single ring in the case of particle-antiparticle colliders such as Tevatron.
However, the tunnel left from LEP only has an internal diameter of 3.7 m, making it very difficult to
deploy two separate proton rings. Such limit directly lead to the adoption of so-called “two-in-one”
super-conducting magnet design [37]. Such two-in-one design accommodates the windings of both
beam channels in a common supporting system, with dipole magnetic flux circulating in opposites
direction through both beam channels. The clear disadvantage of such design is that it makes two
rings magnetically coupled to each other, and thus makes it much less flexible.

The protons in LHC are accelerated step by step through chains of injection facilities (injection
chain), as illustrated in Figure Initially the proton source is just a bottle of hydrogen gas, with
proton extracted out using electric field. Then these protons are accelerated to an energy of 50 MeV
through Linac2. Beam of protons are then injected into Proton Synchrotron Booster (PSB) to be
accelerated to 1.4 GeV, followed by the Proton Synchrotron (PS) with energy further increased to 25
GeV. Before sending to the next step of Super Proton Synchrotron (SPS) which will increase proton
energy to 450 GeV LHC bunch train with 25 ns spacing is also generated in the PS. Finally, protons
are injected into two LHC beam pipes circulating in opposite direction from SPS. The injection
point is at Point 2 and Point 8 for each proton beam respectively, as shown in Figure [3.1] The
injection happens in the vertical direction from below the LHC reference plane. Then two proton
beams will only cross over each other in the four interaction points as mentioned above, where the
proton in one beam pipe will be transferred to the other one after each cross-over. In the interaction
region, two beams share a common beam pipe of approximately 130 m in length. Considering that
there are 2808 bunches per proton beam, and the bunch spacing is nominally 25 ns, one can expect
about 34 parasitic collision points in each interaction region, which would be undesirable for the
experiment there. As a result, dedicated crossing angle between proton beams from both direction
is designed to avoid these parasitic collisions, which reduces the pile-up in detectors. In the end,
proton beams will be dumped at Point 6 using a both horizontally and vertically deflecting magnet
complex (“kicker”).

In order to bend proton with energy as high as 7 TeV in a tunnel with 27 km circumference, strong
magnetic field is needed, which can only be achieved with superconductivity. The LHC uses classical
NbTi superconductors for generating magnetic field, which is a well-proven techniques as applied
on other large superconducting colliders such as Tevatron, DESY and RHIC. However, instead of
being cooled by supercritical helium at temperature slightly above 4.2K with fields around only 5 T

as done in the other large colliders, LHC is able to cool the magnets down to 2 K using superfluid
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Figure 3.2: Schematic illustration of LHC injection chains [34]

helium, hence generate magnetic field above 8 T. Along the LHC ring, 1232 main dipoles, which are

the most critical part of the machine, are accommodated with the same basic design, as shown in

Figure [3:3
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Figure 3.3: Cross-section of cryodipole [34]
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3.2 Limitations

From particle physicists’ point of view, two parameters of LHC are probably the most relevant:
collision energy and luminosity. In order to explore new physics beyond the Standard Model, center
of mass energy as high as TeV scale is necessary to open the phase space of potential new physics.
Luminosity, on the other hand, is directly proportional to the number of events produced for any
fixed physics process, hence critical for sensitivity of any measurement and discovery. The number

of events produced from LHC collision is given by:

N = Limo = ( / Ldt)o (3.1)

where L;,; is the integrated luminosity, L is the instantaneous luminosity (luminosity for short
below) and o is the cross section of physics process of interest, which is usually collision energy
dependent. For LHC, the design colllision energy is 14 TeV and designed luminosity is 1034em =257 1.
Such performance goal poses a great challenge to the design of LHC and, on the other hand, is also
heavily constrained by the existing technology owned by human being. In this section, we will go
through briefly how the energy and luminosity of LHC is limited by both physics and technology

considerations.

3.2.1 Luminosity

For a Gaussian beam distribution, luminosity depends only on beam parameters and can be written
as [34]:
o sznbfrevf}/r

L=—"—""F 2
47e, B* (3:2)

where Nj, is the number of particles per bunch, n; is the number of bunches per beam, f,, is
the revolution frequency, . is the relativistic gamma factor, €, is the normalized transverse beam
emittance, 8* is the beta function at collision point, and F' is the geometric luminosity reduction
factor due to the cross angle at interaction point (IP).

Ny, the particle density per bunch, is mainly constrained by the nonlinear beam-beam interaction
and LHC mechanical aperture such that N, < 1.15 x 10''. Furthermore, mechanical aperture of
the triplet magnets imposes a minimum on the attainable * and maximum on crossing angle at

interaction region [34].

3.2.2 Energy

The maximum energy of proton beam is directly determined by the tunnel circumference and mag-

netic field bending proton beams in the storage ring. Inherited from LEP, tunnel circumference is
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fixed at 27 km. Dipole field is mainly constrained by the superconductivity technology as mentioned
earlier. In LHC, the nominal field is 8.33 T, corresponding to an energy of 7 TeV [34].

However, there are several further practical limitations on the actual attainable field strength.
One can imagine the LHC as a super big circuit, with beam current being 0.584 A. Considering the
complicated magnetic field in this circuit, total electromagnetic energy stored in circulating beams
can be as high as more than 1 GJ. In case of beam dump, malfunction, or any kind of emergency, such
huge amount of energy needs to be absorbed safely to avoid explosion. Therefore, beam dumping
system provide additional limits on the maximal attainable beam energies and intensities.

Head load is another source of limitations on the beam energy and intensity. For one thing,
this comes from the synchrotron radiation in circulating beams (although this is already much less
then electron rings). For another, there are also heat deposition from luminosity-induced losses,
impedance-induced losses and electron-cloud bombardment [34]. All these heat losses have to be
absorbed by the LHC cryogenic system, whose capacity can also impose an upper limit on the beam

energy and intensity.

3.2.3 Luminosity Lifetime

It should be noted that luminosity is not a constant during a physics run, but decaying over the time.
Therefore, a long luminosity lifetime is also essential for high integrated luminosity. Intrinsically, such
decay is due to the beam loss from proton-proton collision at interaction point for the experiments.
It can be calculated that the luminosity decay time, defined as the time needed for luminosity to
drop to 1/e of its original value, from this factor alone is about 29 h. However, other effects such
as synchrotron radiation damping and emmitance blow-up can further bring lifetime down to about
14.9 h.

In practice, detectors would only take a fraction of the luminosity lifetime during a stable physics
run. This is because people can actually gain more data by stopping the run early and starting a
new fill with much higher luminosity than collecting the tail of luminosity decay in previous run.
However, there is an non-negligible turnaround time for LHC between two fills: minimum LHC
injection time is 16 minutes, minimum time required to ramp up beam energy in LHC ring from
450 GeV to 7 TeV is about 20 minutes (and similar for ramping down), time for routined system
checks is about 10 minutes. All these lead to approximately 70 minutes turnaround time for LHC
between two fills. Therefore, one needs to find an optimal run time depending on the turnaround
time, in order to maximize the integrated luminosity over a long period. Quick estimation shows
that an integrated luminosity of 80 fb=1 (120 fb—!) per year is achievable by setting run time to be
12 (5.5) hours for average turnaround time of 7 (1.15) hours, assuming the machine can be operated
for 200 days per year with luminosity lifetime of 15 hours as estimated above [34]. Such assumption,
however, could be too optimal in reality, since LHC is composed of a large set of hardware that

needs to be all in good status. Many single failure among the system can wipe out the beam and
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thus result in loss of luminosity.

3.3 Performance

LHC successfully starts its first proton beam in September 10, 2008. Unfortunately, this milestone
success was soon shadowed by the incident 9 days later resulting in “mechanical damage and release
of helium from magnet cold mass” [38]. After about 1-year repairment, beam is back to LHC at the
end of 2009. On March 30 2010, first LHC collision of 7 TeV was observed on ATLAS, marking the
the begin of physics data harvest.

Data taking between 2010 to 2012 is called Run 1 [39], in which collision energy is 7 TeV in 2010
and 2011 and 8 TeV in 2012. The integrated and peek instantaneous luminosity delivered to ATLAS
during Run 1 can be found in Figure [3:4 While 2010 and 2011 was more devoted to establishing the
confidence in LHC operation, 2012 was more a production year with slightly higher collision energy,
and a much higher luminosity. In particular, the increase in luminosity was due to the use of high
bunch intensity with 50 ns bunch spacing, though at the cost of high pile-up: In 2012, the mean
number of collisions per bunch crossing (mu) reached 30 events with tails up to 40. At the end of
Run 1, approximately 23.1 fb~! integrated luminosity is accumulated at an center of mass energy
of 8 TeV. The maximal peek instantaneous luminosity attained during Run 1 data taking is about
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Figure 3.4: Integrated (left) and peek instantaneous (right) luminosity delivered to ATLAS in Run
1 [40]

After a 27-month Long Shutdown 1 (LS1) for both accelerator and experiment detectors upgrades

following the conclusion of Run 1, LHC got back online with an unprecedented collision energy of
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13 TeV, marking the highest energy achieved by particle accelerators ever built. Data taking period
from 2015 to 2018 is called Run 2 [41], after which LHC will go into Long Shutdown 2 (LS2)
phase. Data taking in 2015 was more considered a commission year, aiming to validate the updates
during LS1. LHC first circulate proton beams with 50 ns spacing as Run 1 in April, but soon
moved to 25 ns operation in August. However, a relaxed set of machine parameters were chosen for
2015 operation to ease commissioning, leading to a relatively low luminosity. In 2016, a significant
increase in luminosity was achieved by a much tighter tuning of machine parameters such as f* and
geometric factor F', and a more stable operation with longer run time per fill. As a result, the LHC
data collection rate in 2016 was faster than any previous year with more than 2 fb~! per week. A
summary of integrated and peek instantaneous luminosity in Run 2 so far can be found in Figure|3.5
and Up to the end of 2016, accumulated luminosity in 13 TeV is 39.5 fb~! as recorded by

2

ATLAS, with peek instantaneous luminosity 1.38 x 103*¢m =257, reaching the original LHC design.
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Figure 3.5: Integrated luminosity recorded by ATLAS in 2015 (top left), 2016 (top right) and a

comparison across all years (bottom) [42]

One distinct feature of the proton-proton collisions produced by LHC from previous colliders is

the “pile-up” effect. Despite of large number of protons per bunch, protons would either just pass
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Figure 3.6: Peek instantaneous luminosity recorded by ATLAS in 2015 (left) and 2016 (right) [42]

by each other or only interact softly due to much lower cross section of hard interaction with respect
to the total cross section, leading to at most one hard interaction per bunch crossing in previous
colliders. In the case of LHC, however, one has to increase the proton density significantly in order
to achieve the unprecedented luminosity, leading to more than one interaction per bunch crossing,
which is called in-time pile-up. In addition, since the bunch spacing is as small as 25 ns now, fractions
of energy from bunch crossings before or after current one can still be left in the read-outs of current
bunch crossing, which is called out-of-time pile-up. A summary of average number of interactions

per bunch crossing can be found in Figure
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All the analysis as presented in this thesis is done with LHC data produced in Run 2 with 13
TeV.



Chapter 4

ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) detector [43] is a general-purpose particle detector used
to investigate a broad range of physics processes produced by LHC. It is one of the two general
purpose detectors built, with the other one naming CMS (Compact Muon Solenoid), around LHC
ring for probing both proton-proton collisions and pb-pb collisions. Located at Point 1 of LHC
ring about 92 m below ground, ATLAS has a cylinder shape in general, with 46 m long in length,
25 m in diameter and weights of over 7000 tons. ATLAS is also a huge experiment collaboration
with roughly 3000 physicists , including around 1000 students, from 174 universities / labs and 38
countires [44].

Before the description of ATLAS detector along with its sub-systems, it is necessary to summarize
the coordinate system which would be used repeatedly in this thesis. The coordinate origin is defined
at the geometric center of the ATLAS detector, with z-axis defined as the direction of beam pipeﬂ
Plane perpendicular to z-axis is defined as x-y plane, with x pointing from origin point to the center
of LHC ring and y pointing upward. Therefore, polar angle 6 is defined with respect to z-axis and
azimuthal angle ¢ is measured around beam axis. Pseudorapidity is defined as n = —Intan(6/2).
Transverse momentum pr, transverse energy Er and missing transverse energy ER are all defined
in x-y plane unless explicitly defined otherwise. The distance AR in the pseudorapidity-azimuthal
plane is defined as AR = \/m .

A cut-away view of ATLAS detector can be found in Figure[d] It includes inner tracking system
surrounded by a 2.3 m diameter superconducting solenoid, electromagnetic and hadronic calorimeters
and a muon spectrometer with a toroidal magnetic field. The inner detector, immersed in a 2 T
solenoid field, consists of a high-granularity silicon pixel detector (Pixel), including the Insertable
B-Layer (IBL) installed after Run 1 of the LHC, a semiconductor microstrip detector (SCT), and

a straw-tube transition radiation tracker (TRT). Combining all these layers, inner detector is able

IThe nominal interaction region location, on the other hand, is determined from each 30s lumi-block. Although it
is close to the coordinate origin, the interaction region point has to be determined more precisely for many purposes

37



CHAPTER 4. ATLAS DETECTOR 38

to perform pattern recognition for track reconstruction, momentum measurement, vertex (primary
and secondary) reconstruction, and particle identification with extremely high precision for charge
particles with pseudorapidity coverage |n| < 2.51. The calorimeter system consists of electromagnetic
and hadronic calorimeters. Electromagnetic calorimeter is a finely segmented sampling calorimeter
with lead as absorber and liquid-argon (LAr) as active medium for the detection of electromagnetic
showers up to |n| < 3.2, providing excellent performance in terms of energy and position resolution
for electron and photons. LAr technology is also used for part of hadronic calorimeters at the end-
cap with copper or rungsten as absorber in order to detect hadronic showers between 1.5 < |n| <
4.9. Surrounding the LAr electromagnetic calorimeters, a steel/scintillator hadronic calorimeter is
used for hadronic showers at the central with pseudorapidity coverage |n| < 1.7 in order to detect
energy of hadronic jets and missing energy. Outside the calorimeters, the muon system incorporates
multiple layers of trigger and tracking chambers within a magnetic field produced by a system of
superconducting toroids, enabling an independent precise measurement of muon track momenta for
In| < 2.7.

44m

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 4.1: Cut-away view of the ATLAS detector [43]

Due to the nominal 25 ns bunch spacing, proton-proton collision happens at a rate of 40 MHz.
With millions of read-out channels across the ATLAS detector, recording all these collision events is
far beyond bandwidth provided by existing technology. Therefore, a dedicated trigger system is used
to select events. The first-level trigger (Level 1) is implemented in hardware and uses the calorimeter
and muon detectors to reduce the accepted rate to 100 kHz. This is followed by a software-based
high-level trigger (HLT), which is a combination of the previous Level 2 and Event Filter in Run 1,

that reduces the accepted event rate to 1 kHz on average. Events passing through the trigger system
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are first streamed to CERN Tier-0 data center, and then further distributed worldwide to Tier-1
composed of 11 large data center, where the data reconstruction also happens. There are even more
computing clusters around the world at Tier-2 and Tier-3: Tier-2 mainly hosts the simulations,
while Tier-3 is used for data analysis.

This chapter is intended as a brief introduction to the ATLAS sub-systems, including Inner
detector in Section calorimeters in Section 2] muon system in Section [£-3] forward detectors
in Section and trigger / data acquisition system in Section Readers with interest can find
more technical details in reference [43], 45] 46], 47] and other references therein.

4.1 Inner Detector

ATLAS inner detector (ID) is designed to provide pattern recognition, momentum measurement and
both primary and secondary vertex reconstruction for charged particles above hundreds of MeV and
within pseudorapidity range |n| < 2.5. As illustrated in Figure the whole ID is contained inside
a cylinder of length £3512 mm and of diameter 1150 mm.

- End-cap semiconductor fracker

Figure 4.2: Cut-away view of the ATLAS inner detector [43]

The ID consists of three independent but complementary sub-detectors. In the innermost radii,
silicon pixel detectors (Pixel) and silicon microstrip layers (SCT) are arranged on concentric cylinders

with multiple layers around the beam axis in barrel regions while in the end-cap they are arranged
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as separate disks perpendicular to the beam axis. Both Pixel and SCT are able to provide high-
resolution pattern recognition capabilities using 3D space—pointﬁ Since Pixel and SCT layers are the
detectors closest to beam pipe, precise hit point measurements left from charged particle transversing
through them are critical for extrapolation of track trajectory to interaction points, thus essential
for the reconstruction of primary and secondary vertex, and b-jet tagging. At larger radii, the
transition radiation tracker (TRT) comprises many layers of gaseous straw tube elements interleaved
with transition radiation material. Being far away from the interaction point, these straw tubes are
able to depict the curvature of charged particle trajectory under solenoid field, with about 36 hits
per track. As a result, TRT is able to provide an enhanced pattern recognition capability as well
as improved momentum resolution in || < 2.0. Furthermore, by exploiting the ionization dE/dx
feature, TRT is able to provide additional electron identification power complementary to that of
calorimeters over a wide range of energies [48]. An illustration of each sub-system coverage can be
found in Figure
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Figure 4.3: Plan view of a quarter-section of the ATLAS inner detector showing each of the major
detector elements with its active dimensions and envelopes. The labels PP1, PPB1 and PPF1
indicate the patch-panels for the ID services [43]

2The 3D space-points provided by two systems are not completely the same though. Pixel hits are discrete 3D
hit points, while SCT space points are derived from two strips with small stereo angle. The latter one might be
ambiguous when close-by hits present.
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4.1.1 Silicon Pixel Detector

The Pixel detector [49] is the innermost element of the Inner Detector, playing an critical role for
the identification and reconstruction of secondary verticies from the decay of b-quarks or other
long lived particles. In addition, it provides excellent spatial resolution for reconstructing primary
vertices, which is essential for pile-up suppression in the presence of multiple interactions for LHC.

Pixel detector consists of three layers in the barrel regions arranged as cylinder with radius
of 50.5 mm, 88.5 mm and 122.5 mm respectively, and two identical end-cap regions, each with
three disk layers, with total coverage of |n| < 2.5. During LS1, a fourth layer (or 0-th layer) [50]
[51], the Insertable B-Layer (IBL), is added to the existing Pixel detector between new beam pipe
and the inner most layer (R = 25.7 mm) for further improvement of tracking performance. The
pseudorapidity coverage of IBL extends to || < 3.0 due to its closeness to the beam pipe. A
schematic view of the active region of the Pixel detector consisting of barrel and endcap layers can
be found in Figure [£4] To avoid confusion, we refer to the three layers that were installed before
Run 2 as “pixel layers” and the newly inserted layer as “IBL”, while the whole sub-system called

“Pixel detector”, in all descriptions below.

430mm

Barrel Layer 2
Barrel Layer 1

. Barrel Layer 0 (b-layer)
End-cap disk layers

Figure 4.4: A schematic view of the active region of the Pixel detector consisting of barrel and
endcap layers [50]

The high granularity of pixel layers is achieved through a very fine segmentation in both R — ¢
and z direction, with the basic detection unit down to a silicon sensor with minimum size in R—¢ x z
of 50 x 400 pm? (50 x 250 um?) for pixel layers (IBL). Some silicon sensors at the edge might have a

dimension larger than this in order to allow for a continuous sensitive area between chip boundaries
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in the long pixel direction. As a result, the intrinsic accuracies of track-hit measurement in the barrel
of pixel layers are 10 um (R — ¢) and 115 pm (z) and in the disks are 10 um (R — ¢) and 115 pum
(R) [49]. For IBL, the resolution at z direction can be 72 pm due to shorter pixel length [50].

In practice, silicon sensors are grouped into modules along with front-end electronics and control
circuits, which is the building block of Pixel detector. There are 1744 identical modules covering

2. Each module has an

all pixel layers and disks, making a sensitive area of in total about 1.7 m
active surface of 6.08 x 1.64 cm?. It has 1 sensor tile containing 47232 pixels, covered by 16 front
end electronics chips (FE) connected by means of bump-bonding [49]. Illustration of elements of a

pixel barrel module can be found in Figure

decoupling
capacitors

& bump bonds

sensor

Figure 4.5: Elements of a pixel barrel module [49]

Modules are then further mounted on mechanical and cooling supports, called staves (disk sec-
tors), for barrel (end-cap) region, covering a certain R — ¢ region. Multiple Staves (disk sectors) are
further arranged along a cylinder (disk) such that full ¢-plane can be covered. During installation,
stave is not perpendicular to the radius direction, hence leaving a small tilt angle between radius axis
and sensor surface. The tilt angle in ¢ direction is mainly due to the space constraints. However,

sign and exact value of tilt angle is selected to compensate the Lorentz angle [49).

Pixel Layer Sensor Design

As a silicon detector [52], ATLAS pixel sensor is essentially a p-n junction with reverse bias voltage
applied to expand the depletion region, where ionization and charge collection happens. The pixel
sensor consists of a 256 £ 3 um thick n-type bulk that is weekly doped close to its intrinsic charge

concentration. p-n junction is formed at the back side of the n-bulk by implanting high positive (p™)
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dose regions on the surface. High negative (n*) dose implantation is placed on the other side of
the n-bulk, connected to the read-out. While the n-bulk and p* implant comes with a whole wafer,
pixel implants (the n™ side) are segmented into 144 columns and 328 rows, each of which with a
pixel pitch as mentioned above. The p' implant is connected to a negative high voltage, with the
nT side grounded, such that a reverse bias can be applied. Since the charge concentration in n-bulk
is much less than the p* implant, depletion region will grow from the back side to the pixel (front
end) if fully depleted, making the whole bulk being active detection medium [52]. One advantage
of such n™ — in — n design is that the sensor can still operate in case of being irradiated to even
type-inversed, in which case the n-bulk effectively becomes p-bulk. In case of such type inversion,
p-n junction forms at the n* implant surface now and depletion zone would grow from the pixel
implant to most of the bulk, keeping the sensor still functional. An illustration of the pixel sensor
design can be found in Figure [£.6] This is very important, in particular in Run 2, when the ATLAS

Pixel detector has already experienced large radiation dose.

oV oV
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Figure 4.6: Illustration of sensor design on pixel layers before (a) and after (b) type inversion [49)

IBL Sensor Design

For IBL, more than one type of technology are available for pixel sensors: planar sensors, 3D sensors
and diamond sensors [50]. In the end, a “mixed scenario” is adopted, in which the planar sensors
occupy central region and 3D technology populates the higher eta region of IBL where the tracking
could benefit from the electrode orientation interms of better z-resolution after heavy irradiation [51].
In addition, a Diamond Beam Monitor [53] is developed and installed as an upgrade to the existing
luminosity monitor, Beam Condition Monitor (BCM) [54, [55], in the forward region of ATLAS
detector close to tbe beam pipe to monitor the instantaneous luminosity and beam spot position
bunch-by-bunch.

For the planar pixel sensor, a slim-edge n-in-n design [50] is adopted. The design in general
follows that of the proven and reliable pixel sensors as commissioned during Run 1. However, in
the design of IBL, length of inactive edge can shrink to only 100 gm, much smaller than IBL design
requirement of 450 um, hence lowering geometric inefficiency to 0.5%. Because the guard rings of

n-in-n design are located on the p-side of sensor, a partial overlap between the guard rings and
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outermost pixel rows, which are implanted on n-side of sensor, makes such slim edge design possible,
as shown in Figure 46 of [50]. Further simulation [56] shows that the field distortion at the edge due
to such partial overlap is negligible after irradiation.

The 3D silicon sensor, originally proposed in [57], is studied inside ATLAS as an alternative to
the planar sensor to deal with heavy radiation environment in LHC collisions. It is suitable for
high doses of nuclear interacting particles mainly because of shorter distance between electrodes
than the planar design [568]. In 3D design, the electrode along with pn junction surface forms as
columns perpendicular to the wafer surface, instead of being parallel as in planar design. As a result,
electric field is defined between the columns, which has a much shorter distance than between the
planar surfaces. After heavy irradiation damage, there is an increase of the full depletion voltage
and decrease of charge collection efficiency due to carrier trapping [58]. Reducing distance can lower
depletion voltage [52], and increase charge collection efficiency.

While various designs are proposed originally as candidates for IBL [50], the “double-sided thin
edge” 3D sensor is adopted from consideration of both technology advancement and manufacturing
maturity [51]. A schematic cross-section of the double-sided 3D sensor can be found in Figure In
such double-sided design, n*-columns are etched from the front wafer side (bump-bonding side) and
pt-columns are etched from the back side. There are two manufacturing process, determined by the
manufacturer, FBKE| and CNMﬁ In FBK processing columns pass all the way through wafer [59];

In CNM processing, the columns stop at a short distance from the surface of opposite side [60].

+— Bump

«— Bump

p-spray

p’ col.

oxide [l metai [l passivation oxide [l metal M passivation
p Si p'Si M n'Si pSi M p poly-Si M n’ poly-Si p* Si

Figure 4.7: Schematic Cross-section view of double-sided 3D sensor design of FBK (a) and CNM
(b) [61]

3Centro Nacional de Microelectronica, CNM-IMB (CSIC), Barcelona E-08193, Spain
4Fondazione Bruno Kessler, FBK-CMM, Via Sommarive 18, I-38123 Trento, Italy
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4.1.2 Semiconductor Microstrip Tracker

Similar to the Pixel detector, SCT detector [62] also uses semiconductor technology to provide
precision space-point coordinates. In SCT there are 4 cylinders in the barrel and 9 disks at each
side of end-cap. Each layer is able to read out a position in two dimension. There are in total 8448
identical rectangular sensors installed in the barrel SCT and 6944 senors, of 5 different wedge-shaped
geometries, in the end-cap SCT [62], covering a surface of 63 m? of silicon [43]. The total number
of readout channels in SCT is approximately 6.3 millions [43].

The building block of SCT detector is a module, which in most cases consists of four single-sided
p-in-n sensors along with electronics front ends. On each side of a module, there are two sensors,
glued to each other back-to-back around a high thermal conductivity substrate, as illustrated in
Figure In addition to a 80 wm strip pitch on each sensor, there is a 40 mrad stereo rotation
between the two sensors on upper and lower surface, in order to measure both coordinates of a
space-point [62]. As a result, the intrinsic accuracies per module in the barrel are 17 pm (R — ¢)
and 580 pm (z) and in the disks are 17 pm (R — ¢) and 580 pm (R) [43].

Barrel
Sensors

ABCD3TA ASICs
mounted on a hybrid

Figure 4.8: Left: layout of the four sensors in the SCT barrel module (two on the upper surface,

two on the lower surface, with 40 mrad stereo rotation). Right: modules mounted on the outermost
barrel layer of ATLAS SCT detector [62]

As one of the largest silicon tracker to date for a particle physics experiment, SCT has a very
large surface area. Since silicon sensors are expensive, one has to take the economic consideration
into account, requiring the design to be relatively simple yet meeting all physics requirements.
Therefore, instead of complicated double-sided design, classic single-sided p-in-n sensor with AC-
coupled readout strips is adopted [62, 43]. The sensor has thickness of 285+ 15 um and a strip pitch
of 80 um. Sensors would initially operate at about 150 V bias voltage, but in practice might need

250 ~ 350 V for a good charge collection efficiency due to irradiation.
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4.1.3 Transition Radiation Tracker

The TRT detector [43] [63] locates at the outermost part of ATLAS inner detector, providing a large
number of hits left by track curvature through arrays of 4 mm diameter star tubes of the TRT up to
[n| = 2.0. The TRT only provides measurements at R — ¢ direction with intrinsic accuracy of 130 um
per straw. In barrel region, straws are parallel to the beam pipe with 144 cm long; In end-cap region,
straws are arranged radially in wheels with 37 cm long. The total number of TRT readout channel
is approximately 351000. All charged particles with pp > 0.5GeV and |n| < 2.0 are expected to
transverse at least 36 straws, except in the barrel-end-cap transition region (0.8 < || < 1.0) where
at least 22 hits are expected. In addition, 7 to 10 high-threshold hits from transition radiation are
expected for electrons with energies above 2GeV [43].

The TRT contains up to 73 layers of straws interleaved with fibers (barrel) and 160 straw planes
interleaved with foils (end-cap). While the tube is filled with gas as a proportional counter, inter-
leaved materials provide transition radiation for electron identification. The barrel TRT is divided
into three rings, each of which contains 32 modules. Each module contains an array of straws parallel
to the beam pipe with a mean spacing of about 7 mm. The TRT end-caps each consist of two set
of independent wheels: The one closer to interaction point has 12 wheels , each with 8 layers spaced
8 mm apart; The one further has 8 wheels with 8 layers spaced 15 mm apart. Each layer contains
768 radially oriented straws, azimuthally spaced uniformly.

Polyimide drft (straw) tubes of 4 mm diameter are the basic TRT detector elements [63]. Around
the tube a wall is formed from two layers of 35 pm thick multilayer film. Inside the tube it is filled
with gas mixture which are required to have efficient transition radiation absorption, high electron
drift velocity and operation safety / reliability. Eventually, a gas mixture Xe-CO9-O2 70/27/3 is

chosen for operation given its good high-rate performance and ageing behavior [63].

4.2 Calorimeter

ATLAS calorimeter system [43], as illustrated in Figure consists of various sub-systems using
different techniques suited to the widely varying requirements of physics processes over large pseudo-
rapdity range of || < 4.9. In the pseudorapidity range matched to inner detector, electromagnetic
(EM) calorimeter is finely segmented for precise identification and measurement of electrons and
protons. The relatively coarser granularity of the rest hadronic calorimeters is sufficient for re-
construction and measurements of the dominant jets in LHC environment and EX. A detailed
tabulation of pseudorapidity coverage of each sub-system can be found in Table 1.3 of [43].

The primary objective of calorimeter is to measure the energy of incoming particles as accurately
as possible — both charged and neutral (including neutrinos through EX%) [64]. Besides energy, it is
also able to measure the position, angle of incidence as well as arrival time through fine segmentation.

As a destructive detector, calorimeters would induce either EM shower (electron, photon) or hadronic
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Figure 4.9: Cut-away view of ATLAS calorimeter system [43]

shower (proton, neutron, pion, etc.) by having incoming particle interacting with passive absorber,
which is usually made of dense materials such as lead or steel. Such shower would grow both
longitudinally and laterally through cascade chains since outgoing high energy particles from each
collision in dense medium can interact with the absorber again as it flys on, until energies of these
outgoing particles are lower than a critical energy where ionization becomes dominant instead of
radiation. These final state particles would then either be absorbed as phonons (heat), or induce
ionization or scintillation in the active detection medium, depending on technology being used, so
that their energy can be read out and measured. There are two kinds of calorimeters: homogeneous
and sampling. The sampling calorimeter has alternative layers between absorber and active detection
medium, while homogeneous a single dense medium would serve as both. Homogeneous calorimeters
have the advantage of better energy resolution (stochastic term) and good linearity, but suffers from
high cost and limited segmentation. For ATLAS, all calorimeters are sampling calorimeter.

Ideally, if all showers are counted, measured energy would be proportional to the signal strength
(number of electron-hole pair for example), and thus measurement error is proportional to VE. In
practice, the energy resolution of calorimeters have three terms:

o(E) a b

TZ\/—E@E@C (4.1)

where a is stochastic term representing the intrinsic statistical shower and sampling fluctua-

tion, b is noise term representing readout electronics noise and c is constant term representing any
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inhomogeneities [64]. As one can see from this equation, the energy resolution improves with in-
creasing energy in general, which is not the case in spectrometers (inner detector for example) which
would get worse for very high momentum due to larger uncertainty in track trajectory curvature
measurement.

For calorimeter, shower shape is one of the most important specifics, not only because it is
essential in understanding detector performance, particle reconstruction and identification, but also
because the size of whole calorimeter is limited by it. Radiation length, Xy, (interactive length, \) is
defined as the thickness of material in EM (hadronic) calorimeter that can reduce the mean energy of
incoming particle by a factor of e. For cascade decay, it is easy to estimate that longitudinal shower
spread increases with energy logarithmically, which makes calorimeters compact in general [64].
Therefore calorimeters must provide good containment for both EM and hadronic showers to limit
punch-through into the muon system. The total thickness of ATLAS EM calorimeter is > 22 X in
barrel and > 24 X in end-caps. For hadronic calorimeters, total thickness is approximately 9.7 A in
barrel and 10 A in end-caps. It has been shown by measurements and simulations to be sufficient to
reduce punch-through to the muon system well below irreducible level of prompt or decay muons, as
well as be adequate for high-energy jet measurements. The large 7, along with sufficient thickness,

miss

also ensure a good EF' measurement [43)].

4.2.1 Liquid Argon Electromagnetic Calorimeter

The LAr EM Calorimeter [43], 65] is composed of the barrel part (EM barrel), covering |n| < 1.475,
and two end-caps (EMEC) on each side, covering 1.375 < |n| < 3.2. The barrel is further split into
two half-barrels at z = 0 with a small gap of 4 mm. Each end-cap is also divided into two coaxial
wheels: one covering 1.375 < |n| < 2.5 and one covering 2.5 < |n| < 3.2. Ahead of EM calorimeter,
there is also a presampler detector in the region of || < 1.8 used to correct for the energy lost by
electrons and photons upstream of the calorimeter.

The EM calorimeter has a complicated segmentation in terms of both depth and lateral direction,
in order to meet different physics requirement at different pseudorapidity. A complete overview of
segmentation can be found on Table 1.3 of [43]. In the central region, |n| < 2.5, devoted to precision
physics, EM calorimeter is segmented in three layers in depth, regardless of barrel of end-cap, with
very fine yet different lateral granularity on 7 — ¢ plane depending on both layer and 7. In the
forward region where || > 2.5, calorimeter is segmented into two layers in terms of depth and has
a coarser lateral granularity on 1 — ¢ plane in order to provide as complete coverage as possible.

An accordion geometry has been chosen for both absorbers and electrodes (detection medium)
in both barrel and end-cap EM calorimeters, as illustrated in Figure In barrel, the accordion
wave “propagates” in depth direction with folding angle varying in radius, while the waves are laid
on each other in ¢ direction. In end-cap, the accordion wave “propagates” in beam direction and

laid on each other in ¢ direction. A good visualization of the accordion layout for both barrel and
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Figure 4.10: Sketch of barrel module showing both accordion structure and granularity in n — ¢ of
the cells on each of layer [43].
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end-cap can be found in Figure 5.5 and Figure 5.6 of [43]. Such accordion geometry can make sure
a full ¢ coverage without cracks between modules, thus leading to uniform performance in terms of
linearity and resolution as function of ¢.

The absorbers of ATLAS EM calorimeter are made of lead plates. As suggested by its name,
liquid Argon is used as the active detector medium. Liquid argon has been chosen for its intrinsic
linear behavior, stability of response over time and radiation-hardness [43]. Furthermore, since
signal is produced through ionization in liquid argon, its high number of electron-ion pairs per MeV
deposited can help reduce statistical uncertainty of electronic signals, thus providing good energy
resolution [64]. A dedicated cryogenic system, on the other hand, is needed since temperature
required to turn Argon into liquid state is -183°C and also because the performance would be

sensitive to temperature change [64].

4.2.2 Hadronic Calorimeter

The ATLAS hadronic caloirmeter [43, [65] [66] is composed of three sub-systems, located at different
location with varying technology in order to reconstruct and measure jets and EfisS: Tile calorimeter,
LAr hadronic end-cap calorimeter and LAr forward calorimeter. Unlike electron and photon, hadrons
such as protons or neutrons would induce hadronic shower through interaction with materials, which
is much more complicated than the EM shower. A typical hadronic shower would contain both
electromagnetic and hadronic components. This would lead to the non-compensation issue for
hadronic calorimeter, that the efficiency of detecting hadronic component is typically far lower
than the EM component [64]. As a result, energy resolution in hadronic calorimeters are relative
poorer (Table 1.1 of [43]), and would also suffer from non-linearity and non-Gaussian response [64].
Interaction length A, a characteristic length defined for hadronic shower, is typically much larger
than the radiation length X, a counterpart of interaction length for EM shower. This has several
consequences: Hadronic calorimeters need to be placed after the EM calorimeter since EM shower
would be fully contained at whatever detector that comes the first; The absorber for hadronic
calorimeters is usually different from EM calorimeter to ensure X is not too large; The depth of

hadronic calorimeter is also typically very big [64].

Tile Calorimeter

The tile calorimeter [43], [66] is placed directly outside the EM calorimeter. It doesn’t have the end-
cap part, as illustrated in Figure but has a central barrel with 5.8 m long in length covering
In| < 1.0, and two extended barrel (one on each side) with 2.6 m long in length for each, covering
0.8 < |n| < 1.7. Both barrel and extended barrels have an inner radius of 2.28 m and outer
radius of 4.25 m. In depth direction, it is segmented into three layers: For barrel, three layers are

approximately 1.5, 4.1 and 1.8 A thick; For extended barrel, three layers are approximately 1.5,



CHAPTER 4. ATLAS DETECTOR 51

2.6 and 3.3 A. At lateral direction, barrel is segmented into 64 modules, each of wich has a size
A¢p ~ 0.1 [43].

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Figure 4.11: Tllustration of how tile calorimeter is structured [43].

Tile calorimeter is a sampling calorimeter using steel as absorber and scintillator as active de-
tection medium, with volume ratio of approximately 4.7:1. A geometric sketch of how the steel-
scintillator structure is mechanically assembled can be found in Figure f.I1] Scintillator tiles are
oriented radially (normal to the beam line), with wavelength-shifting fiber readout connected at the
tile edge, allows a full coverage on azimuthal direction. Readout fibers are then grouped together,
connecting to the readout photomultiplier tubes (PMT). The gap between barrel and extended
barrels are filled with a special modules made of steel-scintillator alternative layers with the same

sampling fraction just like the rest of tile calorimeters, allowing partial energy recovery in the crack.

LAr Hadronic End-cap Calorimeter

The LAr Hadronic End-cap Calorimeter [43] [65] (HEC) is made of two independent wheels for each
end-cap, located at the forward region of the EM calorimeter, but even further away than the EMEC.

While it also uses liquid Argon as active detection medium (and therefore it is able to share the same
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LAr cryostats as the EMEC), copper plates are interleaved with the 8.5 mm LAr gap as absorber.
To reduce the material density drop at the transition region between HEC and other detectors, the
lower bound of its pseudorapidity coverage is |n| > 1.5, slightly lower than the tile calorimeter (1.7),
and upper bound of HEC is |n| < 3.2, slightly larger than the forward calorimeter (3.1). Each wheel
of HEC is segmented into two parts in depth, thus a total of 4 layers in depth for one end-cap. The
segmentation on 17 — ¢ plane is 0.1 x 0.1 when |n| < 2.5 and 0.2 x 0.2 for larger 7.

LAr Forward Calorimeter

LAr Forward Calorimeter [43] [65] (FCal) is a dual-use, both electromagnetic and hadronic, calorime-
ter, covering the most forward region in the calorimeter system. Due to the neutron albedo from
inner detector cavity, FCal has to be recessed by 1.2 m with respect to the EM calorimeter front
face, heavily limiting the possible depth of FCal. As a result, a high-density absorber has to be
considered, while the liquid Argon, same as EM calorimeter and HEC, technology is used as active
detection medium. Each end-cap of FCal is segmented into three modules: First one is made of
copper optimized for the electromagnetic measurements; The other two are made of tungsten, a

material with much shorter interaction length, for the measurements of hadronic interactions.

4.3 Muon Spectrometer

Muon system [43] [67], as illustrated in Figure is the outermost part of ATLAS detector, also
being the largest one which defines the total size of ATLAS detector. Its purpose is to provide
precision measurement of the trajectory left by transversing muons, as well as provide online muon
trigger using separate sets of detection chambers.

Building the muon system at the outermost part of detector, especially after the calorimeter
system, takes fully advantage of some features of muons [68]: Muon has a much smaller energy loss
during ionization (dE/dx) due to its higher mass than electron, which makes it able to pass through a
lot of materials; With mean life time of 2.197 x 1079 s, it vary rarely decays within ATLAS detector.
Therefore, muon detectors are usually placed after the calorimeters, which can absorb almost all
particles except muon, leaving an unambiguous signature.

The reconstruction and momentum measurement of muon is then performed with a spectrometer
system. Being located farthest from interaction point, the muon system has to be very large to realize
full coverage. Due to low occupancy, large cell is possible in muon system (though this would be
less true for HL-LHC). The radiation level is typically smaller in the muon system (than ID). Also,
it should be able to perform stand-alone measurement of high-momentum muon [68]. The driving
performance goal is a stand-alone transverse momentum resolution of approximately 10% for 1 TeV
tracks, which translates into a sagitta along the z (beam) axis of about 500 pm, to be measured with

a resolution of ~ 50 ym. Momentum down to a few GeV(~ 3 GeV due to energy loss in calorimeters)
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Figure 4.12: Cut-away view of ATLAS muon system [43]

may also be measured by spectrometer alone [43].

The main technology used in ATLAS muon system is gas-filled detector operating as propor-
tional chamber [68]. There are many advantages for gas detector: gas material usually has large Xy,
reducing multiple scattering; Large volume is easily achievable with gas which is relatively inexpen-
sive. Muon interact with gas detector mainly through ionization, although bremsstrahlung radiation
would gradually become dominant when muon energy is large than 900 GeV. As muon transverse
gas detector, ionized electron-ion pair would fly toward anode and cathode . Most muon detector in
ATLAS uses anode wire design so that the electric field would increase dramatically as it is closer
to the anode wire, inducing avalanche effect in order to amplify the signal with generated ionization
electrons. This is different from the process as described in silicon detector in Section [4.1] which
has a much lower ionization energy. The electric signal from front-end is formed as electrons (ions)
approach and get collected by anode (cathode). Since drift speed of electron is much faster than ion
due to smaller mass, an uprising electric signal would be first formed as electrons are collected, then
a very long tail dropping signal follows as ions are being collected slowly, which could take as much
as 10 bunch-crossing [68].

As a spectrometer, it needs a magnetic system to bend muon trajectory in order to measure its
momentum from curvature. A system of three large air-core toroids generates the magnetic field
for muon spectrometer: The barrel mainly covers a region of || < 1.4; Two end-cap toroids are
inserted in the barrel toroid at each end and line up with the central solenoid in ID system, mainly
covering region of 1.6 < |n| < 2.7. Over region of 1.4 < |n| < 1.6, which is also called transition
region, magnetic field is provided by a combination of barrel and end-cap fields. The adoption

of air-core toroids, instead of solenoid, can reduce multiple scattering and hence improve low-pr
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momentum measurement resolution significantly, as a yoke iron for bending magnetic field back as
adopted in CMS is saved. Furthermore, B-field is more homogeneous in the high 7 region with toroid
configuration [68]. Toroids configuration means the bending plane is in the r — z configuration while,

while r — ¢ plane is now non-bending plane, which is different from the ID system.
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Figure 4.13: Geometric layout of muon sub-detectors in barrel (up) and end-cap (down) region [69]

Muon system is composed of barrel part and end-cap part, each of which has three layers. For
the barrel, each layer is a cylinder around the beam pipe, with increasing radius. FEach layer is
further divided to 8 octanes filled with plates. Each layer of end-cap is a disk, or more often
referred to as wheel. Based on the distance to interaction point, three layers in end-cap are called
“Inner” (EI), “Middle” (EM) and “Outer” (EO) Wheel. There are four different types of chambers
in muon system, for two different purposes. One set of chambers are for precision tracking, which
consists of Monitored Drift Chamber (MDT) and Chathode Strip Chamber (CSC). MDT is laid on
all layers in both barrel and end-cap, except part of EI, covering a range of |n| < 2.7, providing
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measurement of track-hit in bending plane. CSC is only laid on part of EI, covering a range of
2.0 < |n|] < 2.7, to withstand demanding rate and background conditions beyond MDT capability.
Another set of chambers consists of Resistive Plate Chambers (RPC) and Thin Gap Chambers
(TGC), providing trigger function and second coordinate measurement complementary to precision
measurement. RPC is laid at the barrel region while TGC is laid at the end-caps. The trigger
system can cover pseudorapidity range of |n| < 2.4. An illustration of the cut-away view of muon
system, as well as geometric layout of each sub-system can be found in Figure and

4.3.1 Precision-tracking Chambers
Monitored Drift Tube Chambers

MDT [43] is deployed on all layers of both barrel and end-cap to cover most of the acceptance
In| < 2.7, except for part of innermost end-cap wheel at the range of 2 < || < 2.7 due to higher
background rate, as illustrated in Figure These chambers consist of three to eight layers of
drift tubes, operated at an absolute pressure of 3 bar, which achieve an average spacing resolution of
80 pm per tube, or about 35 um per chamber. The gas mixture used is 93% Ar and 7% CO2 with a
small admixture of water vapor. The drift velocity is not saturated and the total drift time is about
700 ns [69]. While determined by the intrinsic wire spacing, tube resolution can be further improved
in two ways: By measuring the drift time, exact distance of ionization collision from anode wire can
be inferred; The deleterious effect of diffusion can be reduce with pressured air in the tube [43]. An
illustration of the cross-section of the tube can be found in Figure The orientation of tube is
perpendicular to the beam pipe. As a result, precision measurement is possible only in the r — z

plane, the bending plane.

Cathode tube

Anode wire

— 29970 mm—

Figure 4.14: Cross-section view of a MDT tube [43]
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Cathode-Strip Chamber

The limit for safe operation of the MDT is at counting rates of about 150 Hz/cm?, which will be
exceeded in the region |n| > 2 in the innermost layer of end-cap. Therefore, MDT is replaced by
CSC, which is able to provide precision measurement of 2D coordinates with high-rate capability [43].
Installation location of CSC can be found in Figure The whole CSC consists of 2 disks (one
disk per end-cap) with 16 chambers on each disk (eight large chambesr plus eight small chambers).
Each chamber contains four CSC planes as described below giving 4 independent measurement.
The CSC is essentially a multiwire proportional chamber with wires oriented in radial direc-
tion. Both cathodes (above and below the wire) are segmented but in orthogonal direction: one
perpendicular to the wire providing precision measurement in bending plane, one parallel to the
wire providing measurement in non-bending plane (¢ direction) with 1/4 coarser segmentation. It
should be noticed that CSC wire signals are not read out. Therefore, the 2D position of track-hit
is obtained by interpolation between charges induced on the orthogonal cathode strips. A typical

resolution obtained with this scheme is 50 um [69].

4.3.2 Trigger Chambers

While MDT and CSC are good in terms of precision measurement of track-hit, they cannot be used
for current ATLAS trigger system since the detector response time due to ion drifting in gas chamber
does not fit into L1 latencyﬂ The main requirement for trigger system includes: Discrimination on
muon pr; Bunch-crossing identification; Fast and coarse track reconstruction for high-level trigger;
Second coordinate measurement in non-bending plane to complement MDT measurements [43].
Furthermore, while trigger detector needs to cover |n| < 2.4 and full ¢, requirements are different
between barrel and end-cap: For fixed pr, momentum at end-cap of high 7 is much larger than
barrel, requiring a finer granularity at end-cap; Radiation level at end-cap is also a factor of 10
higher than barrel [43]. As a result, two different technology, Resistive Plate Chamber (RPC) and
Thin Gap Chambers (TGC), are used for barrel and end-cap respectively.

Besides trigger purpose, trigger chambers are also used to measure second coordinate comple-
mentary to MDT: After matching of MDT and trigger chamber hits in the bending plane, trigger
chamber’s coordinate in non-bending plane is adopted as second coordinate of the MDT measure-
ment [43].

Resistive Plate Chambers

As illustrated on Figure there are three layers of RPC in barrel region: 2 layers are located
at the up and down surface of MDT of second layer, and 1 layer is located at the upper surface of
MDT of third layer. RPC is able to provide first level muon trigger: Two RPC chamber installed

5The same MDT would become very optimal for Phase-II when the L1 latency gets extended to 6-12 us, enabling
higher precision L1 muon trigger then.
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together on middle barrel layer provides low-pr trigger information by requiring coincidence of hits
in these two layers for muon pr in range 6 ~ 9GeV; High-pt trigger is provided by requiring a third
coincident hit at the RPC in outmost layer for muon pr in range 9 ~ 35GeV [43] [70].

RPC is a gaseous parallel electrode-plate (i.e.no wire) detector [43]. Two resistive plates are
kept parallel to each other at distance of 2 mm by insulating spacers. The E-field in-between plates
is 4.9kV/mm allowing avalanche to form from ionization collision. The signal is read out from
strips. Read-out strips have a typical width of about 30 mm and grouped into two read-out panels
orthogonal to each other (one in 7 direction and one in ¢ direction) in order to provide 2D position
measurement [70]. An illustration of RPC structure can be found in Figure
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readout resins Gas Grolunded
HV strips plaf\tes Foam plane
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Y Polycarbonate Graphite
readout spacer electrodes
strips

Figure 4.15: Structure of RPC in ATLAS [70]

In ATLAS, the RPC works under avalanche mode (instead of streamer mode) by choosing ap-
propriate voltage and gas mixture. Due to the high voltage and small gas gap, avalanche is roughly
grown at a fixed time. The signal at any time is the sum of simultaneous contributions from all
primary clusters multiplications. As a result, time jitters for detectable signals is always < 2 ns,

making it a very good candidate for trigger detector [70].

Thin Gap Chambers

TGC [43] is essentially a multi-wire proportional chamber, just like CSC, but with a very small
wire-to-cathode distance of 1.4 mm, which is smaller than wire-to-wire distance of 1.8 mm. The
high electric field around TGC wire as well as such small wire-to-cathode and wire-to-wire distance
leads to very good time resolution for trigger purpose. It is installed in the end-cap region of muon
system, as illustrated in Figure [f.I3} the middle layer of MDT in end-cap is complemented by
7 layers of TGC, while inner layer is complemented by 2 layer of TGC (not shown on the plot).
Thought not installed in the outermost wheel, azimuthal coordinate there can be inferred through
extrapolation of tracks at middle wheel since there is no magnetic field between middle wheel and
outermost wheel. As a multi-wire proportional chamber, TGC is able to provide measurements

of both coordinates: the coordinate in bending plane is provided through TGC wire groups and
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coordinate in non-bending plane is provided by strip oriented in radial direction. As mentioned
above, a finer granularity is desired in end-cap region. Therefore, the size of wire group varies from

6 to 31 as a function of 7, corresponding to a variation in width from 10.8 mm to 55.8 mm.

4.4 Forward Detectors
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Figure 4.16: Location of forward detector along beam pipe with respect to interaction point in

ATLAS [43]

Three small detectors, collectively called Forward Detector [43], are placed along the beam pipe in
the very forward region to measure the luminosity delivered to ATLAS. Readers should not confuse
these forward detectors with the FCal in calorimeter system. There are three different detectors using
different technologies: LUCID (LUminosity measurement using Cerenkov Integrating Detector) [71],
ALFA (Absolute Luminosity For ATLAS) [72] and ZDC (Zero-Degree Calorimeter) [73]. LUCID
locates at +17 m from interaction point, used to detect inelastic p-p scattering in forward region,
serving as main online relative luminosity monitor for ATLAS. ALFA locates at +240 m from
interaction point, used to determine absolute luminosity via elastic scattering at small angles —
The optical theorem connects the elastic-scattering amplitude in the forward direction to the total
cross-section and can be used to extract luminosity. ZDC locates at 140 m from interaction point,
playing a key role in determining the centrality of heavy-ion collisions. An illustration of the location
of these three detectors can be found in Figure

Since luminosity measurement and its uncertainty is not the major concern of the work of this
thesis, I do not plan to expand on this part. Readers with interests can find more details in mentioned
references. Furthermore, since these detectors are mainly used for luminosity measurement, readers

with interest can also find ATLAS publications on luminosity measurements at |74, [75].
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4.5 TDAQ System
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Figure 4.17: Cross section of physics processes produced by hadron colliders [76]

While the unprecedented high energy and luminosity of LHC can greatly push forward the front
line of discovery, it is also a great challenge to existing technology for data taking and processing.
Such challenge comes from two aspects: For one thing, the collision event happens extremely fre-
quently, at a rate of 40 MHz due to the design bunch spacing of 25 ns; For another, as we have seen
above, with millions of sensors across the ATLAS detector, there are in total about 100 millions
read-out channels, contributing to about 1 MB of raw data for each collision event. As a result, the
total demanded bandwidth is 40 TB per second, which is beyond the bandwidth that can provided
by any existing data transfer technologyﬁ, if we want to take all the data, not to mention the huge
amount of mass storage needed for them. Therefore, a dedicated trigger and data acquisition system
(TDAQ) [43] is designed for ATLAS in order to perform fast online selection of a fraction of events
without loss of sensitivity to interested physics processes and high quality data flow control.

The main physics motivation behind such a trigger system is that almost all physics processes

of interest at LHC is only a tiny fraction of the total interaction cross section, as illustrated in

6 Interestingly, the probably largest bandwidth provided by existing technology is about 255 Thit per second [77],
corresponding to 32 TB per second, which is almost enough for ATLAS. Even so, one also needs to take technology
cost and maturity into account since ATLAS needs to deploy such system on a large scale with reasonable budget
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Figure For Standard Model electroweak and top physics, cross section is 6 to 8 order of
magnitude lower than total cross section; For Higgs production it is less than 9 order of magnitude
rarer; For potential new physics beyond Standard Model, which is the main focus of this thesis, it
could be more than 10 order of magnitude lower. Therefore, even if we could, saving all events at
hadron colliders are not necessary [76].

During Run 1, ATLAS trigger system operated efficiently at instantaneous luminosity of up to
8 x 1023 em™2s7! with center-of-mass energy of 7 TeV and 8TeV. In Run 2 since 2015, due to
the LHC condition as mentioned in Section (increased center-of-mass energy to 13 TeV, higher
luminosity and increased pile-up level), trigger rate would exceed the maximal allowed bandwidth
limit without increasing trigger threshold at the cost of losing efficiency for physics of interest.
Therefore, substantial upgrades [78] on ATLAS trigger system was performed in almost all aspects
during LS1 to accommodate such situation. Since all the data used by the work of this thesis is
taken from Run 2, only trigger system after LS1 upgrade would be described here [79, [80], while
details about trigger system at Run 1 can be found in [43] 1], 82].
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As shown in Figure the trigger system consists of a hard-ware based first-level trigger (L1)
and a soft-ware based high-level trigger (HLT). With input collision rate of 40 MHz, L1 trigger would
first reduce event rate down to around 100 kHz within 2.5 ps using customized hardware installed
on front-end using very coarse granularity and local detector information. If accepted by L1, events
would be further streamed down for HLT, which would make further decision with finer granularity
and global detector information, in the time scale of hundreds of milliseconds. HLT will further
bring event rate down to 1 kHz before streaming them to data center at CERN and distributed to
Worldwide LHC Computing Grid (WLCG). The L1 rate is more constrained by readout capability
(bandwidth), while HLT rate is more constrained by offline computing model (computing farm

resources, algorithms, etc.) [79].

4.5.1 Level 1 Trigger

L1 trigger is probably the most challenging part of trigger system since it requires extremely fast
decision on average in order to catch up with the collision rate. While some events can be rejected
(or accepted) in very short amount of time, some might take significantly longer time to decide.
Therefore, data is buffered when trigger decision is taking place. The buffer size directly defines
the maximal trigger latency, and is very hard to change once decided (for example, change of data
buffer on-detector requires replacement of all front-end electronics). In ATLAS L1, the buffer size
is 100 bunch crossing, leading to 2.5 us in case of 40 MHz collision rate [(6]. The L1 trigger
latency is defined as the time between collision and arrival of L1 decision, and can be broken down
into three parts as shown in Figure L1 algorithm execution time; Signal transmission time;
Synchronization delay since it takes different time for signals coming from different part of detector.

After electronic signal is formed in detector sensors, signals are split in two as shown in Fig-
ure One heading toward front end and get buffered, waiting for the other one heading to L1
trigger. Due to the time limit, only calorimeters and muon system have L1 trigger system: signals
detected in calorimeters are sent to L1Calo located off-detector in the service cavern USA15 and sig-
nals formed in muon system are sent to L1Muon on-detector located at each muon trigger station as
mentioned in Section m [43] before combined in USA15 counting room. Trigger information from
L1-Calo and L1-Muon are then sent to L1 Central Trigger (CTP) located at USA15 counting room,
which would generate a pre-scale and final L1 decision (L1A). L1A is sent back to the front-end of
each sub-detector, allowing the data to keep flowing down if accepted.

L1Calo [83] algorithms are based on a very coarse granularity on calorimeters called trigger
tower, which is formed from groups of calorimeter cells into fixed size of 0.1 x 0.1 (An x Ag).
Energy of trigger towers is calibrated at electromagnetic energy scale (EM scale), which correctly
reconstruct the energy deposition in EM calorimeter, though energy deposition from hadrons would
be underestimated. For electron, photon and taus, trigger algorithm identifies a Region-of-Interest

(Rol) as an 2 x 2 trigger tower cluster in the EM calorimeter for which the sum of the transverse
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Figure 4.19: Tllustration of the decomposition of L1 latency [76]

energy from at least one of the four possible pairs of nearest neighbor towers (1 x 2 or 2 x 1) exceeds
a predefined threshold. For jets, Rols are defined as 4 x 4 or 8 x 8 trigger tower windows for which
the summed electromagnetic and hadronic energy exceeds predefined threshold and which surround
a 2 x 2 trigger tower core as local maximum. The location of this local maximum also defines the
coordinate of jet Rol [79]. An illustration of L1Calo Rol can be found in Figure [{.20]

L1 muon trigger [43] is directly based on the trigger chambers in muon system, RPC and TGC,
which has fine granularity and fast time resolution optimized for trigger purpose. The basic principle
of the algorithm is to require a coincidence of hits in the different trigger station within a “road”,
which basically is the trajectory of muon from interaction pointing through detector. The width of
the road is related to the pr threshold to be applied. A system of coincidence logic allows concurrent
operation with a total of 6 thresholds, 3 related to low-pr trigger and 3 related to high-pr trigger
as mentioned in Section [£:3:2] Trigger signals from both barrel and end-caps are combined before
sending to CTP [43].

The Central Trigger Processor (CTP) [84] receives trigger information from L1Calo and L1Muon,
which consists of multiplicities of electron/photon/tau/jet/muon and flags indication which threshold
is passed for of jet transverse energy and ERisS. Additional inputs are provided for special triggers
such as a filled-bunch trigger based on beam-pickup monitors, and a minimum-bias trigger based on
scintillation counters [43]. In Run 2, a new topological trigger (L1Topo) consisting of two FPGA-
based (Field-Programmable Gate Arrays) processor modules is added in, to perform selections based
on geometric and kinematic association between objects received from L1Calo and L1Muon, as well

as refined calculation of global quantities such as EX* [79]. In addition to its function as selection,
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Figure 4.20: Schematic view of trigger towers used in L1Calo algorithms [79)

CTP is also the timing master of whole detector: The clock signal synchronized to LHC beams
arrives at CTP and gets distributed from here to all sub-systems along with L1A and other timing
signals [43].

4.5.2 High Level Trigger and Data Acquisition System

After an event is accepted at L1, it would be further streamed down and processed by HLT, using
finer granularity of calorimeters, precision measurements from muon system (MDT and CSC) as
well as tracking information from ID, all of which are not possible in L1 due to limit of time.
Furthermore, the Rol as defined in L1 is passed down to HLT as seed for further reconstruction
as shown in Figure although access to full detector information at HLT is also possible if
needed. While HLT consists of L2 and Event Filter back in Run 1, they are all merged to a
single homogeneous concept of HLT in Run 2 for better resource sharing and simplification on both
hardware and software side. However, a multi-stage strategy same as Run 1 is adopted in Run 2:
most HLT triggers have two stages with a fast first-pass reconstruction to reject majority of events
and a slower precision reconstruction for remaining events. A detailed description of reconstruction
algorithm for ID, calorimeter and muon in HLT can be found in [79]. To achieve higher readout
and output rates, the ROS, data storage system and the data collection network were upgraded.
On-detector front-end and detector-specific read-out drivers (ROD) did not change dramatically

from conceptual point of view, while certain sub-systems such as CSC ROD adopts completely new
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technology for better performance during LS1.

In the offline physics analysis, the way to interact with trigger system is through so-called “trigger
menu”, which consists of a list of “trigger lines” containing L1 and HLT signatures, thresholds and
pre-scales (if available). Trigger menu composition and thresholds may change in time for several
luminosity range, in order to maximize the physics output under the constraints of detector rate
and bandwidths.

4.5.3 Data Streams

Event accepted by HLT are written into separate data streams. In Run 1, data streams are separated
by the major trigger signature into three streams (Egamma, Muons and JetTauEtMiss). In Run 2,
these are merged into a single stream called PhysicsMain in order to reduce data duplication and
therefore reduce storage and CPU resource by 10% [79]. Even so, the amount of time needed for Tier-
0 reconstruction of PhysicsMain is typically 36 hours after data taking. A small fraction of them at
rate of 10 to 20 Hz is streamed into Fzpress stream, for calibration and data quality monitor purpose.
Furthermore, events with only HLT object information but without ATLAS detector information is
recorded into a new type of stream, for Trigger-Level Analysis purpose. An example of such kind of
analysis can be found in [85]. It can be used as front line of new physics discovery since the amount
of data in HLT is more than offline level. In the last, events that cannot be properly processed by
HLT or have some DAQ-related problem are written to debug stream. These events can be restored
through offline reprocessing using the same configuration as HLT. Therefore, most physics analysis
would need to check these debug stream since they are just the same as other events in PhysicsMain

after reconstruction.



Chapter 5

Physics Objects Reconstruction

After signals are read out from ATLAS detectors (and accepted by trigger system), dedicated algo-
rithms are needed to reconstruct them into meaningful physics objects such as tracks, jets, electrons
etc.. For simulation, events are in the same format as data byte-stream after digitization and trig-
ger simulation step (technically, RDO or RDOTrigger format in Athena terminology) and thus
same reconstruction algorithms are applied on them. Furthermore, these physics objects need to be
calibrated before being used in any physics analysis.

Since all physics searches presented in this thesis are in hadronic final states, the most important
physics objects would be jets. A generic introduction to jet reconstruction is in Section [5.3] while
jet reconstruction for jet substructure and boosted object identification, which is more relevant to
the work in this thesis, is presented in Chapter [l Track jets, which is playing a key role in the
boosted topology reconstruction in the work of this thesis, will be presented in Section while the
ingredients of building track jets — tracks — along with primary vertex reconstruction is in Section 5.1
and Furthermore, flavor tagging which is essential to background suppression in both searches
presented in this thesis is in Section Since electrons, muons and missing transverse energy are
not playing any fundamental role in the work of this thesis, they are omitted here. Readers with

interest in this topic can refer to [86], 87, [88].

5.1 Inner Detector Tracks

Due to the solenoid magnetic field filled in ATLAS tracking system, charged particle would follow a
helix-like trajectory before leaving the ID system. The convention used by ATLAS to parameterize
track trajectory is the so-called perigee parametrization, as illustrated in Figure 5.1} In this repre-
sentation, a reference point needs to be first chosen: Although it could be any point, the ATLAS
convention is either the geometric center (0,0,0) or beam spot center. A Cartesian coordinate sys-

tem as defined in the beginning of Chapter [4] is built centered at this reference point. Then every

65
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point on the trajectory can be described by a five dimension vector, (do, 20, 9, ¢, g) with respect to
the chosen reference point. dy and ¢ are defined on the transverse plane: dy (also called transverse
impact parameter) is the distance to reference point and ¢ is the angle between momentum direction
and z-axis direction. zg (also called longitudinal impact parameter) and 6 are defined on the longi-
tudinal plane (r — z plane): 2 is defined as the distance along z-axis between reference point and
cross point between z-axis and projected straight line in momentum direction in r — z plane, while
f is defined as the angle between this projected line and z axis. Furthermore, the representation
point along trajectory is usually chosen to be perigee, which is defined as the point that is closest
to reference point in transverse plane: Since the trajectory on transverse plane is a circle, perigee is

simply the cross point between circle and connected line between reference point and circle center.

track

track track

Figure 5.1: Illustration of perigee parametrization of track trajectory in ATLAS [89] [90]

The first step toward track reconstruction is reconstruction of 3D space-point measurement on

silicon detectors (TRT can only form measurement in transverse direction). For pixel detector, pixels
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naturally gives a 3D measurement through knowledge of pixel position on the layer and position of
its layer. However, as particle transverses a pixel layer, its energy deposition is usually collected in
more than pixels: The particle itself might pass through more than one pixel due to incident angle;
Drift of ionized electron-ion pair to neighborhood pixels; Kicked-out d-ray can further deposit energy
in neighborhood pixels etc.. As a result, a connected component analysis (CCA) algorithm [91] is
used to group pixels with common edge and corner together. Such cluster is the fundamental unit
for any further pattern recognition and track fitting. Position as well as its covariant matrix is
obtained through a linear interpolation exploiting the charge distribution between pixels within the
cluster [02]. For SCT, a space-point is formed by combining measurements from pair of strips from
a SCT module consisting of two pairs of sensors glued back-to-back at stereo angle of 40 mrad as
described in Section

Naively, the track reconstruction would be a pattern recognition which identifies groups of space
points as track candidates, followed by a global x2 fit. Unfortunately such classical picture does not
work anymore in modern track reconstruction. Instead, Local pattern recognition strategies are used
in that track fitting and track finding happens simultaneously in a progressive way now [93]. Under
this context, ATLAS New Tracking (NEWT) [94] is designed for ATLAS track reconstruction. Track
candidate is first obtained using iterative track-finding algorithm seeded on combinations of space
points from silicon detectors (with additional methods to recover non-prompt tracks [94]). Then
a loose track candidate search allowing combinatorial track candidates is followed by a stringent
ambiguity solver to only keep tracks with high quality.

Track seeds are found from three space points on silicon detectors, in four possible types of
combinations: All on Pixel; All on SCT; Two on Pixel one on SCT; One on Pixel two on SCT. A
number of requirements are then imposed on these seeds to improve purity such as type-dependent
minimum momentum and maximum impact parameters etc. [95, [96]. Then a combinatorial Kalman
filter [97] assuming a perfect helix trajectory is used to get first crude estimation of track parameters
for each track seed, which is also called track candidate. During the propagation step in Kalman filter,
any compatible hit in next layer that is within certain window can be used to build a separate track
candidate. Therefore, multiple track candidates might be built from a seed. This strategy would
result in very high efficiency in reconstructing primary particles with tracks purely from random
combination suppressed, but at the cost of incorrect (multiple) association between space points (or
sometimes called hits) and track candidates. This necessitates a stringent ambiguity solving stage
afterwards.

In ambiguity solving stage, track candidate might be rejected if some minimal requirements are
not met such as minimum momentum cut or hit/hole multiplicity requirements. Then each survived
track candidate would get a track score, based on multiple measures of track quality including
intrinsic resolution of clusters, cluster multiplicities in different sub-detectors, number of holes, x»

of fit and so on [96]. Tracks are processed in the descending order of track score, ensuring tracks
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with high quality gets preference. For track candidate being processed, if a cluster has been used
by accepted track candidates, dedicated algorithm would be decided if such cluster is shareable,
shared-with-penalty, or not shareable at all (see next paragraph). In case of shareable, nothing
would happen; In case of shared-with-penalty, track can not have more than one such hit and such
cluster cannot be shared by more than two tracks; In case of not shareable at all, cluster should
be removed from track candidate being processed. Furthermore, in any case, if adding such cluster
would make current track candidate or accepted track candidate fail the shared cluster limit, it should
be removed from current track candidate. Since clusters associated with current track candidate
might be changed by following this procedure, current track candidate needs to be re-scored and
returned to the ordered list of remaining candidates. If they are too low in the list or fail basic track
quality requirement, track candidate might be further rejected.

One of the main goals of ambiguity solver is making correct assignment between hits and track
candidates in case hits are shared by multiple track candidates. While such sharing can come from
pure combinatorics effect, it can also come from the fact that multiple particles are so close to each
other that clusters left from them on Pixel detector get connected, resulting in merged clusters.
Such merge clusters would not only complicate the ambiguity solving, but smear out the track-hit
measurement resolution as well. A novel artificial neural network (NN) approach [02] is developed
in ATLAS to identify these merged clusters based on charge measurements pixel-by-pixel in the
cluster, incident angle of incoming particle and other geometric information. Probability of a cluster
being 1-particle, 2-particle or 3-particle originated can be estimated from NN. Furthermore, separate
sets of NN are used to estimate the cluster position and its covariant matrix for each hypothesis on
number of transversing particles. While such NN technique is used to split clusters into multiple
ones in Run 1, it is decided to be moved to ambiguity solving stage to fully exploit the incident angle
information and optimizate track reconstruction in dense environments [96] in Run 2. As a result,
NN is consulted only when a cluster is contained in multiple track candidates. If output of NN is
over the tunable threshold, cluster is identified as shareable and thus can be shared across track
candidates without any penalty. Furthermore, clusters used by multiple track candidates failing
the NN cuts can still be shareable if the track candidates use a shareable cluster on the next layer.
Clusters with two-particle hypothesis more than 0.05 but failing above cuts can be shared, but with
certain penalty, while those less than 0.05 are forbidden to be shared at all. To control the fake rate,
a track cluster must have at least 9 silicon clusters before any sharing is allowed. Furthermore, a
track with pr less than 1 GeV cannot have shareable cluster and every track is required to have at
least 4 unique SCT hits.

Survived track candidates are extended to TRT to find consistent TRT hits; When associated
TRT hits are identified, track would be refit for final track parametrization [95]. Kalman filter is
also used in both the extension search and refit procedure, as it can naturally incorporate various

stochastic process such as multiple scattering. Furthermore, due to the energy loss in material
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and distribution of B-field in solenoid, particle is not following a strict helix, which also can be
naturally handled in Kalman filter framework by incorporating them in propagation function. Steps
mentioned above is the main sequence called inside-out sequence, while a second outside-in sequence
is similarly done, but starting from Hough transformation in TRT track segment search backward
to the silicon layers. Such backtracking is important for particles with vertices away from primary
vertices. A complementary third step is followed for these photon conversion / VO (long-lived neutral
particles) reconstruction [93]. More implementation details in ATLAS track reconstruction can be
found in [94]

5.2 Primary Vertex

After tracks are reconstructed, primary vertices representing the collision interaction regions are
reconstructed from them. It should be noticed that in high-luminosity case such as LHC, more
than one primary vertices is common, which also needs to be taken into account during primary
vertices reconstruction. The reconstruction of primary vertices in ATLAS can be organized in two
steps: vertex finding step where associated between tracks and vertices are established; vertex fitting
step where vertex position along with its covariant matrix is determined from associated tracks [98].
While in general these two steps are sequential, the boundary between them is not strictly evident
since there are some back-and-forth iterations between them.

Reconstructed tracks first need to be of good quality [99]: pr > 400 MeV and |n| < 2.5; At
least 9 (11) silicon hits for |n| less (larger) than 1.65; At least of 1 hits on either IBL or B-layer;
At most 1 shared module (1 shared hit on Pixel or 2 shared hit on SCT); No holes in Pixel; At
most 1 holes on SCT. Furthermore, these tracks need to be compatible with interaction region by
requiring [98]: |do| < 4 mm, o(dg) < 5 mm and o(z9) < 10 mm. All these impact parameters
are estimated with respect to the luminous region (beam-spot), which is determined online using
same algorithm described in this section, but without constraints of beam-spot. Then a vertex seed
is found by looking for global maximum in the distribution of z among these selected tracks with
respect to beam-spot. Such vertex seed will be used as initial point for any iterative procedure
described below.

The vertex fitting problem can essentially be regarded as a chi-square minimization problem.
However, a direct global x? minimization in the spacial representation has a computing complexity
of O(N}, ), which limits its application in ATLAS. This can be significantly sped up through Billoir
method, which re-write x? in helix representation and linearize residual term in x? as function of
vertex spacial position. While this can reduce computing complexity to O(Ny.x), it can be more
efficiently implemented through iterative way such as Kalman Filter. In Kalman Filter approach,

vertex spacial position and a virtual momentum vector is taken as system state (so that propagation
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function is trivial) and measurement function is simply the transformation from spacial represen-
tation to helix representation. Then the vertex fitting can be naturally incorporated into Kalman
Filter by regarding the addition of a new track to vertex fitting as a system transition. Readers can
find more details on the mathematics formalism in [T00].

However, all these approaches suffer from robustness issue when there is outlying tracks or
poorly measured tracks. This is particular urgent when it comes to ATLAS experiment due to the
pile-up collisions in which case outlying tracks would surely exist. This is handled using adaptive
vertex fitting algorithm [I0T], which deals with outlying track measurements by down-weighting
their contribution to the overall vertex ys. Formally, each track would have a x2-dependent weight

term:
exp(—x3?)/2T
exp(—x3)/2T + exp(—x?)/2T

where x? is the chi-square contribution from each track, x. is a critical value representing the cut

wi(x}) = (5.1)

where weight is 1/2 and T is a tunable parameter defining the function. Such weight term is directly
added to the derivation of chi-square over vertex position for each track. As a result, the Kalman
Filter also needs to be changed accordingly. x. = 3 is chosen and T is used to employ a deterministic
annealing approach that helps to avoid falling into local minimum [T0T].

After the adaptive vertex fit, tracks incompatible with the vertex by more than 7o (x? > 49) are
removed and used to seed new vertex. Such procedure is repeated until all tracks are exploited, or
no additional vertex can be found.

Typically more than one primary vertices can be found per event due to pile-up. In most physics
analysis, including searches presented in the work of this thesis, primary vertex with highest > p4
is taken as the hard-scattering vertex while the rest are taken as pile-up vertices. This is based on
the argument that hard-scattering collision of interest usually comes with high momentum transfer
while most pile-up activities are just soft inelastic, or even elastic, collision. However, this could
be analysis-dependent since some analysis, such as H — <7 analysis, use different criteria due
to less production in charged particles. Readers can find more details on latest primary vertex

reconstruction performance in [99, [102].

5.3 Jets

As a hadron collider, QCD process is predominant in LHC with partons (quarks and gluons) pro-
duced from proton-proton collisions, either hard-scattering or not. Furthermore, partons could also
come from the hadronic decay of electroweak bosons. However, partons are not observable due to
the asymptotic freedom. Instead, partons would be first transitioned to a spray of particles, also
known as jets, depositing energies in detectors, from which one can infer back the quantum states
of initial partons and the physics processes behind it.

Quantum chromodynamics is the essential tool to understand these parton productions as well



CHAPTER 5. PHYSICS OBJECTS RECONSTRUCTION 71

as their evolution afterwards. There are in general two main approaches to solve the QCD, either
numeric solution with lattice QCD or perturbation theory, while none of them is able to provide
a full solution due to the non-perturbation nature at energy scale lower than Agcp (= 200 MeV).
In hadron collider physics community, the basic approach is perturbative QCD followed by non-

perturbative phenomenological modeling,.

Figure 5.2: Tllustration of typical QCD processes involved in a hadron collider, including par-
ton shower, hadronization and underlying events (multiple parton interactions, initial state radi-

ation) [103]

During evolution of a parton, gluons can be emitted dominantly at small splitting angle and/or

small energy scale, which is a universal property in QCD called soft-collinear divergences:
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P(gluon emission from quark) ~

P(gluon emission from gluon) ~

Gluon emission from quark or gluon shares the same structure with only difference in the color
factor (Cp = 4/3, C4 = 3). Therefore, a practical way to compute observables in QCD would
be summation over all orders in soft/collinear approximation with regularization of divergences by
cutting off near Agep. A pictorial illustration of this idea is the so-called parton shower, which

also turns out to be a very powerful tool to describe the evolution of partons after being produced
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in Monte Carlo simulation, as illustrated in Figure Starting from initial parton produced from
hard scattering, every parton can be split into two by emitting a gluon, and thus form cascades of
parton shower by repeating this procedure. The splitting is in the descending order of either angle
or energy scale, depending on the MC, controlled by Sudakov Form Factor, which is essentially a
cumulative distribution function giving the probability of not radiating a gluon above certain energy
or angle scale. The splitting would not stop until one reaches non-perturbative cutoff scale Agcp,
after which a phenomenological model would be used to simulate hadronization process and output
a bunch of observable hadrons.

Despite the success of parton shower (and hadronization model) in describing parton evolution,
individual hadrons are not good candidates for QCD precision measurement, or as basic physics
objects in searches. For one thing, one is more interested in the initially produced partons, which
should correspond to a collection of final state hadrons. For another, which might be more impor-
tant, this is too sensitive to the detailed description of soft/collinear splitting, which is considered
unsafe theoretically. More in general, for any observable whose distribution can be perturbatively
calculated, it should be insensitive to the emission of soft or collinear gluons, which is the famous
infrared/collinear-safety (IRC safety).This is based on the argument that if an observable is to be
calculated in perturbative QCD, soft-collinear divergence contribution from real branching and vir-
tual corrections must cancel at all orders in order to give meaningful finite results. As a result,
if one wants to do a reasonable comparison between experiment result and theoretical prediction,
the observable has to be IRC-safe. Such IRC-safety principle strongly influences the choice of jet
definition in LHC physics, which would be described in details later.

In this section, calorimeter jet reconstruction in ATLAS would be briefly reviewed. However,
it should be noticed that the concept of jet applies to any type of input ranging from truth level
partons or hadrons to detector level topoclusters or tracks. More details on jet reconstructed from
tracks (track jets) can be found in Section

Topological Clusters

As incoming particle deposits energy in calorimeters, a particle shower in both lateral and depth
direction would be formed, as described in Section[4:2] Due to very fine segmentation in calorimeters,
cells need to be clustered together into the so-called topological clusters (topocluster for short) [104]
to reconstruct such particle shower. However, due to the complication of particle showering process
(for example the difference between EM shower and hadronic shower), individual topocluster might
represent the full or partial response to single particle (full shower or partial shower), or combination
of several complete/partial showers induced by more than one particles, depending on incoming
particle type, energies, spatial separation and cell signal formation.

The 3-dimension topocluster reconstruction is based on cell signal significance, which is defined

as the ratio of cell energy at electromagnetic (EM) energy scale over average expected noise. Seeds
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for topocluster growing are first identified from cells with signal significance over S = 4. Each
seed forms a proto-cluster. Then the proto-cluster would keep growing as long as signal significance
of neighbouring cells is over N = 2. Such growing would stop when the signal significance of
neighbouring cells is over P = 0 but less then N = 2 (these cells would still be collected but then
growing stops). different proto-clusters might merge if they touch each other during growing. Then
proto-clusters with two or more local maximum would be split between corresponding signal peaks
in all three spatial dimensions. After the split, each cell should be uniquely assigned to one cluster
without any sharing.

Topocluster at this stage is in the EM scale. Although it can correctly estimate energies deposited
by electrons and photons, it would underestimate the energy of hadronic particles due to non-
compensation effect. Further correction might be needed due to signal inefficiencies coming from
signal loses in clustering process or energy lost in inactive material. Therefore, a local hadronic
calibration (LCW) can be applied at cluster-by-cluster level to correct for these effects [I05]. While
LCW scale is used as default for all calorimeter jets in Run 1, EM scale becomes the default for small
radius calorimeter for ATLAS in Run 2 (LCW scale is still the default for large radius calorimeter
jets) [106] 107].

Jet Clustering Algorithms

There are two kinds of mainstream jet clustering algorithms: cone-type algorithm and sequential
clustering algorithm. Except for a few cases, cone-type algorithms do not meet the IRC-safety
requirement, mainly due to the need of a seed: if any seed is allowed, it would be infrared-unsafe;
If a minimum momentum cut is applied on seed, it would be collinear-unsafe. Therefore, cone-type
algorithms are strongly disfavored by theorists. On the other hand, sequential clustering algorithm
is IRC-safe by construction, and thus adopted in both ATALS and CMS experiment.

A typical sequential algorithm can be summarized as following;:

1. A distance metric d;; first needs to be defined between any two constituent. Furthermore, the

distance between each constituent and beamline d;g should also be defined.

2. Compute d;; and d;p for all existing particles in the list in current stage and get the minimal

one.

3. If the minimum is some d;;, combine particle ¢ and j and replace them with the merged one.

Then go back to second step.

4. If the minimum is d;g, remove particle ¢ out of the list and tag it as a jet. Then go back to

second step.

5. Do the iteration until all constituents are tagged as jet and nothing left in the list.
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A generic implementation with optimization on computing time is provided by FastJet pack-
age [108], which also includes various kinds of other jet clustering algorithms. A commonly used

metric is the so-called generalized k; metric:

ARZ‘J‘

k22
R (5.3)

. 2
dij = min(kz;, kTI;')
dip = k7
where AR;; is the distance on 7—¢ plane and D is a tunable parameter, called jet radius, representing

the characteristic size of jets.
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Figure 5.3: A sample parton-level event clustered with different jet algorithms [109]

Three different values of p are used: p = 1 for k; algorithm [110, I11], p = 0 for Cam-
bridge/Aachen (C/A) algorithm [I12| 113] and p = —1 for anti-k; algorithm [I09]. For k; algorithm,
it would typically starts from soft particles and merge them into harder ones. Furthermore, the k;
distance metric are closely related to the structure of divergences in gluon emission. As a result,
k; algorithm would attempt to reverse the QCD branching procedure in parton shower, which itself
could be very informative by looking through the clustering history. However, since activities from
pile-up or underlying events are also predominantly soft, k; algorithm would unnecessarily include
many unrelated components, making it relatively more pile-up sensitive. The C/A algorithm remove
such kinematic dependency since it is purely based on spatial separation. The anti-k; algorithm in-
stead push toward the opposite direction as k; algorithm. It will typically starts with hardest one
during iteration and then try to “grab” the nearby softer components to merge. Such feature leads
to much more regular jet area [I14] for anti-k; jets compared to the other two, as illustrated in
Figure A hard jet without other hard neighbours within distance of 2R will form a conical jet;
If two another hard jet is present within R < AR5 < 2R, both would not be perfectly circle with
overlapping region partially clipped; If the close-by jet is much softer than first one, the harder one
will have a perfect circle jet area while the jet area of softer one would lose the part overlapping
with first one. The feature of prioritizing hard component in anti-k; algorithm would make it less

sensitive to the pile-up activities. In ATLAS, the default jet clustering algorithm is anti-k; with
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Figure 5.4: Calibration stages for reconstructed jets. Other than the origin correction, each stage is
applied to the four-momentum of the jet [106]

After a jets are reconstructed, calibration needs to be applied on the four momentum of recon-
structed jet in order to restore it back to particle-level energy scale. As illustrated in Figure

calibration has various steps:

Origin correction In this step, the n of jet is re-calculated with origin being the hard-scattering

primary vertex as reconstructed in Section [5.2] with jet energy remains the same. Therefore,

p

only n resolution can be improved in this step.

Jet area-based pile-up correction This step, along with next step, aims at removing the excess
energy from pile-up as well as afterward residual correction. First an area-based pr density
subtraction is applied event-by-event [II5]. The pr density, p, is estimated by taking the
medium of pr density of all jets in the event, pr/A, where A is the jet area estimated using

ghost particles. Medium instead of average is taken for p to reduce bias from high-pr activity.

Residual pile-up correction After the area-based subtraction, a residual pr dependency on Npy
(in-time pile-up) and p (out-of-time pile-up) is observed to be fairly linear. Thus linear cor-
rection with coefficients derived from MC simulation is applied. This step, along with jet

area-based pile-up correction can be expressed as:

CcorT

pT =pr —px A—ax (Npy —1) =B xp (5.4)

Absolute MC-based calibration In this step, an absolute jet energy scale as well as ) correction,

derived from MC, is applied on four-momentum of jets to account for biases. The average
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energy response is defined as mean of E"¢°/ Etruth hinned in E#th and Ndet- This can be
numerically inverted to be a calibration factor, the inverse of average response, as function of

E7%°. Similar correction is also derived for n and applied on jets.

Global sequential calibration Following the absolute JES in last step, residual dependencies of
JES on other features of jets are observed. This mainly comes from the fluctuations in jet
particle compositions and distributions within the jet: average response is different between
quark- and gluon-initiated jets; Response could be different between light and heavy flavor
jets, etc.. Therefore, a global sequential calibration (GSC) method [105] is applied to further
improve resolution of JES. In GSC, five observables accounting for different aspects that JES is
dependent on are identified. Calibration factor is derived from MC following similar procedure

as the absolute JES, but with additional dependency on these extra observables.

Residual in situ calibration In the last, a residual in situ calibration is applied to correct jets
in the data only. This steps aims at correcting any difference between data and MC due to
imperfect simulation. For jets up to 950 GeV and with |n| < 0.8, Z+jet and y+jet balance is
used, while multijet balance is used for high-pr jet up to 2 TeV.

Latest measurement using 2015 data indicates that an uncertainty of 4.5%, 1% and 2% is achieved
for pr of 20 GeV, 200 GeV and 2 TeV respectively by following this calibration procedure. More

details about the jet energy calibration and measurement can be found in [106] 107, 105]

5.4 Flavor Tagging

The identification of b-quark initiated jets, typically referred to as b-tagging or flavor tagging, plays
an important role in ATLAS physics. In particular, as we will see soon, it is also playing a central
role in both searches presented in this thesis as well. After the fragmentation of b-quarks, most of
original b-quark energy (~ 70%) goes into the weakly decaying b-hadrons (about 5 GeV), whose
intrinsic life-time is about 1.5 x 107'2 5. Therefore, for b-hadrons of 30 GeV, the average decay
length could be about 3 mm, a quantity large enough to be measured by ATLAS high-precision
tracking system. In addition to b-hadron decay, the c-hadrons out of decay of b-hadrons also have
similar average lifetime, thus leading to an additional decay afterward. As a result, several b-tagging
algorithms are developed by taking advantage of different aspects of the decay patterns.

All these b-tagging algorithms use the tracks reconstructed from inner detector, representing the
charged particles from decays, as input to discriminate between different jet flavors. This is because
only tracking system is able to provide enough precision to resolved the secondary vertices from
primary vertex in hadron collider. Tracks are selected for each jet within certain pr-dependent AR

criteria. In case tracks are shared by two close-by jets, tracks are assigned to the closer jetﬂ These

I Although there is an option of allowing tracks to be shared
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tracks would further need to pass some basic quality cuts, which depends on the b-tagging algorithm.
Then three different b-tagging algorithms would be run, providing complementary information to

each other:
1. Impact parameter based algorithm
2. Inclusive secondary vertex reconstruction algorithm
3. Decay chain multi-vertex reconstruction algorithm

Later, these three algorithms would be combined appropriately using boosted decision tree (BDT)
providing the best separation between different flavors.

This section only aims to provide a basic introduction to this topic, while readers with interest
can find great details in [100, [1T6] 117, T18]. However, it should be noticed that there might be subtle

difference across references since the b-tagging algorithm is updating from time to time constantly.

Impact Parameter Based Algorithm

The IP2D and IP3D algorithm make used of the signed impact parameter significance of tracks
associated to jet to discriminate between different flavors. This comes from the observation that
tracks from a displaced vertex should have larger impact parameter than those coming from primary
vertex, as shown in Figure [5.5] Furthermore, tracks are categorized based on a set of rules, most
of which are quality requirements on hit multiplicities in inner detector. The template distribution
for tracks in each category from each flavor is built using the training MC sample. Then, for all the
tracks associated with a given jet, one is able to build likelihood profile for each flavor hypothesis
through the product of likelihood of each track based on its template. Then the final output score
is calculated from likelihood ratio between different hypothesis to be tested. The main difference
between IP2D and IP3D is that IP3D uses the 2D template with correlation between transverse
and longitudinal direction taken into account, while IP2D only uses transverse impact parameter.
Compared to IP3D, IP2D is more robust against the effects of pile-up, as it does not take account of
the longitudinal impact parameter significance, which will typically be large for tracks from pile-up
jet.

As one may already notice, the underlying assumption in either IP2D or IP3D is that tracks
are independent to each other. In other words, it is essentially a naive Bayesian model. However,
this is a very crude approximation since tracks are actually correlated to each other. For example,
given a track from secondary vertex, one can immediately infer that probability of other tracks from
the same secondary vertex at high impact parameter region would be higher than the unconditional
probability. Therefore one would expect to have better performance by taking these track-by-track
correlation into account. Another important comment on IP3D/IP2D algorithm is that they are

not scalable in the sense that it is hard to encode too many variables at the same time. This is due
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Figure 5.5: The transverse (left) and longitudinal (right) signed impact parameter significance of
tracks associated with b (solid green), ¢ (dashed blue) and light-flavour (dotted red) jets [116]

to the use of a template histogram. While it is not so hard to build 2D or 3D template histogram,
higher dimension would become challenging both from technical side and from statistics side.

To overcome these two difficulties, a novel technique leveraging the recurrent neural network
in natural language processing is used in ATLAS b-tagging and significant imporvement is indeed

found. For more details on this readers can refer to [I19].

Inclusive Secondary Vertex Reconstruction Algorithm

The secondary vertex based algorithm aims to explicitly reconstruct an inclusive displaced vertex
within the jet. Tracks passing certain quality cuts would be paired up to form the so-called two-track
vertices. These two-track vertices would be filtered at the beginning to reject those coming from
decay of long-lived particles such as K, A, photon conversion or hadronic interaction with detector
materials. Tracks associated to these rejected two-track vertices would also be discarded. Then an
inclusive secondary vertex would be fit using survived tracks using Kalman filter in an iterative way
similar to how we reconstruct primary vertex. These reconstructed displaced vertex would further
be required to pass certain quality cuts. The probability of successfully finding inclusive secondary
vertex within a jet as function of pr and 7 can be found in Figure[5.6

After inclusive secondary vertex is successfully reconstructed, various aspects of the kinematic
variables such as vertex mass, decay length would be extracted from it to provide discrimination

power.



CHAPTER 5. PHYSICS OBJECTS RECONSTRUCTION 79

1 TT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT 1 T T T T T T T T T T T T T T T T T T T T
® T 1 | T 1 1 1 ] A I

S 0 95 ATLAS Simulation Preliminary § © 0 95 ATLAS Simulation Preliminary J
& \s=13Tev, &t | 2 ¢ |s=13TeV, &t -
o @ re+ 00004, 7 E E
0.8 ;*-o- *M—od-_.* = O.SM ]
u ) -, ] E 000000,y
0.7+ — b]etS +++_F 0.7 P
e~ iots i £ . -
o6 - ¢k , = 0.6F ——bjets E
- —— Light-flavour jets 3 F —=—C jets -
0.5t = 0.5 —— Light-flavour jets =
0.4F sroreiSierearbip gt = 0.4F E
R, g Tt ee E
0.3 + 031 ereemsnan,, ]
0.2[* ] 0.2 =
o o~ ro-oro ¥ C 1
01F rocerererer eI 01F 3

OM\I‘\\I\‘III\III\I'\\II‘\\I\: 0'T\|||'|\|Y\I\T\\"\l\lTll‘\l

50 100 150 200 250 300 350 400 450 500 0 0.5 1 15 2 25

Jetp_[GeV] Jet |

Figure 5.6: Secondary vertex reconstruction rate as function of jet pr (left) and 7 (right) for b
(green), ¢ (blue) and light-flavour (red) jets. [116]

Decay Chain Multi-vertex Reconstruction Algorithm

The decay chain multi-vertex reconstruction algorithm, also called JetFitter in ATLAS, exploits the
cascade decay structure of b-hadron and c-hadron out of it in order to reconstruct the full PV—b—c-
hadron decay chain. A Kalman filter with the flight direction as system state to be estimated is used
by treating the addition of tracks one by one as “state transition”. More details on mathematical
formalism of the JetFitter can be found in [100].

In JetFitter, vertex is a rather loose concept. Since it roughly refers to the intersection between
tracks and estimated decay chain direction, a vertex could have even only one track associated to
it, which is forbidden in inclusive secondary vertex reconstruction algorithm. Therefore, JetFitter
typically has a much higher reconstruction efficiency. However, this comes at the cost of a higher
fake rate where vertices are also built in light jets. Therefore a set of topological variables are built

in JetFitter for discrimination purpose.

b-tagging Performance

After each b-tagging algorithms mentioned above have been run on input track collections indepen-
dently, discriminative variables summarized from each algorithm would be combined using BDT.
Kinematic properties, in particular the pr and 7, of jets are also included in the training in order to
capture the kinematic dependency of discriminative variables. However, pr and 7 joint distribution
between signal and background jets in the training procedure is re-weighted to match each other so

that these kinematic variables are not treated as discriminative variables — after all, the kinematics
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Figure 5.7: Light-jet rejection (left) or c-jet rejection (right) versus b-jet efficiency for the previous
(2015 config) and the current configuration (2016 config) of the MV2 b-tagging algorithm evaluated
on tt events. MV2c00 denotes the MV2 algorithm where no c-jet contribution was present in the
training. MV2¢10 (MV2c20) denote the MV2 outputs where a 7% (15%) c-jet fractions was present
in the background sample (for the 2016 configuration). [117]

could strongly depend on the physics process.

Training procedure is done on tf MC samples, typically with at least millions of events. The
signal jets are always the b-jets, while background is a mixture of c-jets and light-jets. Such mixture
makes sure one can gain discrimination power between b-¢, in addition to the more commonly used
b-light. Three versions of mixture are available at ATLAS: MV2c00, MV2c10 and MV2¢20. The
number after character “c” represents the rounded percentage of c-jets in background sample (exact
mixture percentage can vary depending on configuration). Depending on the physics processes
considered in a physics analysis, user can choose the any of these three version: MV2c20 has the
best discrimination power against c-jets though at the cost of less light-jet rejection; MV2c00 has
best light-jet rejection but worst rejection on c-jet; MV2c10 is recommended for general purpose
due to its balance between light-jets and c-jets. The performance of each tagger for discrimination
against light-jet and c-jets can be found in Figure [5.7]

One important remark is that b-tagging performance does not only depend on the algorithm itself,
but also relies on the underlying detector capability. The more precise one is able to reconstruct
tracks near primary vertex, the better b-tagging performance one can get in general. In particular,
since secondary vertex reconstruction depends on precise extrapolation of tracks to the interaction
point, precision measurement close to primary vertex is much more important than the curvature
measurement far away from interaction point. An example is the installation of IBL in ATLAS
pixel detector during LS1. Due to the additional layer closer to interaction points, ATLAS gain a

significant improvement on b-tagging performance in Run 2 with respect to one in Run 1, as shown
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in Figure 5.8
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Figure 5.8: The light (left) and c-jet rejection (right) versus b-jet efficiency for the MV1c b-tagging
algorithm using the Run 1 detector and reconstruction software (blue) compared to the MV2c20
b-tagging algorithm using the Run 2 setup (red). [116]

5.5 Track Jets

While only calorimeter jets are discussed in Section[5.3] the jet reconstruction algorithm is universal
in that any type of inputs can be used. In ATLAS, there is another class of jets built entirely
from tracks reconstructed in inner detector, called track jet, using the same clustering algorithm as
calorimeter jets. While track jets are mainly used as proxy for jet property measurement at the
beginning [120], it gains more and more attention in terms of b-tagging starting from the end of Run
1, in particular in the boosted topologies [121], [122]. In the Run 2, track jet b-tagging has already
become the standard approach to resolve close-by heavy flavor components in the decay products
from boosted decay of heavy resonances [123] [124]. Nevertheless, the idea of track jet b-tagging
itself arises as a general alternative to the traditional calorimeter jet based b-tagging, which does
not necessarily have to be in boosted topology at the beginning. In this section, an overview of the
track jet b-tagging is presented, with more details on performance and optimization found in [125].
Studies of track jet calibration can be found in [126].Discussion in this section will be more focused
on the general aspects of track jet b-tagging while its specific application in boosted topology in
Run 2 would be shown in Chapter [6]
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5.5.1 Motivation

The motivation of using track jets comes with several advantages of track jet coming by construction:

e In the traditional calorimeter jet based b-tagging, calorimeter jet four momentum is used as the
seed in most flavor tagging pattern recognition algorithms. However, since all these algorithms
only use information from the inner detector, they can be decoupled from calorimeter system
in principle to identify b-jets. Track jet naturally provides such decoupling so that the whole
flavor tagging procedure can rely only on the high precision tracking system, making both flavor

tagging algorithm and their calibration free from constraints of calorimeter system resolution.

e As shown in Section [5.3] calorimeter jets calibration is a very complicated procedure for a
good measurement of the hadronic activities in calorimeter system. As an independent jet
collection, track jets can be optimized and calibrated specifically for b-tagging purpose, since
track jets are not to be used for precision measurements of hadronic physics as calorimeter jets
do.

e While calorimeter jets are sensitive to pile-up activities, track jets are intrinsically insensitive
to the pile-up activity by rejecting tracks coming from pile-up vertices as input to the jet
reconstruction, thanks to the excellent resolution provided by tracking system. This could
be particularly important to the low-pr b-hadrons that can still be present even in highly
boosted environment if b-hadron decays in the direction opposite direction to boost direction.
These low-pr b-hadron might be otherwise lost due to the higher pp-threshold imposed by
calorimeter jets for pile-up rejection. Besides, resistivity of track jets against pile-up allows a
smaller jet cone size than usual (0.4) which is hard for calorimeter jets due to large fake rate

from pile-up interactions in the event calorimeter system resolution effect.

e Although being an independent system from calorimeter jets, track jets b-tagging can still
be combined with the calorimeter jets through ghost association techniques [I15] in order
to fully take advantage of the full reconstruction of hadronic activities in calorimeter jets.
The easy association between track jets and calorimeter jets also make the usage of track
jet extremely flexible: Once a set of track jets along with its b-tagging are well defined and
calibrated independently, it can be applied on any calorimeter jet collection to provide b-
tagging information. This used to be a painful process in ATLAS since for every new definition
of calorimeter jets (radius, clustering algorithm, etc.) one needs to go through the complex
pipeline of calorimeter jet energy scale calibration and b-tagging efficiency calibration before
using them in physics analysis. More details in track jet b-tagging calibration can be found
in [126].

e Last, the current ATLAS b-tagging algorithm looks for a b-hadron locally around a direction
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seeded by jet axis. Track jets can provide good angular resolution with respect to the b-
hadron especially in dense environments. As shown in [I27], an important reason for degraded
b-tagging performance in dense environment is the shift of jet axis away from b-hadron as
shown in Figure[5.9] Such shift has several consequences on b-tagging: If the shift is too large,
track-to-jet associator would fail to find enough tracks coming from decay of b-hadron for
secondary vertex reconstruction and identification; Furthermore, shift of jet axis may also lead
to flipped sign of impact parameter significance or decay length, hence degrading secondary
vertex finding efficiency. As we will see, track jets are able to provide better b-hadron flight

direction estimation than calorimeter jets in general.
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Figure 5.9: The b-tagging efficiency of MV1 tagger as function of angular distance between jet axis
and b-hadron flight direction [127]

5.5.2 Track Selection

As mentioned above, one advantage of using track jets is the good alignment between jet axis and b-
hadron flight direction. An optimization of track selection for track jet reconstruction was performed
for Run 2 for this purpose. During optimization, the main idea is to keep as much tracks out of
b-hadrons as possible, while still maintaining good rejection of tracks from pile-up vertices.

The first step is to understand difference between tracks coming from b-hadrons and pile-up.
Naively, one would expect to simply take tracks from hard scatter primary vertex during recon-
struction, or a tight cut with respect to hard scatter primary vertex as done in Run 1 [I2I]. While
this simple approach can help suppress tracks from pile-up, it comes at the cost of losing some
tracks from b-hadrons. This is mainly due to the displaced vertices from b-hadron decays that do

not merge with primary vertices, as shown in Figure [5.10] that many tracks coming from b-hadron



CHAPTER 5. PHYSICS OBJECTS RECONSTRUCTION 84

are not associated to any primary vertex during reconstruction at all. Therefore, cuts on impact
parameter has to be resorted to for these tracks. As suggested by Figure secondary vertex
displacement mainly happens in the transverse direction while it is still quite compatible with hard
scatter primary vertex in longitudinal direction. Tracks from pile-up, on the other hand, are more
uniformly spread out in longitudinal direction by definition. This observation leads a loose cut on
longitudinal impact parameter for discrimination between tracks from b-hadrons and pile-up with
priority on b-tracks efficiency. The fake rate of tracks from pile-up is controlled by requiring only
tracks not compatible with any primary vertex can be considered for this second cut. This simple
track-vertex association rule is able to greatly improve efficiency of getting tracks from b-hadron

from 83.1% to 97.7% compared to the track selection used in Run 1.
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Figure 5.10: Normalized distribution of tracks from pile-up vertices and b-hadron decays in trans-
verse impact parameter significance with respect to hard scatter primary vertex (top left), track-to-
vertex association weight (top right) and longitudinal impact parameter with respect to hard scatter
primary vertex (bottom). Track-to-vertex association weight shows the compatibility between track
and vertex where it originates from during reconstruction, while negative value represents tracks not
associated to any reconstructed primary vertices.
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Combined with the loose criteria of track quality cuts [I28], track selection for track jet recon-

struction in Run 2 is as following:

e pr > 0.4 GeV and |n| < 2.5

At least 7 hits in silicon detector (Pixel + SCT)

No more than one hit in the Pixel detector that is shared by multiple tracks

No more than one hole in the Pixel detector, and no more than two holes in silicon detectors

Tight match to the hard scattering primary vertex by requiring track should be constituent of
reconstructed hard scatter primary vertex. If track is not associated to any primary vertex, it

should satisfy |zpsinf| < 3 mm with respect to hard scatter primary vertex.

As a side note, the track-vertex association developed in track jet studies turns out to be a quite
general way of selecting tracks from hard scatter activity. Indeed, it was later soon adapted to the
new pile-up jet tagging and suppression techniques in ATLAS [129], and shows a significantly better

performance for b-quark initiated jets than previous one [130].

5.5.3 Track Jet Properties

Track jets are then built by applying anti-k; algorithm with R = {0.4,0.3,0.2} on selected tracks
following selection described above. Only jets in fiducial region pr > 7 GeV and |n| < 2.5 are
accepted. Track jets with pr < 7 GeV are not used since they are dominated by light jets and
rejection of these jets by b-tagging algorithm is low [I21]. As a reference point, calorimeter jets
reconstructed using anti-k; algorithm with R = 0.4 are also reconstructed, followed by pr > 20 GeV,
In| < 2.5 and pile-up suppression.

The probability of reconstructing b-hadron by various collections of jets can be found in Fig-
ure [5.11} Reconstruction efficiency can reach more than 95% as pr of b-hadron is above 40 GeV,
below which is a sharp turn-on curve. Several reasons contribute to the efficiency drop at low pr.
For one thing, the pt threshold would naturally lead to inefficiency below it. Furthermore, since
track jets can only measure charged fraction of b-hadron decay products and the fluctuation of such
fraction is very big in general, the turn-on curve is wider than a simple step function. For another,
decay products from low-pr b-hadron are no longer well collimated in flight direction but instead
experience a spread-out on 77— ¢ plane, leading to a low reconstruction efficiency, especially for small
radius track jets. While the first reason can be easily addressed through a lower pt threshold, the
second one implies that a higher pt threshold might be better for small radius track jets so that one
can be more focused on well reconstructed objects instead of fragments of decay products, which

tends to be identified as light jets regardless of the truth origin.
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Figure 5.11: Probability of a b-hadron being associated to calorimeter jets and track jets of various
radius.

As mentioned above, one feature of track jets is the better angular alignment between jet axis and
b-hadron flight direction, as shown in Figure By comparing between calorimeter jets and track
jets of same radius parameter, improvement in track jets can be observed across full pt range, with
effect more evident for boosted b-hadrons. The improvement mainly comes from usage of tracks,
which can provide a better spacial resolution on particle direction than calorimeter system. As cone
size of track jets further shrinks, angular resolution improves naturally. This is particular important
for high pr b-hadron case, where smaller radius track jets have the same reconstruction efficiency

as larger radius track jets.
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Figure 5.12: (Left) Distribution of angular separation between jet axis and b-hadron flight direction
for various jet collections. (Right) Dependency of mean of angular separation on b-hadron pr
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5.5.4 Track Jet based b-Tagging

After track jets are reconstructed and selected, b-tagging algorithms can be applied on them using
tracks found in a cone of pp-dependent size around track jet axis with. Track selection for b-tagging
is independent of the one for track jet reconstruction since they are optimized for each b-tagging
algorithm.

An inclusive b-tagging performance of track jets (as well as calorimeter jet as reference) can be
found in the left plot of Figure While track jets with radius of 0.3 and 0.4 have similar tagging
performance as calorimeter jets, track jets with radius of 0.2 are significantly worse than others. By
comparing the pr dependency of tagging efficiency, as shown in Figure track jets with radius
0.2 and 0.3 are very similar to each other, except for light-jet efficiency at pr < 20 GeV where track
jet with radius 0.2 is much worse. This is mainly due to the bad reconstruction of b-hadron at such
low pr, where it is hard to capture all decay particles with a radius of only 0.2. As a result, more
than one track jets of radius 0.2 can be formed for one b-hadron, each of which takes a fraction of
tracks. While the track jet closest to b-hadron would be labeled as b-jet, others around it will be
mislabeled as light-jet. These fake light-jets could still get a high flavor tagging weight due to the
presence of displaced tracks around them from b-hadron, hence leading to larger acceptance rate as
observed. Therefore, it is decided to increase pr threshold of track jets with radius 0.2 to 10 GeV
from 7 GeV in Run 2. The overall b-tagging performance for anti-k; R = 0.2 track jets is largely
improved as shown on right plot of Figure [5.13
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Figure 5.13: (Left) b-jet identification efficiency as function of light-jet rejection for various jet
collection in inclusive pr range with track jet pr threshold of 7 GeV (left) and 10 GeV(right)

In practice, track jets are seldom used alone for object reconstruction, since it is only able to
measure the charged fraction of a jet. Instead, it is usually used along with the calorimeter jets:
calorimeter jets are in charge of jet reconstruction (four momentum etc.) while track jets are in charge
of providing b-tagging information. Therefore, one needs to first match track jets to calorimeter jets

as first step for b-tagging. As shown in Figure|5.15 The matching efficiency reaches > 95% when
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Figure 5.14: b-tagging efficiencies for b, ¢ and light components as function of jet pr for anti-k;
track jet with radius parameter 0.2 (left) and 0.3 (right). Efficiencies are evaluated at a working
point such that overall b-jet identification efficiency is 70%.

pr > 40GeV. Inefficiency mainly comes from the charge fraction fluctuation and pr threshold on
track jets as shown on Figure Furthermore, as track jet radius shrinks, pr allocated on each
track jet would be naturally smaller due to less constituent, leading to a worse matching efficiency

compared with others of larger radius with same pr threshold.
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Figure 5.15: Probability of at least one track jets matched to calorimeter jet as function of pr for
various track jet collections. The matching is done through ghost association technique.

While matching inefficiency would hurt the b-jet identification, it is actually beneficial for light-jet
rejection since un-matched track jets are predominantly low pr light-jets. The overall performance
can therefore be better if an appropriately tight pp threshold is used to reject those low pr back-

grounds without much hurt on efficiency, as shown in Figure [5.17, where the pp threshold is chosen
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to be 10 GeV. For all track jet collections, a light-jet rejection higher than calorimeter jets is
achieved with a working point chosen such that b-jet efficiency is overall 70%. Such improvement
is a combined effect of track selection, pr threshold as well as many other detailed factors [125].
Furthermore, it can be noticed that there is no single choice of radius that can reach optimal per-
formance across whole pt range: R = 0.3 is clearly preferred when pt < 100GeV, while R = 0.2 has
higher rejection power when pr > 150GeV. Such observation is consistent with the intuition that

jets are more and more collimated in the boosted region.
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Figure 5.17: b-tagging efficiencies for b, ¢ and light components as function of matched calorimeter
jet pr for anti-k; track jet with radius parameter 0.2 (left), 0.3 (right) and 0.4 (bottom). Matching
efficiency between track jets and calorimeter jets are included. Efficiencies are evaluated at a working
point such that overall b-jet identification efficiency is 70%.



Chapter 6

Boosted Bosons Identification

In the Standard Model, hadronic decay mode has the largest branching ratio for vector bosons
and Higgs boson: W — qq is 67.4%, Z — qq is 69.9% and H — bb is 57.7%. Nevertheless, these
hadronic decay mode were often seen as insensitive since they can be easily buried in the predominant
multijet backgrounds. However, this situation could change when it comes to the boosted regime,
where cross-section for W/Z/H production typically falls less rapidly than multijet background as pr
goes up. Fortunately, this is exactly the case in LHC era with unprecedented high collision energy.

In this chapter, we will present the techniques used for boosted hadronically decaying boson
identification, which is the key part of both searches in this thesis. Traditionally, vector bosons and
Higgs boson were reconstructed by first reconstructing each individual decay product out of bosons
first. However, as pt of the heavy bosons gets so large that decay products get highly collimated,
new reconstruction technique is needed. As a result, the so-called boosted physics [3} 4, [5, 6] gains
more and more attention over past ten years where people begin to study how to reconstruct and
identify the boosted bosons in such high pr case in terms of both phenomenology and experiment. In
particular, it is further realized that these techniques enables powerful discrimination of all hadronic
decay mode of W/Z/H against q/g-initiated jets, which is predominant in QCD backgrounds. This
has a remarkable consequence that it can significantly enhance the sensitivity of searches in boosted
phase space, as we will see in Chapter [7] and

This chapter is organized as following. A brief introduction to the boosted topology and jet
reconstruction for boosted bosons can be found in Section Boosted W /Z tagging is then discussed
in Section Then a detailed discussion on boosted H — bb identification, which provides a key

signature to the searches in this thesis, can be found in Section [6.3

91
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6.1 Introduction

6.1.1 Jet Grooming

For massive particles produced with high pr, angular separation of decay products is approximately
AR ~ 2M /pr, where M and pr are the mass and transverse momentum of boosted massive parent
particle, as shown in Figure [6.1] As a result, large radius is typically used for boosted boson
reconstruction so that all decay products can be contained inside one single jet. For example, for

H — bb jets, a jet radius of 1.0 is needed for Higgs of pr > 250 GeV.
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Figure 6.1: The angular distance between light quark and anti-quark decayed from W boson. Dis-
tributions are at the generator level, without including effects due to initial and final-state radiation
or the underlying event. [I31]

However, simply a jet reconstruction as described in Section but with larger radius is not
enough. When jet radius gets much larger, reconstructed jet also get sensitive to various soft
components accompanying the jet production in LHC. This includes contributions from pile-up
acitivity, underlying events and soft component of the radiations. Therefore, an additional step
called jet grooming is applied to remove these soft parts so that a real hard substructure within jets
from massive particle decays can be revealled. There are three major categories of jet grooming

algorithms as described below [132]:

e Trimming [I33]: The trimming algorithm takes advantage of the fact that contamination from
pil-up, multiple parton interactions (MPI) and initial state radiation (ISR) in reconstructed

jet is usually much softer than the partons from hard-scattering or final state radiation (FSR)



CHAPTER 6. BOOSTED BOSONS IDENTIFICATION 93

process. large-R jets are first built with C/A or anti-k; algorithm. Then small subjets are
built by reconstructing constituents of un-groomed large-R jet with k; algorithm with a smaller
radius parameter R = Rg,,. Then subjets are removed if they carry less than a fraction f..;

of the original un-groomed large-R jet pr.

e Pruning [134]: The pruning algorithm is similar to trimming in that it also removes con-
stituents with small relative pr, but additionally utilizes a wide-angle radiation veto. large-R
jets are first built with C/A or anti-k; algorithm. Constituents of un-groomed large-R jet is
then re-clustered with C/A algorithm with two parameters: R.,; and Z.,;. In each pairwise
clustering step, secondary constituent is discarded if it is wide-angled or soft: Definition of
being wide-angled is that ARy3 > Ryt X 2M /pr; Definition of being soft is that fo < Zeut

where f5 is the pr fraction of softer constituent with respect to pr of the pair.

e Split-filtering [I35]: This was also historically called BDRS algorithm which is named after
the authors proposing this method. It seeks to isolate concentrations of energy within a jet
by identifying relatively symmetric subjets, each with a significantly smaller mass than that
of their sum (i.e. mass-drop). large-R jets are first built with C/A algorithm. This algorithm
has two stages, the splitting and filtering as name suggests. Splitting stage is trying to find
the hard two-prong splitting substructure from massive parent particle. In this stage, C/A
jets are de-clustered by reversing the C/A clustering procedure which can be thought of as
splitting jet into two pieces. In each step of de-clustering, if the requirements on mass-drop
p12 < fmax and momentum balance /Y12 > \/Umin are met then such splitting is accepted as
the desired hard splitting so that one can proceed to filtering step. Otherwise, de-clustering

procedure continues with the highest mass piece. The momentum balance is defined as:

min ,
S = %ARU (6.1)

and mass-drop is defined as

H12 = 7111&}((;”112’ mQ) (6-2)
where mqq is the invariant mass of two pieces. The filtering stage aims at removing soft
radiations that is irrelevant to the hard splitting process. In filtering stage, constituents of
surviving jet are reclsutered with subjet size of Ry, = min(0.3, AR;2) where AR;5 is taken
from splitting stage. Only three hardest subjets would be kept while all other subjets would

be discarded.

Studies show that all these jet grooming algorithms are very effective in removing irrelevant soft
components inside the large-R jet. Jets after grooming is able to better represent the hard splitting

processing from heavy particle decays. As illustrated in Figure [6.2] jet after grooming is able to



CHAPTER 6. BOOSTED BOSONS IDENTIFICATION 94

reconstruct Z boson mass without bias and better resolution, and thus provide better discrimination

against the multijet background.
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Figure 6.2: Leading pr jet mass for simulated Herwig+Jimmy Z — qq signal events (red) compared
to Powheg+Pythia dijet background event (black) for jets in the range of 600 < pr < 800 GeV.
The dotted lines show the ungroomed jet distribution wheres the solid lines shows the trimmed
jet distribution with parameter f.,; = 0.05 and R, = 0.3. All distributions are normalized to
unity. [131]

Due to similar performances, people can use different algorithms / parameters during large-
R jet reconstruction and grooming, as long as the one being adopted is optimized for their own
purpose. In ATLAS, large-R jet radius is chosen to be R = 1.0 and trimming algorithm is used with
Ryup = 0.2 and f.ys = 5% in Run 2. Such configuration is found to be optimal among a wide range
of configuration scans for W-jet in terms of providing best multijet background rejection and least

sensitive to pile-up effect [132].

6.1.2 Jet Substructure Variables

Jet substructure variables are a set of jet properties for uncovering hard substructure within jets.
There are too many different jet substructure variables that it is impractical to enumerate all of

them. However, these jet substructure techniques can be roughly categorized as following [132]

e Jet Shapes: This uses the relative position and momentum of jet constituents with respect

to each other without defining subjets. This includes a broad list of variables, most of which



CHAPTER 6. BOOSTED BOSONS IDENTIFICATION 95

are actually used in ths boosted boson taggers in the work of this thesis: jet mass, energy
correlation ratios C’éﬁ) [136] and Déﬁ) [137, [138], planar flow [I39] etc.

e Splitting Scales: This uses the clustering history of jet to define substructures. This includes,

for instances, v/d;2 [140], momentum balance and mass-drop as defined above.

e Subjettiness [141] [142]: This forces the constituents into substructure templates to see if
they fit with the hypothesis of n-subjets. Examples are 2-subjettiness 75, 73°%®, corresponding

ratios To1, T45¢%, their counterpart for 3-subjettiness, and dipolarity [143].

e Centre-of-mass Jet Shapes: This transforms constituents and then use them with respect
to the jet axis. Examples are thrust, sphericity and aplanarity, which have been used in

previous ATLAS measurement [144].

e Quantum-jet Variables: This is mainly the “Q-jets”, which uses a non-deterministic ap-

proach to jet reconstruction [145], [T46].

In particular, the Dgﬂ ) variable which would be ultimately used in the analysis, is defined as

below [132]. The 1-point, 2-point and 3-point energy correlation functions for a jet J are given by:

Ecro(B) =1

Ecr(B) = ZPT,;
ieJ

Ecr2(B) = Y pr.pr,(AR;;)” (6.3)
i<jeJ

ECF3(ﬁ) = Z Pr,P1; PT, (ARijARikARjk)’B
i<j<keJ

where parameter [ is used to give weights on angular separation between jet constituents. Intu-
itively, 1-point correlation function is approximately the jet pr, while 2-poitn correlation function is
roughly the mass of a particle undergoing two-body decay. These can be combined in an appropriate

way:

o0 _ Ecr2(6)
2 Ecri(B)?
(6 _ Ecrs(6)
° Ecri(B)?

(6.4)

These ratios can be used to generate dimensionless variable 02(ﬁ ) or a modified version Dg’B ) that

have been shown in particle-level MC to be particularly useful in identifying two-body structures
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within jets:

B _ _©3
ELE
(8) (6.5)
B €3
DY) =
G

Value of 8 =1 are used in ATLAS W/Z/H tagger as will be described below.

6.2 Boosted W/Z Tagging

With all the tools available as described in Section it becomes fairly straightforward to do the
vector boson (W/Z) tagging, which is basically cutting on jet mass and jet substructure vairables.
Furthermore, extensive studies have been done in ATLAS to understand the performance of each
jet grooming algorithm and each jet substructure variables, as well as the optimized combination
between grooming algorithm and jet substructure variables, as found in [I32], [147]. These studies
show that the optimial combination for ATLAS is jet trimming with Ry, = 0.2 and f.,; = 5% along
with use of Déﬁ =D substructure variable, due to its good performance in terms of both multijet
background rejection and pile-up dependency [147].

Background rejection as function of W-jet efficiency in different pr bins can be found in Fig-
ure For final efficiency of 50% (25%), a rejection of 30 ~ 50 (~ 200) is achievable. Furthermore,
as one may notice the performance is pr dependent, not just in substructure, but in the jet mass as
well due to the pp-dependency of detector resolution. Therefore, A pr-dependent cut on both mass
window and substructure variables are applied ensuring the final tagging efficiency is flat at some
fixed value: “Medium” working point is defined for 50% flat efficiency and “Tight” working point
is defined for 256% flat efficiency. For these pre-defined working point, multijet rejection power as

function of pp for both W and Z can be found in Figure [6.4]

6.3 Boosted H — bb Identification

For H — bb jet, conclusion in terms of jet grooming and substructure variables from W /Z-tagging
studies can be applied directly. However, the unique signature from double close-by b-hadrons inside
large-R jet provides an additional extremely powerful handle to this phenomena. In particular, the
track jet b-tagging techniques as introduced in Section plays a central role in the H — bb
identification. The idea of using small radius track jet b-tagging was first discussed during Run
1 [121] and is further developed and optimized at Run 2 [123] 124]. Due to its excellent rejection

against the multijet backgrounds, this H — bb tagger has not only been used in the two searches as
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presented in this thesis, but also in various boost physics searches such as mono-Higgs search [148)]
and leptonic VH searches [149]. This section adapts from [I23] but with more focus on the tagging
strategy and its performance in MC. There is also a follow-up studies in ATLAS [124] which is
following exactly same strategy as [123] but using latest performance recommendations. Studies

validating H — bb identification techniques using data enriched of g — bb can also be found in [124].

6.3.1 Higgs Candidate Jet

The first step in identifying boosted Higgs boson is the large-R jet reconstruction. Following W /Z-
tagging, Higgs candidate jet is reconstructed using anti-k; algorithm with R = 1.0 with topological
clusters calibrated using local cluster weight (LCW) method as inputs. Jets are further trimmed
using k; subjets with Rg,, = 0.2 and f.,; = 0.05. After the jet grooming procedure, jet energy
and mass are calibrated using particle-level correction factors derived from simulation [147]. Only
jets with pr > 250 GeV, |n| < 2.0 and mass (after calibration) above 50 GeV are considered. The
distribution of large-R jet pr can be found in the left plot of Figure [6.5] As expected, the pr
distribution for jets in higher mass RSG samples tend to be harder than the background samples,

suggesting a better S/B in the boosted phase space as mentioned earlier.
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Figure 6.5: Distribution of pr (left) and number of associated R = 0.2 track jets (right) of large-R
jet passing basic kinematic cuts in multijet, hadronic top and RSG Higgs-jet signal samples for three
resonance masses of 500, 1000 and 1500 GeV. [123]

6.3.2 Small Radius Track Jet b-Tagging

The next thing would be b-tagging. Different from the usual case as discussed in Section [5.4] we are
having two close-by b-hadrons inside a single large-R jet. Therefore, a direct application of b-tagging
as described in Section is not feasible here, mainly because most (2 out of 3) underlying displaced

vertex pattern recognition algorithms in b-tagging make an explicit assumption that there is only
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one b-hadron inside each jet; Furthermore, most of these algorithms assume the flight direction of
b-hadron can be well estimated by jet axis. Apparently, in boosted H — bb case, both assumptions
break. Instead, one should try to reconstruct each b-hadron first and then apply b-tagging on each
of them.

This motivates the use of small radius track jet b-tagging as introduced in Section[5.5] As shown
in Figure in the RSG of mass 1500 GeV samples, only about 40% of the events have two b-
labeled R = 0.4 track jets associated to the leading large-R jet, indicating that both b-hadrons are
contained inside one R = 0.4 jet for a majority of the events. Decreasing the track jet distance
parameter from R = 0.4 to R = 0.3 drastically increases the number of resolvable truth b-labeled
jets to around 80%. Similarly, in the RSG of mass 2000 GeV samples, the effects of merging can be
seen in both the R = 0.4 and R = 0.3 jets, while the R = 0.2 track jets are still able to resolve two
truth b-labeled jets for around 80% of events. Figure and studies in Section [5.5] also suggests
the advantage of using small radius track jets over calorimeter subjets of same radius. Therefore,
R = 0.2 track jet is adopted in Run 2 to resolve close-by b-hadron inside large-R jetﬂ The number of
R = 0.2 track jets ghost associated to large-R jet in multijet, hadronic top and RSG signal samples
can be found in the right plot of Figure In signal (and hadronic top), at least 2 track jets are
found in most cases due to the heavy particle decay; In the multijet background, on the other hand,
a non-negligible fraction of events has only 1 track jets. This suggests small radius track jets are
also able to probe the substructure properties of heavy particle decay.

R = 0.2 track jets are first built by running anti-k; algorithms on reconstructed tracks passing
certain criteria as discussed in Section Ounly track jets with pr > 10 GeV and |n| < 2.5 are
used, as discussed in Section Track jets are also required to have at least 2 tracks in order
to avoid standalone leptons. The b-tagging for large-R jets are therefore performed by b-tagging
of track jets which would be ghost associated to the large-R jets. Several different ways to impose

b-tagging requirements are examined:

e Double b-tagging: both two leading pr track jets must pass the same b-tagging working

point.
e Single b-tagging: only the leading pr track jet must pass the b-tagging working point.

e Asymmetric (Asymm.) b-tagging: Of the two leading pr track jets, the track jet with
largest b-tagging weight must pass some fixed tight b-tagging working point, while the b-

tagging requirement on sub-leading track jets is varied.

One might notice that only leading and sub-leading track jets are considered in the b-tagging
here. Alternatively, one could also sort track jets by b-tagging weights, which would also provide

good b-tagging performance, depending on kinematics. However, sorting by b-tagging weights means

1At the end of Run 1, R = 0.3 was adopted mainly because the calibration for R = 0.2 track jets was not ready
then
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Figure 6.6: Number of truth b-flavor labeled subjets associated to the leading large-R jet in an
RSG sample with mass of 1000 GeV (top left), 1500 GeV (top right) and 2000 GeV (bottom left).
Efficiency to find two b-tagged track jets / subjets in both large-R jets for RSG mass points are also
shown in the bottom right. [121]
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one needs to check all the associated track jets, and thus taking their b-tagging scale factor (and
uncertainties) into account. On the other hand, only tagging the two leading track jets can simplify
the picture a lot since only those being considered needs to be applied scale factors. Therefore, once
scale factor and its systematics are taken into account, the difference between these two schemes
would be more smeared out.

The Higgs-jet efficiency versus the inclusive multijet rejection can be found in left plot of Fig-
ure where the performance of double b-tagging, single b-tagging, and asymmetric b-tagging is
shown. None of the curves reach a Higgs-jet efficiency of 100% due to the imperfect efficiency to
reconstruct the track jets needed for b-tagging and, in the case of asymmetric b-tagging, due also to

the 70% b-tagging working point requirement on one of the track jets.
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Figure 6.7: (left) The rejection of inclusive multijets versus Higgs-jet efficiency using all large-R jets
with pp > 250 GeV for (single / double / asymmetric) b-tagging requirements. (Right) Multijet
rejection versus Higgs-jet efficiency using all large-R jets with pr > 250 GeV, broken down by
multijet flavor composition, using double b-tagging. The stars correspond to a 70% b-tagging WP.
The bands represent the statistical uncertainties. None of the curves reach a Higgs-jet efficiency
of 100% due to the imperfect efficiency to reconstruct the track jets needed for b-tagging and in
the case of asymmetric b-tagging the 70% b-tagging working point requirement on one of the track

jets. [123]

For high Higgs-jet efficiencies, above ~ 80%, the single b-tagging approach tends to have a better
multijet rejection than the double b-tagging, while for lower Higgs-jet efficiency the double b-tagging
approach provides a significantly higher multijet rejection. Finally, the asymmetric b-tagging option
is seen to capture much of the benefits of double b-tagging in the low Higgs-jet efficiency regime,
while being significantly better than both single and double b-tagging in the high Higgs-jet efficiency
regime. Furthermore, this performance features are similar across various pr bins.

The multijet sample can be broken down by the number of b- and c¢- hadrons within the large-R
jet in order to understand the performance for the different categories. Right plot of Figure[6.7]shows

the multijet rejection versus Higgs-jet efficiency for each flavor composition of light-flavor, single-c,
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single-b, double-b, double-c, and bc large-R jets from multi-jet production when using double b-
tagging. One can see that the rejection of light-flavor large-R jets is largest, followed by single-c,
and single-b large-R jets, due to the fact that two b-tagged track jets are required. The lowest
background rejection is against double-b large-R jets, which is not surprising as the two b-hadrons
within these large-R jets should have high b-tagging efficiencies. The rejection of double-b large-R
jets derives from: (1) difficulties in identifying multiple b-jets in low mass large-R jets with small
angular separation between the b-hadrons, and (2) inefficiencies in b-tagging at low pr in the case
of a large pr asymmetry between well separated b-jets.

Another common background to boosted Higgs boson searches are boosted hadronic top-quark
decays. The inclusive hadronic top jet rejection versus the Higgs-jet efficiency can be found in left plot
of Figure[6.8 where the performance of double b-tagging, single b-tagging and asymmetric b-tagging
is shown. Double and asymmetric b-tagging perform similarly and both provide significantly better
rejection than single b-tagging with no significant loss in Higgs-jet efficiency. Such performance
features of each of the possible b-tagging requirements is similar when examining the Higgs-jet
efficiency versus the hadronic top rejection in different regions of large-R jet pr. The hadronic top
jet rejection versus the Higgs-jet efficiency for double b-tagging with the hadronic top jets broken
down by the number of b- and ¢- hadrons found in the large-R top jet can be seen in right plot of
Figure A large fraction of top jets is rejected by the double-b-tagging requirement, however the
hadronic top jets containing both a b- and c- hadron are rejected at a significantly lower rate than
other flavors of hadronic top jets.

An important thing to remark here is that use of track jet b-tagging for large-R jet is actually
very flexible, and should not be limited to the three variations as discussed here, which are simply
used as benchmarks. In most physics analysis, people usually choose some fixed working point
first (depending on optimization studies for each analysis) and then categorize events based on the
counting of b-tagged track jets, which is exactly what is done in the searches of this thesis as we will
see. Furthermore, one could also take advantage of sensitivity of different working points, and thus
design an event categorization with various b-tagging working point as well, or even asymmetric b-
tagging working point for different track jets. This would in general improve the analysis sensitivity
by non-negligible amount, although a continuous b-tagging calibration is needed since more than
one working points are used at the same time.

Furthermore, there are two potential issues related to R = 0.2 track jets as one starts to explore
extremely boosted Higgs, which we already start to encounter in both searches presented in this
thesis: 1) When pr is high enough, the double close-by b-hadron would even merge inside one R = 0.2
track jets; 2) The b-tagging performance degrades a lot in such boosted environment. There are also
in general two approaches to address this such issue. The first way, which is what would be adopted
in both searches in this thesis, is to increase event b-tag multiplicity categorization. For example,

when two b-hadrons merge into one track jet, one could require only one b-tagged track jets instead
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Figure 6.8: (left) The rejection of inclusive hadronic top jets versus Higgs-jet efficiency using all
large-R jets with pp > 250 GeV, for (single / double / asymmetric) b-tagging requirements. (right)
Hadronic top jet rejection versus Higgs-jet efficiency using all large-R jets with pt > 250 GeV, broken
down by hadronic top jet flavor composition, using double b-tagging. The stars correspond to a 70%
b-tagging WP. The bands represent the statistical uncertainties. No star is seen for the light-flavor
curve as the statistics of the sample were not sufficient to reach this point. Note that none of the
curves reach a Higgs-jet efficiency of 100% due to the imperfect efficiency to reconstruct the track
jets needed for b-tagging and in the case of asymmetric b-tagging the 70% b-tagging working point
requirement on one of the track jets. [123]

of two to make sure acceptance would not drop significantly. While this is easy to implement, its
disadvantage would be also clear since the background could increase significantly as requirement on
b-tag multiplicity is relaxed. Therefore, this method would typically work only in the phase space
where multijet can be suppressed by other factors, such as extremely high pr etc. Another approach
is to develop new algorithms to further resolve these extremely close-by b-hadrons in such high pr.
Various algorithms are being developed inside ATLASEI in this direction. Similar effort in tagging
very close-by b-hadrons, but under the context of g — bb can be found in Appendix

6.3.3 Mass Window

Similar to W/Z-tagging, H — bb large-R jets are first groomed. A mass window compatible with
Higgs mass which is 125 GeV is then applied. However, different mass window can be chosen
depending on the mass resolution, as well as sensitivity requirement in the physics analysis. In this
section, two benchmarks, which are 68% and 90% mass window, are discussed. However, one should
absolutely not be restricted by these benchmarks. As a matter of fact, one could even adopt cuts
beyond a simple mass window cut: For example, in the pp — hh — bbbb search as will be presented
in Chapter [7, a x>-like selection is adopted.

Before choosing the mass window, one can notice that in addition to detector smearing, the mass

2As a matter of fact, they are very close to be published at the time when this thesis is being written
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resolution of Higgs-jets is degraded due to the semi-leptonic decays of the b-hadrons produced in
Higgs boson decays. The semi-leptonic decays lead to the production of neutrinos, which are not
directly measured in ATLAS, electrons, which are measured in the calorimeter and inner detector,
and muons, which are not measured in the calorimeter but are measured in the inner detector and
muon spectrometer. As it is difficult to identify the calorimeter depositions of electrons within jets,
and neutrinos are not measured directly by the detector, only the muon from the semi-leptonic
decays of b-hadrons are considered. The effect of the semi-leptonic decays to muons is corrected
by finding muons within AR < 0.2 of the b-tagged track jets and adding the four vector of these
muons to that of the large-R jet. If more than one muon is found within a track jet, only the muon
closest to the track jet axis is considered. The mass distributions of the large-R jets are shown in
Figure [6.9] before and after the muon correction in two large-R jet pr ranges. A clear improvement
in mass resolution for the Higgs-jets is observed at low Higgs-jet pr, while the improvement is not

as significant at higher Higgs-jet pr.
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Figure 6.9: The calibrated mass distribution for large-R trimmed double b-tagged jets before and
after the muon correction for Higgs-jets is shown in the large-R jet transverse momentum ranges
350 < pr < 500 GeV and 1000 < pr < 1500 GeV. Higgs bosons are simulated with a mass of 125
GeV. All jets, whether they have a close-by muon or not, are used. [123]

The mass distribution after the muon correction for Higgs-jets, multijet production, and hadronic
top jets, is shown in Figure in two large-R jet pr bins. There is not a significant peak at the
W boson mass of 80 GeV in the hadronic top jet mass distributions because of the double b-tagging
requirement. In terms of pr-dependence, the peak of the mass distribution is quite stable within
4% as a function of pr, after jet mass calibration. In addition, the width of the core of the mass
distribution decreases with pr, but high mass tails are observed at high pt > 1000 GeV.

Based on jet mass distribution, benchmark mass windows can be determined. The exact value
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of mass windows can be found in Figure
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Figure 6.10: Mass distribution, after the muon correction, in the large-R jet transverse momentum
ranges 350 < pp < 500 GeV (left) and 1000 < pr < 1500 GeV (right) for Higgs-jets and multijet
and hadronic top backgrounds. Higgs bosons are simulated with a mass of 125 GeV. [123]

6.3.4 Jet Substructure Variables for H — bb

In addition to the heavy flavor content of the large-R jet, and the jet mass, the internal structure
of the jet can be used to discriminate Higgs-jets from multijet production and hadronic top decays.
There are a large number of substructure variables that capture features of a jets internal struc-
ture. A subset of variables defined in Section is used here: D= =Y and r3te. Their
distribution for Higgs-jets, multijet production, and hadronic top jets can be seen in Figure In
the distributions for all three variables, there are larger difference between the Higgs-jets and the
multijet distributions than between the Higgs-jets and the hadronic top jet distributions. This is not
only observed inclusively in large-R jet pr, but also when examining these distributions in different
ranges of large-R jet pr.

Several substructure variables are compared in Figures and in terms of their rejection
power against multijet production and hadronic top jets, respectively, in two different ranges of
large-R jet pr. The curve labeled “Double b-tagging” shows the performance of varying only the
double b-tagging requirement after the 68% mass window requirement. The stars in the figures
indicate the performance after a 68% mass window requirement and a fixed b-tagging requirement
of 70% or 85%. The curves for the different substructure variables are produced by varying only
the substructure requirements after the mass and fixed b-tagging requirements are applied. The
addition of substructure variable requirements to the tagger improves rejection power against mul-
tijet production, especially in the lower Higgs-jet efficiency region below 30%. At higher Higgs-jet
efficiencies, which can be achieved when using looser b-tagging working points such as the 85% WP,

the gains from adding substructure variables to the tagger are not as large. It can also be seen that
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the performance gains from the different substructure variables are quite similar.
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Figure 6.12: The Higgs-jet efficiency versus multijet background rejection power, in large-R jet
transverse momentum ranges of 350 < pr < 500 GeV (left) and 1000 < pp < 1500 GeV (right),
for selected tagging variables (combined with the calibrated groomed 68% mass window and double
b-tagging using 70% in (top) and 85% WP in (bottom)). The high end point of the Higgs-jet
efficiency curves are a result of the 68% mass window requirement. The stars correspond to the
nominal 70% (top) and the 85% (bottom) b-tagging working points. The bands represent the
statistical uncertainties. [123]

A better hadronic top jet rejection for a fixed Higgs-jet efficiency can be achieved by requiring
more stringent b-tagging requirements than can be achieved by adding substructure requirements
in addition to a fixed b-tagging requirement. While only two pr ranges are shown in Figure [6.13]
this behavior was observed in all pp ranges considered in this analysis and also when combining
substructure discrimination with several different b-tagging working points.

The performance of single b-tagging combined with substructure information is not shown be-
cause the background rejection was observed to be significantly lower than that of the double b-

tagging combined with substructure. However, at high track jet pr >~ 300 GeV, the uncertainties
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Figure 6.13: The Higgs-jet efficiency versus hadronic top rejection power, in large-R jet transverse
momentum ranges of 350 < pr < 500 GeV (left) and 1000 < pp < 1500 GeV (right), for selected
tagging variables (combined with the calibrated groomed 68% mass window and double b-tagging
using 70% in (top) and 85% WP in (bottom)). The high end point of the Higgs-jet efficiency curves
are a result of the 68% mass window requirement. The stars correspond to the nominal 70% (top) and
the 85% (bottom) b-tagging working points. The bands represent the statistical uncertainties. [123]



CHAPTER 6. BOOSTED BOSONS IDENTIFICATION 109

on the calibration of the b-tagging efficiency can be large, and thus the usage of only single b-
tagging may reduce uncertainties on a Higgs-jet tagger at high pp, making this an interesting option
for certain analyses.

Since all substructure variables examined show similar performance, Déﬂ =1 is chosen to be
aligned with the W/Z-tagging. It should also be noticed that, the usage of substructure is optional,
for two reasons: 1) Use of small radius track jet can already reveal some substructure difference
between signal and background as shown in Figure 2) Use of substructure may harm the sen-
sitivity since it would lower down signal efficiency while rejection is already very high by b-tagging
and mass cut alone. Therefore, it is always recommended for each analysis to check if substructure
is necessary case-by-case. So far, all boost analysis in ATLAS does not use substructure information
since it is found to harm sensitivity in the very high resonance mass end. Nevertheless, a catego-
rization on substructure variables into “high-purity” and “low-purity” regions, which is a common

approach adopted by CMS, is worth investigation for future studies.

6.3.5 Benchmark Tagging Performance

In order to have a Higgs-jet tagging efficiency that does not vary with pr, as many analyses find
helpful, the double b-tagging and mass window requirement can be combined with pr-dependent

) in order to maintain a flat efficiency at, in this case, 25%. The

selections on the variable Dgﬁ =t
pr-dependent requirement is smoothed using a polynomial fit in order to reduce bin-edge effect. A
25% efficiency can only be achieved up to pt ~ 800 GeV, while above pr ~ 800 GeV it is not possible
to reach 25% efficiency because the b-tagging efficiency is strongly dependent on pr. Therefore, the
requirement on D§5:1) is not applied for jets with pr > 800 GeV for a 70% b-tagging WP and 68%
mass window.

Figure shows the three benchmark working mode that a H — bb tagger can choose. Again, it
should be emphasized that the H — bb tagging itself is very flexible at all stages from b-tagging, mass
cut and use of substructure, which is exactly what we do in practice in physics analysis. Performance

shown here are only for certain representative benchmarks.

| Selection | double b-tagging | jet Mass I |
Loose 70% WP 90% window, m € |76, 146] GeV -
Medium 70% WP 68% window, m € [93,134] GeV -
Tight 70% WP 68% window, m € [93,134] GeV | pr-dependent cut

Figure 6.14: Criteria used for the different Higgs-jet tagging selections. [123]

Figure shows the Higgs-jet efficiency and background rejection for multijet and hadronic top
events as a function of pr at various stages after applying the 70% b-tagging WP. After b-tagging,
mass window and Déﬂ =1 cut, the Higgs-jet efficiency drops to below the target 25% efficiency above
pr = 800 GeV. This could be compensated by using a looser b-tagging WP in order to obtain a
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fixed Higgs-jet efficiency up to higher jet pr. The lower Higgs-jet efficiency observed at low pr, after
requiring two b-tagged track jets, is related with the pr distribution of track jets within the large-R
jet and the lower b-tagging efficiency for low pr track jets.
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Figure 6.15: Higgs-jet efficiency versus large-R jet pr (top) and multijet (bottom left) and hadronic
top (bottom right) background rejection for different benchmark Higgs-jet taggers. The plots cor-
respond to a nominal b-tagging working point of 70%. [123]



Chapter 7

Search of Pair Production of Higgs
Bosons in bbbb Final States

7.1 Introduction

The discovery of a Higgs boson (k) [Il 2] at the Large Hadron Collider (LHC) consistent with the
predictions of the Standard Model (SM) [I50} [I51] motivates an enhanced effort to search for new
physics via the Higgs sector. Many new physics models predict rates of Higgs boson pair production
significantly higher than the SM rate [152] [153], [154]. For example, TeV-scale resonances such as the
first Kaluza-Klein (KK) excitation of the graviton, Gy, predicted in the bulk Randall-Sundrum
(RS) model [29] [I55] or the heavy neutral scalar, H, of two-Higgs-doublet models (2HDM) [156]
can decay into pairs of Higgs bosons, hh. Enhanced non-resonant pp — hh production can arise in
models such as those with new, light, coloured scalars [I57], or direct tthh vertexes [158] [159)].

This analysis is based on the Run 1 ATLAS search in the bbbb final state [122], which set limits
on both resonant and non-resonant Higgs boson pair production. For resonant KK Gravitons, the
Run 1 analysis excluded resonance masses between 500 GeV up to 720 - 990 GeV, depending on the
model parameters, and set cross section limits of ~ 5 — 10 fb depending on resonance mass. For
non-resonant production, the analysis set a cross section upper limit of 0.62 pb [I60]. ATLAS has
carried out searches using other final states — bbyvy, bbrt7~ and WTW ~+v — which were combined
with the bbbb results in [160].

Our results from Run 1, along with phenomenlogical studies, demonstrate that despite the fully
hadronic final state being subject to a large multijet background, searches for new physics in the pp —
hh — bbbb process have good sensitivity for both resonant [I61} [162] and non-resonant signals [163)
164]. As a matter of fact, pp — hh — bbbb channel has the highest sensitivity across all final states in

Higgs pair production for both resonance and non-resonance case [I60]. One contributing factor to

111
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this sensitivity is the high expected branching ratio for h — bb. Furthermore, the analysis presented
here is designed to search for two high-momentum bb systems with masses consistent with my,.
Compared to a more inclusive bbbb final-state analysis, this topology has many benefits due to the
large required momentum and angular separation between the two bb systems: Excellent rejection
of all backgrounds; Highly efficient triggering using b-tagged multijet and high-pr large radius jet
triggers; Negligible combinatorial ambiguity in forming Higgs boson candidates.

The boosted Higgs boson identification technique as presented in Chapter [6]is therefore adopted,
with optimization suited for this analysis, in order to maintain good acceptance for resonances
of mass above 1 TeV, as well as high rejection of backgrounds. The Higgs boson candidate is
reconstructed as a single, trimmed anti-k; R = 1.0 jet which with two associated b-tagged anti-k;
R = 0.2 track-jets [121] [123]. The use of jet grooming algorithm helps to mitigate the effects of
pileup and improve the jet mass and energy resolution, whilst fully capturing the Higgs boson decay
products. The use of track jets with a smaller R parameter allows for the identification of close-by
b-jet and thus allows the Higgs bosons with higher pr to be reconstructed.

For this analysis, the dominant background is multijet process, which is hard to model in MC
simulation in particular with high heavy flavor multiplicity. Therefore, a data-driven background
estimation technique is developed to estimate both the normalization and shape of multijet back-
ground. This method relies on (a) reducing the number of required b-tagged track jets and (b) using
alternative selection of the leading and sub-leading Higgs candidate masses which are orthogonal to
the signal region. Systematic uncertainty estimation for this procedure is also developed through
dedicated control / validation regions.

This chapter presents the searches for pair production of Higgs bosons in the bbbb final states
using proton-proton collisions at /s = 13 TeV with ATLAS detector in Run 2. Following the
searches done in Run 1 with 19.5 fb~! data at /s = 8 TeV [122], the analysis in Run 2 has been
progressively done in two stages: First a search fully taking advantage of higher signal cross section
brought by increased collision energy at LHC is published with 3.2 fb~! data collected in 2015 [165];
Then a second-stage analysis is done using more abundant data collected in 2015 and part of 2016
of in total 13.3 fb~! with various key optimizations for boosted regions [166]. Since the first stage
of analysis defines the basic strategy in terms of both event selection, background estimation and
systematic uncertainties, it would be described with great details in this chapter. However, due to
the significant improvement in search sensitivity, second stage of analysis would be summarized in
Section [7.7] with focus on the improvements and latest results.

Inside ATLAS, the search of pair production of Higgs boson in bbbb consists of two parts: the
resolved part focusing on resonance of masses less than 1 TeV and non-resonance hh production, and
the boosted part focusing on heavy resonance of masses larger than 1 TeV. Only the boosted part
would be presented here, as the resolved part is a fairly different analysis due to its non-boost nature

(although two analysis are usually reported together). Readers with interest in resolved analysis can
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find more information in [122] 165, 166].

This chapter is organized as following: Sample used are summarized in Section [7.2} Objects
and event selections are defined in Section Strategies for background estimation can be found
in Section Details of systematic uncertainties are in Section Unblinded results along with
statistical analysis are in Section The optimization and improvement of this search, as well as

latest results, in second stage are summarized in Section [7.7]

7.2 Data and Simulation Samples

7.2.1 Data

The studies presented here are based on the 2015 dataset at /s = 13 TeV recorded by the ATLAS
experiment. After requiring that the data be collected during stable beam conditions and the
relevant detector systems be functional, the total integrated luminosity is estimated to be 3.2 fb~1.

Jet triggers are used to select the data (details below).

7.2.2 Simulated Signal and Background Samples

All MC samples used in this analysis are produced with full simulation, with additional pile-up
interactions in each simulated event modeled by adding multiple soft pp collisions generated by
PyTHIA 8 [I67] with the MSTW2008 LO PDF and AU2 tune [168]. Charm-hadron and bottom-
hadron decays are handled by EvTGEN 1.2.0 [169] for all MC samples described below. After event
generation and the addition of pile-up, the response of the ATLAS detector to particles passing
through the detector elements is simulated with the GEANT4 toolkit [I70, I71] and events are

reconstructed using the same software used to reconstruct events in data.

Signal MC production

Two benchmark resonant signal models are considered: a spin-2 graviton within a Bulk Randall-
Sundrum Kaluza-Klein model (RSG for short below) and a spin-0 heavy neutral Higgs boson within
a 2HDM model (2HDM for short below).

Signal Gy events are generated at leading order (LO) with MG5_AMC@NLO v2.2.2 [I72]
using the NNPDF2.3 LO parton distribution function (PDF) set [173], and PyTHIA 8.186 [167] to
model the parton shower and hadronization process using the Al4 set of tuned underlying-event
parameters [I74]. The Higgs-boson mass is set to 125.0 GeV. Values of the signal cross section times
branching ratio for Gj— hh — bbbb with the coupling constant k/Mp; = 1 are 11.2 fb and 0.185 fb
for G% masses of 1 TeV and 2 TeV, respectively. The parameter k corresponds to the curvature of

the warped extra dimension and the effective four-dimensional Planck scale Mp; = 2.4 x 10'8 GeV.
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Signal samples are also generated with k/Mp, = 2 to study broader resonances. Both the cross
section and natural width depend on (k/Mp))2.

Generation of the heavy H scalar in a simplified model with a fixed narrow width I'y = 1 GeV is
performed with MG5_AMC@NLO and the CT10 PDF set [175]. With this 'y choice, the width of
the reconstructed hh resonance is dominated by the experimental resolution. For this model, parton
showering and hadronization are handled by HERwW1G++ [I76] with the CTEQ6L1 PDF set [177]
and the UEEE5 underlying-event tune [I78]. The scalar interpretation for this search only makes
use of the acceptance times efficiency from this model and no interpretation in terms of 2HDM

parameters is presented.

Background MC Samples

While multijet process will be estimated from data, a PyTHIA [167] dijet sample is used to assess the
initial process creating multijet events after final selection. Not enough events pass the full events
selection.

The second largest background, but with a much smaller contribution, arises from tt. The tt
background is modeled using large all-hadronic and non-all-hadronic decay mode samples. In order
to populate events of large mass of tf system, additional events are generated in slices of my;.
Generation of tt events is performed with POWHEG-BOX v1 using the CT10 PDF set. The parton
shower, hadronization, and the underlying event are simulated using PYTHIA 6.428 [I79] with the
CTEQ6L1 PDF set and the corresponding Perugia 2012 tune [I80]. The top-quark mass is set
to 172.5 GeV. Higher-order corrections to ¢t cross sections are computed with Top++ 2.0 [I81].
These incorporate NNLO corrections in QCD, including resummation of next-to-next-to-leading
logarithmic soft gluon terms. The overall ¢ normalization is extracted from the data while the
shape of kinematic distributions is taken from MC simulation.

7 + jets only contributes around at most 1% of the total background in this analysis. The Z + jets
sample is generated using PYTHIA 8.186 with the NNPDF2.3 LO PDF set.

7.3 Selections

7.3.1 Event Reconstruction

Event reconstruction of the whole analysis relies on reconstruction of jets using anti-k; algorithm of
radius R = 1.0 with locally calibrated clusters as inputs, as described in Section [5.3] and Chapter [6]
These jets are then trimmed to remove energy deposition from pile-up and the underlying event, by
reclustering the R = 1.0 jet with the k; algorithm into smaller R = 0.2 subjets and removing those
subjets with pfrubjet / pffet < 0.05, where pfrubjet is the transverse momentum of the subjet and p%ft
that of the original jet. The resulting trimmed R = 1.0 jet is then calibrated to correct the four

momentum for detector response.
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Jets containing b-hadrons are identified using the track jet b-tagging as described in Section[5.4]
and Chapter [f] Track jets are chosen to originate from the primary vertex, and calibrated down
to a smaller distance parameter and lower pr than calorimeter jets without suffering from a large
fake rate due to pileup interactions in the event or resolution effects (as in the calorimeter based
jets). The b-tagging algorithm is applied to tracks with loose impact parameter (IP) constraints
in a region of interest around each track jet axis, enabling the secondary vertex from the b-hadron
decay to be reconstructed. The 77% b-tagging working point is used. These track-jets are then
matched to the R = 1.0 jet used to reconstruct the Higgs boson candidates by the ghost association
algorithm. In this method, large-R jet algorithm is rerun with both four momentum of track jets
modified to have infinitesimally small momentum (“ghosts”) and all topological energy clusters in
the event as potential constituents of jets. Due to IRC safety of jet clustering algorithm, presence of
“ghost” track jets would not affect clustering results as if they were not there, while the association
is determined unambiguously from clustering procedure.

Muons are reconstructed by combining measurements from the inner tracking and muon spec-
trometer systems, and are required to satisfy tight muon identification quality criteria. In this
analysis, muons are only used to correct the jet four momentum for the energy lost in semi-leptonic
b-decay. If a muon with pr > 4GeV and |n| < 2.5 can be AR-matched to a b-tagged jet, then the
four momentum of the muon is added to that of the jet. The AR match requirements correspond
to the track jet radius parameter, i.e. AR < 0.2. The jet four momentum is further corrected for
the expected energy deposited by the muon in the calorimeter. It should be noted that these muons
are only used for corrected the jet energy after b-tagged has been performed, and are not used for

b-hadron identification.

7.3.2 Trigger

Events in data and simulation are required to pass the lowest unprescaled large-R jet trigger,
HLT_j360_a10r, which is seeded by the lowest unprescaled L1 jet trigger, L1_J100. This is dif-
ferent from the Run 1 boosted analysis, which used an OR of five triggers to get high signal efficiency,
because large-R jet trigger now provides excellent signal efficiency across the range of signal masses

considered. Further advantage comes from the fact that it does not rely on online b-tagging.

HLT trigger L1 seed
HLT_j360_al0r L1_J100

HLT_ht850 L1.J100
HLT_j225_bloose L1.J100
HLT 4385 L1.3J40
HLT_3j175 L1.J100

Table 7.1: HLT triggers, and their L1 seeds, considered for use in the boosted regime.
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The triggers considered are listed in Table The efficiencies of various L1 items is shown in
Figure for the inclusive signal samples, and the L1_J100 provides good efficiency across the entire
mass range. The efficiencies of the HLT items considered is shown in Figure and Figure both
for the inclusive signal samples and for the signal samples after passing the signal region requirements
inherited from the Run 1 analysis. The HLT_j360_al10r provides good efficiency across the entire
mass range, especially after selecting the signal region at high mass. Also seen in Figure [7.3] the
efficiencies of triggers requiring multiple jets drop at high pr because the decays of each Higgs are
merged into one jet, thus making it difficult to identify and trigger on multiple jets. The large-R jet
trigger avoids this complication as it only requires a single jet which is large enough to capture the

energy from the merging decay products.
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Figure 7.1: L1 trigger efficiencies as a function of the signal resonance mass with no selection applied.
The lowest unprescaled single jet trigger (L1-J100) has good efficiency across the entire mass range.

Since the large-R jet trigger is efficient by itself, it is chosen as the only trigger requirement for
the boosted analysis. This avoids the complication of OR-ing multiple triggers as is needed at lower
mass.

The large-R jet trigger efficiency has been measured in data and a good agreement is observed

with the prediction from the MC simulation, also on the turn-on curve, as shown in Figure [7.4]

7.3.3 Preselection

Data events are required to be contained in the standard Good Runs List (GRL), which defines
a set of lumi blocks passing data quality requirements for the ATLAS detector, as mentioned in

Section |[7.2.1} Furthermore, various event cleaning criteria are required to pass:
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Figure 7.3: HLT trigger efficiencies as a function of the signal resonance mass for events in 3b (left)
and 4b (right) signal regions. The lowest unprescaled large-R jet trigger (HLT_j360_a10r) has good
efficiency across the entire mass range and is fully efficient above ~ 1 TeV in the signal region

selection.
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Figure 7.4: HLT_j360_a10r trigger efficiency measured as function of large-R jet pr. Data and MC
show good agreement.

e Bad events due to problems in TileCal are removed
e Bad events due to problems in LAr are removed
e Events affected by the recovery procedure for signal event upsets in the SCT are removed

e Incomplete events are removed

In addition to cleaning and trigger requirements (Section [7.3.2)), events are pre-selected with
kinematic criteria shown in Table to be consistent with the signal hypotheses.

kinematic pre-selection

e at least two large-R jets with 250 < pr < 1500 GeV, |n| < 2, m > 50 GeV

e leading large-R jet must have pr > 350 GeV

e the leading and sub-leading large-R jets are considered the Higgs candidates

e the Higgs candidates must have Anp < 1.7

e cach Higgs candidate must have > 2 associated track jets with pr > 10 GeV and |n| < 2.5

Table 7.2: List of kinematic pre-selection used in the boosted analysis. These cuts are generally
efficient for signal.

Events are required to have at least two large-R jets, each of which is required to have 250 <
pr < 1500 GeV, |n| < 2, and m > 50 GeV. The upper bound on the pr is due to the fact that jet
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calibration uncertainties above this value were not available at the time of this analysis. The lower
bound of pr threshold corresponds to the minimum pr required to contain all decay products from
boosted Higgs boson inside a jet of radius R = 1.0, following the relation AR ~ 2m/pr. |n| and mass
threshold corresponds to the region where detector response for large-R jet was well understood.

Only two large-R jets with highest p are retained for further selection — they would also be called
Higgs candidate sometimes below. In order to reduce the contamination from ¢t events, leading jet
is additionally required to have pp > 350 GeV, ensuring that all top-quark decay products are
contained in a single large-R jet with mass close to that of the top quark.

Since high-mass resonances tend to produce jets that are more central than multijet background
process, the two large-R jets are required to have a separation |An| < 1.7. For RSG resonances of
mass higher than 2.5 TeV, An cut would be less efficient due to the wider distribution as shown in
Figure Furthermore, An cut is expected to be more efficient for spin-2 RSG signals than spin-0
heavy neutral Higgs in 2HDM model due to spin difference as found in Figure Sensitivity, as
simply quoted as S/ VB, improvement for A7 cut alone is about 8% for RSG signal with ¢ = 1.0,

while improvement for heavy neutral Higgs in 2HDM model is much smaller.
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Figure 7.5: Distribution of An for RSG signal samples of various mass with ¢ = 1.0 (left) and heavy
neutral Higgs in 2HDM model (right)

Selected kinematic distributions of RSG signal samples of various resonance masses can be found
in Figure As expected, the large-R jet pr increases significantly as function of resonance mass.
The mass of Higgs candidate jet is peaked around 125 GeV, whose resolution does not degrade
significantly at higher resonance mass. The whole dijet system is produced centrally and back-to-
back. Invariant mass of dijet system is consistent with the resonance mass, but gets smeared out due
to detector resolution effect. In particular, resolution of dijet invariant mass gets worse as resonance
mass gets higher. This is mainly due to degraded pr resolution in very boosted region, while Higgs
candidate mass resolution effect has little contribution to it (invariant mass of boosted dijet system

is mainly determined by splitting angle between two jets and their momentum while individual jet
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mass is largely irrelevant).

7.3.4 Signal Regions
b-Tagging Categorization

After basic selection on track jets as shown in Table[7.2]and ghost association to large-R jets, event
is categorized based on the number of b-tagged leading and subleading track jets associated with
each Higgs candidate jet: “3-tag” and “4-tag” category. The presence of two h — bb decays in the
final state naturally suggests requiring 4 track jets passing b-tagging requirements (two for each
Higgs candidate jet), and this is defined as the “4-tag” selection. However, since this requirement
has an overall efficiency of roughly €*, where € is the efficiency of the tagger. Furthermore, € will be
less than the nominal efficiency where working point is defined on across whole pr spectrum, since
b-tagging efficiency typically drops heavily at high pt region, as shown in Section and

To recover signal efficiency at high mass, the exclusive “3-tag” region, where three track jets need
to pass b-tagging requirement and the other one must not pass b-tagging requirement, is considered.
In the “3-tag” region, four track jets (two in each large-R jet) are still required, to ensure that the
jets have the same internal structure as is expected by the signal. This ensures that the jet mass
is generated by the splitting of the jet into two subjets. Without this requirement, the multijet
background would be much larger and have a different structure to the “4-tag” events, making the
background estimation more difficult. Therefore, the “3-tag” region used here is primarily targeting
the recovery of efficiency loss of the b-tagging, while it cannot solve the issue for resonances of very
high mass (typically > 2.5 TeV) that decay products are so collimated that even track jets of radius
0.2 cannot resolve two b-hadrons. This issue are later addressed in the second stage of this analysis
as summarized in Section 77% track jet b-tagging working point is used in this analysis since
it is found to provide best sensitivity in “4-tag” region where resonance masses are less than 2 TeV

and better sensitivity in “3-tag” region where resonance masses are larger than 2 TeV.

Muon-in-jet Correction

After categorization based on b-tagging, the last step toward signal region is requiring both Higgs
candidate jets mass to be consistent with Higgs at 125 GeV. Before defining cuts on mass, Higgs
candidate jet masses need to go through a further correction called muon-in-jet correction, as intro-
duced in Chapter [6] This correction on large-R jet aims to account for energy loss due to leptonic
b-hadron decays with a muon in the final state. Muons selected through cuts described in Sec-
tion [7.3.1] are AR matched to the track jets associated to the large-R jets. The muons are required
to be matched to the b-tagged track jets in order to focus only on semi-leptonic b-hadron decays. In
case more than one muon is found within a track jet, only the muon closest in AR is considered. The

four momentum of the muons is then added to the large-R jet four momentum to better reconstruct
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Figure 7.6: Distribution of selected signal kinematics for RSG signal resonance masses with ¢ = 1.0

in “4-tag’

i

(left) and “3-tag” (right) category. Definition of “4-tag” and “3-tag” can be found in

Section [7.3.4] First row is the leading large-R jet pr. Second row is the leading large-R jet mass.
Third row is the angular separation between two leading large-R jets in ¢ direction. Last row is the
invariant mass of dijet system.
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the Higgs candidate. Figure [7.7]show the impact of the correction on the 1 TeV signal sample. The

sub-leading large-R jet is especially improved after the correction.

It should be noticed that muon-in-jet corrections are applied only after preselection as described
in Section[7.3.3] This is mainly because the uncorrected jet four-momentum is used in the derivation

and ntuple-making steps of the analysis. The muon-in-jet corrections therefore affect the large-R jet

mass plane cuts to define the signal region and the final discriminating variable, m(JJ).
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Figure 7.7: Kinematics of 1 TeV signal before and after muon-in-jet corrections. Both leading (top
left) and subleading (top right) large-R jet mass, as well as invariant mass of dijet system (bottom
left) gets improved mass resolution after the muon-in-jet correction. Events are therefore able to
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Xhh Cut

Following the muon-in-jet correction, signal region is defined using the expression:

2 2
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Figure 7.8: Median mass of leading (black) and sub-leading (red) large-R jet mass distribution for
signal samples of different resonance masses, after 4 b-tag (left) and 3 b-tag (right) selection

The denominator of each term in the definition can be interpreted as a resolution on the recon-
structed mass of 10%, hence X} can be interpreted as a x2 compatibility with the hh hypothesis.
These o (my) are only a rough approximation to the true resolution, but the Xy, requirement gives
nearly optimal performance from experience in Run 1. The value of 124 and 115 GeV is taken from
the median of mass distribution for leading and subleading large-R respectively, as shown in Fig-
ure It is noticed that subleading large-R jet typically has a reconstructed mass biased downward
due to the ordering of jet pr. The energy losses result from neutrinos in leptonic b decays, cracks
in the calorimeter, and other effects. Then the signal region is defined as X, < 1.6. The cut value
inherits from Run 1, and is further validated by optimization studies in Run 2. An illustration of
the shape of X}; contours can be found in Figure

Signal efficiency

This analysis covers multiple TeV of signal resonance masses, and the backgrounds fall steeply as
a function of the reconstructed di-Higgs mass. Understanding how the signal efficiency trends with
resonance mass can be helpful in gauging the natural limitations of this analysis coming from very
boosted objects.

The acceptance times efficiency for each step of the event selection as outlined in this section is
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Figure 7.9: Values of the X} variables, which are shapes in the two-dimensional plane of the large-R
jet masses used to defined signal region. A smaller value of X indicates the jets are closer to the
Higgs mass.
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Figure 7.10: The selection efficiency as a function of resonance mass at each stage of the event
selection for (left) Gi— hh— bbbb and (right) H — hh — bbbb decays in the boosted analysis. The
“2 large-R Jets” curve includes the requirements that the leading jet has pr > 350GeV and that
the large-R jets have a mass greater than 50 GeV. [165]
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shown in Figure An enlarged version of this plot focusing only in final signal region efficiency
can be found in Figure Above mass of ~ 1 TeV, the reconstruction of high momentum large-R
jets with small An is efficient. Above mass of ~2 TeV, the requirement of two track jets per large-R

jet starts becoming inefficient due to merging of the track jets
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Figure 7.11: The selection efficiency as a function of resonance mass after the full event selection
for G*KKhhbanti-bbanti-b decays in the resolved analysis as well as in the boosted analysis for the
3-tag and 4-tag selections. [182]

7.3.5 Cut Flow

Table [7.3] shows the cutflow numbers in data, two different graviton signal MC mass points, ¢t
MC samples and Z + jets MC samples. The selection efficiency at various stages for RSG graviton
¢ = 1.0 (narrow width scalar resonance) signal samples of all mass points can be found in Table
(Table . Cutflow numbers presented here are already the unblinded numbers. Numbers in

efficiency table is provided as complementary to the efficiency plot shown in Figure|7.10
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Cut Data mag = 1TeV | mg = 2TeV tt 7 + jets
Initial 4017900 25.5 0.48 107087.3 | 7763.9
Pass trigger 2579869 24.4 0.48 39910.9 4336.1
Pass GRL 2233547 24.4 0.48 39910.9 4336.1
Pass Jet Cleaning 2233109 244 0.48 39903.1 4335.3
N(fiducial large-R jets)> 2 2202396 23.3 0.48 32345.2 4255.7
leading large-R jet pr > 350 GeV | 1873741 22.9 0.48 26511.7 3649.9
Both large-R jet m > 50 GeV 1854625 21.2 0.47 24369.8 3575.8
Both large-R jet pr < 1500 GeV 1853601 21.2 0.46 24346.5 3572.9
|An(JJ)| < 1.7 1435273 20.8 0.44 20751.0 3265.8
> 2 track-jets per large-R jet 1224727 19.8 0.40 18234.5 2692.6
2 b-tags, Xpn < 1.6 1520 0.53 0.013 36.1 10.9
2 b-tags, Xpp > 1.6 and Rpp < 35.8 3956 0.46 0.0096 94.0 61.5
2 b-tags, Rpn > 35.8 28105 0.85 0.015 794.7 226.9
3 b-tags, Xpn < 1.6 316 3.4 0.067 46.7 2.0
3 b-tags, Xpp > 1.6 and Ry < 35.8 724 2.2 0.042 98.0 7.7
3 b-tags, Rpp > 35.8 5043 24 0.040 672.5 31.8
4 b-tags, Xpp < 1.6 20 2.9 0.030 14 0.0
4 b-tags, Xpp > 1.6 and Rpp, < 35.8 45 1.5 0.016 6.2 0.55
4 b-tags, Rup > 35.8 279 0.90 0.012 34.8 34

Table 7.3: Cutflow of data, signal samples of two particular mass points, ¢f and Z + jets
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7.4 Background Estimations

The primary backgrounds to this analysis in the “4-tag” signal region, in order of size, are multijet
production (~ 93%), tt (~ 7%), and Z +jets (< 1%), where the percentages are the expected
fraction of the background coming from each source. In the “3-tag” signal region, the fractions
are mutlijet ~ 85%, tt ~ 15%, and Z +jets < 1%. Multijet is by far the dominant background.
However, there is no reliable high statistics Monte Carlo simulation sample in the specific phase
space where this analysis focuses on and thus a data-driven background estimation is needed. For
the tf background, Monte Carlo simulation samples of reasonable size are available, and thus can
be used to guide an estimation of this background. Z + jets is small enough that we will rely on the
Monte Carlo simulation of Z+heavy flavor jets. ZZ — bbbb has been estimated to be completely
negligible using a particle-level analysis, with less than 0.5 events expected after three b-tags are
required, which will be further heavily suppressed by the Xp; requirement.

The multijet background prediction relies on finding a dedicated sample orthogonal to signal
region but with similar kinematics (at least in terms of variables of interest) to the shape of expected
multijet background in signal region. This sample is identical to the signal region defined by the
full selection, with the exception that the events must have two b-tagged track jets, instead of
four or three. However, this “2-tag” region only supplies the shapes of the expected background
while normalization is determined through a second dedicated sample, called sideband region. The
sideband is obtained by doing the full analysis selection, with the exception that a different large-R
jet mass cut is applied instead of X, < 1.6. To validate this data-driven approach, a third region
orthogonal to regions defined above, which we call control region, is defined on the two-dimensional
plane of leading and subleading large-R jet mass. The purpose of control region is to validate
our background estimation strategy before unblinding, as well as provide estimation of systematic
uncertainty related to background modeling.

A data-based estimation of the t¢ background normalization is also performed simultaneously
with the mutlijet background normalization through a binned likelihood fit on carefully chosen
kinematic variable in the sideband. Such fitting procedure is done independently for “3-tag” and
“4-tag” regions. Shape of tf background in signal region would be estimated from MC simulation
directly.

In the last, a smoothing procedure on background estimation in signal region is performed to
overcome the fluctuation due to lack of statistics.

Details on determination of multijet (¢f) background shape and normalization can be found
in Section (Section . The fitting procedure for normalization determination would be
detailed in Section Validation of this data-driven background estimation strategy is shown in
Section [7.4.4] Smoothing procedure is described in Section Summary of event yields in each
region can be found in Section [7.4:6]
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7.4.1 Multijet Background

As mentioned above, the first step for multijet prediction is to find a region orthogonal to signal
region but shares similar kinematics as multijet background in the signal region. This is done through
the “2-tag” region, which is identical to “4-tag” or “3-tag” signal region, except exactly two track
jets should be b-tagged.

It should be noted that the “2-tag” region is orthogonal to the signal regions. Similar to signal
regions, four track jets are also required with two track jets on each side of Higgs candidate jet. Only
two track jets are allowed to be b-tagged while the other two must not be b-tagged. In addition,
the 2 b-tagged track jets are required to be associated to the same large-R jet to keep a high purity
of multijet events. The unused 2b region where the 2 b-tagged track jets are associated to different
large-R jets would be significantly contaminated by ¢t events. To further decouple ¢f component

from multijet part, tf events in the “2-tag” region are subtracted from data using t# MC estimation.
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Figure 7.12: The m5“% vs. ml¢d distribution for the 2-tag data sample used to model the multijet
background in the boosted analysis. The signal region is the area surrounded by the inner black
contour line, centered on msj‘bl =124 GeV, mle“d = 115 GeV. The control region is the area inside
the outer black contour line, excluding the Slgnal region. The sideband region is the area outside
the outer contour line. The kinematic region enriched in #f events is indicated by the dashed white
contour line. [I65]

Besides “2-tag” region, two additional regions, sideband (SB) and control region (CR), are defined
for normalization estimation/correction and validation purpose. Both the SB and CR are chosen by
requiring events to fail the Xy, and are defined as regions in the 2D plane of the leading and sub-
leading large-R jet mass plane as seen in Table where Ry, = \/(myg, — 124)2 + (m,, — 115)2.
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The relation between SR, CR and SB is further illustrated in Figure [7:12] Both CR and SB are
defined by a set of circle around (124, 115) GeV, making sure SR, CR and SB are mutually exclusive

to each other.

Region Definition
Signal Region (SR) Xnn < 1.6
Control Region (CR) | Rpp < 35.8 GeV and Xpp, > 1.6
Sideband Region (SB) Rpp > 35.8 GeV

Table 7.6: Definitions of the Signal (SR), Sideband (SB) and Control (CR) regions. Xpp, is defined
in Section and Ry, is defined as Ry, = \/(mjl —124)2 + (my, — 115)2.

With definition of all regions mentioned above, the multijet background estimation strategy
is straightforward: Shape of the multijet background in data “4-tag” and “3-tag” of SR/CR/SB is
extracted from the distribution in data “2-tag” of SR/CR/SB respectively (with ¢f subtracted). Since
the normalization between “2-tag” and “4-tag” (or “3-tag”) is different, a normalization transfer
factor (called HMultijet SOmetimes below) needs to be applied, which is obtained in SB. More details
on normalization transfer factor determination can be found in Section In principle, such
method can be applied on any kinematic variable, as long as the assumption that such kinematic
variable is invariant under extrapolation holds, which is exactly the purpose of CR: After transfer
factor is obtained from SB, one can test agreement between data and prediction from extrapolation
in CR before applying this technique in the SR where we really care about. One implication of
this strategy is that the shapes of multijet background estimation in “4-tag” and “3-tag” are the
same since they are both derived from the same “2-tag” region, although the normalization transfer
factors are independently estimated.

Since CR is used as a “proxy” of SR before unblinding, it should be as close to SR as possible in
order to mimic SR kinematics as much as possible. Therefore, CR, is arranged right next to SR. SB
is defined as all regions beyond CR so that it is able to fully exploit a tf enriched region as illustrated
as the grey dotted circle in Figure as will be described in Section

Determination of CR/SB Boundary

The determination of boundary between CR and SB is re-optimized with respect to Run 1. In
the Run 1 analysis, this boundary was a box in the mass plane with 95 < m(J;) < 160 GeV and
85 < m(J;) < 155 GeV. Here a shape of boundary is chosen as a circle (Rpp) in order to avoid
producing sharp kinematic edges in the jet mass distributions in the SB.

Next one needs to determine the center and radius of boundary between CR and SB. The general
rule is that 1) normalization transfer factor determined in SB should be applicable on both CR and
SR 2) CR is a good “proxy” of SR so that the results in CR is reliable in determining the validity of

our strategy estimation method (and kinematic variable applicable for this method). The center is
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naturally chosen to be same as SR to avoid any bias. To determine the radius, a handful of factors

are considered when optimizing the CR/SB boundary:

e The leading large-R jet in the CR should have mass less than 160 GeV. This is to ensure

minimal contamination of ¢f since not many ¢t events are expected in the SR.

e The leading and sub-leading large-R jets in the control region should have average masses as
close as possible the expected Higgs masses in the SR. For the leading (sub-leading) jet, this
means an average mass near 124 (115) GeV. This ensures a symmetric sampling of topology
where the jets have higher and lower masses than the Higgs, so that the average topology of
the CR is similar to the SR.

e The statistics of the CR should be sufficient for validating that the predicted shapes of the
multijet background agree with the data. We choose that the CR statistics be twice the SR

statistics.

In addition to these criteria, it is important that both the leading and subleading jets have
a similar mass profile in the sideband region, and the event kinematics in the sideband must be
as representative as possible of the events in the control region. If the event kinematics in the
sideband are not representative, then the normalization transfer factor derived in the sideband may
not accurately estimate the actual 2b to 4b or 3b ratio in the control region and signal regions.
Following the Run 1 study, we define the “medium mass region” as m € {60, 150} GeV. We study
the ratio of the number of sideband to control region events in the 2b sample in the medium mass
region comparing the leading and subleading jet. The exact definition of this ratio is shown below
where the region definition can be found in the left of Figure [7.13}

(B+H)— (D +F)
Ecr

= medium mass ratio difference (7.2)

where B, H, D and F are the number of 2b events in those regions and E¢g is the number of 2b
events in the portion of the control region contained within region E minus the number of events in
the signal ellipse (represented by a red area in the figure).

Thus, for each control region examined, Ec g is the number of events in the control region and
inside of the box E. The right plot of Figure shows the fractional difference in piuisijer derived
in the sideband and the value of pinultijer had it been derived directly in the control region versus the
medium mass ratio difference. Fach point in this figure corresponds to a possible choice of control
region radius (the central position could in principle also be varied, but is kept fixed here). As we
can see from this figure, as the medium mass difference decreases, so does the fractional difference in
HMultijet- Lherefore, choices with smaller medium mass difference also minimize pinuitijer differences
between SB and CR/SR.

The boundary which was found to best satisfy the above criteria is Ry < 35.8 GeV.
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Figure 7.13: (Left) Regions defining different areas of the sideband. The white box is the control
region, while the red area is the signal region. The regions used for the middle mass region method
are shown with orange lines and labels. F¢opg used in Equation corresponds to the number of
2b events in the portion of the white control region contained within region E. (Right) Fractional
difference between normalization transfer factor derived in the sideband and 2b to 4b ratio in the
control region, versus the difference in medium mass events in the sideband and medium mass events
in the control region.

As a final note, we want to avoid possible signal contamination in the 2b regions used in our
multijet predictions. The primary concern for this contamination is in the SR prediction at high
mass, where the expected backgrounds are small. As such, in the 2b sample in the SR, we do not
use (or look at) events above 2 TeV. For background predictions above 2 TeV, we will perform a
background smoothing up to 2 TeV, and extrapolate above 2 TeV (see Section. The choice of
2 TeV as a transition point is determined by ensuring that the signal contamination in dijet mass
regions is at the few percent level or less, even when scaling by expected signal strength limits as

determined from Run 1.

7.4.2 tt Background

The number of ¢ events in the signal region coming mainly from the all-hadronic decay mode (with a
smaller contribution from the leptonic decay mode) comprising of around 7% (15%) of the inclusive
total background in the 4b (3b) regions due to the high pr threshold imposed on the leading large-R
calorimeter jet. In the sideband region, roughly 13% of the data are t events in each the 4b and 3b
sidebands. A good estimation on both normalization and shape of ¢t events is important, not only
in the SR but in CR/SB as well, since the normalization and the shape of ¢t events in the sideband
region can affect the multijet estimation in SR based on our strategy.

For the normalization of the ¢ background, we start with the MC prediction estimated by scaling
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the MC sample by the cross section and luminosity, and then applying the boosted event selection as
described above. To account for possible differences between data and MC, a normalization scaling
factor (some times called a;; below) is derived from a fit to data in the sideband region. Different
from pinuisijet, Which is the transfer factor from “2-tag” to “4-tag” (or “3-tag”), auz is a normalization
correction factor to be applied on the tf MC in “4-tag” or “3-tag” directly. Although estimated in
the SB, a7 is to be applied also in the CR and SR. Separate fits are done in the 4b and 3b SB.
For the shape of the tf background, MC estimation is used directly. However, there are not
sufficient MC statistics in the 4b SR to get a reasonable shape estimate. As a result, the shape of tt
distribution in 4b signal region is taken from MC tt shape in 3b signal region, while normalization
is still determined in 4b as described above. It should be noticed that such trick is applied in the
shape of 4b signal region only , while 4b CR/SB uses t¢ MC directly since statistics is enough in
CR/SB. A comparison between the 3b and 4b shapes for the dijet invariant mass distributions in SR
can be found in Figure The shapes are compatible within given statistical uncertainty. Any

differences between these distributions will be used as one of systematic uncertainties.
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Figure 7.14: comparison between the 3b and 4b shapes for the dijet invariant mass distributions
(the final discriminant) in the SR

7.4.3 Fitting Procedure for Multijet and ¢ Normalization

This section describes the fitting procedure to derive normalization transfer factor for multijet
(pnuitijes) and ¢t (oyz) simultaneously from SB.
The expected yields from all backgrounds in a given region (SB / CR / SR) can be described as:

3(4)-tag __ 3(4)-tag nr2-tag 3(4)-tag Ar3(4)-tag 3(4)-tag
kag — F'Multijet NMultijet + Ay Ntt_ + NZ + jets (73)
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where Nﬁﬁ?ﬁjet is the number of multijet events in the 2-tag sample, Nf’t—(4)_tag and Ng(j‘_);fsg

the numbers of events predicted by the 3(4)-tag tf and Z+jets MC samples. Nﬁﬁ?ﬁjet is further

are

obtained by subtracting ¢ and Z + jets contribution in “2-tag” region, as estimated from MC, from
total yields in “2-tag” sample in data. Parameter pulsijer corresponds to the ratio of multijet event
yields in the 3(4)-tag and 2-tag samples. Parameter ay; is a scale factor designed to correct the ¢t
event yield estimated from the MC simulation.

Equation can be applied in SB/CR/SR, but with different purpose: When applied in SB,
Nslg?_tag is set to be the total yields of data (since we do not expect any signal here) so that HMultijet
and 47 can be fit; When applied in CR, ng)-tag is also set to be the total yields of data (again since
we do not expect any signal here) while pauiijer and oy derived in SB is used so that one can do
the validation by comparing left side and right side of Equation When applied in SR, Nsﬁz)—tag
is the estimated background so that one can compare with actual data after SR is ublinded.

When applied in SB, there are two unknown parameter according to Equation Therefore,
a binned maximum likelihood fit is employed to find the values of puisijer and oz simultaneously.
The correlation matrix between these two parameters can also be extracted during the fitting. The
Maximum likelihood fit is performed in 3b and 4b independently since these are two statistically

independent sample.
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Figure 7.15: The leading large-R jet mass distribution in the hh sideband region for data (points)
and background estimate (histograms) in the boosted analysis for events in the (left) 3-tag and
(right) 4-tag categories. The shape of the multijet distributions is taken from the 2-tag region and is
fitted to the data. The hatched bands represent the statistical uncertainty in the total background
estimate. [165]

The fit is performed on the leading pr jet mass spectrum in the sideband region, as it has the
best separation between multijet and ## shapes. Due to the pr > 350 GeV cut imposed on the
leading large-R jet, the hadronic top quark is likely to be fully reconstructed inside the large-R jet.
Therefore the leading jet mass in the #¢ sample should have a clean peak around top quark mass

in the sideband region. Figure [7.15 shows the post-fit spectrum of the leading large-R calorimeter
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jet mass in the “4-tag” and “3-tag” sideband regions. The normalization of ## is constrained by the
top quark mass peak around 170 GeV. The shapes of the data is also well modeled by the predicted
background. Fitted value of pruiijer and oz along with their errors and correlations can be found
in Table The fitting errors on pinuitijer and ay will be applied as uncertainties with correlation

matrix taken into account.

Sample Hgcd Qg P(chdv atf) = %
4b SB 0.00913+0.00073 0.82+0.39 -0.58
3b SB 0.1598=+0.0032 1.016+0.093 -0.60

Table 7.7: Background normalization transfer parameters (pauiijer and oyg) estimated from fits in
the leading jet mass distributions in 4b and 3b sideband regions.

The robustness of fitting procedure is checked by repeating with different binning on large-R jet
mass spectrum. By default, the fit is done on leading large-R jet mass with a binning of 10 GeV.
This is compared with two variations where the large-R jet mass spectrum is binned with 20 GeV
and 50 GeV. The fitting result for both default binning and varied binning can be found in Table[7.8
(Table for “4-tag” (“3-btag”) region. The result shows that all fitted HMultijet @nd cyz between

different binnings are consistent with each other within statistical uncertainty.

Bin Width /,ngd ozftl’ Correlation®
10 GeV (Nominal) | 0.009134+0.00073 0.824+0.39 -0.58
20 GeV 0.00877+0.00075  1.10£0.42 -0.59
50 GeV 0.00881+0.00078  1.07£0.45 -0.63

Table 7.8: Fited pulsijer and oy for different binning of leading large-R jet mass spectrum for
boosted “4-tag” region

Bin Width uglc’d aftf’ Correlation®
10 GeV (Nominal) | 0.15984+0.0032 1.016+0.093 -0.60
20 GeV 0.1601+0.0033  1.004+0.098 -0.62
50 GeV 0.1601+0.0034  1.00+0.10 -0.64

Table 7.9: Fited papusijet and oy for different binning of leading large-R jet mass spectrum for
boosted “3-tag” region

Comparison between Data and Background Prediction in Sideband

While the fitting procedure is done on leading large-R jet mass spectrum in SB explicitly, this

background estimation approach can be applied on any kinematic variable. Since the normalization
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between data and prediction in SB agrees by construction (due to the fitting), shapes are the feature
of prediction here.

Comparison between data and prediction in sideband for selected kinematic variables can be
found in Figure and The quality of prediction is good without systematic deviation

observed. Hence no further correction is needed.

7.4.4 Validation in Control Region

This section shows comparisons of data with the prediction of multijets and ¢ in the control region
(CR). As mentioned above, one of the purposes for CR is the validation of our background estimation
strategy in a region that is 1) orthogonal to SB where the fit is performed so that we are not biased
(in particular on normalization) and 2) orthogonal but kinematically similar to SR so that such
validation is meaningful.

Comparison between data and prediction in CR for selected kinematic variables can be found in
Figure and In CR, both normalization and shape are the features of prediction. One can

see that quality of the prediction is generally good, and no clear systematic biases are observed.
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Figure 7.16: Distribution of leading large-R jet pr (first row), leading large-R jet mass (second row),
subleading large-R jet pr (third row) and subleading large-R jet mass (fourth row) between data
and prediction in “4-tag” (left) and “3-tag” (right) sideband.
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Figure 7.18: Distribution of leading large-R jet pr (first row), leading large-R jet mass (second row),
subleading large-R jet pr (third row) and subleading large-R jet mass (fourth row) between data
and prediction in “4-tag” (left) and “3-tag” (right) control region.
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Figure 7.19: Distribution of dijet invariant mass (first row), AR between dijet (second row), An
between dijet (third row) and AR between two leading track jets associated with leading large-R
jet (fourth row) between data and prediction in “4-tag” (left) and “3-tag” (right) control region.
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7.4.5 Prediction in Signal Region
Final Discriminant Variable

In a search-type analysis, one needs to define a final discriminant variable in the signal region as the
major features to separate background and potential signals. In particular, such variable would be
used as the only input to further statistical analysis as presented in Section [7.6]

As a hadronic resonance search, invariant mass of dijet system (M) is a nature choice as such
final discriminant variable coming from resonances would appears as a local “bump” on the falling
background distribution, as long as the intrinsic mass resolution is small and smearing effect from
detector resolution effect is not severe. Furthermore, a scaled M  is introduced for signal region:
Both Higgs candidate jets four momentum are scaled by mj/m; where m;, = 125 GeV and m  is the
Higgs candidate jet mass. Then invariant mass is re-calculated using this scaled four momentum.
It should be noticed that such scaling is done after SR/CR/SB has been defined with the un-scaled
four momentum, and it is done only in signal region. Therefore, the scaled invariant mass is simply
another different kinematic feature of the event that is not involved in any part of the event selection.
Unless explicitly mentioned, term “invariant mass” in the signal region refers to the scaled version
in the rest of this chapter.

The distribution of invariant mass in SR can be found in Figure [T.20} Expected limits by
using the unscaled and scaled dijet mass distribution are computed and no significant difference is
found between two variables. Since the scaled one is chosen by several other di-Higgs analysis (with
different final states), we decide to use the same variable in order to ease the process of any potential

statistical combination in the future.
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Figure 7.20: Scaled invariant mass of dijet system for the 4b (left) and 3b (right) signal regions. For
comparison, the unscaled distributions are shown on the same plot
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Smoothing in Signal Region

Due to the limited 2b statistics at high dijet invariant mass above 1500 GeV and the limited ¢t
statistics above 1100 GeV, an exponential fit is performed to smooth the tail of dijet invariant mass in
the signal region. The ¢ component of total background in signal region is fit with y = exp(a;;x+bsf)
functional form in the range 900 < M;; < 2000 GeV, without parameter constraints. The multijet
component of total background in signal region is fit with y = exp(amuitijes® + bMultijes) in the range
950 < My < 2000 GeV.

As mentioned earlier, the choice of smoothing upper bound of 2 TeV to avoid possible signal
leakage in the region where expected background is very small (less than 1). The lower bound of
smoothing fit is chosen such that only falling part of background is smoothed. Smoothing result
can be found in Figure While the fitting quality is good for multijet component, tail of
tt component is underestimated by the smoothing procedure. This would be taken into account
through the systematic uncertainties related to choice of smoothing function and range as would be
discussed in Section
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Figure 7.21: Smoothed background estimations for the 4b (left) and 3b (right) signal regions. Mul-
tijet is shown on top, and tf is on bottom. Only smoothing statistical uncertainties are shown
here.



CHAPTER 7. SEARCH OF HH IN FOUR B-HADRONS FINAL STATES

Predictions

144

The final signal region prediction, using scaled di-jet mass distribution, with all statistical and
systematic uncertainties, are shown in Figure (Figure before (after) smoothing.
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Figure 7.22: Background prediction for 4b (left) and 3b (right) signal region using scaled dijet
invariant mass before smoothing. The uncertainty band includes all statistical and systematic un-

certainties.
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Figure 7.23: Background prediction for 45 (left) and 3b (right) signal region using scaled dijet invari-
ant mass after smoothing. The uncertainty band includes all statistical and systematic uncertainties.

7.4.6 Event Yields

The event yield results showing the estimated backgrounds, the signal predictions, and the data

observations in the 4b and 3b signal regions, control regions, and sideband regions can be found
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in Table and Table respectively for reference. A succinct version of yield tables in signal
region only can be found in Table

SR SB CR
QCD Est. 13.45+0.36+2.40 247.44+1.5+25.0 34.714+0.58+£3.49
tt Est. 1.159+0.054+0.977 28.4+1.5£21.0 5.08£0.67£2.99
Z + jets 0.0+0.0+0.0 3.4+1.2+1.2 0.55£0.45+0.58
Total Bkg Est. 14.61+0.36+2.38 279.242.5+16.2 40.34+1.00£3.15
Data 20+4.5+0.0 279+16.7+0.0 45+6.7£0.0

c=1.0,m =1.0TeV
c=1.0,m = 1.5TeV
c=1.0,m = 2.0TeV

2.869+0.032£1.057
0.2902+0.0033+0.1167
0.0299540.00045+0.01276

0.904+£0.018+0.320
0.1034£0.0020+0.0395
0.0120740.00028+0.00490

1.458+0.023+0.612
0.1403=£0.0023+0.0649
0.01606+0.00033+0.00777

c=2.0m=1.0TeV
c=2.0,m = 1.5TeV
c=2.0m=2.0TeV

10.08+0.124+3.71
0.963+0.011£0.388
0.1014+0.001940.0415

3.29440.066+1.152
0.3399£0.0067+0.1328
0.0410+0.0012+0.0165

5.18440.083+2.135
0.4898+0.0080+0.2246
0.0562+£0.0014+0.0238

2HDM,m = 1.0TeV
2HDM,m = 1.5TeV
2HDM,m = 2.0TeV

83.3£1.2431.1
4.506+0.061£1.849
0.2761+0.0046+0.1159

28.614+0.6949.99
1.735+0.038+0.659
0.1195+0.0030+0.0476

45.271+0.87+18.36
2.24140.043£1.007
0.1512+0.0034+0.0656

Table 7.10: Expected yields for backgrounds in the 4b signal region, control region, and side-
band region, along with the observed number of data events. The signal predictions for RS
m = 1.0,1.5,2.0 TeV of both ¢ = 1.0 and ¢ = 2.0, and for narrow width heavy Higgs of
m = 1.0,1.5,2.0 TeV are also listed. For each predicted value, the first uncertainty listed is statistical,
and the second is the sum in quadrature of all systematic uncertainties.

SR SB CR
QCD Est. 235.44£6.2+12.5 4327.9£26.9+£157.1 607.3+£10.1£22.9
tt Est. 47.54+2.2421.7 683.5+8.14+142.7 99.6+3.1£49.4
Z + jets 2.0£1.1£1.9 31.84+3.7£10.4 7.7£1.84+5.0
Total Bkg Est. 284.8+6.7+18.2 5043.24+28.3£70.8 714.6+10.7£50.7
Data 316£17.8+0.0 5043+71.0£0.0 724426.940.0

c=1.0,m = 1.0TeV
c=1.0,m = 1.5TeV
c=1.0,m = 2.0TeV

3.43740.035+0.874
0.4501+£0.004140.1303
0.0667940.00067+0.01854

2.406+0.03040.288
0.2771£0.003240.0351
0.04004+0.00052+0.00718

2.19540.028+0.497
0.2612£0.0031+0.0771
0.04211£0.00053+0.01175

c=2.0m=1.0TeV
c=2.0m = 1.5TeV
c=2.0,m=2.0TeV

12.68+0.13+3.09
1.511£0.0144+0.417
0.2200+£0.0028+0.0578

8.92+0.11+1.00
0.915+0.011£0.135
0.1334+0.0022+0.0220

7.96+0.10+1.68
0.9234+0.011+£0.257
0.1382+0.0022+0.0401

2HDM,m = 1.0TeV
2HDM,m = 1.5TeV
2HDM,m = 2.0TeV

107.4+1.4£27.7
7.23040.078+2.258
0.6245+0.0069+0.1808

80.5£1.249.8
4.705+0.063+0.579
0.4136£0.0056+0.0655

76.8+1.1£17.2
4.423+0.061+£1.272
0.3967£0.0055+0.1037

Table 7.11: Expected yields for backgrounds in the 3b signal region, control region, and sideband re-
gion, along with the observed number of data events. The signal predictions for m = 1.0, 1.5,2.0 TeV
of both ¢ = 1.0 and ¢ = 2.0, and for narrow width heavy Higgs of m = 1.0,1.5,2.0 TeV are also
listed. For each predicted value, the first uncertainty listed is statistical, and the second is the sum
in quadrature of all systematic uncertainties.
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7.5 Systematic Uncertainties

Systematic Uncertainties consists of three major parts: MC uncertainties, theoretical uncertainties
and background prediction uncertainties. MC uncertainties are related to the uncertainties com-
ing from detector and reconstruction effect and only supposed to be applied on MC simulation
only. Therefore, MC uncertainties would only be applied to tt and Z +jets. However, the whole
background estimation procedure as described in Section [7.4] is repeated for each MC uncertainty
variation so that it can be properly propagated to the multijet backgrounds. Details of MC uncer-
tainties can be found in Section Theoretical uncertainties are more on the signal acceptance
and hence would be applied on signal sample only, as discussed in Section Background esti-
mation uncertainties are used to estimate any potential uncertainty due to our prediction procedure,
as detailed in Section [7.5.3] A summary of all systematics is presented in Section [7.5.4}

7.5.1 MC Uncertainties

MC based uncertainties are propagated in the analysis using standard combined performance group
recommendations at the time of this analysis. These uncertainties can change both the shape and
normalization of the signal and of the MC-based background prediction (tf and Z + jets). For
each MC variation, background estimation procedure is redone so that this MC variation can be

propagated to multijet (and normalization of ¢f) in a correlated way.

Luminosity Uncertainty

The uncertainty on the integrated luminosity is 5.0%. It is derived from a preliminary calibration
of the luminosity scale derived from beam-separation scans performed in August 2015, following the

methodology detailed in [74]. This uncertainty is only applied to the signal samples and Z + jets.

Large-R jet resolution and scale uncertainties

Trimmed jets with R = 1.0 are fully supported in the jet substructure performance group [183]
in terms of both calibration of jet energy and mass scale (JES and JMS respectively). Systematic
Uncertainties for JES and JMS is also provided which includes uncertainties handling the heavy flavor
differences between multijet (where the uncertainties are derived) and the signal Higgs jets [147, [123].

The uncertainties in our kinematic regime for signal yield predictions are below 4% for JES,
and between ~10-15% for JMS. For ¢ yield predictions the uncertainties are ~14-16% for JES, and
between ~13-37% for JMS.

Systematic uncertainties for energy and mass resolution (JER and JMR respectively) are cur-
rently not well constrained. MC-based studies in 2010 implied that variations of the order of 20%
were possible. For large-R jets used in this analysis, this is also validated with boosted W bosons in

2012 data [I84]. For each signal mass point, we smear the energy and mass resolution of the large-R
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trimmed jets by a Gaussian such that the intrinsic resolution is increased by 20%. The nominal MC
mass or pr resolution (o s,y ) for every signal mass point is determined by fitting the reco_M/truth M
or reco_pr/truth_pr distribution with a Gaussian, respectively. The reco_pr/truth_pr is found be-
fore the large-R jet pr cut, and the reco_M/truth-M is found before the final Xy, cut. Here, a truth
trimmed jet is matched to the reconstructed trimmed jet within AR < 0.7.

In all cases, the intrinsic resolution is small, due to the fact that each large-R jet already has a
more stable substructure after the two ghost-associated track jets requirement (it has been shown in
the Jet Substructure group that large-R jets with 2 or 3 subjets have a much better resolution than
large-R jets with only one subjet). The JMR is slightly larger than the JER for all mass points, and
also slightly increases as a function of mass point while the JER slightly decreases as a function of
mass point. To apply a 20% systematic on the resolution, the jet mass or pr is then smeared with
a Gaussian with width 0.66*o s 5, (see [183]), also independently for every signal mass point.

This smearing tends to increase the width of the dijet mass distributions, but with very little
impact. The uncertainties in our kinematic regime for signal yield predictions are ~ 1% for JER,
and between ~12-14% for JMR. For ¢t yield predictions the uncertainties are ~1-4% for JER, and
between ~17-65% for JMR. It is noticed that the JMR uncertainty on tf is larger in the 4b SR than
the 3b SR, even though the same 3b shape is used in both signal regions. This is partially driven
by the smaller statistics in the 4b region used in the background fit to constrain the background

normalizations (which is done independently for the 3b and 4b SR).

Track Jet Scale Factor Uncertainties

Calibrations, or correction factors in the form of scale factors per pr bin, for the b-tagging efficiency
of R = 0.2 track jets passing an MV2c20 weight cut corresponding to 77% efficiency have been
derived in [125] 126]. These calibrations are applied to the signal samples, ¢¢ and to the Z + jets
simulation. The calibrations also include uncertainties which modify the b-tagging efficiency and
thus modify the signal (¢t and Z + jets) acceptance, and thus these uncertainties must be propagated
through the analysis.

These calibrations are derived from Run 1 data for b-jets. Additional Runl-to-Run2 extrap-
olation uncertainties are included to account for possible differences. In addition, the charm and
light jet calibrations are taken from calo-jets, with an appropriate jet pr rescaling to account for
the difference in calo and track jet pr. Additional uncertainties are added to the charm and light
calibrations to account for possible differences in track and calo jet calibrations. More information
can be found in [123].

In order to check for any additional uncertainties or mismodeling of the b-tagging performance
in dense environments, where two b-jets are close by, a cross check of the b-tagging calibration has
been performed in a boosted gluon— bb jet sample as found in [I85, 124]. These studies show no

major mismodeling of the Monte Carlo simulation inconsistent with the data within the b-tagging



CHAPTER 7. SEARCH OF HH IN FOUR B-HADRONS FINAL STATES 148

uncertainties.

For track jets with pr > 250 GeV, not enough statistics are available in the data based analysis
to provide an accurate calibration. As a result, an extrapolation is required. The extrapolation is
performed only on the calibration uncertainty. The baseline scale factor for track jets with pp > 250
is taken to be the same as the 100-250 GeV bin, as is the baseline uncertainty. The extrapolation
aims to include additional uncertainties that may affect the calibration uncertainties in the high
pr bins that can not be calibrated directly from data. The extrapolation is performed in Monte
Carlo, and relies on varying the inputs to b-tagging and examining the b-tagging efficiency under
all of these variations. The variations include tracking efficiency, tracking resolution, and variations
in the number fake and shared tracks. The variations observed with respect to the 100-250 GeV
track jet pr bin are taken as the extrapolation uncertainty of the variation. The uncertainty from
all variations are added in quadrature to estimate the full extrapolation uncertainty.

The b-tagging calibrations are applied to the leading two track jets in each of the leading large-
R jets in each event. In order to properly handle the correlations of the b-tagging calibration
uncertainty between jets in an event, and between events, the b-tagging uncertainties are applied
using the eigenvector approach, which computes the total covariance matrix including correlations of
all pr bins in the calibration and decomposes them into a smaller number of eigenvector variations.

The impact of the b-tagging uncertainties is 10-20% on the ¢ background yield estimates. The
variation is larger for the signal samples, due to the large b-tag uncertainties for high-pr jets which
are more common in the high mass samples. As a result, the uncertainties on the signal yield vary
between 15-40%, depending on signal region (3b or 4b) and signal mass.

In particular, we notice a significant reduction of b-tagging systematic uncertainty in 3b signal
region compared to 4b signal region. The reduced b-tagging uncertainty is due to the requirement
that there must be one anti-tagged jet. For the signal, this is likely an anti-tagged b-jet. The
uncertainty reduction occurs since when a b-tagged jet is calibrated with a scale factor wsy with
uncertainties Aw,, any change in tagging efficiency must be corrected in the opposite direction for
the anti-tagged jets in order to ensure that the total number of tagged plus anti-tagged jets does
not change once the calibration is applied. Thus the anti-tagging calibration scale factor would be
w?}m = (1 —wsrep)/(1 — €) where €, is the tagging efficiency. From this equation, it is clear that a
shift in the scale factor for tagged jets causes an anti-correlated shift in the anti-tagging efficiency
scale factor. This anti-correlation in turn reduces the overall impact of the b-tagging uncertainty on
the 3b SR.

7.5.2 Theoretical Uncertainties

The effect of the following theoretical uncertainties on the signal acceptance and efficiency has
been evaluated: uncertainties in the parton density functions; uncertainties due to missing higher

order terms in the matrix element; uncertainties in the modeling of the underlying event (including
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multi-parton interactions), of hadronic showers and of initial and final state radiation. All of the
uncertainties are evaluated for the Bulk RS ¢ = 1.0 benchmark model.

To evaluate the potential effect of missing higher order terms in the matrix element, the renor-
malization and factorization scales used in the signal generation were varied coherently by factors
of 0.5x and 2x. While signal acceptance by doubling the scales is consistent with nominal value, it
is shifted by -1% by halving the scales.

Uncertainties due to modelling of the parton shower and the underlying event (including multi-
parton interactions) are evaluated by varying the parameters of the A14 Pythia 8 tune used in the
simulation of the graviton signal samples. Ten “eigentune” variations are produced for each mass
point. These variations, along the principal directions of the covariance matrix at the Al4 tune
minimum as described in [I74], provide good coverage of the experimental and modeling uncertainties
implicit in the tuning. Variation is resonance mass dependent, ranging between 2% to 8%.

The PDF uncertainty is evaluated using the 100 NNPDF 2.3 LO replicas. The uncertainty in
acceptance due to PDF uncertainties is less than 1% when resonance mass is smaller than 2 TeV,

but grows to 3% at the highest mass (3 TeV) considered for this analysis.

7.5.3 Background Prediction Uncertainties

An 8% (2%) statistical uncertainty on the value of pnusijer for the 45 (3b) SR was determined from
the fitting procedure described in Section The statistical uncertainty of the ¢t normalization is
accounted for through the uncertainties on o7 from the fit in data as described in Section The
statistical uncertainty of 48% on «a;; are 58% anti-correlated to the value of pruitijer found in the
fitting procedure in the “4-tag” region, and the uncertainties of 9% on ay; are 60% anti-correlated
to the value of pnuitijet found in the fitting procedure in the “3-tag” region. Due to the presence
of correlation, statistical uncertainties of pnulsijer and iz are evaluated by varying both parameters
jointly along the eigen-direction of their covariant matrix by lo

In additional, other background systematic uncertainties in the signal region are divided into the

following components:

e Non-closure uncertainty on piusijes derived by comparing normalization difference between

observation and prediction in control region.
e Effects on the multijet prediction from variations of the sideband and control region definitions.
e Shape uncertainty of ¢ distribution in 4b signal region.
e Shape uncertainty of multijet estimation derived from control region.

e Smoothing uncertainty for multijet estimation due to choice of smoothing function and fit

range.
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Non-closure uncertainty on pinuitijet

This is derived by comparing the normalization difference between predicted and observed events
in the control region. While the total 4b (3b) predicted background (showing stat error only) of
40.34 + 1.00 events (714.6 + 10.7 events) agrees with the total 4b (3b) data of 45 (724) events
in the control region within statistical error, we consider an added systematics on the background
prediction normalization, taken as the maximum between 1) total normalization difference between
data and prediction in control region and 2) statistical uncertainty of observed yields in control
region. For the first factor, we have 11.55% for 4b control region and 1.32% for 3b control region.
For second factor, we have 14.9% for 4b control region and 3.7% for 3b control region. Therefore
the statistical uncertainty is used. Although such normalization difference should be a mixed effect
from both multijet and ¢ normalization, we attribute all of them to multijet (i.e. EMultijes) in order

to simplify the process, and also serve as a conservative estimation.

Variation of Multijet Prediction from Redefined CR/SB

As discussed in Section a dedicated CR and SB is chosen from several considerations for
background estimation procedure. However, it would be dangerous if the whole analysis is sensitive
to such choice. Therefore, the purpose of the test described in this section is to check if 1) multijet
prediction in SR/CR/SB is stable for small modification of the definition of CR/SB and 2) the
systematics is enough to cover any difference found.

Besides the nominal control region as described earlier, we design four additional alternative
control regions, as illustrated in Figure

e Low-mass CR: The central position of the circle that defines nominal CR. is moved down by 5

GeV, in both leading and subleading large-R jet mass

e High-mass CR: The central position of the circle that defines nominal CR is moved up by 5
GeV, in both leading and sub-leading large-R jet mass

e Signal-depletion CR: The X}, cut that defines signal region is increased to 2.0 from 1.6. This
variation only affect CR, while SR remains unchanged (i.e. signal region is still defined by
Xpn < 1.6, while CR is defined as X, > 2.0 and Ry, < 35.8).

e Sideband-restricted CR: The signal region and control region remains unchanged, but we
remove all events with Ry, > 135 GeV. The pumutijer Will need to be re-fit since SB has
changed.

The High-mass and Low-mass CR is designed to test how background modeling is sensitive to
the exact (central) position of CR. The Signal-depletion CR is designed to test whether there is

significant signal contamination in the CR. The agreement between data and prediction in the CR
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would be significantly different from the number calculated with nominal CR, if there is a large
amount of signal contamination in CR. The Sideband-restricted CR is designed to test how sensitive
the normalization fit is to the events at tail.

We redo the whole background estimation procedure as described above on each of these varia-
tions. The summary of estimated background yields for 45 (3b) region can be found in Table [7.12
[7.13] [7.14] [7.15] |7.16| (Table [7.17, [7.18] [7.19, [7.20, [7.21)) for nominal CR, High-mass CR,
Low-mass CR, Signal-depleted CR and Sideband-restricted CR respectively. This would be the raw

table for our evaluation as presented next.

The first thing to check is the variation of predicted yields in SR. With tables obtained above, the
variation of normalization prediction in SR is summarized in Table[7.22| (Table[7.23)) for 4-tag (3-tag)
SR. The variation in SR from Signal-depletion CR is not shown since that will be zero by definition.
As we can see, the variation of background prediction in SR is very small and all are within statistical

uncertainty. This is mainly due to the data-driven background estimation technique we are using.

Mass Region | Data | Total Bkg. | QCD tt | Z+jets | mg =1.0TeV | mg = 2.0TeV
SR 20 14.6 13.5 | 1.2 0.0 2.87 0.0299
CR 45 40.3 34.7 | 5.1 0.55 1.46 0.0161
SB 279 279.2 2474 | 284 3.4 0.904 0.0121

Table 7.12: Background prediction in SR/CR/SB for nominal CR definition in 4 b-tag region

Mass Region | Data | Total Bkg. | QCD tt | Z+jets | mg =1.0TeV | mg = 2.0TeV
SR 20 14.6 134 | 1.1 0.0 2.87 0.0299
CR 41 35.5 29.2 | 5.7 0.55 1.33 0.0141
SB 283 283.1 252.8 | 26.9 34 1.04 0.014

Table 7.13: Background prediction in SR/CR/SB for high mass CR definition in 4 b-tag region

Mass Region | Data | Total Bkg. | QCD tt | Z+jets | mg =1.0TeV | mg = 2.0TeV
SR 20 14.7 13.5 | 1.1 0.0 2.87 0.0299
CR 50 46.3 41.8 | 4.0 0.55 1.48 0.0167
SB 274 274.3 242.0 | 28.9 34 0.88 0.0114

Table 7.14: Background prediction in SR/CR/SB for low mass CR definition in 4 b-tag region

Next we also check the variation of multijet shape in SR, as shown in Figure All variations
observed are within the multijet shape uncertainty derived from nominal CR (see description on this
later).

Besides SR, we also check the agreement between data and prediction in CR, based on raw tables
obtained above. The results are summarized in Table [7.24] (Table for 45 CR (3b CR). One
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Mass Region | Data | Total Bkg. | QCD tt | Z+jets | mg =1.0TeV | mg = 2.0TeV
SR 20 14.6 13.5 | 1.2 0.0 2.87 0.0299
CR 35 31.6 27.3 | 3.8 0.55 0.898 0.00979
SB 279 279.2 2474 | 284 34 0.904 0.0121

Table 7.15: Background prediction in SR/CR/SB for signal depleted CR definition in 4 b-tag region

Mass Region | Data | Total Bkg. | QCD tt | Z+ jets | mg =1.0TeV | mg = 2.0TeV
SR 20 14.6 134 | 1.1 0.0 2.87 0.0299
CR 45 40.2 34.7 | 4.9 0.55 1.46 0.0161
SB 264 264.2 235.1 | 25.6 34 0.846 0.00871

Table 7.16: Background prediction in SR/CR/SB for sideband restricted CR definition in 4 b-tag

region

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg = 1.0TeV | mg = 2.0TeV
SR 316 284.8 235.4 | 475 2.0 3.44 0.0668
CR 724 714.6 607.3 | 99.6 7.7 2.2 0.0421
SB 5043 5043.2 4327.9 | 683.5 31.8 2.41 0.04

Table 7.17: Background prediction in SR/CR/SB for nominal CR definition in 3 b-tag region

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg = 1.0TeV | mg = 2.0TeV
SR 316 282.7 235.0 | 45.8 2.0 3.44 0.0668
CR 677 631.1 510.2 | 115.5 5.5 1.93 0.0362
SB 5090 5090.0 4416.0 | 639.9 34.0 2.67 0.0459

Table 7.18: Background prediction in SR/CR/SB for high mass CR definition in 3 b-tag region

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg =1.0TeV | mg = 2.0TeV
SR 316 286.3 2359 | 485 2.0 3.44 0.0668
CR 811 829.1 7279 | 90.6 10.6 2.31 0.045
SB 4956 4956.2 4217.6 | 709.7 28.9 2.3 0.0371

Table 7.19: Background prediction in SR/CR/SB for low mass CR definition in 3 b-tag region

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg = 1.0TeV | mg = 2.0TeV
SR 316 284.8 235.4 | 475 2.0 3.44 0.0668
CR 542 554.8 477.1 | 69.9 7.7 1.47 0.0273
SB 5043 5043.2 4327.9 | 683.5 31.8 2.41 0.04

Table 7.20: Background prediction in SR/CR/SB for signal depleted CR definition in 3 b-tag region
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Figure 7.25: Comparisons of the nominal multijet shape prediction (black points) with the results
of Control and Sideband Region definition variations (red points). The ratio of the shape from each
variation to the nominal shape is shown in the lower panel, with the nominal shape uncertainty
shown as the black-outlined band. The first row shows the high-mass CR variation; the second row
shows the low-mass CR variation; and the third row shows the sideband restricted CR variation.
The left column shows the relevant distributions for the 4 b-tag Signal Region and the right column
is for the 3 b-tag Signal Region.



CHAPTER 7. SEARCH OF HH IN FOUR B-HADRONS FINAL STATES

155

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg = 1.0TeV | mg = 2.0TeV
SR 316 282.0 234.7 | 45.3 2.0 3.44 0.0668
CR 724 708.4 605.7 | 95.0 7.7 2.2 0.0421
SB 4759 4759.4 4105.4 | 623.5 30.5 2.12 0.0283

Table 7.21: Background prediction in SR/CR/SB for sideband restricted CR definition in 3 b-tag

region
SR Variations | Total Bkg. QCD tt Z + jets
HighMass -0.247% -0.0381% | -2.67% -
LowMass 0.423% 0.608% | -1.72% -
SBRestricted -0.315% | -0.0732% | -3.12% -
Table 7.22: Variation of prediction in 4 b-tag SR
SR Variations | Total Bkg. | QCD tt Z + jets
HighMass -0.739% -0.182% | -3.53% 0%
LowMass 0.538% 0.209% | 2.19% 0%
SBRestricted -0.993% -0.274% | -4.6% 0%
Table 7.23: Variation of prediction in 3 b-tag SR

can see that for most CR variations, the disagreement between data and prediction is well covered

by statistical uncertainty of data. The only exception is 3 b-tag high mass CR variation, where the

prediction is ~ 20 away from the data.
We also notice that variation in Signal-depletion CR definition is not significantly deviated from

the number derived from nominal CR definition, and the discrepancy is also within the statistical

uncertainty of data as well. This shows no significant signal contamination in CR is found.

CR Variations | Stat. Uncertainty of Data | (Data-Pred)/Data | (Data-Pred)/Pred
Nominal 14.9% 10.3% 11.5%
High Mass 15.6% 13.5% 15.6%
Low Mass 14.1% 7.32% 7.9%
Signal Depleted 16.9% 9.78% 10.8%
SB Restricted 14.9% 10.8% 12.1%

Table 7.24: Agreement between data and prediction in 4 b-tag CR

Validation in ZZ Signal Region

Another check we make is the the so-called “ZZ signal region rehearsal”. Instead of a signal region

around di-Higgs mass region on leading-subleading large- R jet mass 2D plane, we redefine a separate
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CR Variations | Stat. Uncertainty of Data | (Data-Pred)/Data | (Data-Pred)/Pred
Nominal 3.72% 1.29% 1.31%
High Mass 3.84% 6.77% 7.27%
Low Mass 3.51% -2.23% -2.18%
Signal Depleted 4.3% -2.35% -2.3%
SB Restricted 3.72% 2.16% 2.2%

Table 7.25: Agreement between data and prediction in 3 b-tag CR

signal region dedicated for ZZ searches:

Xzz_¢(ﬂW)2+(nW)?<2.l )

Olm(Jl) 0.1m(J2)

which is also illustrated in Figure [7.26] Then we redo the analysis, using the same definition of
sideband and control region as nominal (but with events contained in ZZ signal region excluded) for
normalization fit, and unblind the ZZ signal region. This is to validate our background estimation

strategy, and see how stable it is for another similar analysis.

2000 T T T T T

150+ B

100+ B

Sub-leading large-R jet mass [GeV

50+ B

P BT S I
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Figure 7.26: Illustration of ZZ signal region as shown in blue shaded region
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The summary of background estimation for ZZ signal region can be found in Table m (Ta-
ble for 4 b-tag region (3 b-tag region). The difference between data and prediction in ZZ signal
region is summarized in Table [7.28| and Table for 4 b-tag and 3 b-tag regions respectively.
The discrepancy between data and prediction is either covered by statistical uncertainty of data or
compatible with data statistical uncertainty in 4 b-tag and 3 b-tag ZZ SR respectively. We further
check the kinematic distribution between data and prediction in ZZ SR, as shown in Figure [7.27}
The data agrees with prediction well in general, though a few bins might not agree perfectly.

Based on all the variation tests done above, we think there is no need to introduce extra uncer-
tainty on non-closure systematics since most of the data/prediction disagreements are well covered

by the data statistical uncertainty.

Mass Region | Data | Total Bkg. | QCD tt | Z+jets | mg =1.0TeV | mg = 2.0TeV
SR 31 27.1 25.0 | 0.61 1.5 0.293 0.00354
CR 38 31.7 26.3 | 4.9 0.55 1.24 0.0136
SB 255 255.3 224.2 | 29.1 2.0 0.826 0.011

Table 7.26: Background prediction in SR/CR/SB for ZZ SR in 4 b-tag region

Mass Region | Data | Total Bkg. | QCD tt Z + jets | mg = 1.0TeV | mg = 2.0TeV
SR 452 483.5 450.8 | 24.4 8.3 0.541 0.0113
CR 590 567.0 473.6 | 87.8 5.7 1.82 0.0344
SB 4725 4724.9 4035.9 | 663.5 25.6 2.24 0.0365

Table 7.27: Background prediction in SR/CR/SB for ZZ SR in 3 b-tag region

Stat. Uncertainty of Data
18%

(Data-Pred) /Data
12.5%

(Data-Pred) /Pred
14.4%

77 SR

Table 7.28: Agreement between data and prediction in ZZ SR in 4 b-tag region

Stat. Uncertainty of Data
4.7%

(Data-Pred) /Data
-6.96%

(Data-Pred) /Pred
-6.51%

77 SR

Table 7.29: Agreement between data and prediction in ZZ SR in 3 b-tag region

Shape Uncertainty of tt

Because the 4b distribution is extremely statistically limited, the 3b shape is used to predict the
final ¢t background shape in the 4b signal region. While such procedure is validated in Figure [7.14
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Figure 7.27: Distribution of di-jet mass (left column) and leading large-R jet mass (right column)
in ZZ SR, for 4 b-tag (first row) and 3 b-tag (second row)
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we still try to derive an uncertainty on the shape of ¢t distribution in 4b signal region, accounting
for any difference while extrapolating from 3b to 4b.

In order to estimate the possible shape uncertainty, the 4b and 3b shapes are compared in
Figure[7.28] The distributions have been rebinned in order to reduce statistical fluctuations. At the
right of Figure we can find the ratio of the two distributions (after normalizing both to unity),
as well as a linear fit to the ratio. The linear fit is found to have an offset of 0.82 + 1.01 and slope
of 0.0002 + 0.0010. Due to lack of statistics, such fitting experiences large statistical uncertainty.
Nevertheless, we vary the slop by 1o (with offset parameter tuned to maintain same normalization)
and take it as our estimation of the ¢f shape uncertainty in 4b signal region, as illustrated by the
blue line on right plot of Figure [7.28
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Figure 7.28: (left) Shape of the t¢ di-large-R-jet mass in the signal region, comparing various b-tag
bins. (right) The ratio of 4b to 3b shapes, with a linear fit to the ratio. The same fit with negative
slope is also shown on the figure. .

The same method is applied to for the ¢t shape uncertainty for the scaled dijet mass distribution.
The ratio of the 4b to 3b shape, as well as the linear fits and variations used to determine the shape

uncertainty can be found in Figure [7.29

Shape Uncertainty of Multijet

As shown in Figures the shape distribution of the total predicted background extrapolated
from 2b sample is found to be in good agreement for both 4b and 3b data in the control region.
However due to the low statistics in the data in the control region, a conservative shape uncertainty
is determined using the ratio between 2b to 4b (3b) distributions, which will be propagated to the
signal region multijet distribution. It should be noted that this uncertainty is used for both the
dijet mass, and the scaled dijet mass distribution in signal region. The correction to to scaling is

expected to be small relative to the dijet mass.
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Figure 7.29: The ratio of 4b to 3b shapes of the # scaled di-large-R-jet mass in the signal region,
with a linear fit to the ratio. The same fit with negative slope is also shown on the figure.

A linear fit is performed on the dijet mass distribution in the control region, as shown in Fig-
ure[7.30] The 4b fit has a slope of —~7x10~*+1.3x 102, and 3b fit has a slope of —4x107°42.2x10~%,
Both slopes are consistent with zero indicating a good agreement between the shape of the distribu-
tions. Since we only focus on the shape uncertainty here (normalization uncertainty is taken by the
non-closure test), we vary the fitted slop by 1o with offset tuned to maintain same normalization,
as shown in the blue line in Figure [7.30]

Figure [7.31] shows the effect of this shape uncertainty on the predicted multijet dijet mass distri-
bution in the signal region. The upwards and downwards variations in gray lines form the envelope

of our background shape uncertainty in the signal region.

= 5 =] c S ]
5=] E E o E ]
B 45F —e— Rato = B [ —e— Ratio ]
S = 3 5 /. i
Qo 4 Ratio Fit = [ r Ratio Fit |
Qo E 3 R F J
T 35F Ratio Fit Variations = T 3E Ratio Fit Variations |
8 Tk 3 8 E ]
e % 3 e b E
5 25F = 8 Ft N
E E C1lé - b=
2? 7: 17 —
L5 = : * + ]
= E °F E
0.5; - —1i E
B d i 0 e N N R RPN RPN RPN BRI B

QOO 600 700 800 900 100011001200130014001500 600 800 1000 1200 1400 1600 1800 2000
m;,; [GeV] m;; [GeV]

Figure 7.30: Dijet mass ratio of total background to 4b (left) and 3b (right) data in the control
region, fit (red line), and +1o variation of the slope parameter (blue lines).
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Figure 7.31: Effect of the up/down variation of the 2b multijet shape in the 4b (left) and 3b (right)
signal regions. Gray lines show the upwards and downwards variations.

Smoothing Uncertainties

When dijet mass distributions for multijet and ¢ component are smoothed with exponential fit,
the statistical uncertainties are obtained by varying smoothing parameters jointly in eigen direction
defined by the covariant matrix.

Furthermore, two systematic uncertainties related to smoothing procedure is considered: 1)
The choice of fit range 2) The choice of smoothing function. It should be noticed that these two
systematics are only applicable for multijet background, since there is no enough MC statistics to
derive reliable systematics for tt.

First we vary the upper bound of fit range among the list {1500, 1750,2000}. The ratio of fits
for each option to that of nominal value can be found in Figure [7.32] Since all variations are well
contained inside the data statistical uncertainties, no additional systematics is assigned for this
aspect.

Next we vary smoothing function from a set of functional forms featuring in both power law
behavior and longer tails, as listed in Table [7.30]

Name Functional Form
MJ1 f1(x) = po(1 — x)PraP2
MJ2 fa(x) = po(1 — x)PreP2 z?
MJ3 fa(x) = po(1 — x)PraP2 ®
MJ4 fa(x) = po(1 — z)Prgp2 In @

MJ5 f5(x) =po(1 —x)Pr (1 + )Pz *
MJ6 fo(x) = po(1 — z)Pr(1 4 z)P2 nx
MJ7 fr(x) = Bo(1 — x)Pr—P2 In @
MJS8 fe(x) = B3 (1 —a)Pr P2 bn @

Table 7.30: Functions used to fit the multijet dijet mass distributions, where 2 = mj;/+/s.
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The ratio of the nominal exponential multijet prediction of the scaled dijet mass

distribution (with hashed band statistical uncertainties) to the predictions when fit with different
upper bounds, in the 4b (left) and 3b (right) signal regions.

The smoothing fit on multijet (scaled) M distribution can be found collectively in Figure

Each variation of smoothing fit is compared with the nominal fit using exponential function, as seen

in Figure Functional forms (MJ1) with poor fit quality is removed from the list of ratios. It

is interesting to notice that all alternative functional forms gives a even steeper falling tails than

the exponential fit. All deviations from alternative functional forms are larger than the statistical

uncertainty given by nominal fit. Therefore, the curve with largest deviation is quoted as systematics.
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Figure 7.33: The multijet prediction of the scaled dijet mass distribution in the 4b (left) and 3b
(right) signal regions, showing the nominal exponential fit (with has band statistical uncertainties)

and the

additional fits from Table @
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Figure 7.34: The ratio of the nominal exponential QCD prediction of the scaled dijet mass distribu-
tion (With hashed band statistical uncertainties) to the predictions of the additional fit functions of
Table |7.30|in the 4b (left) and 3b (right) signal regions.

7.5.4 Summary of Systematics

This section serves as the reference point as a summary of all systematics considered for this analysis
(if readers do not wish to go through detailed derivation above).

Table and shows a summary of systematic uncertainties on backgrounds and selected
signal samples in 4b signal region. Similar table for 3b signal region can be found in Table [7.33]
and Shape uncertainties defined earlier are not shown on this table since they do not affect
the yields.

A summary of MC systematic uncertainty on signal acceptance can be found in Figure
The largest uncertainty in the 4b signal region is from b-tagging, followed by the jet mass scale and
resolution. In the 3b signal region, although b-tagging systematics is still one of the largest uncer-
tainty, it has been much reduced compared to 4b region due to anti-correlation between efficiency
scale factor and inefficiency scale factor. Jet mass scale and resolution are the largest uncertainties
after b-tagging in 30.

The background estimation related uncertainties on the dominant multijet component, with both
shape uncertainty and smoothing uncertainty, can be found in Figure [7.36] While mutlijet shape
uncertainty is dominant below 1500 (1000) GeV in 4b (3b) signal region, smoothing uncertainty
becomes dominant in high dijet mass end. The total background prediction along with total uncer-
tainties can be found in Figure

For the background prediction, we find that smoothing and multijet shape uncertainty could vary
the shape of background prediction a lot, though they are covering different dijet mass regions. A
direct comparison of these two systematics can be found in Figure[7.36] While multijet shape uncer-
tainty is dominant below 1500 (1000) GeV in 4b (3b) signal region, smoothing uncertainty becomes

dominant in high dijet mass end. The total background prediction along with total uncertainties
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RSG ¢c=1.0
Systematics Total Bkg QCD tt Z + jets m = 1.0TeV m = 1.5TeV m = 2.0TeV
JES 0.63% 1.1% 16.0% - 3.3% 0.26% 0.20%
JMS 4.7% 5.3% 13.7% - 10.9% 12.9% 15.2%
JER 0.48% 0.48% 0.46% 0.90% 0.054% 0.18%
JMR 3.8% 1.2% 62.3% - 13.9% 11.5% 12.2%
b-tag SF 1.6% 0.98% 20.8% - 32.2% 36.3% 37.9%
Bkg. Norm. Fit 6.0% 8.0% 48.3% - - - -
QCD Non-Closure 13.7% 14.9% 0.0% - - - -
Total Sys. 16.3% 17.8% 84.3% — 36.9% 40.2% 42.6%
Stat. 2.5% 2.7% 4.7% — 1.1% 1.1% 1.5%
Event Number 14.6 13.5 1.2 0.0 2.9 0.29 0.030

Table 7.31: Percent impact of the dominant systematics on the background acceptance and on the
signal acceptance of RS ¢ = 1.0 graviton predictions in the 4b signal region.

RSG ¢ =2.0 2HDM

Systematics m = 1.0TeV m = 1.5TeV m = 2.0TeV m = 1.0TeV m = 1.5TeV m = 2.0TeV
JES 3.7% 0.52% 0.27% 4.2% 0.20% 0.29%
JMS 10.4% 12.5% 12.4% 13.0% 14.0% 13.1%
JER 0.95% 0.63% 0.73% 1.1% 0.31% 0.78%
JMR 12.6% 13.0% 11.1% 13.8% 12.8% 11.7%
b-tag SF 32.8% 36.0% 37.4% 31.8% 36.4% 38.1%
Total Sys. 36.9% 40.3% 40.9% 37.3% 41.0% 42.0%
Stat. 1.1% 1.2% 1.8% 1.4% 1.4% 1.7%
Event Number 10.1 0.96 0.10 83.3 4.5 0.28

Table 7.32: Percent impact of the dominant systematics on the signal acceptance of RS ¢ = 2.0
graviton and 2HDM predictions in the 4b signal region.

RSG ¢=1.0
Systematics Total Bkg QCD tt Z + jets m = 1.0TeV m = 1.5TeV m = 2.0TeV
JES 2.2% 0.59% | 14.8% 55.5% 2.7% 0.20% 0.13%
JMS 4.7% 1.9% | 37.1% 54.8% 14.8% 13.8% 15.4%
JER 0.44% 0.41% 3.7% 22.5% 0.81% 0.57% 0.39%
JMR 1.1% 2.1% 17.2% 4.0% 12.9% 12.0% 12.7%
b-tag SF 0.90% 1.4% 10.2% 49.8% 15.9% 22.5% 19.3%
Bkg. Norm. Fit 1.4% 2.0% 9.2% 0.0% - - -
QCD Non-Closure 3.1% 3.7% 0.0% 0.0% - - -
Total Sys. 6.4% 5.3% 45.8% 95.3% 25.4% 29.0% 27.8%
Stat. 2.4% 2.7% 4.7% 54.0% 1.0% 0.91% 1.0%
Event Number 284.8 235.4 47.5 2.0 3.4 0.45 0.067

Table 7.33: Percent impact of the dominant systematics on the background acceptance and on the
signal acceptance of RS ¢ = 1.0 graviton predictions in the 3b signal region.

RSG ¢=2.0 2HDM

Systematics m = 1.0TeV m = 1.5TeV m = 2.0TeV m = 1.0TeV m = 1.5TeV m = 2.0TeV
JES 2.8% 0.47% 0.34% 4.2% 0.28% 0.23%
JMS 13.0% 12.6% 12.7% 17.8% 17.4% 17.1%
JER 0.79% 0.44% 0.22% 0.86% 0.96% 0.54%
JMR 11.6% 11.6% 12.9% 11.1% 11.6% 11.1%
b-tag SF 16.8% 21.6% 19.1% 14.3% 23.2% 20.5%
Total Sys. 24.4% 27.6% 26.3% 25.8% 31.2% 28.9%
Stat. 1.0% 0.94% 1.3% 1.3% 1.1% 1.1%
Event Number 12.7 1.5 0.22 107.4 7.2 0.62

Table 7.34: Percent impact of the dominant systematics on the signal acceptance of RS ¢ = 2.0
graviton and 2HDM predictions in the 3b signal region.



CHAPTER 7. SEARCH OF HH IN FOUR B-HADRONS FINAL STATES 165

go-ﬁgw““\““““\““ o go-ﬁiw““\““““\““ o
g F ATLAS Internal —— Stats ] € F ATLAS Internal —— Stats ]
8 0.5F ——JES - 8 051 ——JES -
@ r IMS ] @ C IMS ]
g r — JER ] g F — JER ]
S 04F — JMR - 2 04 —— IMR =
2 L b-tag ] 2 L b-tag ]
© F 1 © F 1
o 03 = 5 03[ =
4 r ] 14 L ]
0.2 - 0.2 -
o T = R -

0:‘ = G:‘ P (I = s ]

1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Resonance Mass [GeV] Resonance Mass [GeV]

Figure 7.35: Impact of each systematic on the signal prediction as a function of the signal mass, in
the 4b (left) and 3b (right) signal regions.

can be found in Figure [7.37]

7.6 Results

7.6.1 Unblinded Results in Signal Region

After unblinding, we observe 20 events, with 14.61 £+ 0.36 + 2.38 events predicted in 4 b-tag signal
region. In 3 b-tag signal region, we observe 316 events, with 284.8 £ 6.7 & 18.2 events predicted
(the uncertainties given here represent the statistical and the total systematic uncertainties). The
yields in signal region are summarized in Table while a more detailed version can be found
in Section The distribution of (scaled) dijet invariant mass in signal region can be found in
Figure An excess of data is observed in the 3-tag region for moj; ~ 900 GeV and in the range

between 1600 and 2000 GeV. Distribution of selected kinematic variables in signal region can be

found in Figure and

7.6.2 Statistical Analysis

The results are interpreted using the statistical procedure described in [I] and references therein. A
test statistic based on the profile likelihood ratio [I86] is used to test hypothesized values of p, the
global signal strength factor, separately for each model tested. A more general introduction to the

common procedure for statistical analysis in ATLAS can be found in [187].
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Figure 7.36: The systematic uncertainty from QCD shape variation as well as smoothing procedure
for scaled dijet mass, in 4b (left) and 3b (right) signal region. The only difference between top and
bottom is the range of y-axis.
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Sample Signal Region (3-tag) Signal Region (4-tag)
Multijet 235 £+ 14 13.5 £ 24

tt 48 + 22 1.24+1.0
Z+jets 2.0 + 2.2

Total 285 + 19 14.6 £ 24
Data 316 20

G (1000 GeV), k/Mpj= 1 34409 2.9+ 1.1

Table 7.35: The number of predicted background events in the hh 3-tag and 4-tag signal regions,
compared to the data for the boosted analysis. Errors correspond to the total uncertainties in the
predicted event yields. The yields for a 1000 GeV Gk in the bulk RS model with k/Mp= 1 is also

given. [165]
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Figure 7.38: Dijet mass distribution in signal region for 3-tag (left) and 4-tag (right) category.
The uncertainty band includes both the statistical and systematic uncertainties in the background

estimate. [165]



CHAPTER 7.

SEARCH OF HH IN FOUR B-HADRONS FINAL STATES

@2 F T T T T T T T = @ T T T T T T T
= — — €
(3 [ ATLAS| Internal . L ATLAS Internal
° E Vs=13Te I Ldt=3.21fb™ 4 ° E:laTev.I Ldt=3.21fb™
5] T ]
5] [ Z+jets Est. A 5] [ Z+jets Est.
o - | s}
£ [ tiEst | = [ tiEst
2 [ ] QCDEst. — 2 [ ] QCDEst.
—— Data 4 —— Data
—e— Mgg=1.0TeVx1 _ —— Mgg=1.0TeVxl
e Mpge=2.0TeVx100 B e Mpg=2.0TeVx100
/7, Total uncertainty - /.7, Total uncertainty
0!
- S 2
o o
o o
E E
© <
S S0 300 400 500 600 700 800 900 1000 O S0 300 400 500 600 700 800 900 1000
pteadCaIDJel [Gev] p:eadCaIOJel [Gev]
i T T T T T T T 3 i T T T T T T T
= ) b €
< ATLAS Internal [ Z+jets Est. = < ATLAS Internal [ z+jets Est.
5 ﬁ:lSTeV,I Ldt=3.21fb™ [ tiEst. B 5 ﬁ:laTev,J' Ldt=3.21fb™" [ tiEst
° [ QCDEst. = ° [ QCDEst.
g —— Data — E —— Data
5 e Mgee=1.0TeVx1 = 5 e Mpee=1.0TeVxL
z e r Mpge=2.0TevVx100 B z e r Mpee=2.0TevVx100
/ Total uncertainty 3 // Total uncertainty
3 3 E
o o - . 4 3
= = T e B
] 8 B
)1 < =]
a a =2 B 0 T 2 3
nLeadCaloJel
@ ) E T T T T T T T =
= c =
Q ATLAS| Internal 4 F~ ATLAS Internal
o V5=}3Te I Ldt=3.21fb" ° 5:13Tev,J' Ldt=3.21fb"
IS] S]
o} [ Z+jets Est. o} [ Z+jets Est.
o - Qo -
£ [ tEst £ [ tEst
2 [ QCDEst. 2 [ QCDEst.
—— Data —— Data
e Mgge=1.0TeVx1 e Mgge=1.0TeVx1l
e Meg=2.0TeVx100 e Mpgs=2.0TeVx100
/.7, Total uncertainty /.7, Total uncertainty
5 °
o o
o o
8 = 8
o C o
O S0 300 400 500 600 700 800 900 1000 a) 700 800 900 _ 1000
pfubLeaﬂCachel [Ge\/] pfubLeaﬂCaloJel [Gevl
o T T T T T T T jo) T T T T T T L=
= ) = F ]
9 ATLAS Internal [ Z+jets Est. S 120(— ATLAS Internal [ Z+ets Est. —
o E:laTeV,I Ldt=3.21fb st ° C E:laTev,J' Ldt=3.21fb" O tEst ]
5 10 [ JQCDEst. 5 C [ JQCDEst. B
ko] - —— Data o 100— —— Data —
E r —— Mpee=1.0Tevxl = r —— Mpee=1.0Tevx1 ]
5 g e Megs=2.0TeVx100 3 e Megs=2.0TeVx100 ]
=z = 7/ /. Total uncertainty — z ///, Total uncertainty —
- °
13 13 3
o a 3
] 3 o 3
© - | © - |
a 7 3 a) =3 =2 -1 0 T z 3
qsubLeadCaluJe\ nSuhLeadCaanel

168

Figure 7.39: Distribution of leading large-R jet pr (first row), leading large-R jet mass (second row),
subleading large-R jet pr (third row) and subleading large-R jet mass (fourth row) between data
and prediction in “4-tag” (left) and “3-tag” (right) signal region.



CHAPTER 7. SEARCH OF HH IN FOUR B-HADRONS FINAL STATES

@2 FT T T T T = @ FT T T
g ,F ATLAS Intemal 3 g 2205 aTLAS |
Y il nternal i g E ATLAS Interna
° = E:laTeV,I Ldt=3.211b" B o 200 E:laTev.I Ldt=3.21fb™
5] C 4 o E
T 12— [ Z+ets Est. — § 180 [ z+jets Est.
o C N | Qo =
£ C [CJtest | £ 160/ [JtiEst
2 10 [ ]QCDEst — 2 E [JQcDEst
= B 140
F ——Data B E —oaa
8~ —— mge=1.0Tevxl — 120 —— mge=1.0Tevxl
F o --e- Muee=2.0Tevx100 J 100E- " Mrsg=2.0TeVx100
6— 7/, Total uncertainty - E 7/ Total uncertainty
E ] 80—
aE - 60—
C J 40—
2 — E
E ] 20—
= 3 E ‘ e
0 0!
5 2F T T T = 5 2f i
& E 3 x E ——
S| - —3 S Lia_*ﬁ_#;
Il £ b I =
© [1]= J < o] =
) 15 2 25 3 35 o 15 2 25 3
AR(3J)
Jo) F T T T T T 3 %) = T T T T T 3
£ = ) — £ goE-
o [ ATLAS Internal [0 Z+jets Est. ] [ £ ATLAS Internal [0 Z+jets Est.
° = ﬁ:lSTeV,I Ldt=3.211b" [JtiEst = 2 LB ﬁ:laTev,J' Ldt=3.211b™ [CJtiEst
o — [ QCDEst. — ° E [ QCDEst.
K] = —— Data 4 2 60; —— Data
5 A= e Mgee=1.0TeVx1 = 5 E e Mpee=1.0TeVxL
=z E e r Mpge=2.0TevVx100 B = 50F— e r Mpee=2.0TevVx100
E {/ Total pncertainty 3 E /// Total uncertainty
3 40—
E 30
2 E
C 20—
11— E
C 10—
o] — =
©  2F 8 2F
g °f g °F
L T
] E ] E
)1 C < =t
a ©° =2 a ° B2 T 0 T 2
An@.J)
P = T T T T T T T = P E T T T T T T T
c — | S E
Q [ ATLAS Internal 7 Q90 ATLAS Internal
Eoys= = it Z+jets Est. - [ E ys= = L [ z+jets Est.
o = s—lSTeV.J‘ Ldt=3.21fb 0z B 5 E E—lSTeV,J‘ Ldt=3.21fb i
° 51— [ tiEst — © 80 E [ tiEst
2 E [ QcDEst. E 2 20E- [ QcDEst.
E C —— Data ] E E —— Data
z A —— Mgee=1.0TeVx1 = Z  gE —— Mgee=L1.0TeVx1
£ --e s Mege=2.0TeVx100 3 E --e s Mege=2.0TeVx100
3 C /7, Total uncertainty T 50— /. Total uncertainty
£ 7 40—
2= = 30
S 7 20E-
1— | E
E i 10 E
ot . 3 ot —" . 3
5 2 == T T 5 2 T
e F f gk T ]
= — S =
< £ E s £ E
o o - | o o) = - |
o 02 04 06 08 T 12 14 16 o 02 04 06 08 T 12 14 16
AR(] j)LeadCanJeA AR(] i)LeadCaloJel
o) F T T T T T T T 3 2 100 T T T T T T T )
£ E E £ C ]
(3 7E- ATLAS Internal ) = [ [ ATLAS Internal ]
o E E:laTeV,I Ldt=3.2}fb™ [ Z+jets Est. El ° C E:laTev,J' Ldt=3.21fb" [ Z+jets Est. ]
5 = [JtiEst 3 S go— (= 7
2 6; [JQCDEst. = 2 L [JQCDEst. -
£ e —— Data = £ = —— Data -
S 5 | 3 L _
z E —— Mpee=1.0Tevxl 3 z ol —— Mpe=1.0Tevxl
E --e Mpg=2.0TeVx100 = L -e - Mpge=2.0TeVx100 -
4= 7/, Total uncertainty = - *//, Total uncertainty B
1= = 40— —
2 — = J
= | 20— —
1= — C ]
. 0= - .0
° 2 | o 2 |
o E E| < E|
S = S =
I} £ b I b
© ok - | © 0, - |
a 02 04 06 08 T 12 14 16 o 02 04 06 08 1 12 14 16

AR(j,j)ebLeadCalodet

AR(j,j)ebLeadCalotet

169

Figure 7.40: Distribution of AR between dijet (first row), An between dijet (second row), AR
between two leading track jets associated with leading large-R jet (third row) and AR between two
leading track jets associated with subleading large-R jet (fourth row) between data and prediction
in “4-tag” (left) and “3-tag” (right) signal region.
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Treatment of Systematic Uncertainties

The statistical analysis described below is performed using the data observed in the signal regions.
As discussed in [I87], systematic uncertainties are treated as independent nuisance parameter within
each signal region using Gaussian (for shape systematics) or log-normal (for normalization system-
atics) priori constraint terms in the definition of likelihood function. The exact varied histogram for
each source of systematics is obtained through linear interpolation between +1¢ histograms which
are obtained when deriving systematics. Uncertainties that can change both shape and normalization
is treated with different constraints as mentioned above, keeping their variation fully correlated with
a single nuisance parameter (prior factorized into a Gaussian term and log-norm term as function
of a single nuisance parameter).

In the combination of 3b and 4b signal regions, data from the 3-tag and 4-tag signal regions
are fitted simultaneously treating systematic uncertainties related to the luminosity and the MC
modeling as fully correlated while other uncertainties are treated as uncorrelated. Whole distribution
of my; is used during the likelihood fit to fully exploit discrimination between signal and backgrounds
on shape.

The impact of each source of uncertainties on the expected 95% confidence level exclusion limit

can be found in Figure[7.41} This can be regarded as the summary of post-fit systematic uncertainties.

Pull, Correlation and Post-fit Distributions

Pull, correlation and post-fit distribution is useful in checking if there is any problem either from
statistical fit itself or nuisance parameters. Since the post-fit depends on signal model (mass) as well
as hypothesis (u), it is impractical to include all possible plots here. Therefore only unconditional
fit results on mass of 1500 GeV is shown in Figure [7.42] for Bulk RS ¢ = 1.0 3b and 4b channel
(simultaneous fit combining 3b and 4b is done). Largest pull is less than 20 coming from JMR
systematics with all other nuisance parameters well below 1o. More tests suggest the statistical fit

is robust.

Background-only Hypothesis Test

In order to determine if there are any statistically significant local excesses in the data, a test of
the background-only hypothesis (1 = 0) is performed following procedure outlined in [I87]. The
significance of an excess is quantified using the local pg, the probability that the background could
produce a fluctuation greater than or equal to the excess observed in data. A global pg is also
calculated for the most significant discrepancy, using background-only pseudoexperiments to derive
a correction for the look-elsewhere effect across the mass range tested [I88]. Toy MC technique is
used for the significance test here.

The results of local py value scan can be found in Figure [7.43] for individual 3b or 4b channel.
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Figure 7.41: The individual relative impact of the systematic uncertainties considered in the 4b
(top left), 3b (top right) and combined boosted analysis on the Gy k/Mp; = 1.0 expected 95%
confidence level exclusion limit, as a function of KK graviton mass. The impact is the ratio of the
limit calculated using all systematic uncertainties sources to the limit calculated using all systematic
uncertainty sources excluding those under investigation. [I82]
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Figure 7.42: Pulls (top left) and correlation (top right) of nuisance parameters and post-fit distribu-
tions in linear (second row) and log (third row) scale obtained from the unconditional likelihood fits
combining 3b and 4b channels. The signal is the KK graviton model with ¢ = k/Mp = 1.0 and mass
set to 1500 GeV. In second and third rows, left column is the post-fit distribution in 36 channel and
right column is the post-fit distribution in 4b channel
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The local significance with two channels combined can be found in Figure[7:44] A summary of most
significant local and global excess can be found in Table[7.36] [7-37and[7-38] No significant excess is

observed in all cases. The largest deviation from background-only hypothesis corresponds to a broad

data excess in the 3-tag signal region starting from ~ 1700 GeV. The maximum local significance

here is 20.
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Figure 7.43: Local py value for the 3b (left) and 4b (right) boosted analysis as a function of the
resonance mass for Gi with k/Mp) = 1.0 (first row), k/Mp) = 2.0 (second row) and heavy neutral
Higgs from 2HDM model (third row)
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Figure 7.44: Local py value for boosted 3b+4b analysis as a function of resonance mass for Giy
with k/Mp; = 1.0 (top left), k/Mp; = 2.0 (top right) and heavy neutral Higgs from 2HDM model
(bottom)

| Local py (mass [GeV]) | Local sign. | Trial factor | Global py | Global sign.

Resolved 0.1 (900) 1.2 - - -
Boosted (4D) 0.073 (1200) 15 5 - 5
Boosted (3b) 0.014 (900) 2.2 20.9 0.42 0.2
Boosted (3b-+4b) 0.045 (800) 1.7 - - -

Table 7.36: Minimum local and global py values along with the corresponding significances and the
trial factors for the different analyses and for the KK graviton model with ¢ = k/Mp = 1.0. The
trial factor is computed only when a local significance greater then 2 sigma is observed.

| Local py (mass [GeV]) | Local sign. | Trial factor | Global py | Global sign.

Resolved 0.2 (900) 0.8 - - -
Boosted (4b) 0.085 (800) 1.4 - - -
Boosted (3b) 0.028 (800) 1.9 - - -
Boosted (3b-+4b) 0.072 (300) 15 - - -

Table 7.37: Minimum local and global py values along with the corresponding significances and the
trial factors for the different analyses and for the KK graviton model with ¢ = k/Mp = 2.0. The
trial factor is computed only when a local significance greater then 2 sigma is observed.
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| Local py (mass [GeV]) | Local sign. | Trial factor | Global py | Global sign.

Resolved 0.059 (900) 1.6 - - -
Boosted (4b) 0.064 (1300) 1.5 - - -
Boosted (3b) 0.053 (2000) 1.6 - - :
Boosted (3b-+4b) 0.053 (2750) 1.6 - - -

Table 7.38: Minimum local and global pg values along with the corresponding significances and the
trial factors for the different analyses and for the 2HDM model. The trial factor is computed only
when a local significance greater then 2 sigma is observed.
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Figure 7.45: The expected and observed limits for Gix— hh — bbbb in the bulk RS model with
k/Mp) = 1.0 for combined 3b and 4b boosted analysis (left) and individual component from 3b and

4b alone (right). [182]

Exclusion Limits

As no significant excess is found, data is further used to set upper bound on cross sections for
different benchmark signal processes at 95% confidence level (where CL, < 5%), following the
procedure described in [I87]. Toy MC technique is used for exclusion limits here.

The exclusion limit on Gy of k/Mp; = 1.0 can be found in Figure along with a decompo-
sition of the contributions from individual channels. As expected, 4b channel is more sensitive for
resonance masses less than ~ 1800 GeV, while 3b is more sensitive for masses above. Furthermore,
we notice the sensitivity of boosted analysis gets worse for mg; <~ 1000 GeV. This degradation
comes from the 1) threshold effect from single large-R jet trigger, 2) worse reconstruction efficiency
since decay products from Higgs boson can no longer be contained inside a single large-R jet. This
is complemented by another separate dedicated “resolved analysis”, which is also included in [I65].

The final results combining both resolved and boosted analysis can be found in Figure [7.46]
Instead of a statistical combination, simple combination, that limits from resolved analysis is used
for resonance mass below 1100 GeV. and limits from boosted analysis is used for resonance mass
above 1100 GeV, is adopted. The choice of splitting point is determined such that the most stringent

limit can be imposed on each mass point.
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Figure 7.46: The expected and observed upper limit on Gy— hh — bbbb in the bulk RS model
with k/Mp; = 1.0 (first row) and k/Mp) = 2.0 (second row) as well as H — hh — bbbb with fixed
I'y =1 GeV (third row), at 95% confidence level. The results of the resolved analysis are used up
to a mass of 1100 GeV and those of the boosted analysis are used at higher mass where its expected
sensitivity is higher. The red curves show the predicted cross sections as a function of resonance
mass for the models considered. [165]
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For spin-2 Gy with k/Mp; = 1.0, limits on o(Gjy — hh — bbbb) are set in range between 21
and 73 fb for masses between 600 and 3000 GeV. For k/ Mp) = 2.0, this becomes 34 to 86 fb. For
spin-0 narrow-width H boson, this is between 30 to 300 fb (30 to 100 fb for boosted analysis only).
Although no events are observed around 3000 GeV or above, observed limit is above 1o weaker than
expected limit due to 1) substantial tail at low mass region from high-mass signals due to degraded
resolution and 2) slight data excess at high mass. For boosted analysis, no signal model is able to
be excluded yet. Mass range of 480-770 (< 965) GeV is observed to be excluded for k/Mp; = 1.0
(k/¥p) = 2.0)

The search sensitivity of Run 2 analysis as presented here exceeds that of Run 1 [122] for resonance
masses above 1350 GeV, despite of less luminosity accumulated (3.2 fb~! for Run 2 at the time
of analysis compared to 19.5 fb~! for Run 1), as illustrated in Figure The improvement
mainly comes from 1) a higher signal cross section due to increase in center of mass energy and 2)

introduction of 3b channel that is able to extend the sensitivity significantly above ~ 1700 GeV.
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Figure 7.47: The expected and observed 95% CL upper limits on the Gjx— hh — bbbb cross section
strength modifier ;1 (¢ = po(Giy)) in the bulk RS model with k/Mp; = 1.0 for the combination
of resolved and boosted analyses at /s = 8 and 13 TeV. The search sensitivity of the analysis at
/s = 13 TeV is similar to that achieved at /s = 8 TeV with 19.5 fb~! for resonance masses below
1350 GeV but exceeds it above that mass by factors of 1.4 at 1500 GeV and 12 at 2000 GeV. The
vertical blue line at a mass of 2000 GeV indicates the upper end of the search region for the 8 TeV
analysis. [182)

7.6.3 Conclusion

No significant data excess is observed above the estimated background consisting mainly of multijet
and tf events. Upper limits on production cross section times branching ratio to bbbb final state are
set for spin-0 and spin-2 resonances with values between 24 to 113 fb for resonance masses between
600 and 3000 GeV, at 95% confidence level. The search sensitivity of this analysis exceeds that
achieved at /s = 8 TeV with 19.5 fb~! for resonance masses above 1350 GeV. Furthermore, search
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has been extended to cover mass range 2000 to 3000 GeV.

7.7 Improved Search and Results

After the result shown above was published using data collected in 2015, work continues as much
more abundant data flushes in during 2016. Therefore, a second stage of the analysis is conducted,
using data collected during 2015 and March-July 2016, and became public since 2016 summer. Since
the second stage of analysis is based on the work of first stage, basic strategies as well as techniques
are shared. Therefore, instead of a detailed description, the second stage of analysis will be reviewed
in this section with emphasis on the differences and improvements with respect to the earlier one. In
the descriptions below, “this analysis” always refers to second stage of this search, unless otherwise
mentioned explicitly.

The improvement mainly comes from two aspects: a factor of four increase in integrated lumi-
nosity and improved sensitivity for resonances with masses above 2500 GeV due to the removal of
track jet multiplicity. The multijet background estimation strategy is also adjusted accordingly since
signal region categorization is changed due to our optimizations. Readers with interest in second

stage of the analysis, as well as the resolved part of analysis, can find more details in [166].

7.7.1 Data and Trigger

Though 2015 data is reused in this analysis, dataset is re-processed due to improvement in re-
construction software and algorithms (e.g. b-tagging optimization, improved tracking alignment,
improved track reconstruction). While integrated luminosity for 2015 data is still 3.2 fb~!, luminos-
ity uncertainty on gets reduced to +2.1% from 5% through improved luminosity measurement by
following methodology as detailed in [74][75]. Data collected during March-July 2016 corresponds to
an integrated luminosity of 10.1 fb~!, with a preliminary uncertainty of £3.7% from measurements
performed in May 2016. The total integrated luminosity is then 13.3 fb=!.

Triggers used in 2015 data and 2016 are also different. For 2015 dataset, same trigger as first stage
of analysis as presented above is used, requiring a single anti-k; jet with R = 1.0 and pt > 360 GeV.
For 2016 dataset, similar trigger is used but with higher threshold of pp > 420 GeV. The increase in
threshold in 2016 is to make sure trigger can still remain un-prescaled in the presence of increased

instantaneous luminosity from LHC.

7.7.2 Selections

Event reconstruction and selections are almost identical to the previous analysis as shown in Sec-
tion except for the categorizations in number of b-tags. While “4-tag” region is still used,

“3-tag” has been modified such that requirement of four track jets (two on each Higgs candidate
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jet) are dropped. However, due to the requirement of exactly 3 b-tagged track jets, requirement
of at least three track jets is still implicitly imposed. One thing important to clarify is that, only
leading and subleading track jets, if exist, are considered when counting number of b-tags. This is
to ease the procedure of assignment b-tagging scale factors and their uncertainties without hurt on
sensitivity. Therefore “4-tag” means two b-tagged track jets on each Higgs candidate, and “3-tag”
means two b-tagged track jets on one Higgs candidate while one b-tagged track jet on another Higgs
candidate jet.

Besides “4-tag” and modified “3-tag” (“3-tag” for short below), an additional “2-tag-split” signal
region is also considered. “2-tag-split” samples are required to have exactly one b-tagged track
jet for each Higgs candidate jet, without any requirement on track jet multiplicity except for the
requirement imposed by b-tags implicitly.

The cutflow and signal efficiencies can be found in Figure Comparing with Figure [7.10
efficiency of “3-tag” category is improved in general due to the looser requirement on track jet
multiplicity, in particular for resonance mass above 2000 GeV, while “4-tag” efficiency is almost
identical. The gain in “3-tag” efliciency reflects the recovered cases where one Higgs candidate is
so boosted that two close-by b-hadrons merge into a single track jet. As resonance masses get even
higher, both Higgs candidate would get so boosted that double b-hadrons on each side get merged
into a single track jet. This topology motivates the “2-tag-split” region, which can significantly
recover signal acceptance at high resonance masses as shown here. Three orthogonal signal regions
are complementary to each other: “4-tag” is most sensitive for resonance masses roughly from
1000 to 1600 GeV; “3-tag” is most sensitive for resonance masses roughly from 1600 to 2300 GeV;

“2-tag-split” is most sensitive for resonance masses roughly from 2300 GeV above.

7.7.3 Background Estimation

The background estimation strategy also inherits from first stage of the analysis. Several changes,
however, are introduced in accordance with the change in signal selections.

As described in Section [7.4] shape of dominant multijet background in signal region is extrap-
olated from the multijet distribution in a region same as signal region except looser b-tagging re-
quirement. In the past, “2-tag” region is used as this “template region”. While this is still good for
“4-tag” and “3-tag” SR here, it is no longer appropriate for “2-tag-split” region newly introduced.
Therefore, a “0-tag” region is instead introduced as the “template region”. In “0O-tag” region, no
track jets, if any exist, should be b-tagged. However, when extrapolating from “0O-tag” to any of
three SR, same track jet multiplicity requirement as implicitly imposed on target SR should be
applied on the template “0-tag” regions as well in order to mimic the kinematics of target SR.

When extrapolating from “0O-tag” to signal regions, it is observed that the good shape agreement
as found in first stage of analysis is no longer the case. Therefore, a kinematic re-weighting is

introduced during the extrapolation to correct the shape difference. The same technique is also used
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Figure 7.48: (Left) The absolute selection efficiency as function of Gk mass at eacg stage of the
event selection. Trigger efficiency is 100% after requiring two large-R jets, hence now shown on the
plot. (Right) The selection efficiency of in each b-tag categorization after requiring X, < 1.6 as
function of Gjk mass. [160]

in the resolved part of this search, as well as the other search that will be presented in this thesis.
Therefore, more details on kinematic re-weighting can be found in Chapter

Furthermore, definition of control region and sideband is also modified slightly. While boundary
between signal region and control region is the same as earlier, sideband is now defined as 36 < Ry <
63 GeV. The upper bound on sideband is to limit the sideband so that it can be kinematically closer
to SR and CR.

tt distribution in “4-tag” is now taken from MC simulation direction, instead of extrapolating
from “3-tag” as before. This is mainly due to the availability of inclusive ¢ sample with significantly
more statistics in ATLAS.

In the last, when smoothing multijet invariant mass distribution as predicted in the signal region,

a “dijet” functional form is now used as nominal instead of exponential fit:
mag mayj
Vs NG

This is motivated by the observation from first stage of analysis that exponential fit might under-

flmyy) =pi(1 = —=)(—=)" (7.5)

estimate background prediction in the tail. Such underestimation becomes even more evident when
we have substantially more data enriching the tail part due to more data being collected. Therefore,

the “dijet” functional form which can better describe the tail of distribution is introduced.
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7.7.4 Results

The results for this second stage of analysis can be found in Table[7.39|and Figure [7.49] showing the

comparison between data and prediction in signal region in terms of yields and shapes respectively.

Sample 2-tag-split 3-tag 4-tag
Multijet 2310+240  515+41 32.6+7.6
tt 460+170 81437 5.7+£5.2
Total 2770+£130  596+39 38.3+9.0
Data 2813 671 32

Gix 2 TeV), kMPl=1.0 0.174£0.10 0.31+0.06 0.1540.06

Table 7.39: Number of predicted background events in signal region compared to data. Quoted
errors include both statistical and systematic uncertainties. Anti-correlation between multijet and
tt yield is accounted for. [166]

No excess is found in the data, and exclusion limit on o (G — hh — bbbb) from Bulk RS
G with k/Mp) = 1.0 is setup with 95% confidence level, as shown in Figure A significant
improvement with respect to first stage analysis can be found. The improvement for resonance
masses below 2000 GeVmainly comes from a factor of four increase in integrated luminosity, while
improvement for high resonance masses mainly comes from the looser requirement on track jet

multiplicity and introduction of “2-tag-split” signal region.
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Figure 7.50: The expected and observed uppser limit for G — hh — bbbb in the bulk RS model with
kM Pl = 1.0 at 95% confidence level. Transition point from resolved analysis to boosted analysis is
at 1000 GeVsuch that maximal sensitivity is used for each mass point. Blue curve corresponds to
the results from first stage of analysis. [166]



Chapter 8

Search for Heavy Resonance
Decaying to W /Z Boson and Higgs
Boson in qqbb Final States

8.1 Introduction

Besides the spin-2 and spin-0 heavy resonance as discussed in Chapter 7], many new physics beyond
Standard Model also predicts spin-1 heavy resonances at TeV scale. Typically, these spin-1 resonance
has non-negligible coupling with the Standard Model gauge bosons and Higgs boson, depending on
the exact models behind. Such resonances are predicted in multiple models, such as composite
Higgs [189] 190] and Little Higgs model [191].

In this chapter, we will focus on search of such spin-1 resonances at TeV scale decaying to a W
or Z boson and Higgs boson in fully hadronic ¢g")bb final states, using proton-proton collision data
of 36.1 fb~! at /s = 13 TeV. In particular, the search and its results are expressed in the context of
a simplified model which incorporates a Heavy Vector Triplet (HVT) [31] of bosons, allowing for the
interpretation of the results in a large class of models. The new heavy vector bosons, W’ and Z’,
couple to the Higgs boson and SM gauge bosons with coupling strength cpgy and to the fermions
with coupling strength (g2/gv)cr, where g is the SM SU(2)r coupling constant. The parameter
gy represents the typical strength of the new vector bosons’ interaction, while the dimensionless
coeflicients cy and cp parameterize departures of this typical strength for interactions with the
Higgs boson and with fermions, respectively, and are expected to be of order unity in most models.
Two benchmark models are used: in the first, referred to as Model A, the branching fractions of the
new heavy vector to fermions and gauge bosons are comparable, as in some extensions of the SM

gauge group [32]. In Model B, fermionic couplings to the new heavy vector are much suppressed,
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as for example in a composite Higgs model [33]. The regions of HVT parameter space studied
correspond to the production of resonances with an intrinsic width that is narrow relative to the
experimental resolution in order to have simplified model validated. The experimental resolution is
roughly 8% of the resonance mass. The sensitivity of the analysis to wider resonances is not tested.

This search is part of a very large family of di-boson searches in LHC physics, conducted by both
ATLAS and CMS experiments. Two other final states that are closely related to this search are
leptonic VH searches and VV searches. For leptonic VH searches, ATLAS set a lower limit at 95%
confidence level (CL) on W’ (Z’) mass at 1.47 (1.36) TeV in HVT Model A with gy = 1 [192] based
on data collected at /s = 8 TeV. This limit has been extended to 1.75 (1.49) TeV based on same
search in ATLAS using 3.2 fb~! data collected at /s = 13 TeV [149] in the context of W’ (Z') in HVT
Model A. For HVT Model B, the limits are 2.22 (1.58) TeV. In the CMS, VH searches exploiting
both hadronic and leptonic final states already exist in Run 1. Searches by CMS at /s = 8 TeV
in hadronic channels based on HVT Model B with gy = 3 exclude heavy resonance masses below
1.6 TeV (W' — WH), below 1.1 TeV and between 1.3 TeV and 1.5 TeV (Z' — ZH) and below 1.7
TeV (combined V! — VH) at 95% CL [193]. Leptonic channel W’ — W H — lvbb carried by CMS
excludes masses up to 1.5 TeV in the same context [194]. There is also a Z' — ZH — qqrT7~
channel by CMS in Run 1 setting limits on Z’ production cross-section [I95]. For VV final states
(WW/WZ/ZZ7), a new gauge boson with mass below 2.6 TeV is excluded at 95% CL by ATLAS
using 3.2 fb~1 of data at /s = 13 TeV [196]. In addition to these publications, readers can find
more recent public results on ATLAS exotics public result page [197].

Since there is no search by ATLAS in full hadronic channel during Run 1, this is the first time
this channel is explored inside ATLAS using Run 2 data collected so far. Results using 2015 data
and part of 2016 data have been made public during 2016 summer [198]. A more complete result
using 2015 and 2016 full year data are also made public during 2017 spring [199], and will be the
main content to be presented in this chapter.

Search strategy used in this search is very similar to the ones explored in Chapter[7]due to similar
boost event topology. This search will focus on new resonances with mass above 1 TeV. As a result,
the V and H bosons produced are highly boosted, with resulting decay products of each boson likely
to be collimated and merged into single large radius jets. Booosted boson identification techniques
as discussed in Chapter [6]is therefore used. The dijet invariant mass spectrum of two large radius jet
is used as discriminant variable, where the signature of new heavy resonance decay yields a resonant
structure on top of the smoothly falling background. The dominant background corresponds to
multijet processes, with much smaller contributions from other non-resonant backgrounds including
tt and V+jets. The dominant multijet background can be heavily suppressed by employing jet sub-
structure techniques and b-tagging requirements. Similar to the searches presented in Chapter [7] a
similar data-driven method is used for multijet background estimation while remaining backgrounds
are modelled with Monte Carlo (MC) samples.
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As mentioned above, many methods and procedures adopted in this analysis, including search
strategy, background estimation, systematic uncertainties as well as systematic analysis are similar
to the search presented in Chapter [7/] Therefore, we will not describe these in great details as last
chapter, but instead only highlights studies specific to this search. This chapter will be organized
as following: Section provides a quick overview of samples being used; Event selections can be
found in Section B3} Background estimation is in Section [8.4} Studies of systematic uncertainties
can be found in Section Results are discussed in Section

8.2 Data and Simulation Samples

This section describes the pp collision data collected by the ATLAS detector that is used in this
analysis as well as the MC samples used to model the signal and background processes, generated
at the same centre-of-mass energy. The MC events are passed through the ATLAS detector simula-
tion [I71], based on GEANT4 [170]. Both the collected and simulated data are reconstructed using
the standard ATLAS reconstruction algorithms.

8.2.1 Data

This search is performed with a combination of /s = 13 TeV data collected by the ATLAS experi-
ment during the 2015 and 2016 LHC pp runs, in the 25 ns running configuration. Only data selected
in the standard good runs list (GRL) are used, ensuring that all the relevant elements of the ATLAS
detector were fully operational and efficient while the data were collected.

The integrated luminosity of the runs is estimated following the methodology described in [74].
The 2015 dataset corresponds to an integrated luminosity of 3.2 fb~!, with runs of 50 ns configu-
rations excluded. The preliminary uncertainty on the combined 201542016 integrated luminosity
is 3.2%. It is derived, following a methodology similar to that detailed in [75], from a preliminary
calibration of the luminosity scale using x — y beam-separation scans performed in August 2015 and
May 2016.

Additional quality conditions are applied, as recommended by the Data Preparation group. These
include the rejection of incomplete events, as well as events with LAr noise bursts and LAr or Tile
data corruption. No pile-up re-weighting procedure is applied since the dominant background in

this analysis is data-driven.

8.2.2 Simulated Signal and Background Samples
Signal Samples

The Heavy Vector Triplet (HVT) Model A with gy = 1 samples are used as a benchmark model

to set limits in this analysis. Under the assumption that there are no differences between Model A
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and Model B in terms of shapes, the results interpreted with the Model A samples can be directly
translated to Model B by scaling the relevant branching ratios. Therefore only MC simulation for
Model A is performed.

The MC samples are generated with MG5_AMC@NLO v2.2.2 [I72] interfaced to PyTHIA 8.186 [167]
for shower and hadronization, with the NNPDF23 PDF set [I73] and the ATLAS A14 tune [I74].
The Higgs decays to all quarks are included, with H — bb and H — c¢ contributions, corresponding
to a branching ratio of 0.569 + 0.0287 for my = 125.5 GeV.

Background Samples

The dominant background to this search originates from multijet processes. Since the multijet MC
samples do not have enough statistics in the high mass region of interest, where are highly suppressed
by the V/H-tagging techniques, data-driven technique is used in the analysis for multijet background.
The MC simulation are only used to validate data-driven method, as well as to optimize the event
selection strategy.

Other contributions to the background composition come from ¢, V+jets and diboson processes,
totaling from 2 to 10% of the background, depending on the region. The modeling of these processes
relies on MC simulation.

For studies with simulated multijet events, the nominal MC samples used are generated with
PvyTHIA 8.186, with the NNPDF23LO PDF and the ATLAS Al14 tune for the underlying event.
Events are generated in bins of pr of anti-k; R=0.6 truth jets in order to populate statistics in each
pT range.

The ¢t samples are generated with POWHEG-BOX v2 [200] with the CT10 PDF, interfaced with
PyTHIA 6.428 [I79] with CTEQ6L1 PDF [201] and Perugia 2012 tune for parton shower [I80].
EvtGen v1.2.0 [I69] is used for properties of bottom and charm hadron decays. The samples are
divided in terms of final state: the dominant contribution comes from tf events where both top
quarks decay hadronically, but an additional sample is also considered which includes leptonic and
semi-leptonic decay&ﬂ In order to keep statistical fluctuations small across the dijet mass spectrum,
additional tf samples are used which are generated in slices of ¢ invariant mass, starting from 1.1
TeV. Double-counting is avoided by explicitly cutting out events in the inclusive sample that have
a tt mass greater than 1.1 TeV. The cross-section of the ¢ process is normalized to NNLO+NNLL
in QCD, as calculated by Top++ 2.0 [I81]. The POWHEG HDAMP parameter [202] is set to the top
mass, taken as m; = 172.5 GeV.

The W+ jets and Z + jets events are generated with SHERPA 2.1E| [203] interfaced with the CT10
PDF set. Matrix elements of up to 4 extra partons are calculated at leading order in QCD. Only

IThe leptonic and semi-leptonic final states contribute to 18% of the tf component in the signal regions of this
analysis.
2These are the newest available samples for this final state.
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the hadronic decays of the W and Z are included. The samples are split by boson pr in order to

populate statistics in each pr slice.

8.3 Selections

8.3.1 Event Reconstruction

Collision vertices are reconstructed requiring a minimum of two tracks each with transverse momen-
tum pr > 0.4 GeV. The primary vertex is chosen to be the vertex with the largest Y p3., where the
sum extends over all tracks associated with the vertex.

The identification and reconstruction of hadronically decaying gauge boson and Higgs boson
candidates is performed with the anti-k; jet clustering algorithm with R parameter equal to 1.0.
These large- R jets are reconstructed from locally calibrated topological clusters of calorimeter energy
deposits. To mitigate the effects of pileup, the large-R jets are trimmed: the jet constituents are
reclustered into subjets using the k; algorithm with R = 0.2, removing those with pfﬁlbjet / pjft < 0.05,
where pit*i®" is the transverse momentum of the subjet and piS* is the transverse momentum of the
original large-R jet. In order to improve over the limited angular resolution of the calorimeter,
the combined mass of a large-R jet is computed using a combination of calorimeter and tracking

information [204]. The mass is defined as

calo
— calo track PT
MJj = Wealo X Mj + Wirack X my track
bt

where mﬁalo is the calorimeter-only estimate of the jet mass, mtJraCk is the jet mass estimated via

tracks with pr > 0.4 GeV associated with the large-R jet using ghost association. To corrected for

the missing neutral component of the jet, m{2 is scaled by the ratio of calorimeter to track pr

estimates. The weighting factors weao and wipack are pCTalo dependent functions of the calorimeter
and track based jet mass resolutions used to optimize the combined mass resolution.

Track jets clustered using the anti-k; algorithm with R = 0.2 are used to aid the identification of
b-hadron candidates from the Higgs boson decay. Track jets are built from charged particle tracks
with pp > 0.4 GeV and || < 2.5 that pass a set of hit and impact parameter criteria to minimize
the impact of tracks from pileup interactions, and are required to have track jet pr > 10 GeV,
In| < 2.5, at least two tracks clustered in the track jet. Track jets are associated with large-R jets
using ghost association. The identification of b-hadrons relies on a multivariate tagging algorithm
which combines information from several vertexing and impact parameter tagging algorithms. The
vertexing and impact parameter tagging algorithms are applied to a set of tracks in a region of
interest around each track jet axis to enable the reconstruction of the b-hadron decay vertex. The
b-tagging requirements result in an efficiency of 77% for track jets containing b-hadrons, and a mis-

identification rate of ~ 2% (~ 24%) for light-flavored (charm) jets, as determined in a sample of
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simulated tf events.

Muons are reconstructed by combining tracks in the inner detector and the muon system, and
are required to satisfy “Tight” muon identification criteria. The four-momentum of the closest muon
with pr > 4 GeV and |n| < 2.5 that is within AR = \/m < 0.2 of a track jet is added
to the calorimeter jet four-momentum to partially account for the energy carried by muons from
semileptonic b-hadron decays.

Electrons and muons (leptons) are also used in a “veto” to ensure the orthogonality of the
analysis selection with respect to other heavy V H resonance searches in non-fully hadronic final
states. Electrons are reconstructed with the “Loose” likelihood selection. The considered leptons
have pr > 7 GeV, |n| < 2.5 (2.47) for muons (electrons), and their associated tracks must have
|do/od,| < 3 (5) and |zpsinf| < 0.5 mm, where dj is transverse impact parameters with respect to
the beam line, o4, is the uncertainty on dy, 2y is the difference between the longitudinal position of
the track along the beam line at the point where dy is measured and the longitudinal position of the
primary vertex, and 6 is the polar angle of the track. Leptons are also required to pass an isolation
criterion, whereby the ratio of the pr sum of all tracks with pr > 0.5 GeV (excluding the lepton’s)
within a cone around the lepton (with radius dependent on the lepton pr) to the lepton momentum
must be less than a pr- and |n|-dependent threshold Iy. I is defined such that a flat efficiency of
99% as a function of pt and || is obtained for leptons in events with identified Z — ¢¢ candidates,
where ¢ denotes an electron or muon.

The missing transverse momentum (E%‘iss) is calculated as the negative vector sum of the trans-
verse momenta of all the muons, electrons, calorimeter jets with R = 0.4, and any inner-detector
tracks from the primary vertex not matched to any of these objects. The magnitude of the E%“SS is
denoted by Emiss.

8.3.2 Trigger and Preselection

For analysis of 2015 and 2016 dataset, single large-R jet trigger is used since it can provide full
efficiency without complication of an OR of multiple HLT triggers. Trigger threshold is different
between 2015 and 2016 due to the increase of instantaneous luminosity in 2016. In 2015, trigger
HLT_j360_a10_lcw_sub_L1J100 is usedﬂ In 2016, trigger HLT_j420_-a10_1cw_L1J100 is used. These
are similar to the ones used in Chapter [7}

A key part of trigger studies is to make sure our signal samples are fully efficient with respect to
the choice of trigger. For 2015 this is less an issue as illustrated in Section since the threshold
is not very high. However, for 2016, the threshold increases to 420 GeV, meaning threshold effect
can start to affect the analysis. Therefore, a dedicated “protection” is needed in the analysis to

make sure after these “protection” cuts, events are fully efficient with respect to the chosen trigger.

3Reader might notice that this is slightly different from the one used in Chapter This is mainly due to the
change in ATLAS reconstruction release from 20.1 to 20.7
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Therefore, a trigger efficiency measurement in data is performed in order to determine the best
offline cut to be used. Instead of reading from trigger name directly, the offline cut is determined
from a measurement since turn on curve might be smeared out by the difference between trigger
and offline, and difference between data and MC.

The efficiency of trigger is measured relative to an equivalent pre-scaled trigger with lower pr
threshold, HLT_j240_a10_1cw_L1J75. The (relative) trigger efficiency as function of pt and m s can
be found in Figure From left of Figure |8.1] one can see that trigger is not fully efficient until
~ 450 GeV. Therefore, an offline cut on leading large-R jet of 450 GeV is applied to make sure one is
on the trigger plateau. Furthermore, we restrict our search range to m ; > 1000 GeV to as another

safe-guard that one is on the trigger plateau in both signal regions and sidebands.
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Figure 8.1: Trigger efficiency of HLT_j420_a10_1cw_L1J100 with respect to HLT_j240_a10_1cw_L1J75
as function of leading large-R jet pr (left) and dijet mass of two leading large-R jet. [205]

Non-collision backgrounds originating from calorimeter noise, beam halo interactions or cosmic
rays can lead to spurious calorimeter signals and the reconstruction of “bad” jets. This effect can be
suppressed by applying a standard jet cleaning procedure, which has been developed for 2015 data
to reject jets based on their shape and timing information [206]. Following these criteria, events are
rejected if they contain at least one small radius jet (anti-k:, with R = 0.4) classified as bad-loose.

Vetos are applied to reject events where Tile or LAr errors occur, as well as single event upsets
in the SCT. These cuts are applied by accessing information via the xAOD: :EventInfo: :Error flag
associated to each subdetector. Incomplete events are also flagged and rejected via the coreFlags
variable.

Events are required to have at least one primary vertex with at least two tracks, selected as the

vertex with the highest sum of transverse momentum of tracks associated to it.
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8.3.3 Event Selection
Basic Jet Kinematics

At least two groomed large-R jets are required to be present in the event, passing a basic kinematic
requirement of pr > 250 GeV and |n| < 2.0. Jets are further required to pass mjy > 50 GeV where
the mass responses are well understood. Leading large-R jets are required to pass pr > 450 GeV for
trigger considerations as discussed above. Furthermore, events are required to have mj; > 1.0 TeV
also making sure events after these basic kinematic cuts are fully efficient with respect to the trigger

chosen in this analysis.

Orthogonality Vetos

Several event vetos are applied to make sure phase space being explored in this analysis is orthogonal
to the other (semi-)leptonic channels inside ATLAS V H searches. In particular, these vetos are
applied before splitting into SR/VR/SB (which we will define later) such that we do not accidentally

“unblind” SR events in the other analysis. These vetos include:
e Events with at least one loose lepton, as defined above, are rejected.

o EMisS_based veto: Events with EXs > 150 GeV are accepted only if direction of total missing
transverse energy is approximately aligned to that of Higgs candidate, i.e. Ag(ERSss H) <
120°. This cut is applied to ensure orthogonality between full-hadronic and ZH — vvbb
analysis. A simple cut of EX > 150 GeV was attempted at the beginning, but later found
to have significant impact on signal efficiency, since there could be real ERs from signal final
states when neutrino can be produced from b-hadron semi-leptonic decay, as illustrated at left
plot of Figure An additional angular requirement in case of high ERS ensures almost
100% efficiency for our signal as shown in right plot of Figure Such angular requirement
can still keep orthogonality with ZH — vwbb signal region since Emiss direction should instead

be opposite to the Higgs jet.

V/H Assignment

The two leading jets in the event will correspond to a vector boson and a Higgs boson candidate,
through an assignment which is made based on large-R jet mass: the heaviest jet is chosen as the
Higgs candidate and the lightest as the W/Z candidate. Figure which is made only after basic
kinematic selections described above, shows the fraction of events that are correctly matched with
this V/H assignment, by checking that the jets chosen for vector and Higgs boson candidates match
the truth-level bosons in the signal samples, as a function of the resonance mass. In signal MC
simulation, this procedure results in 99% correct assignment after the full signal region selections

described below.
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Alternative ways of making such V/H assignment are studied, as listed below:

o “V-preferred”. This is the one used in baseline. One apply the V-tagging on both large-R jets
and require there should be exactly one passing the V-tagging. As a result, the remaining one

is automatically Higgs candidate.

e “VH-or-HV”. One can also test two different hypothesis that the leading large-R jet is either
V-candidate or H-candidate (and consequently sub-leading large-R jet is either H-candidate
or V-candidate). Then in each scenario, V/H-tagging is applied correspondingly, and one can
check which scenario is correct. By requiring one and only one scenario to be true, one can

then get V/H assignment.

o “Who-is-heavier”. In this scheme, one simply compare the jet mass of two leading large-R jet,

and assign the heavier one to be Higgs candidate, the lighter one to be V-candidate.

Table shows the number of events in signal regions for a specific signal sample. One can
see that both “VH-or-HV” and “Who-is-heavier” scheme would give more signal yields in signal
regions than the baseline “V-preferred”. This is mainly because “V-preferred” scheme explicitly
veto the case where “VV” hypothesis is true, while the other two ways still take them into account.
Furthermore, impact on sensitivity is also examined for these three assignment methods, as shown
in Figure Results show that an assignment simply based on large-R jet mass can achieve best

sensitivity.

V/H assignment scheme ‘ 1-btag SR ‘ 2-btag SR

“V-preferred” 5.526 4.235
“VH-or-HV” 6.436 5.055
“Who-is-heavier” 6.017 4.792

Table 8.1: Number of events in signal region for WH signal sample with resonance mass being 2
TeV.

Rapidity Difference

Similar to the case in pp — hh — bbbb, Signal W' — WH and Z' — ZH events are expected to be
more central than multijet events, resulting in a rapidity difference (Ay;2) between the two leading

large-R jets which peaks near 0. A fixed cut of |Ayi2| < 1.6 is applied.

V /H-tagging

After vector boson jet candidate and Higgs jet candidate are identified, the V/H-tagging techniques

as discussed in Chapter [f] are applied on them respectively.
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Figure 8.4: Ratio of sensitivity of various V/H assignment scheme over the reference scheme “V-
preferred”, as function of resonance mass points, for both WH(left) and ZH(right) signal samples.
Sensitivity here is the combined sensitivity from 1-tag and 2-tag signal regions which will be defined
below.

In particular, the identification of h — bb decay mode relies on the groomed jet mass and R = 0.2
small radius track jet b-tagging. A 90% efficient mass window is considered, corresponding to mass
range 75 < my < 145 GeV. The number of b-tagged track jets are used to categorize events as
will be discussed later. 77% track jet b-tagging working point is used. The Higgs jet with at
least one b-tagged track jet among two leading track jets (if any) are used in this analysis. The
Higgs tagging efficiency for double-(single-) b-tagged Higgs jet is about 40% (75%) for Higgs jet
with pr ~ 500 GeV and about 25% (65%) for Higgs jet with pr ~ 900 GeV. As usual, muon-in-
jet correction is applied for Higgs jet to take the semi-leptonic decaying b-hadrons into account.
However, the muon correction procedure is slightly different here due to the use of track-assisted
mass: While m. g, is still corrected in exactly same way as Chapter [7] only calorimeter jet pr is
corrected in case of mr4 since muon can leave a clear tracking trajectory in the ID system [124].
Since we are using combined mass, then corrected combined mass is re-computed using corrected
Mealo ad corrected mr 4.

The identification of hadronically-decaying W and Z bosons has been extensively studied in
ATLAS and a tagger has been developed that relies on the invariant mass and on the Dy variables
associated to the groomed jet [I47], providing additional discrimination power with respect to mul-
tijet events. The medium efficiency working point, corresponding to 50% signal efficiency, of the
vector boson tagger is applied. Both jet mass cut and Ds cut are parameterized as a smoothed
function of pr to avoid awkward jumping in spectrum due to the binning. The parameterization of

both jet mass and D, cut can be found in Figure [8.5] for the chosen working point.
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Figure 8.5: Parameterization of vector boson mass cut and D5 cut as function of jet pr in the 50%
medium working point.

8.3.4 Signal Regions

Four signal regions (SR) are used in this analysis, which differ by the number of b-tagged track
jets associated to the H-jet and by whether the V-jet passes a Z-tag or W-tag selection. The 1-
tag and 2-tag SR require exactly one and at least two b-tagged track jets associated to the H-jet,
respectively. A full list of event selections can be found in Table where the final signal region

efficiencies can be found in Figure [8.6]

Selection Description
Lepton veto Remove events with leptons
> 1 large-R jets pr > 250 GeV, |n| < 2.0
Leading large-R jet pr > 450 GeV
V/H assignment larger mass jet is H-jet, smaller mass jet is V-jet
Rapidity difference [Ayi2] < 1.6
ERiss yeto Remove events with EXi® > 150 GéV and A(b(élf‘iss, H — jet) > 120 degrees
Higgs tagging 90% mass window, 77% track-jet b-tagging working point
W /Z-tagging mass window + DSZI Medium working point
Dijet mass myy > 1 TeV

Table 8.2: Summary of event selection criteria. [I99]

As one can see, the 2-tag signal regions provide the larger efficiency for resonances with masses
below ~2.5 TeV. Above 2.5 TeV the 1-tag regions provide higher sensitivity because the Lorentz
boost of the Higgs boson is large enough to merge the fragmentation products of both b-quarks into
a single track jet. Events in which the V-jet passes a Z-tag are denoted as the ZH signal regions,
while events in which the V-jet passes a W-tag are denoted as the W H signal regions. While the
1-tag and 2-tag signal regions are orthogonal regardless of the V-jet tag, the W H and ZH selections
are not orthogonal within a given b-tag category. The overlap between the W H and ZH selections
in the signal regions is approximately 60%.

One can notice there is a ~5% difference in terms of efficiency between WH and ZH cases,

which seems surprising at the beginning since same efficiency working point is chosen for both W



CHAPTER 8. SEARCH OF VH IN ALL-HADRONIC FINAL STATES 196

5 061 LA L L DL L L DL DR |
k) - ATLAS Simulation Preliminary .
(] - —
= 0-5F fs=13Tev —e— 2tag SR (WH)
< o4k —=— 1tag SR (WH) ]
O - = -
3 . o 24ag SR (ZH) ]
S 03F -
8 - <@ 1-tag SR (ZH) 1
< C ]
0.2F E

0.1F -

1 | < 3

00 3000 3500 4000 4500 5000
Resonance Mass [GeV]

0 P BRI R
1000 1500 2000 25
Figure 8.6: Signal acceptancexefficiency as a function of resonance mass [199]

and Z tagging. Further investigation, as shown in Figure [8.7] shows that such difference comes from
angular component of ERS veto as discussed above. Due to the contribution of Z — bb decays
where b-hadrons can decay semi-leptonically, this ES veto is slightly less efficient for ZH case.
A cutflow of our full event selections on signal samples (data) can be found in Figure (Ta-
ble . Figure shows the efficiency as measured in the MC simulation for each of background
process. It can be seen that backgrounds are highly suppressed by the V/H-tagging techniques.

Cut 2015 dataset | 2016 dataset
Initial 2002070 18445225
Trigger 1807683 15768928
GRL 1592138 15104715
Jet cleaning 1586802 15013297
Muon veto 1580745 14966122
Electron veto 1560259 14791870
# large-R jets > 2 1487818 14442155
Large-R jet kinematic cuts 921132 9598191
|Ay| < 1.6 640765 6680797
Missing Er veto 636224 6628612
Pass V-tagging 40985 402204
My > 1000 GeV 28404 278313
Signal region 1-tag (WH) 1457 13756
Signal region 2-tag (WH) 193 1453
Signal region 1-tag (ZH) 1391 13721
Signal region 2-tag (ZH) 176 1398

Table 8.3: Cutflow of events for the 2015 and 2016 datasets.
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8.4 Background Estimations

After the signal selections discussed in Section ~90% of the background in signal regions origi-
nates from multijet events. The remaining ~10% is predominantly ¢f event with an additional small
contribution from V+jets (< 1%). SM diboson processes WW / WZ / ZZ are checked in MC and
turns out to be negligible. Such background composition is similar to the search of pp — hh — bbbb
process in Chapter [7]

Since the dominant multijet background is hard to be estimated from MC simulation in the
boosted phase space as our SR, a data-driven technique similar to the one used in Chapter [7] is
used for multijet background estimation. The # and V+jets components are estimated directly
from MC simulation though. In this analysis, the invarinat mass of dijet system is used as the
final discriminant variable. Therefore, we would be more focused on the modeling of this variable
throughout this section.

Description of our data-driven method would be discussed in Section Definition of various
regions can be found in Section Multijet normalization estimation before re-weighting can
be found in Section B4.3} Kinematic re-weighting, a correction process found necessary in this
analysis, would be discussed in details in Section [8.4.4f The cross-check of background estimation

strategy in validation region, as well as how we make prediction in signal regions can be found in

Section [8.4.5] [8.4.6] and [8.4.7]

8.4.1 0-Tag Extrapolation Method

The 0-tag multijet estimation uses events that pass the full event selection, except instead of requiring
the Higgs candidate to have 1 or 2 b-tags, the Higgs candidate must have exactly 0 b-tags. This
corresponds to the O-tag SR, and is ~ 99% pure in multijet events, as predicted by MC. It should
be noted that the 0-tag sample has one additional requirement that the Higgs candidate must have
at least as many matched track jets as the number of b-tags in the SR being modeled. So when
modeling the 1(2)-tag sample, the 0-tag Higgs candidate must have at least 1 (2) matched track
jet(s). This requirement helps to ensure that the kinematics of the 0-tag sample is as close as possible
to the tagged SR being modeled. An illustration of such 0-tag extrapolation strategy can be found
in Figure[8.10] The 0O-tag SR is used to estimate the shape of multijet events in the 1-tag and 2-tag
SR. The sideband, which will be defined in Section [8.4.2] is used to estimate multijet background
normalization in 1-tag and 2-tag (see Section [8.4.3).

Figure shows the comparison of normalized shapes for the 0-tag SR to the 1-tag SR and
the 2-tag SR, on the left and right respectively, in multijet MC. Using the MC allows us to test
the validity of this shape extrapolation. We can see that the 0-tag shapes models the 1-tag shape
extremely well, while the 2-tag shape modeling is not as good. However, the 2-tag sample is limited in

statistics, making the comparison difficult. Nonetheless, the 0-tag sample without any adjustments
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does provide a reasonable estimation in both 1 and 2 tag SRs within ~ 50%.
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Figure 8.10: Ilustration of 0-tag extrapolation method for multijet backgrounds. Such extrapolation
is not only limited in SR, but can be applied on all mass regions such as sidebands and validation
regions. The sideband illustrated here is for normalization estimation purpose as will be discussed

in Section
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Figure 8.11: Comparison of 0-tag SR shape to the 1-tag (left) and 2-tag (right) SR shapes in multijet
MC simulation.

As certain biases can be present in the 0-tag samples relative to the 1/2-tag sample, the 0-tag

sample can be corrected to account for the reduced number of b-tags. Such correction is done
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through a kinematic re-weighting in the 0-tag data sample, which will be discussed in details in
Section

It should be noted that this 0-tag SR only provides a model of the shape of 1/2-tag distributions
of multijet, and not a normalization. The determination of normalization would be discussed in
Section Furthermore, several dedicated validation regions are designed to provide independent
test of this method beyond sideband and SR, which will be covered in Section

8.4.2 Definition of Various Regions

In the 0-tag extrapolation approach, several orthogonal regions are defined, for various purposes.

These regions are shown in Figure [8:12] with definitions summarized in Table [84]
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Figure 8.12: Illustration of orthogonal mass regions on the 2D H-jet / V-jet mass plane. Left is
the illustration using 0-tag data sample and right is a schematic illustration of the divisions. Exact
definition of regions in Table

Here, “anti-V-tag” means failing the mass window cut imposed by V-tagging tool. Due to the
method used for the V/H assignment, only the low mass sideband of the V-boson candidate is
considered.

Higgs High-mass Sideband is mainly used to derive normalization scale factor and kinematic
re-weighting. Validation Regions, which are further divided into two orthogonal “VR-SR” and “VR-
SB” regions, will mainly be used to validate our background estimation strategy, as well as to derive
background estimation systematics.

Another important thing to mention is, all validation regions (VR-SR and VR-SB) come with
two versions: the inclusive one as defined above, and a one with D5 applied. The latter one is

defined for each VR by further requiring the V-candidate jet should still pass D2 cut of both W and
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Region

Definition

Comments

Signal Region (SR)

V-candidate jet pass V-tagging,
H-candidate jet pass
both mass window and b-tagging cuts

Used in the final likelihood fit

Higgs High-mass Sideband (SB)

V-candidate jet pass V-tagging,
H-candidate jet pass b-tagging cuts,
but with 145 < mpy < 200 GeV

Used to extract normalization
and weights used in the kinematic reweighting

Anti-V-tagged Higgs-mass
Validation Region
(VR-SR)

V-candidate jet is anti-V-tagged,
H-candidate jet pass
both mass window and b-tagging cuts

Used to optimize kinematic reweighting procedure,
validate background estimation
and derive associated modeling uncertainties

Anti-V-tagged Higgs High-mass
Validation Region
(VR-SB)

V-candidate jet is anti-V-tagged,
H-candidate jet pass b-tagging cuts,
but with 145 < mpy < 200 GeV

Used to optimize kinematic reweighting procedure,
validate background estimation
and derive associated modeling uncertainties

Table 8.4: Definition of signal region, sidebands and validation regions.

7Z tagging. Although these two new VRs are not orthogonal to the two VRs defined above, they are
important in checking if there is any additional bias introduced by cutting on the jet substructure
variable. Therefore, these two new VRs would be used in both background estimation cross-check
as shown in this section and determining systematic uncertainties related to background estimation
as will be discussed in Section [8.5

8.4.3 Normalization Estimation
Following the O-tag extrapolation method, number of events in any region of interest for a fixed
number of b-tags can be calculated by:

(1) _ ) (0) 0) (0 (3) (1)
Ndata - UMultijet(Ndata - Ntf—Mc - NV+jets—Mc) + Ntf—Mc + Nv+jets—Mc (8-1)

where N is the number of events in i-tag region. HMultijet 1S an estimate of the ratio of number
of multijet events with 1 or 2 b-tags over 0 b-tag. tf and V+jets are the other major backgrounds,
which are simply modeled with MC predictions due to their small contribution to total background.
All other backgrounds, both from experimental (e.g. misidentification of electrons or calorimeter
fluctuations) and SM sources, are not considered explicitly but absorbed into the multijet component,
since their fraction is negligible.

To obtain u&)ultij ot for each number of b-tags (i = 1,2), we further assume that ul(\fl)ultij ot 18 uniform
across the phase space for a fixed number of b-tags. Therefore, we move to the SB and unblinded the
data there in order to get an estimation of pinulsijet. Since there is only one undetermined parameter,
HUMultijet can be obtained by solving the Equation directly for a fixed number of b-tags.

Here we choose the invariant mass of the VH di-jet system in the fitting, and the fit results can
be found in Figure [8.13] The shape of the data is well modeled by the predicted background. The
fitting errors on finultijer are applied as systematic uncertainties, which will be discussed further in
systematics sections.

One thing to notice here is that, the region where we derive this fit result is inclusive for WH and
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Figure 8.13: Post-fit distribution of m ; of VH di-jet system in 1-tag (left) and 2-tag (right) SB.
No kinematic re-weighting applied here yet.

ZH signals, since definition of V-tagging in SB, as defined in Table [84] is “either W or Z tagged”.
As a result, when eventually applied in signal region, a uniform pgnuijet is used regardless “WH”
or “ZH” signal region. We derive the fitting (as well as the kinematic re-weighting in next part)
in such inclusive way because the difference on pinuitijet, if derived separately for “WH” and “ZH”
signals, is expected to be very small, due to the overlap between current W /Z-tagging. This is
shown in Table @ where the values of puijet drived from the WH and ZH regions agree within

approximately 1 o.
Higgs High-mass Region ‘ ufllc)d ufczl
WH/ZH Inclusive (WH or ZH) | 0.1762 4+ 0.0017 | 0.0204 £ 0.0006
WH Only 0.1784 +0.0022 | 0.0197 &+ 0.0007
ZH Only 0.1749 £+ 0.0020 | 0.0208 £ 0.0007

Table 8.5: pigeq of both 1-tag and 2-tag derived for inclusive, “WH”-only and “ZH”-only signals.
Only statistical uncertainties are shown.

8.4.4 Kinematic Re-weighting

The 0-tag extrapolation method is based on the assumption that most kinematic variables in 1 or 2
b-tag regions can be well modeled by 0-tag samples. However, kinematic distribution can be easily

biased when transferring from 0-tag sample to 1/2-tag sample for two main reasons:

e Non-trivial kinematic dependency of track jets b-tagging efficiency. Since track jet b-tagging
efficiency strongly depends on track jet pr (and also some dependency on 7), the kinematic

distribution of event can be sculpted after b-tagging requirement.
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e Change of heavy flavor composition. The 0-tag sample is dominated by ¢/g-initiated jets; The
1-tag sample is dominated by single b-jet; The 2-tag sample is dominated by g — bb compo-
nents. Kinematic distribution can change a lot depending on the heavy flavor composition in

the multijet samples.

Since data-driven multijet background is the dominant background in this analysis, it would be
important to model this background as best as possible in all regions of the analysis. Therefore, a re-
weighting procedure is applied to the 0-tag sample in order to correct for any shape differences that
may exist. On the other hand, since a kinematic re-weighting can balance the event in different mass
regions on 2D mass plane as shown in Figure[8.12] one can essentially obtain a “kinematic-dependent
HMultijet” through such re-weighting, which is another important correction on our assumption of
uniform fivulgijec across all mass regions.

Since the correction is mainly due to the b-quark composition in H-jet side, two leading track
jets associated with the H-jet is used as the proxy of partons. In particular, the choice of kinematic

variables to be re-weighted areﬁ

e A track jet pr ratio, defined as the leading track jet pr divided by the sum of leading and
sub-leading track jet pr, associated to Higgs candidate jet.

e Sub-leading track jet pr associated to Higgs candidate jet

Indeed, the bias on these two variables can be illustrated in Figure [8:I4] In the 2-tag region,
a strong bias is found reflecting the mis-modeling when extrapolating from 0-tag to 2-tag. In
1-tag, such mis-modelling is much smaller though. Further studies on dijet system invariant mass
distribution show that a correction for 2-tag is necessary, while modeling in 1-tag is adequate without
re-weighting (see Section . Therefore, we decide to apply such kinematic re-weighting on 2-tag
only throughout this analysis.

The re-weighting is performed using the 1-D distribution that are sensitive to the mis-modeling
effect here, but is iterated so that correlation between two variables are taken into account. The
exact procedure of deriving and applying kinematic re-weighting is described as below.

We first need to check the distributions of the re-weighting input variables in SB before re-
weighting, which is exactly Figure (Distribution of 1-tag is also there for completeness although
1-tag does not participate in the re-weighting here). Then we take the ratio of 1(2)-tag data sample
after subtracting the tf and V-jets MC over the mutlijet estimate in the 1(2)-tag region. Figure[8.15]
shows the fit to the weights as a function of each variable in the first iteration of the re-weighting.

Then the total weight applied to the 0-tag sample (both data, £ MC and V+jets MC) for 1(2)-

tag multijet modeling purpose is the product of two weights, one from each variable. These weights

4In the early study as in conference note [I98], leading and sub-leading track jet p is used as re-weighting variables.
However, later internal studies reveal that a different combination as presented here using a pT ratio is better since
it is scale-invariant
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Figure 8.14: Distribution of track jet pr ratio (left) and subleading track jet pr associated to H-jet
in 2-tag (first row) and 1-tag (second row) before kinematic re-weighting
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Figure 8.15: The weights applied for the track jet pr ratio distribution (left) and sub-leading track
jet pr (right) in the 2-tag region at first iteration. Weights are smoothed with polynomial function
in certain range with enough statistics. If kinematic variable is above (below) the fit range, then
value evaluated at upper bound (lower bound) of fit range is used. Weight is also not allowed to fall
below 0.1 to prevent events from receiving negative or zero weight due to the kinematic re-weighting.
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are calculated for each event by taking the value of the fit at the value for the re-weighted variable.
Then we repeat the procedure described in Section to re-fit pinuitijer for both 1(2)-tag region
and obtain the updated multijet estimation in 1(2)-tag region, which will be followed up by next
round of re-weighting as described here.

We find that the weights of first iteration are by far the largest, the subsequent weights being
much smaller and just correcting for residual differences due to the correlations between the variables.
After eight iterations, we find that the re-weighting procedure is already more or less converged in

that the ratio is almost flat as shown in Figure [8.16
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Figure 8.16: The weights applied for the track jet pr ratio distribution (left) and sub-leading track
jet pr (right) in the 2-tag region at last (8th) iteration. Weights are smoothed with polynomial
function in certain range with enough statistics. If kinematic variable is above (below) the fit range,
then value evaluated at upper bound (lower bound) of fit range is used. Weight is also not allowed
to fall below 0.1 to prevent events from receiving negative or zero weight due to the kinematic
re-weighting.

By construction, the final weights applied on events are the products of all weights derived during
each iteration as described above. The total weights applied for two chosen kinematic variables to
be re-weighted on can be found in Figure

After re-weighting is derived and applied, the pinulsijet Deeds to be re-calculated following proce-
dure in Section [8:4:3] The distribution of m;; in SB after this can be found in Figure 81§ and the

updated pinutijet 1S:

pt) = 0.2026 + 0.0020

o (8.2)
) = 0.0243 + 0.0007
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Figure 8.17: The total weights applied for the track jet pr ratio distribution (left) and sub-leading
track jet pr (right) in the 2-tag region after all iteration.
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Figure 8.18: Distribution of invariant mass of VH di-jet system m s in 1-tag (left) and 2-tag (right)
SB. Kinematic re-weighting has been applied to the 2-tag region only.
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8.4.5 Cross-check in Validation Region

This section shows the comparison of data and prediction in our validation regions, to test valid-
ity of our background estimation method. The prediction and observed yields are summarized in
Section R 4.7

Figure and (Figure and shows selected kinematic distribution in VR-SR, (VR-
SB) region. A good agreement between data and prediction is observed in general. In particular, in
the invariant mass of dijet system, which is the final discriminant variable, good agreement is found
consistently in all validation regions. Nevertheless, any difference found in all validation regions will
be treated as systematic uncertainty related to multijet modeling, which will be discussed in details
in Section



CHAPTER 8. SEARCH OF VH IN ALL-HADRONIC FINAL STATES 209

8
%) 10° T T T % T T T !
8 107 - ATLAS Internal D Multjet g ATLAS Internal D Multjet -
S jgep- X - VH - aanb S X - VH - qgbb E
- Vs=13TeV, 36.1 fb - Other Backgrounds - Vs=13TeV, 36.1 fb - Other Backgrounds }
£ 10° g Daa 1351310, Pred.: 140931.9 2 Data: 15013.0, Pred.: 14053.9 =
9] Data 9] Data E
g 10 t g t
10% % Stat. Uncertainty % Stat. Uncertainty o
=
g
g
g
o L5 T 3 o L5F =
o E e o E 7 3
o 1F ° "“+ ”/ﬂ#/ /I/J’I/ = o 1 4 7 =
s F DM 1A A s F E
o} E 3 o} E 4
T ———————— O L % 05 f Z
a) 1000 2000 3000 4000 00! 6000 a 1000 2000 3000 2000 5000 6000
myy [GeV] m,, [GeV]
g 10T T T T T T 2 10" T T T T T
€ €
o 6 C_ ATLAS Internal i ¢ ATLAS Internal
3 10 l:l Multijet 3 l:l Multijet
5 o X - VH - qgbb 5 X - VH - qgbb
2o 10 {s=13TeV, 36.1 fb* - Other Backgrounds 2 {s=13TeV, 36.1 bt - Other Backgrounds.
2 100 2 Data: 15013.0, Pred.: 14053.9
£ + Data £ + Data
2 10% 2
‘% Stat. Uncertainty /// Stat. Uncertainty
5 15 ¥ T 5 15 T .
2 2 e H
[ = .o-......-._...-0.¢¢l§”f%/i+/*i1 i £ £ ® eee . "Hﬂllll /
s  F 13 s E i
T 0.5 T 05 L
a) 200 400 600 800 1000 1200 1400 1600 1800 2000 a] 200 400 600 800 1000 1200 1400 1600 1800 2000
Higgs Candidate P, [GeV] Higgs Candidate P, [GeV]
) Sman T T T 3 ) g T T T
< = — 1= g
5 E_ ATLAS Internal (I e = g 4500E- ATLAS Intemal (] e
4 4 =
5 X = VH - qgbb 5 4000 X — VH - qqbb
e Vs=13TeV, 36.1 fb* - Other Backgrounds e = Vs=13TeV, 36.1fb* - Other Backgrounds
2 Data: 135131.0, Pred.: 140931.9 & 3500 Data: 15013.0, Pred.: 14053.9
E 4 oaa E E 4 baa
2 2 3000F-
7/ Stat. Uncertainty E 7/ Stat. Uncertainty
7. 2500 -
2000~
1500,
1000~
500
= o =
5 B = © 15F 3
o E 3 o E 3
L | e 3 L o 3
i) E E| ] E E|
T 05 T 05
a) 02 04 06 08 1 12 14 16 18 a) 02 04 06 08 1 12 14 16 18
iy | By, |
jg 80000F T T T jg = T T T
[ £ ATLAS Internal l:l Multijet € 8000~ ATLAS Internal l:l Multjet
4 c 4] =
e F_ X - VH - qgbb = E X - VH - qgbb
° V5= 13 TeV, 36.1 i - Other Backgrounds ° 7000; V5=13TeV, 36.1 fb* - Other Backgrounds.
2 Data: 135131.0, Pred.: 140931.9 3 F  Data: 15013.0, Pred.: 14053.9
5 + Data E 6000; + Data
% Stat. Uncertainty 5000? % Stat. Uncertainty
E E 4000 f
30000~ — 3000
20000 — 2000
10000 - 1000 -
0 c L S = | 0 = 1 P =
g 15 g 15 ¥
o F * E o F Tt E
[ " E| [ = 14 4e09% 00t E|
s _E /F ' 3 s _E 11 ) 3
T 05 1 T 0.5 4
a T 3 7 5 a) T 2 3 7 5
AR(J,J) AR(JJ)

Figure 8.19: Distribution of dijet system invariant mass (first row), H-jet pr (second row), Ay;a of
dijet system (third row) and AR between dijet (last row) in 1-tag (left) and 2-tag (right) VR-SR.
Kinematic re-weighting is applied for 2-tag only.
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Figure 8.20: Distribution of H-jet mass (first row), track jet pr ratio associated to H-jet (second
row), V-jet Dy (third row) and V-jet mass (last row) in 1-tag (left) and 2-tag (right) VR-SR.

Kinematic re-weighting is applied for 2-tag only.
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Figure 8.21: Distribution of dijet system invariant mass (first row), H-jet pr (second row), Ay;a of
dijet system (third row) and AR between dijet (last row) in 1-tag (left) and 2-tag (right) VR-SB.

Kinematic re-weighting is applied for 2-tag only.
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Figure 8.22: Distribution of H-jet mass (first row), track jet pr ratio associated to H-jet (second
row), V-jet Do (third row) and V-jet mass (last row) in 1-tag (left) and 2-tag (right) VR-SB.
Kinematic re-weighting is applied for 2-tag only.
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8.4.6 Prediction in Signal Region
Kinematic Distribution in Signal Region

Similar to validation regions, one can also make signal region predictions through 0-tag extrapola-
tion with re-weighting applied. Selected kinematic distribution in WH (ZH) signal regions after

unblinding can be found in Figure and (Figure and [8.26). The unblinded yields can
be found in Section R.4.7
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Figure 8.24: Distribution of H-jet mass (first row), track jet pr ratio associated to H-jet (second
row), V-jet Do (third row) and V-jet mass (last row) in 1-tag (left) and 2-tag (right) WH signal
region. Kinematic re-weighting is applied for 2-tag only.
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Figure 8.25: Distribution of dijet system invariant mass (first row), H-jet pr (second row), Ay;a of
dijet system (third row) and AR between dijet (last row) in 1-tag (left) and 2-tag (right) ZH signal
region. Kinematic re-weighting is applied for 2-tag only.
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Figure 8.26: Distribution of H-jet mass (first row), track jet pr ratio associated to H-jet (second
row), V-jet Dy (third row) and V-jet mass (last row) in 1-tag (left) and 2-tag (right) ZH signal
region. Kinematic re-weighting is applied for 2-tag only.
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Smoothing in Signal Region

Due to the limited multijet and ¢t statistics at high VH dijet invariant mass above 2000 GeV, it
is necessary to smooth the tail of distribution of multijet and other background predictions in the
signal regions. The MJ5 function [207] is used to fit the multijet distributions, whereas the other
components (combining ¢t and V+jets) are fit with a dijet function [208] in the 1-tag region and
an exponential function in the 2-tag region. The analytic forms of the MJ5 and dijet functions are
shown in Equations [8.3] and respectively:

f(z) = po(1 — z)Pr(1 4 z)P2In® (8.3)

f(x) — ea+b><ln(1fm)+c><ln(x) _ po(l _ I)p1$p2 (84)

where z =my;/+/s.

Figure [8:27) shows the smoothing fits for the multijet background in signal regions. The choice of
function was not tested on multijet MC, but a fit with various alternative functions are performed
to test the robustness of choice of function (see Section . Figure shows the smoothing fits
for the other background, which is the sum of ¢ and V+jets prediction from MC, in signal regions.
The smoothing statistical uncertainties are also shown on the plot. More details on systematic
uncertainties related to the smoothing procedure can be found in Section [8.5

Statistical uncertainties on the fit parameters are propagated as systematic uncertainties in such
a correlated way that all fit parameters are varied simultaneously along eigenvector directions of the
fit parameters covariant matrix by lo.

Note that while the functional form is only fit within a certain fit range for both multijet and
other background prediction, the function is used to smooth over the entire range above lower bound
of fit range (i.e. covering the whole tail without any upper bound).

After smoothing, the m ;; distribution in the signal regions for both pre-fit estimated background
and observed data can be found in Figure Along with the systematic uncertainties, which will

be discussed in details in next section, this is the input for further statistical interpretation.
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Figure 8.27: Smoothing fit using MJ5 function for multijet background prediction in WH (first
row) and ZH (second row) signal regions of 1-tag (left) and 2-tag (right). Statistical smoothing
uncertainties ("Fit Variations”) are determined by varying fit parameters within uncertainties in a
correlated way. The ratio panel shows the significance of the points with respect to the fit result.
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Figure 8.28: Smoothing fit using dijet/exponential functions for non-multijet background prediction
in WH (first row) and ZH (second row) signal regions of 1-tag (left) and 2-tag (right). Statistical
smoothing uncertainties (”Fit Variations”) are determined by varying fit parameters within uncer-
tainties in a correlated way. The ratio panel shows the significance of the points with respect to the
fit result.
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Figure 8.29: Pre-fit my p distributions in WH (top) and ZH (bottom), 1-tag (left) and 2-tag (right)
signal regions.
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8.4.7 Yields

Table shows the yields obtained in SB and various VRs, with statistical uncertainties shown
only.

Table[8.7|shows the pre-fit yields obtained for signal and background process in the signal regions,
with both statistical and systematic uncertainties shown. It should be noticed that this table is
the so-called pre-fit version, in that both yields and systematics are evaluated before fitting signal

strength and nuisance parameters to the observed data in signal region.

Sample (1-tag) SB VR-SR VR-SR(Ds) VR-SB VR-SB(D,)
Multijet 12363.0 £ 51.1 138427.4 +160.6 8824.5+40.9 62581.8+£107.0 3971.1+27.4
t 2203.0+31.3  1028.64+27.0  114.94+6.8  1702.4+35.0  208.2+9.9
V+jets 406.1+£43.0  1475.9+£89.2  116.0+£24.0  415.0+£51.8  34.9+12.8
Total 14972.1+73.8  140931.9 £ 185.6 9055.5 £47.9 64699.3 +£123.9 4214.2+31.8
Data 14973 135131 8685 66896 4418
Sample (2-tag) SB VR-SR VR-SR(Ds) VR-SB VR-SB(D,)
Multijet 141404+ 6.1  13681.84+17.2 8751444 715714127  455.8+3.3
tt 221.0 + 10.6 115.5 4+ 9.6 12.34+3.2 247.2 +14.9 25.9 4+ 4.2
V+jets 32.8 £ 13.1 256.6 & 27.8 14.0 £5.7 270495 28+27
Total 1667.8 £17.9  14053.94+34.0  901.4+7.9  7431.3+21.8  484.5+6.0
Data 1667 15013 934 7200 426

Table 8.6: Yields in the SB and various validation regions for both 1-tag and 2-tag cases. Only
statistical uncertainties are shown on this table.

8.5 Systematic Uncertainties

In this section we will have an overview of the systematics being considered in this analysis. Both
the sources of systematic uncertainties and the methods to determine these uncertainties are very
similar to that as presented in Chapter[7] Here we will still go through each systematic uncertainty,
but with more focus on those that are important for the analysis being considered here. As usual,

readers with no patience in all the details can find an executive summary in Section [8.5.3

8.5.1 Theoretical and Experimental Uncertainties

Systematic uncertainties in the signal and background predictions arising from experimental and
theoretical sources are considered. These uncertainties include: theoretical uncertainties on the

acceptance, uncertainties in the jet energy scale (JES) and resolution (JER), uncertainties on the jet
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WH 1-tag ZH 1-tag

Multijet 14390.81 +1120.42 14251.42 + 1104.81
Other Backgrounds  1355.01 + 357.19 1312.03 + 346.34

Total Backgrounds 15745.82 4+ 924.63 15563.45 £ 904.91

Data 15213 15112
Model A, M=2TeV 41.98 +9.58 19.33 £4.33
WH 2-tag ZH 2-tag
Multijet 1454.61 £+ 217.03 1464.86 + 219.77
Other Backgrounds 119.18 +65.35 134.73 +62.35
Total Backgrounds 1573.79 £ 206.50 1599.59 + 203.12
Data 1646 1574
Model A, M=2TeV 35.19 +6.81 16.59 + 3.13

Table 8.7: Yields in both 1-tag and 2-tag SR, for both WH and ZH signal samples. Yields for signal
sample with M = 2000 GeV are also shown. Uncertainties shown on this table is the combination
of statistical and systematic uncertainties.

mass scale (JMS) and resolution (JMR), uncertainties in the b-tagging efficiency, and the luminosity

uncertainty.

Theoretical Uncertainties

The theoretical uncertainties in the signal acceptance take into account factorization and renor-
malization scale uncertainties, PDF uncertainties, and modeling of the underlying event, hadronic
showers, initial and final state radiation. Two sources of PDF uncertainties on the signal acceptance
are estimated: difference between recommended PDF sets and internal PDF uncertainties associated
to the nominal PDF.

The impact on the acceptance from each alternative PDF set is observed to be generally below 1%.
The internal PDF errors, on the other hand, are also found to be well below 1% as well. Additionally,
the impact on the m ;; shapes was determined to be negligible. Therefore, no theoretical uncertainty
due to the PDF is set on signal samples.

To determine the impact of scale uncertainties on signal acceptance, new Madgraph samples are
generated with factorization and renormalization scales varied by factors of 0.5 and 2.0. Samples with
15k events are generated for nominal, 0.5 and 2.0, and passed through a Rivet routine requiring basic
kinematic cuts: at least two large-R trimmed jets with same fiducial cuts as this analysis, leading
large-R jet pr > 450 GeV, mass window cut for V and H candidates and my; > 1 TeV. The
resulting acceptances are observed to be varied by less than 1%. No significant impact on mjy

distribution shape is found. Therefore no theoretical uncertainty due to scale variations is set on
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signal samples.

Theoretical uncertainties in the ¢t background estimate include uncertainties to account for
missing higher order terms in the matrix elements and PDF sets, uncertainties in modeling the
hadronic shower and initial and final state radiation, and the uncertainty in the top quark mass.
A 30% normalization uncertainty is applied to the tf background based on ATLAS ¢t differential
cross-section measurement [209].

Due to the small contribution of the V+jets backgrounds, their theoretical uncertainties are not

considered.

Experimental Uncertainties

The preliminary uncertainty on the combined 201542016 integrated luminosity is 3.2%. It is de-
rived, following a methodology similar to that detailed in [75], from a preliminary calibration of the
luminosity scale using x — y beam-separation scans performed in August 2015 and May 2016.

Experimental systematic uncertainties affect the signal as well as the tf and V-+jets backgrounds
estimated from MC simulation. The systematic uncertainties related to the scales of the large-R jet
pr, mass and Dg =1 are of the order of 2%, 5% and 3%, respectively. They are derived in-situ [210]
and extracted following the technique described in [I3T]. The resolution of each of these large-R jet
observables are evaluated by smearing the jet observable according to the systematic uncertainties of
the resolution measurement [I31] [147]. For the large-R jet pt a 2% absolute uncertainty is assigned,
while for the mass resolution and Dg =1 resolution a relative 20% and 15% uncertainty is assigned
respectively. The uncertainty in the b-tagging efficiency for track jets is based on the uncertainty in
the measured tagging efficiency for b-jets in data following the same methodology as used in [211].
This is measured as a function of b-jet pr and ranges between 2% and 8% for track jets with pt < 250
GeV. For track jets with pp > 250 GeV the uncertainty in the tagging efficiencies is extrapolated
using MC simulation [118] and is approximately 9% for track jets with pr > 400 GeV.

8.5.2 Background Estimation Uncertainties

The systematic uncertainties related to multijet background estimation method consists of three
parts: normalization uncertainty (a.k.a non-closure uncertainty on pinuitijet), shape uncertainty and
smoothing uncertainty. The first two uncertainties are derived from validation regions, while the

last uncertainty is derived from signal region directly.

Normalization Uncertainty

In addition to the 0.97% (2.8%) statistical uncertainty on finrutijes in the 1-tag (2-tag) region coming
from the normalization fit discussed in Section a further non-closure uncertainty is derived by

comparing the data (with ¢ and V+jets subtracted) to the multijet prediction in several validation
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regions. Since multijet is the dominant background in this analysis, we will attribute all the observed
non-closure to the multijet normalization predictions, and thus to the systematic uncertainty on
Hnultijes itself. In particular, the systematic uncertainty is taken through following rules: 1) In
validation regions without Dy cut applied, take maximum between (subtracted) data statistical
uncertainty and non-closure; 2) Validation regions with Do applied is considered only if non-closure
is larger than the (subtracted) data statistical uncertainty; 3) Take maximum from all numbers
quoted in each validation region.

A summary of multijet normalization agreement in various validation regions can be found in
Table and for 1-tag and 2-tag regions, respectively.

Validation Regions | Data Stat. Uncert. | (Pred-Data)/Data | |Pred-Data|/Pred
VR-SR 0.27% 4.35% 4.17%

VR-SR (pass Ds) 1.09% 4.32% 4.14%
VR-SB 0.39% -3.36% 3.48%

VR-SB (pass D») 1.55% 4.76% 4.99%

Table 8.8: Agreement between data and prediction in various 1-tag validation regions. The “data”
denoted in this table is the data after subtraction of #f and V+jets MC contributions. The “Pred”
denoted in this table is the normalization prediction of multijet component.

Validation Regions | Data Stat. Uncert. | (Pred-Data)/Data | |Pred-Data|/Pred
VR-SR 0.83% -4.62% 4.84%

VR-SR (pass Ds) 3.32% “1.59% 1.61%
VR-SB 1.20% 5.40% 5.12%

VR-SB (pass Ds) 4.99% 16.38% 14.08%

Table 8.9: Agreement between data and prediction in various 2-tag validation regions. The “data”
denoted in this table is the data with ¢ and V+jets MC subtracted. The “Pred” denoted in this
table is the normalization prediction of multijet component.

In the 1-tag case, when no additional Dy requirement is imposed, a deviation of ~ 4% from data
is found. The largest deviation from data comes from the VR-SB (pass Ds) region, 5%, which is

larger than data statistical uncertainty of 1.6%. Therefore, a non-closure uncertainty of 5% is quoted

(1)

for :“Nlmmjet- In the 2-tag case, the largest uncertainty comes from VR-SB with the Dy requirement,

and therefore the non-closure uncertainty assigned to ,ul(\ifﬂtijet is 14%.

Shape Uncertainty

By looking at Figure and we find that the modeling of m ;; shape agrees well with the data

in validation regions, within statistical uncertainty. A systematic uncertainty on shape modeling

is derived by taking the ratio of shape between data (with ¢ and V+jets MC subtracted) and
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multijet prediction in validation regions, which will be further propagated to signal region multijet
distribution. It should be noticed that, shape uncertainty is considered only on m s, since this is
the final discriminant variables for deriving final results (significance, exclusion limits etc.).

To be robust against the statistical uncertainty, we first perform a smoothing fit on both the
(subtracted) data and multijet prediction my; distribution. The smoothing function we use is the
dijet functional form. The fit range is 1200 < mj; < 4500 GeV in order to better model the tail
of the distribution. The smoothing fit results for both subtracted data and multijet prediction can
be found in Figures [8.30} [8.31] [8.32] and [8.33] Along with the nominal smoothing fit result, the fit

variations due to the smoothing statistical uncertainty are also shown, by varying the free parameters

along eigenvector directions by 1o, in order to take the correlation between parameters into account.
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Figure 8.30: Smoothing fit on data with ¢¢ and V+jets MC subtracted (first row) and multijet
prediction (second row) in 1-tag (left) and 2-tag (right) VRSR.

We then take the ratio of the smoothed multijet prediction over the smoothed (subtracted) data
and compare it to the statistical uncertainty envelope from the smoothing fit itself. Systematic
uncertanities related to the smoothing procedure will be treated separately as discussed later. The
comparison of shape deviation and statistical uncertainty can be found in Figures[8:34] [8.35] [§.36]
and
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Figure 8.31: Smoothing fit on data with ¢¢ and V+jets MC subtracted (first row) and multijet
prediction (second row) in 1-tag (left) and 2-tag (right) VRSR with the Dy requirement.
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Figure 8.32: Smoothing fit on data with ¢¢ and V+jets MC subtracted (first row) and multijet
prediction (second row) in 1-tag (left) and 2-tag (right) VRSB.
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Figure 8.33: Smoothing fit on data with ¢¢ and V+jets MC subtracted (first row) and multijet
prediction (second row) in 1-tag (left) and 2-tag (right) VRSB with the Dy requirement.
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Although VR-SR is closer to the final SR on the mass plane as shown in Figure the
validation regions with the largest deviation of prediction over data are used to derive the multijet
shape uncertainty, in order to be conservative. The exception to this rule are the 2-tag validation
regions with the Dy requirement, where the statistics are insufficient to take conclusions on the
shape at high masses. Furthermore, in order to avoid over-constraining the m ; high-mass tails
from the fit to the m;; low-mass region, shape uncertainties are split into low-mass and high-mass
region at the position of 2 TeVon m j; spectrum.

In summary, two shape uncertainties, one covering the low-mass region and one covering high-
mass region independently, are assigned to the multijet background based on the (nominal) agree-
ment observed in the validation regions. For the 2-tag, the low mass uncertainty is derived from the
VR-SR (with Ds), while the high mass uncertainty comes from VR-SB. For the 1-tag case, both are
derived from VR-SR (with Ds).
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Figure 8.34: Fitted smoothing function ratio between multijet prediction over (subtracted) data
as function of myy, in 1-tag (left) and 2-tag (right) VRSR. The ratio of data eigenvariations from
smoothing fit statistical fluctuation over data nominal fit is also shown for comparison.

Smoothing Uncertainty

Systematic uncertainties related to the smoothing fit itself are estimated by varying the choice of fit
function used and the fit range to which the nominal function is applied. In general, the uncertainty
is quoted as the largest deviation from nominal setup among all possible configurations resulting in
a reasonable fit quality (x2/dof etc.).

Figure [8.38] shows the results of the fits performed with different function of the dijet and mul-
tijet family with respect to the nominal fit result, as a function of the dijet mass. In this case,
the associated uncertainty has been estimated as the total band of the symmetrized MJ4 (yellow)

function around the nominal (MJ5).
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Figure 8.35: Fitted smoothing function ratio between multijet prediction over (subtracted) data as
function of myy, in 1-tag (left) and 2-tag (right) VRSR with the D, requirement. The ratio of
data eigenvariations from smoothing fit statistical fluctuation over data nominal fit is also shown for
comparison.
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Figure 8.36: Fitted smoothing function ratio between multijet prediction over (subtracted) data
as function of myy, in 1-tag (left) and 2-tag (right) VRSB. The ratio of data eigenvariations from
smoothing fit statistical fluctuation over data nominal fit is also shown for comparison.
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Figure [8.39| shows the impact of applying the smoothing fit to different ranges of the m;
distrlbutlon7 where the nominal configuration fits the range from 1.2 TeV to 4 TeV. The uncertainty
associated to the fit range is derived by symmetrizing the curve that produces the largest reasonable

variation: 1.2 to 3 TeV (pink) for all regions except WH 2-tag, where the 1.1-4 TeV (green) curve is

used.
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Figure 8.39: Ratio of multijet predictions obtained by fitting the dijet function to different ranges
of the m; distribution with respect to the nominal range, in each signal region.

8.5.3 Systematics Summary

This section aims to provide a summary of systematic uncertainties. All numbers provided here are
pre-fit values.
The effect of the different experimental uncertainties on the signal yield is shown on Figure [8.40]
Tables B.10, B.11] [B.12] [8.13] show the impact of different sources of systematic uncertainties

in percentage on the background and signal processes, for each of the signal regions. A complete

summary of all systematics can also be found in Table[8:14] All modeling systematics on the multijet
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Figure 8.40: Impact of different experimental systematic uncertainties on the signal yields of the
(top left) W H 1-tag, (top right) WH 2-tag, (bottom left) ZH 1-tag and (bottom right) ZH 2-tag
signal regions, as a function of the resonance mass. Of the up and down variations, the one with
the largest impact is plotted.



CHAPTER 8. SEARCH OF VH IN ALL-HADRONIC FINAL STATES

235

background are de-correlated between 1-tag and 2-tag regions, whereas all experimental uncertainties

are correlated across regions.

Source Background | Multijet | Other Bkg. | M=1500 GeV | M=2400 GeV
Lumi 0.36 0.69 3.20 3.20 3.20
JetScales 1.37 2.34 13.18 8.58 8.83
JER 0.21 0.37 1.41 0.16 0.00
JMR 0.30 0.98 6.85 13.10 15.68
JD2R 0.00 0.30 3.13 0.06 0.24
FT 0.55 0.82 9.62 15.52 14.35
QCDNorm 4.78 5.23 0.00 0.00 0.00
Ttbar 3.00 5.03 18.62 0.00 0.00
Stats 0.47 0.39 3.61 2.51 1.13
Total 5.87 7.79 26.36 22.42 23.26

Table 8.10: Impact of difference sources of systematic uncertainties in percentage on the background
and signal process in 1-tag signal region of WH signal sample.

Source Background | Multijet | Other Bkg. | M=1500 GeV | M=2400 GeV
Lumi 0.26 0.54 3.20 3.20 3.20
JetScales 2.97 2.84 26.98 10.01 8.53
JER 0.57 0.23 4.78 1.17 0.48
JMR 1.46 0.11 20.65 13.31 15.43
JD2R 0.55 0.16 5.29 0.48 0.01
FT 2.21 4.99 35.25 9.73 12.60
QCDNorm 12.15 13.15 0.00 0.00 0.00
Ttbar 2.49 4.02 16.27 0.00 0.00
Stats 1.33 0.42 16.87 2.08 1.40
Total 13.12 14.92 54.84 19.70 21.96

Table 8.11: Impact of difference sources of systematic uncertainties in percentage on the background
and signal process in 2-tag signal region of WH signal sample.

8.6 Results

8.6.1 Statistical Analysis

With smoothed m ;; prediction and data observation in signal region as seen in Figure[8.29] system-
atic uncertainties as determined in Section [8.5] one is able to perform statistical analysis using the
framework as described in [I87]. In particular, 1-tag and 2-tag signal regions are combined through

a simultaneous binned maximum likelihood fit on the m ;; distribution. Systematic uncertainties are
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Source Background | Multijet | Other Bkg. | M=1500 GeV | M=2400 GeV
Lumi 0.34 0.66 3.20 3.20 3.20
JetScales 1.14 2.26 13.69 7.7 8.82
JER 0.24 0.44 1.93 0.08 0.06
JMR 0.63 0.90 2.33 10.40 13.30
JD2R 0.31 0.32 0.15 0.77 0.38
FT 0.47 0.84 8.71 15.96 14.29
QCDNorm 4.79 5.23 0.00 0.00 0.00
Ttbar 2.91 5.03 20.01 0.00 0.00
Stats 0.47 0.39 3.66 1.41 1.17
Total 5.81 7.75 26.40 20.89 21.70

Table 8.12: Impact of difference sources of systematic uncertainties in percentage on the background

and signal process in 1-tag signal region of ZH signal sample.

Source Background | Multijet | Other Bkg. | M=1500 GeV | M=2400 GeV
Lumi 0.21 0.52 3.20 3.20 3.20
JetScales 2.15 3.07 15.34 7.75 8.42
JER 0.50 0.28 2.87 0.23 0.28
JMR 0.67 0.21 10.19 9.58 13.94
JD2R 0.61 0.11 6.06 0.05 0.23
FT 1.94 5.09 34.73 9.76 12.51
QCDNorm 12.04 13.15 0.00 0.00 0.00
Ttbar 2.23 4.04 17.48 0.00 0.00
Stats 1.35 0.41 15.36 1.20 1.47
Total 12.70 15.00 46.28 16.09 20.84

Table 8.13: Impact of difference sources of systematic uncertainties in percentage on the background
and signal process in 2-tag signal region of ZH signal sample.
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ZH 2 tag ZH 1 tag

Source Background ~HVT Model A Z'(2 TeV)  Background HVT Model A Z'(2 TeV)
Luminosity 0.21 3.20 0.34 3.20

Jet Scales 2.15 7.99 1.14 8.19

JER 0.50 0.28 0.24 0.12
JMR 0.67 12.09 0.63 10.66
JD2R 0.61 0.57 0.31 0.62
b-tagging 1.94 11.53 0.47 17.56
Theoretical - - - -
Multijet Normalization 12.04 - 4.79 -

tt Modeling 2.23 - 2.91 -
Statistical 1.35 1.28 0.47 1.29
Total 12.70 18.85 5.81 22.39

WH 2 tag WH 1 tag

Source Background HVT Model A W'(2 TeV) Background HVT Model A W'(2 TeV)
Luminosity 0.26 3.20 0.36 3.20

Jet Scales 2.97 8.79 1.37 8.40

JER 0.57 0.08 0.21 0.11

JMR 1.46 12.24 0.30 11.60
JD2R 0.55 0.19 0.00 0.45
b-tagging 2.21 11.61 0.55 17.42
Theoretical - - - -
Multijet Normalization 12.15 - 4.78 -

tt Modeling 2.49 - 3.00 -
Statistical 1.33 1.31 0.47 1.30
Total 13.12 19.34 5.87 22.82

Table 8.14: Impact of difference sources of systematic uncertainties in percentage on the background

and signal process in all signal regions.
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parameterized using either Gaussian or log-norm constraint terms as priori. Experimental system-
atic uncertainties, including luminosity, jet scales, jet resolutions and b-tagging are considered fully
correlated between two signal regions. Systematic uncertainties related to the background estima-
tion, including both pniuieijer Non-closure and shape uncertainty, are treated as independent between
two signal regions. In addition, the two shape uncertainties, one for high-mass region one for low-
mass region, are treated as independent as well. Smoothing systematics are naturally independent
between 1-tag and 2-tag.

The post-fit m ;s distribution in signal regions can be found in Figure [8:41] Nuisance parameters
are allowed to vary within their constraints to maximize the likelihood given the observed data. As
a result, the post-fit distribution would be pulled to get closer to the data. The pulling of these
nuisance parameters can be found in Figure (Figure for mass point of 2 TeV (3 TeV) as
a cross check. As one can see, all nuisance parameters are well constrained within 1o, indicating no

strong bias from the fitting procedure itself.
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Figure 8.41: Post-fit m ;s distribution in WH (top) and ZH (bottom) signal regions for 1-tag (left)
and 2-tag (right) respectively. [199]

The impact of main systematic uncertainties on postfit event yields can be found in Table [8:15]
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Figure 8.43: Pulls and constrains on nuisance parameters in the combined fit to the full dataset, in
the 3 TeV mass point, shown for the WH channels, comparing observed (black) with the Asimov
dataset (red).

Different from the prefit version as shown in Table this is obtained by varying nuisance param-
eter around the postfit value according to its error bar which is also determined duing the likelihood
fit. As a result, the postfit systematic uncertainties are smaller than prefit version. Another way to
check the postfit systematic uncertainty is the ranking of nuisance parameter in terms of its impact
on signal strength by re-fitting all nuiance parameters but the one being tested. This is shown in
Figure (Figure for 2 TeV (3 TeV) signal mass point. This can reflect importance of both
normalization and shape uncertainties.

The postfit yields in signal regions can be found in Figure Due to the likelihood fit, total
data and background yields in each region are constrained to agree. This suggests the data and
background is consistent in terms of normalization within the uncertainties that we assigned.

However, for such kind of narrow width resonance searches, shape is more important than nor-
malization. Furthermore, it is important to check if there is any disagreement in terms of shape
even after nuisance parameters that could affect m;; spectrum shape are pull toward the data, in
which case would indicate either a local excess beyond our understanding of background estimation,
or some frustrating mis-modeling effect. From Figure [8.41] a small excess can be found around 3
TeV. Therefore, a local p-value scan (significance test) is performed as shown in Figure and
further broken down to the individual 1-tag and 2-tag regions as shown in Figure The largest

excess is found at 3 TeV in the ZH channel, with a local significance of approximately 3.3 ¢ and a
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ZH 2 tag yield variation [%]

ZH 1 tag yield variation [%]

Source Background HVT Model A Z'(2 TeV)  Background HVT Model A Z'(2 TeV)
Luminosity 0.2 3.2 0.3 3.2

JES 2.0 7.0 1.1 7.3

JMR 0.6 9.5 0.4 8.5

b-tagging 1.6 10 0.5 15

tt Normalization 1.8 - 2.5 -

Multijet Normalization 4.7 - 2.8 -

W H 2 tag yield variation [%]

W H 1 tag yield variation [%)]

Source Background HVT Model A W'(2 TeV) Background HVT Model A W' (2 TeV)
Luminosity 0.2 3.2 0.3 3.2

JES 2.4 5.7 0.8 5.6

JMR 0.4 8.6 0.4 8.0

b-tagging 1.7 11 0.4 15

tt Normalization 1.9 - 2.5 -

Multijet Normalization 4.3 - 2.8 -

Table 8.15: Summary of systematic uncertainties (expressed in percentage yield) in the background
and signal event yields in the 1-tag and 2-tag signal regions. The values for the JES and b-tagging
efficiency uncertainties represent the sum in quadrature of the values from the dominant compo-
nents. The JES, JMR, b-tagging efficiency, luminosity and MC statistics uncertainties do not apply
to the multijet contribution, which is determined from data. Uncertainties are provided for a res-
onance mass of 2 TeV in the context of the HVT Model A, for both V! — WH and V' — ZH

resonances. [199]
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Figure 8.44: Ranking of nuisance parameters in terms of post-fit impact on i for the WH (left) and
ZH (right) channels, for the 2 TeV S+B fit. The best-fit y and associated statistical uncertainties
are (left) p = 0.145033 + 0.188445/ — 0.171449 (stat.) and (right) p = —0.143086 + 0.287485/ —
0.237264 (stat.).
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Figure 8.45: Ranking of nuisance parameters in terms of post-fit impact on i for the WH (left) and
Z H (right) channels, for the 3 TeV S+B fit. The best-fit 1 and associated statistical uncertainties are
(left) p = 3.77929 + 1.41278/ — 1.25674 (stat.) and (right) p = 6.89471 + 2.54038/ — 2.22707 (stat.).
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ZH 2-tag ZH 1-tag
Multijet 1440 + 60 13770 £ 310
Other Backgrounds 135 +45 1350 +£ 270
Total Backgrounds 1575 £40 15120 £ 130
Data 1574 15112
Model B, M=2 TeV 25 £ 7 29 +£10
WH 2-tag WH 1-tag
Multijet 1525 £ 65 13900 &£ 290
Other Backgrounds 110 +45 1310 &£ 260
Total Backgrounds 1635 £ 40 15220 + 120
Data 1646 15212
Model B, M=2 TeV 51 +10 62 +16
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Figure 8.46: The number of predicted background events in the V H 1-tag and 2-tag signal regions
after the fit, compared to the data. The “Other Backgrounds” entries include both ¢t and V+jets.
Uncertainties correspond to the total uncertainties in the predicted event yields, and are smaller for
the total than for the individual contributions because the latter are anti-correlated. The yields for
m =2 TeV V' bosons decaying to VH in Model A are also given. Due to rounding the totals can

differ from the sums of components. [199]
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global significance of 2.2 o.
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Figure 8.47: Observed pg values shown for the WH (left) and ZH (right) channels.
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Figure 8.48: Observed pg values shown for the (top left) W H 1-tag, (top right) WH 2-tag, (bottom
left) ZH 1-tag and (bottom right) ZH 2-tag regions.

In the absence of significant excess, an exclusion limit on the cross section times branching ratio
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are derived, as shown in Figure [8.49] with a value of u regarded as excluded at the 95% confidence

level.
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Figure 8.49: The observed and expected cross-section upper limits at the 95% confidence level for
pp = V' = VH — qd (bb+ c€) in Model A and Model B in the (left) ZH and (right) W H signal
regions. The red and magenta curves show the predicted cross-sections as a function of resonance

mass for the models considered. [199]
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8.6.2 Conclusion

A search for resonances decaying to a W or Z boson and a Higgs boson has been carried out in the
q@"bb channel with 36.1 fb~! of pp collision data collected by ATLAS during the 2015 and 2016 runs
of the LHC at /s = 13 TeV. Both the vector boson and Higgs boson candidates are reconstructed
using large radius jets. Jet mass and substructure observables are used to tag W, Z and Higgs boson
candidates and suppress the dominant multijet background. In addition, small radius b-tagged track
jets ghost-associated to the large-R jets are exploited to select the Higgs boson candidate jet. The
data are in agreement with the Standard Model expectations, with the largest excess observed at
myy ~ 3.0 TeV with a local significance of 3.3 0. The global significance of this excess is 2.2 o.
Upper limits on the production cross-section times branching ratio to the ¢g("bb final state are set
for resonance masses in the range between 1.1 and 3.8 TeV with values ranging from 83 fb to 1.6
fb and 77 fb to 1.1 fb (at 95% CL) for WH and ZH resonances, respectively. The corresponding
excluded Heavy Vector Triplet Model B signal mass ranges are 1.10 - 2.50 TeV for W H resonances,
and 1.10 - 2.60 TeV for ZH resonances.
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Summaries and Future Prospects

In both searches as presented in this thesis, no significant deviation from background estimation
has been found yet. Therefore, exclusion limits on the heavy resonance production cross-section
times branching ratios are imposed as function of resonance masses. The search sensitivities are
significantly improved in two aspects: 1) Much more stringent exclusion limits for resonances being
explored by previous searches; 2) Either open new search channel or extend the reach of existing
searches.

For the search of heavy resonance decaying to pair of Higgs bosons, our bbbb channel turns out
to the most sensitive one across all different final states so far [212]. Nevertheless, we are still not
able to exclude any resonance of mass above 1 TeV yet. While this is mainly due to the lack of data
accumulated so far, several further optimization can be considered in the analysis: A kinematics-
dependent cut can be imposed instead of fixed cut as it is now might help improve sensitivity at
the low mass end; O-tag signal region can be considered to extend sensitivity for masses above 3
TeV, although this may require some re-thinking of background estimation strategy; When enough
data gets accumulated at some point in the future, a revisit of background estimation strategy using
direct fit method can be considered since that may reduce systematic uncertainties on background
modeling; We did not really explore the option of jet substructure variable in this analysis since
studies showed that any simple cut on jet substructure variable would hurt sensitivity. However, a
more complicated approach, such as categorization of “high-purity” and “low-purity” region based
on jet substructure variable might bring some additional improvement.

For the search of heavy resonance decaying to a Higgs boson associated with W/Z boson, we open
a new sensitive channel that was not explored in ATLAS before. A local significance of 3o is observed
at about 3 TeV, although this is not confirmed by the CMS [213]. A low hanging fruit for immediate
future is the combination of our all-hadronic final state with the existing (semi-)leptonic V H searches
effort in ATLAS, which should lead to a significant gain in sensitivity due to similar sensitivities

across all channels. However, even on the qgbb channel itself, large improvement on sensitivity is
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expected by a more sophisticated search strategy, since the analysis so far is more or less a direct
application of the W/Z tagging and h — bb tagging: A dedicated discrimination between W /Z boson
can not only improve sensitivity for low resonance mass, but also allow a statistical combination
of WH and ZH searches which is not possible in the existing strategy. Such combination can
bring more stringent exclusion limits on both the VH cross-section and HVT parameter spaces;
Dedicated categorization into “high-purity” and “low-purity” based on jet substructure variable can
bring improvement on sensitivity in general since S/B could be drastically different in these two
categorizations; Mass window cut on W/Z and Higgs boson can be further optimized. Besides a
re-optimization on each object independently, one can also consider a y2-like cut on the 2D mass
plane, similar to the HH search; Optimization on b-tagging is also possible by using “asymmetric
categorization”, where different b-tagging working point can be used for different track jets.

Besides direct optimization on search strategy as discussed above, more fundamental impacts
can be made by development of b-tagging in extremely boosted environments. It is well-known that
b-tagging efficiency drops dramatically in very high-pr region. This comes from various aspects: 1)
b-hadrons of such high pr might not decay until passing through the first or first few layers of pixel
detector. In this case, missing hits are expected for first few pixel layers, which might be treated
as pattern of poor quality in the existing tracking algorithm and b-tagging pattern recognition
algorithm. Therefore, some low-level studies on both tracking and b-tagging is needed to address
this issue appropriately; 2) For the purpose of double b-tagging, a fixed small radius track jet would
break down in such boosted region since all decay products from double b-hadrons would be merged
together. Dedicated algorithm development is therefore needed to resolved extremely closeby b-
hadrons. There has already been efforts on this in ATLAS under the context of both g — bb and
h— bb. For g— bb, details can be found in Appendix For h — bb, details can be found in [214], a
PUB note about to be released very soon; 3) Even for the more generic single b-tagging, performance
would degrade in very high-pr, due to worse tracking resolution (impact parameter, pr, etc.). While
efforts can be made on the tracking side, one could also try to make b-tagging more robust against
degradation of tracking performance.

Jet substructure is another key variables in our analysis, which unfortunately also experiences
degradation in extremely high pr. This mainly comes from the merging of incoming particles into
single calorimeter clusters. One way to address this is the use of tracks of very high granularity. As a
matter of fact, the track-assisted mass is already used in ATLAS for large-R jet mass reconstruction,
while the track-assisted substructure variables are ongoing. This is related, if not fully overlapped,
with the concept of “particle flow” as developed in both ATLAS and CMS. Another way to tackle
this is the splitting of calorimeter clusters, similar to the neural network splitting as applied on
pixel cluster. However, situation is more complicated for calorimeter since calorimeter cluster is a
3D object instead of 2D in the case of pixel cluster. Furthermore, calorimeter granularity varies on

the layers, making this more complicated. Image recognition techniques, especially those developed
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in the realm of deep learning from computer science domain, can potentially be adapted for this
problem.

The quest of new physics should never end. Exactly during the period when this thesis is being
written, first stable beam from LHC with proton-proton collision at 13 TeV in 2017 is observed,
signaling the start of data taking in 2017. With the excellent performance of both LHC and detectors,
much more abundant physics results are expected in next few years, not to mention the upgrades
following that. While there are always many uncertainties and doubts over whether we would ever
discover anything beyond the Standard Model on LHC, I would like to encourage all of us with a
phrase that we always use in presentations: STAY TUNED!

All human wisdom is contained in these two words — “Wait and Hope.”
— Alexandre Dumas, The Count of Monte Cristo



Appendix A

Improved Simulation of Particles

Interacting with Pixel Detectors

A.1 Introduction

Although events can be simulated from Monte Carlo following the theoretical calculations, they
cannot be compared with experimental data before a realistic simulation of the response of generated
particles with ATLAS detector. The key of this detector simulation, using Geant4 [I71], 170] (G4),
is a good understanding of the physics principle on how particles interact with materials: This does
not only include the collision process between particles and atoms in materials, but also the process
of charge being collected by diodes which is directly related on how electronic signals are formed. In
ATLAS terminology, the first part is usually called detector simulation or simple simulation, while
the second part is called digitization.

While the whole simulation chain is common for all particles and sub-system of the detector, the
concrete implementation could be totally different depending on the technology being used behind
the scene. In this appendix, we will focus on the simulation of pixel detectors, in particular, an
improvement over the existing simulation.

The whole pipeline of pixel simulation (including digitization part) is illustrated in Figure
When particle passes through a pixel layer, the G4 would determine its entry point and exit point
which defines the path inside pixel layer — one should notice that the G4 is not aware of the pixel
grids on that layer at all at this moment. Then it will sample the amount of energy being deposited
in this layer due to interaction with silicon materials. While the total amount of deposited energy
for ATLAS pixel detector can be determined from some underlying distribution that has been well
tested against test beam data, it does not really tell us how these charges distribute along the path

transversing the pixel layer. Therefore, certain assumption needs to be made to determine that.
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Once the distribution of deposited charges along path is determined, they will be drifted to the
surface of pixel layer due to the external electric field and magnetic field. Besides, the drift process
can also be affected by many other random effects such as thermal diffusion and trapping effect from
irradiation. After charges are drifted to the surface, the layout of pixel sensors would be taken into

account so that one could determine if a pixel is fired or not based on time-over-threshold (ToT).

Distribute

Particle Total Energy Diffuse . o
Flight across Deposition E> Esetrﬁy a!gng E> Charges to E\I;:r?hfg;?]lollti
Pixel Layer given by G4 Pia)‘(el 'EZ;I; Surface

Figure A.1: Pipeline of pixel detector simulation and digitization chain

In this appendix, we would focus on how charge should be distributed along the path inside
pixel layer. In the ATLAS simulation previous to this work, a uniform assumption has been made
that charges are equally divided into tens of pieces and then distributed along the path. While
this is a good guess to the leading order, it fails to describe the local fluctuation along path, which
turns out to be larger than originally thought. Furthermore, as will be shown in this appendix,
such local fluctuation can directly affect the charge distribution inside a pixel cluster, to which the
determination of pixel cluster centroid is susceptible. As a result, it has essential influence on the
tracking performance (in particular the residual performance) which is the inputs for many other
physics objects. Therefore, a more realistic model, called Bichsel Model is adopted to describe local
charge fluctuation inside pixel layer and its consequence on the ATLAS reconstruction performance
is studied. The model has now replaced the old one since ATLAS offline software release 21, and
used for MC16 campaign, which is the sample to be used for most physics analysis in ATLAS since
2017.

Due to the limit of pages, we are unable to present all details of the studies. Readers with interest
can find complete records of the ATLAS internal presentations in [2T5] 2T6] 217, 218 219], 220] 221],
222, 223, 224 1225, 226, 1227).

A.2 The Bichsel Model

Since the current setup for Geant4d would only generate a single total deposited energy for a given
entry and exit point (G4 hit object), there is no way to reconstruct the charge distribution along path
with exiting information. One way to get around this would be chopping the pixel layer into many
sub-layers, and re-doing the simulation for each sub-layer. Apparently, the finer we do segmentation,

the better we are able to restore local charge fluctuation.
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However, there are two potential issues for this approach, one being practical while another being
more fundamental. The practical issue is that existing ATLAS reconstruction software architecture
(Athena) does not allow re-simulation with G4 for each sub-layer in an easy way. If one wants to
follow the “chopping down” procedure for a given G4 hit, there is no interface to load G4 program
since this is already in the digitization step with G4 HIT file as input. The alternative is to reverse
the order and do the chopping at the very beginning so that one can apply the G4 simulation on each
sub-layer before G4 HIT file is generated. However, this requires some low-level changes either on
the ATLAS G4 configuration, or even the G4 itseliﬂ The second reason is much more fundamental.
Roughly speaking, the deposited energy as returned by G4 simulation is sampled from a Landau-like
distribution (e.g. Landau convoluted with Gaussian), with mean value determined by the dE/dx
curve following Bethe equation [228] [229]. While this approach is valid for thick silicon sensors,
it would break down when we turns to very thin sensors [230], which is our case for sub-layers
here. Since we would like to capture the local charge fluctuation as precise as possible, one would
inevitably run into such limit where the traditional “dEdx-Landau” model starts to fail.

Fortunately, this effect has already been discussed in great details in [230], where it calculates
single particle-atom collision cross-section from basic atomic physics, as shown in Figure[A.2] As one
can see, the spectrum for energy loss at single collision level is highly discrete due to the underlying
atomic shell structure. For silicon material, there are on average about four collisions per micro-
meter and most of them are very low energy, corresponding to the first peak in differential spectrum
(~ 17 eV). Occasionally, there is large energy loss corresponding to secondary, third or even higher
energy peak (or simply the tail of distribution). It is these sporadic high energy loss that defines
the local fluctuation, as well as the total energy loss, when particle is transpassing the silicon layer
of certain thickness.

The total energy loss for silicon layer of any thickness can be obtained by convolution over energy
loss spectrum of thinner layers in an iterative way, or simply addition over all single collisions E”ﬂ
The folded energy loss spectrum per unit length can be found in Figure There are several
important implications for this: 1) For very thin silicon layer at the order of O(1) micro-meter,
the discrete effect from atomic shell structure is still significant, making the energy loss spectrum
completely different from a smoothed Landau-like distribution; 2) For silicon layer at order of O(10)
micro-meter, the exact shape of energy loss spectrum is better described from Bichsel Model than
other models; 3) The concept of dE/dx itself is not quite scalable for thin silicon layers as the name

suggests, since it might change drastically for different thickness.

1We decided not to follow this approach since it was unclear if these can be done in short terms. However, this
would be probably the optimal approach since it can save many overheads from “re-simulation”

2The convolution method is used in the original paper in 1980s when the computing is not so powerful. Nowadays,
straightforward addition is super fast even on personal laptops.

3The energy loss spectrum for single particle can be generated using Fortran codes in http://www.slac.stanford.
edu/~sudong/silicon/|, developed by Hans Bichsel and kindly distributed by Su Dong


http://www.slac.stanford.edu/~sudong/silicon/
http://www.slac.stanford.edu/~sudong/silicon/
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Figure A.2: Differential (left) and Integrated (right) cross section as function of energy loss for single
collision between 45 GeV pion and silicon material. The differential cross section is expressed in the
form of E%0(E), while the integrated cross section is expressed in the form of moments defined as
M, = N, fooo Evs(E)dE. [230]
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Figure A.3: (Left) Total energy loss per micro-meter for muon of 1 GeV transpassing silicon layers
of different thickness, convoluted from single collisions cross-section [231]; (Right) Total lenergy loss
spectrum for 1 GeV passing through a silicon detector of thickness 10 um as calcualted under different
models. Curve a is the one from Bichsel Model; Curves b,c and d are from Shulek function [230]



APPENDIX A. BICHSEL MODEL 255

A.3 Implementations

Since the underlying energy loss spectrum could be very different depending on thickness, we decide
to follow a “bottom-up” strategy in ATLAS implementation, that every single particle-atom collision
is re-simulated along the particle flight path inside silicon layer based on the calculated cross-section.
In this way, one does not need to figure which underlying spectrum model to be used based on the
thickness. More importantly, the local fluctuation along path can be automatically captured in this
process, which is the main goal of this work.

As discussed in Section it is impractical to implement the Bichsel Model in the simulation
step before G4 HIT file is generated in short terms. Therefore, we decide to put this module in the
digitization part, where the G4 HIT file serves as input file.

The implementation of this re-simulation procedure is essentially a MC sampling of two different
physics process: the single collision energy deposition and free flight length before next collision.
After each collision, we would sample the free flight length of incoming particle before next collision,
assuming an exponential distribution with mean value being the mean-free path. At the same time,
one would sample the amount of energy being deposited in next collision from the single collision
cross-section as calculated in Bichsel Model. In particular, the cross-section table is prepared in the
integrated form as shown in the right plot of Figure In this way, one simply needs to repeatedly
generate random numbers between 0 and maximal integrated cross-section uniformly (the y-axis)
in order to get sampled collision energies by finding corresponding value on x-axis through function
inversion. Since the spectrum also depends on the beta-gamma of incoming particle, cross-section
table contains three columns for beta-gamma, collision energy loss and the integrated cross-section
respectively. Every row in the table corresponds to a point on the curve shown on right plot of
Figure [A72] for the given beta-gamma. As a result, two interpolations are needed here, one for
finding appropriate beta-gamma and one for determining collision energy during function inversion.
Furthermore, one such table is prepared for each type of incoming particles. For now, only five types
of particles are available: proton, pion, electron, kaon and muon. While this should cover most
physics cases, incoming particles beyond these categories cannot be processed using Bichsel Model,
and thus would be processed with uniform model as before.

One important implementation detail is the treatment of §-ray. J-ray refers to the cases when
collision energy being transferred is so large that the kicked electrons can be essentially treated as
a separate incoming particles. In the input G4 HIT file, these J-ray has already been generated
as a standalone hit object. Therefore a cut-off on the sampled collision energy is imposed to avoid
double counting of the d-ray: if the sampling for one collision generates collision energy higher than
the cut-off, it would be simply set to 0 since that collision already exists in G4 HIT file. However,
it is important to make sure the choice of cut-off is consistent with the configuration used in G4
simulation step. There is another thing special for the d-ray. Since MC truth particle link does

not exist for these d-ray hit as other particles created from hard proton-proton interactions, one is
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unable to obtain the beta-gamma of incoming particle, which is necessary for Bichsel Model. As a
result, G4 hit from J-ray would also be processed with uniform model as before.
A sketch of the workflow of Bichsel Model implementation in ATLAS can be found in Figure[A.4]

C Truth Particle Link?

No ___Yes

Simulate Position of
Particle-Atom Collision

Simulate Energy
Deposition of Particle-Atom
Collision
Is it too big?
% (delta-ray test)

Set Energy
Lossto be 0

Is Particle outside
No Pixel Layer?

¥ v

Diffuse to Surface

Figure A.4: Sketch of implementation workflow of the Bichsel Model in ATLAS

After all collision points are generated, ionized charges at each collision point would be drifted to
the diodes as usual. Since we are having a very dense distribution of collision points, ionized charges
are clustered into smaller number of groups before being drifted, in order to save computing time.

For a typical ATLAS pixel layer, the thickness is at the order of O(200) pum. This is no longer
in the realm of “very thin layer” and therefore the existing G4 simulation can already describe total
energy deposition very well. Since we are essentially re-simulating the energy deposition for every
G4 hit, a closure test is needed for our simulation from Bichsel model, which is shown in Figure
The total energy deposited by Bichsel Model and by original G4 simulation is consistent with each

other across all different type of particles being considered and for beta-gamma larger than 0.5
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Figure A.5: Normalized distribution of deposited energy for different type of incoming particles of
different selected beta-gamma ranges. From top to bottom it corresponds to proton, kaon, pion,

muon and electron
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(log(B7) > —0.3). There are subtle differences though at the tail of distributions in general and it
would be interesting to study reasons behind it as future studies. The effect of using Bichsel Model
on local charge fluctuation is evident, as shown on right plot of Figure Instead of a fixed value
of 5% and 10% as predicted by uniform model, Bichsel model shows a non-trivial distribution with
peak located at slightly higher value than prediction from uniform model as well as a long tail toward
high fractions. This suggests that Bichsel Model is essentially re-distributing the ionized charges

with much more local fluctuation than the uniform model, despite of similar total energy deposition.
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Figure A.6: Fraction of total energy deposited in the pixel layer. The flight path in pixel layer is
divided into 20 segments evenly and sorted by the amount of energy deposited in each of them.
Black curve corresponds to the fraction of deposited energy in first segment over total deposited
energy and red curve corresponds to the fraction of deposited energy in first two segments over total
deposited energy.

A.4 Effect on ATLAS Reconstruction Performance

A.4.1 Setup

To validate the Bichsel Model, the best way would be comparing our simulation with experiment
data. While the most straightforward approach would be a test beam with very thin silicon layers,
one can still do the validation using massive dataset produced by LHC proton-proton collisions.
In particular, as we will see later, by checking observables in pixel cluster level and tracking level
that are sensitive to the local charge fluctuation effect, one can determine whether Bichsel Model or
uniform model is able to better describe the data.

The first thing to do is establishing a good event selection for comparison studies. Z — pp

events are typically used for inner detector studies purpose since it is much “cleaner” with respect
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to the dominant hadronic activities in LHC: The kinematics from Z — up process is well modeled
in the MC; It can provides unambiguously clear signature of a single muon through muon detector
so that one is comparing apple to apple between data and MC; Lastly, the kinematics of muon from
Z — pp decay is typically of tens of GeV, hence avoids many complications for low-pr tracks such
as multiple scattering etc.

The event selection for Z — pu candidates are summarized below:

e Basic event cleaning, including detector failure flag check and requiring at least two tracks

from primary vertex
e Good-run list
e Trigger: OR between HLT mu20_iloose L1MU15 and HLT mu50
e Standard jet cleaning

e Selection on muon, including 1) pr > 25 GeV, |n| < 2.4; 2) Pass at lease loose quality cut; 3)

Pass muon identification
o At least two muons survived in the event after cuts above
e Leading two muons should be in opposite charge signs

e Invariant mass of leading two muons should be in mass window consistent with Z boson:
76 < my < 106 GeV

In addition, great care must be taken on choosing the appropriate reconstruction software tags,
geometry tags, calibration tags, as well as any necessary updates on offline reconstruction configu-
rations so that the data and MC is consistemﬂ After event selection, two track collections are used
for different purpose: Tracks from two leading muons, supposedly coming from Z — uu decay, are
used as the benchmark track collection for most studies (called “Z — pup tracks” below); Tracks
from jets on the other hand would be only used for comparison studies at low pr (called “tracks in
jets” below). The distribution of Z — pu track collection for both data and MC can be found in

Figure [A77] showing a good agreement without any kinematic correction being applied.

A.4.2 Pixel Cluster Shapes

The first thing we check is pixel cluster shape, which is characterized by the number of pixels in
each pixel cluster in transverse (X) and longitudinal (Y) direction, as shown in Figure The
data and MC is in good general in agreement, although small systematic difference is observed as

well. The difference between uniform model and Bichsel Model is very subtle. The pixel cluster

41t turns out this is critical for this studies since we will be checking many low-level observables in the reconstruction
chain. One is strongly recommended to consult pixel offline and tracking experts for this.
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Figure A.7: Normalized distribution of pr and 7 for tracks selected as candidates for Z — uu decay
in both data and MC samples. The red curve represents the uniform model and blue dashed line
represents the Bichsel Model.

shape was used to be expected as the benchmark showing difference between different simulation
models. However, studies show that this is not a good candidate since pixel cluster size can be
affected by so many factors beyond the choice of simulation model: High-voltage configuration,
Lorentz angle modeling, cross-talk effects etc. Experiences show that any inconsistency in these
factors (for example, inconsistent high-voltage setting between data and MC) can have significant
effect on cluster shape.

Therefore, we turn to a different observable that was rarely considered before, the charge fraction,
defined as ratio of maximal single-pixel charge among all pixels within a pixel cluster over sum of
charges for that cluster. This observable is chosen since it may better reveal local charge fluctuation
inside a pixel cluster. The distribution of this variable can be seen in Figure One can clearly
see a strong mis-modeling in MC compared to data in the uniform model. After the Bichsel Model
is used, data can be well described by the MC simulation. This clearly shows that Bichsel Model is

able to appropriately describe the local charge fluctuation.

A.4.3 Tracking Performance

Since such correction effect already presents at the very early stage of reconstruction chain and
does not depend on determination of pixel cluster centroid, its further consequence on tracking
performance is evaluated. In particular, since the local charge fluctuation might jitter the centroid
position, we would evaluate the effect on track-hit residual from choice of simulation model.

The result is shown in Figure In nominal uniform model, there is a systematic difference
between data and MC, in that MC is always overestimating the track-hit resolution than data.
After Bichsel Model is used, the track-hit residual distribution in MC gets much smeared out, in a

direction consistent with the data. This is not too surprising, given we already see the increased
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local charge fluctuation as shown in Figure The improvement, defined as the percentage of
discrepancy when uniform model is used being corrected by Bichsel Model, in transverse direction is
about 66% for all layers. In longitudinal direction, the improvement ranges from 60% in IBL, 66%
in b-layer to 83% in other pixel layers. Similar effects are also confirmed across all pr and 7 regions,
as shown in Figure It is clear that using Bichsel Model can bring the MC simulation much
closer to data. Similar conclusion applies to other types of particles as well.

While the effect from Bichsel Model is evident on all barrel layers as shown above, there is little
effect in the end-cap region, as shown in Figure This is because incoming particles are almost
perpendicular to the disk in the end-caps. As a result, even the ionized charges are re-distributed in
correct way, the would still be drifted to almost the same place, leading to similar track-hit residuals
in the end-cap.

Following the track-hit residuals, one can naturally expect similar effect in the tracking impact
parameters. Indeed, we are also able to see this effect propagated to the impact parameter, as shown
in Figure In the transverse direction, there is little effect. However, one should notice that
data and MC already have good agreement even using the nominal uniform model. On the other
hand, the resolution smearing effect happens in the longitudinal direction, making MC closer to the
data. Similar conclusion also applies for all pp and 7 regions, as shown in Figure

One major concern over this physics performance improvement (in the sense MC is closer to
data) is if this is an artificial effect due to lack of pixel cluster NN re-training. However, since the
better modeling has already been observed before pixel cluster NN as shown in Figure effect
from NN re-training should be minor. Indeed, the track-hit / impact parameter resolution smearing
effect is validated after dedicated NN re-training has been done [222 225].

A.5 Computation Optimization

Despite of its strong motivation from physics performance as shown above, one practical issue used
to be the major road-blocker for its deployment into official ATLAS offline software release, which is
the CPU time increase. As one might expect, implementation of the Bichsel Model would inevitably
increase CPU time since it is doing a very fine-granularity computation with every single collision
being simulated. As a matter of fact, CPU time spent on the digitization step (from HIT file to
RDO file) would increase by 20% per event on average if vanilla version of the Bichsel Model is
implemented. Unfortunately this is simply too much, and significantly exceeds the budget left for
digitization module, which is at most 5%. To make it even more challenging, there is additional
requirement that CPU time increase should be robust against reasonable pile-up. This is really a
stringent requirement because our CPU time simply increase linearly with the pile-up.

From studies in Section [AZ4] we learn that there is little effect in the end-cap regions with Bichsel

Model applied. Therefore, we can simply replace Bichsel Model with the old uniform model in
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Figure A.10: Normalized distribution of track-hit residuals in transverse (left) and longitudinal
(right) direction in IBL (first row), b-layer (second row), and other pixel layers (third row) for
Z — pp tracks of pr > 25 GeV and |n| < 1.5. The red curve represents the uniform model and blue
dashed line represents the Bichsel Model.
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Figure A.11: Pull of track-hit residuals in transverse (left) and longitudinal (right) direction as

function of track pr (up) and n (down).

Hits from all tracks in Z — pp track collection with

pr > 1 GeV on all pixel layers are used. The red curve represents the uniform model and blue
dashed line represents the Bichsel Model.
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Figure A.13: Normalized distribution of track impact parameter in transverse (dp, left) and longitu-
dinal (zg, right) direction for Z — uu tracks of pr > 25 GeV. The red curve represents the uniform
model and blue dashed line represents the Bichsel Model.
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Figure A.14: Resolution of impact parameter in transverse (dg, left) and longitudinal (zg, right)
direction as function of track pr (up) and n (down). Hits from all tracks in Z — upu track collection
with pr > 1 GeV on all pixel layers are used. The red curve represents the uniform model and blue
dashed line represents the Bichsel Model.
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end-caps regions. While this is able to bring down the CPU time increase to 18% from 20%, more
efforts are needed to reduce it to acceptable level.

From the sketch of implementation workflow as shown in Figure the bulk of computation
time is spent on the “Simulate Energy Deposition of Particle-Atom Collision” step. Instead of a
collision-by-collision simulation, one could try n (n > 1) collisions for each sampling. Naturally
the CPU reduction would decrease by a factor of n. As a matter of fact, this is very similar
to the “convolution calculation” idea as adopted in [230]. Once the reduction factor n has been
determined, one simply needs to prepare the same cross-section table as described in Section
but now representing n consecutive collisions instead of single collision. While a larger n can save
CPU time by factor of n, value of n cannot be too big since otherwise the local charge fluctuation
would be lost. Considering that mean-free path for MIP is about 0.25 pm in the silicon, there would
be little impact on physics performance as long as 0.25n is within the pixel resolution. Eventually,
n =5 is used in ATLAS implementation.

Another place to save CPU time is the reduction of cross-section table. As mentioned earlier,
there are two interpolation inside the cross-section table for an incoming particle, one for finding
beta-gamma, one for function inversion. In the vanilla version of algorithm, 1000 bins were used
along the collision energy dimension. Since the distribution is mostly flat when collision energy is
high enough as shown in Figure 1000 bins turns out to be unnecessary. By reducing this to
100 bins, CPU time increases by a factor of 3 without much loss of function inversion accuracy.
Furthermore, the cross-section table file size gets reduced significantly from 25 Megabytes to 1.5
Megabytes, which is beneficial for the migration of cross-section table from cvmfs shared space to
ATLAS offline database.

The effect of all these measures on CPU time reduction can be found in the left plot of Figure[ATT5]
Each measure introduced above is able to bring down the computing time significantly at hit-by-hit
level, leading to a factor of about 10 reduction in total. Eventually, the time needed to spend on
simulating ionized charge distribution along flight path is at the order of O(100) micro-seconds. This
already matches the time needed to drift ionized charges to the diodes, as shown on right plot of
Figurewhich is another O(100) micro-seconds per HIT. This is very important, since it tells us
the total time for Bichsel Model can now be contained at the order of O(100) micro-seconds, which
is the same as uniform model (although there is a factor of 2 difference). By putting all components
together, we measure the CPU time needed for whole digitization module (HIT to RDO step), as
shown in Figure Compared to the nominal uniform model, at most 5% increase in CPU time
is expected for foreseen pile-up level. With such robustness against the pile-up in CPU time, the
last road-blocker for Bichsel Model deployment in ATLAS software is eliminated.

Since the reduction of CPU time comes at the cost of a less accurate simulation, it is important
to check if approximations introduced during this process have any impact on the observables we

care about. In particular, one should check if any difference brought by the Bichsel Model over
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Figure A.15: CPU time per HIT spent on simulating charge distribution along flight path (left) and
on simulating drift of ionized charges to diodes (right). In the left plot, the reduction sequence is
red, blue and purple.
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uniform model is washed out by these approximations. This has been checked in Figure for

selected variables, showing that these approximations have little effect on pixel cluster and tracking

observables within detector resolution.
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Figure A.17: Effect of approximations introduced during computing time optimization on selected
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Appendix B

Double b-Tagging for Small

Angular Separation

B.1 Introduction

While small radius track jet b-tagging can greatly extend the capability of h — bb tagging as shown in
this thesis, its limit also emerges as we are searching for heavy resonances of higher and higher mass
in physics analysis. As shown in Chapter [7] and [8] double b-hadrons would start to merge inside a
single R = 0.2 track jets for resonance mass higher than about 2500 GeV. In the analysis, we address
this issue by introducing additional signal regions with relaxed requirement on b-tag multiplicity.
Although coming at the cost of lower background rejection, this strategy can still greatly extend
search sensitivity to higher resonance mass by taking advantage of the steeply falling background
of multijet events. Nevertheless, the incapability of resolving extremely close-by b-hadrons in very
boosted environment is constraining any further sensitivity improvement.

However, there is another case which is not as lucky as the h — bb tagging, being g — bb tagging.
Different from h — bb decay, the gluon splitting process is not a two-body decay from on-shell heavy
particles. As a result, AR between two b-hadrons in g — bb is significantly different from h — bb in
that distribution in g — bb is a falling spectrum with peak located at very small angular seapration,
as shown in Figure As one can see, the AR from h — bb has a nice peak structure located at
the place roughly corresponding to AR ~ 2m/pr. However, peak of AR distribution from g — bb
is always at very small value (< 0.1), with a very long falling tail. Furthermore, such dominance at
small angular separation is a common feature independent of kinematics in g — bb, even in very low
pr as we will see later. As a result, the capability of resolving very small angular separation between
double b-hadrons, which is defined as AR < 0.2 throughout this appendix, becomes essential for
g — bb tagging.
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Figure B.1: AR between two b-hadrons in truth records for h — bb jets and g — bb jets in 600 <
pr < 1000 GeV (left) and 1250 < pt < 2000 GeV (right)

Furthermore, a precise measurement of closeby double b-hadrons angular distribution can provide

deep insights in understanding bb production in the Standard Model. A summary of the production
mechanisms for bb can be found in Figure While the flavor creation and flavor excitation

channels mainly produce bb in wide separation angle, gluon splitting channel is dominant with

small angular separation. Therefore, a precise measurement of bb angular correlation down to small

angular separation will allow a sensitive test of QCD physics in NLO. So far, the measurement of bb

in di-jet environment is only able to probe down to AR ~ 0.4 level [232]. Work being explored in

this appendix can potentially be used for such measurement to break through existing limitations.
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Figure B.2: LO and NLO Feynman diagram for bb production [232]

Related previous work can be found in [233] where jet substructure is exploited for double

b-hadron identification. However, it is more focused on accepting single b-jets with double b-jets

rejected. In the work presented in this appendix, we would reverse the goal, with our signal being the
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double b-jets and background being single b-jets. Furthermore, in order to provide precise angular
measurement, we require explicit reconstruction of double secondary vertices from g — bb jet. Such
change of goal has significant impact on our technique development as well as final performance. It
should be noted that, although developed under g — bb measurement context, many techniques as
developed here can be applied in other physics scenario, such as high-pt h — bb tagging, as long as
the topology of closeby b-hadrons is same. However, certain adaption is needed since in other cases
people might just want to do tagging where the explicit reconstruction of secondary vertex is not

necessary. An example of such adaption can be found in [214]|H

B.2 Exclusive-k; Algorithm

An alternative to small radius track jets is the exclusive-k; algorithm, which is a variation of the k;
jet algorithm. While exclusive-k; uses exactly the same distance metric as the ordinary inclusive k;
jet algorithm, it will not stop clustering constituents until either all d;; are above a certain threshold,
or a certain fixed number of jets are obtained. A significant feature of the exclusive-k; algorithm is
that, unlike an inclusive algorithm, it does not have a distance parameter. This suggests that there
is no intrinsic angular lower bound on the distance between subjets. Furthermore, since exclusive-k;
with exactly two subjets is equivalent to reversing the jet clustering with the k; algorithm for the
last clustering step, exclusive-k; effectively splits the original jet into two parts, each of which is
used to define a region of interest that is expected to contain one b-hadron from the g — bb decay.

Specifically, the whole tagging procedure is consist of four steps:

1. Run exclusive-k; algorithm with N =2

2. Obtain two subjets representing two b-hadrons

3. Run standard b-tagging algorithm on each subjet and obtain secondary vertices
4. Apply topological selection

This workflow is illustrated in Figure As mentioned above, running jet clustering in exclusive
mode is able to get rid of the limitation imposed by fixed radius parameter. As shown in Figure[B.4]
exclusive-k; is able to reconstruct close-by b-hadrons with AR < 0.2, while the small radius track
jet is heavily limited by radius parameter.

However, one needs to take special care on the single b-jet background, since a single b-jet can
also be split by exclusive-k; algorithms in the middle. In particular, tracks coming from displaced
vertex in single b-jet background might be assigned to two different subjets and get reconstructed

into two secondary vertices. Apparently, these are the fake double secondary vertices compared to

IPublic version of this note is close to be finalized at the time when this thesis is written. Therefore only internal
link is available here.
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those from g — bb splitting, due to the essential difference in origin. Therefore, dedicated topological
selections are developed to distinguish these fake double secondary vertices. The key observation
here is that the fake double secondary vertices are correlated to each other in the sense that they
can be merged into a single secondary vertex representing one b-hadron; On the other hand, double
secondary vertices from real g — bb decay are independent to each other. Such intuition leads to

following three variables to discriminate signal and background:

e “Second-MV1”
This is defined as the second largest b-tagging weights among subjets being found. This
is equivalently requiring both subjets should pass certain b-tagging cut. Apparently, if the
background single secondary vertex is split in halves, one for each subjet, this variable would
not be discriminative at all. However, there is certain probably that the single secondary vertex
in background jet is assigned completely to one subjet while another subjet gets nothing, which

is the scenario where this variable would be useful.

o “NtrksDiff”
Besides the secondary vertex reconstructed in each subjet, one can also attempt to reconstruct
an inclusive secondary vertex in the original jet before splitting. Then “NtrksDiff” is defined as
the sum of number of tracks associated to each secondary vertex reconstructed in each subjet,
subtracted by the number of tracks associated to inclusive secondary vertex as reconstructed
in original jet. This is a variable specifically designed for the case of fake double secondary
vertices as discussed above. For background single b-jet, this variable is expected to be around
zero. However, for signal g — bb jet, the secondary vertex reconstructed from original jet
would either coincide with one of the double secondary vertices as reconstructed in subjets,
or fails reconstruction quality cut at all, since tracks taken from double b-hadrons are not
compatible with the assumption of single secondary vertex. In the latter case, the number of
tracks associated with secondary vertex reconstructed from original jet is assigned to be zero.
As a result, “NtrksDiff” would be some positive number for the signal g — bb jet, providing

discrimination power against the background.

e “Combined SV Mass” Another way to reject fake double secondary vertices is checking the
invariant mass using all tracks associated to them. For background single b-jet, this should
lead to a resonance mass spectrum corresponding to mass of b-hadron, while mass spectrum

of signal double b-jet should be much broader since the gluon could be off-shell.

The distribution of these three variables between signal and background can be found in Fig-
ure All three variables provide clear discrimination power between signal and background as
discussed above. Better discrimination power can be obtained by fully exploiting the correlation
between these variables, which is done through a combination using k-nearest neighborhood (kNN)

algorithm. The background rejection as function of signal efficiency can be found in Figure
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To understand our performance, the probably of finding double secondary vertices in signal
sample as function of AR is examined under various conditions, as shown in Figure [B.7] There are

several interesting observations from this plot:

e Ideally exclusive-k; should split in-between the two b-hadrons, although this is not always the
case. In reality, there is certain probability of assigning both b-hadrons to the same subjet,
called “merging effect”. In particular, such probability is larger when AR between two b-
hadrons are closer, which is the gap observed between red and dashed blue line. This suggests
that there would still be some angular limitation for exclusive-k;, below which the probability

of getting “merged” case is too big.

e Even each b-hadron is assigned to separate subjet, there is an efficiency drop at the large AR.
Such drop can be recovered once requiring the distance between b-hadron and subjet to be
less than 0.2. This is consistent with general property of b-tagging as shown in Figure that
b-tagging efficiency would drop drastically when subjet axis is too deviated from b-hadron

flight direction.

e There is an upper bound on the efficiency at around 40%, even after all situations are con-
sidered. This is due to the intrinsic probability of reconstructing two secondary vertices with
good enough quality from the pattern recognition algorithm itself. As a matter of fact, this is

the main constrain on the tagging performance.

As discussed above, one reason accounting for efficiency loss is the merging of two b-hadrons in

one subjet. Therefore, one could apply a further splitting with exclusive-k; N = 3 setting to partially
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Figure B.7: Probability of finding double secondary vertices in signal sample as function of AR
under different conditions. Black curve is the inclusive efficiency; Blue dashed line is the same
efficiency but requiring both b-hadrons to be pr > 5 GeV, |n| < 2.5; Red line represents the
efficiency under same condition as dashed blue line, but additionally requiring each b-hadron should
be assigned to separate subjet; Purple line represents the efficiency under same condition as red line,
but additionally requiring distance between b-hadron to corresponding subjet less than 0.2

recove this case, as illustrated in Figure[B.8] In this event display, a third splitting provides another
opportunity in splitting two b-hadrons into separate subjets, allowing further tagging. For N = 3
splitting, we focus on the two subjets with highest b-tagging weights as b-jet candidate, and then
apply the same topological variables same as case of N = 2 splitting.

While a further splitting can bring some efficiency recovery, it can also potentially increase the
fake rate since it also provides an additional opportunity of fake splitting of background single b-
jet. Therefore, a proper combination between N = 2 and N = 3 splitting is needed. Specifically,
exclusive-k; algorithm with both N = 2 and N = 3 are run, and three topological variables under
each configuration are computed separately. Additionally, we add an indicator variable, representing
the whether one is able to reconstruct double secondary vertices with N = 2 configuration. The
purpose of this indicator variable is to give preference on N = 2 splitting since N = 3 splitting is
actually unnecessary if double secondary vertices are found successfully with N = 2 configuration.
Then these seven variables are combined using boosted decision tree (BDT) algorithm. The back-
ground rejection as function of signal efficiency can be found in Figure As one can see, the
tagging performance increases by a large amount after NV = 3 splitting is introduced. Furthermore,
a strong pr-dependency of performance is found. In particular, the tagging performance is found to
be poor in lowest pr bin.

As introduced in Section one of physics motivations for g — bb tagging is the precise mea-

surement of angular correlation between double b-hadrons, which can be done by measuring the
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AR between reconstructed double secondary vertices. In particular, the correlation between re-
constructed and truth AR between secondary vertices can be found in Figure [B-10] across all pr
bins. A strong angular correlation between reconstruction and truth level is found across all pr
bins, indicating great potential for AR measurement with this technique. Furthermore, the angular
limitation of measurement can be clearly seen in each plot, below which the efficiency of identify-
ing double secondary vertices is too low to see any angular correlation. The results show a strong
pr-dependency of such angular limitation, varying from 0.2 at lowest pr bin to as small as 0.05 in

highest pr bin. This has already extended the hard limit imposed by R = 0.2 track jets significantly.
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Figure B.10: Correlation between reconstructed and truth AR between secondary vertices in signal
double b-jets using exclusive-k; algorithm for 60 < pr < 100 GeV (top left), 100 < pr < 150 GeV
(top right), 150 < pr < 300 GeV (bottom left) and 300 < pt < 500 GeV (bottom right). The z-axis
is in log-scale.

B.3 k-means Clustering Algorithm

In addition to the exclusive-k; algorithm, a different algorithm is also developed to resolve close-by
b-hadrons, called k-means. An illustration of the algorithm workflow is shown in Figure The
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algorithm is composed of following steps:

1. Identify input primitive vertices within the original jet. There are two options so far, one
being the two-track vertices, one being the vertices found by multi-secondary-vertex (MSV)

algorithm

2. Basic quality cut on primitive vertices by requiring them to be at least 3-0 away from primary

vertex in the event.

3. Run k-means clustering on these primitive vertices, using 2-dimensional ATLAS coordinate
system (6, ¢). Instead of a vanilla k-means clustering, the covariant matrix of primitive vertices
are taken into accountﬂ The number of clusters is fixed to be two, corresponding to our double

secondary vertices assumption.

4. After clustering, the primitive vertex with largest x? is identified. In particular, the one larger
than a tunable parameter would be treated as outliers and removed. Then same clustering
procedure as last step would be repeated with rest of primitive vertices. Such iteration is

repeated until all outliers are removed.

5. After two clusters of primitive vertices are identified, tracks from all primitive vertices in each
cluster would be used to fit an inclusive vertex, representing the secondary vertex from one of

the b-hadrons in g — bb.

For the same reason as exclusive-k;, additional topological selection is necessary to reject the
fake double secondary vertices from background single b-jets. Similar to exclusive-k;, “NtrksDiff”
and “Combined SV Mass” are also used here. However, the “Second-MV1” is not longer applicable
since there is no concept of “subjet” in k-means algorithm any more. Instead, a new variable called
“AR Significance”, defined as the ratio of AR between double secondary vertices over uncertainty
of such AR measurement, is introduced for k-means algorithm. The distribution of three discrim-
inative variables can be found in Figure [B:12] The background jet rejection as function of signal
jet efficiency with different algorithm configurations are also shown in this plot. The result suggests
that using MSV as input primitive vertices can be significantly better than using two-track vertices.
Furthermore, performance can increase slightly by removing outliers in an iterative way.

A comparison of tagging performance across different pr bins, as well as with the exclusive-
k¢ algorithm, is shown in Figure Two algorithms show similar performance in general. In
particular, k-means algorithm is slightly better in the low-pt region, while exclusive-k; is better in
the high-p region.

Similarly, angular correlation for k-means algorithm is checked as shown in Figure [B:14] Com-

pared to the case of exclusive-k; in Figure k-means algorithm has a very clear advantage in

2Therefore this is probably more like a multi-Gaussian clustering
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Figure B.12: Normalized distribution of “AR Significance” (top left), “NtrksDiff” (top right) and
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background jet rejection as function of signal jet efficiency using different algorithm configurations
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primitive vertices; Red curve represents the case using MSV as input primitive vertices; Black curve
represents the case using MSV as input, and with outliers being removed in an iterative way as
described above.
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Figure B.13: Background single b-jet rejection as function of double b-jet efficiency between k-
means and exclusive-k; algorithms in 60 < pr < 100 GeV (top left), 100 < pr < 150 GeV (top
right), 150 < pr < 300 GeV (bottom left) and 300 < pr < 500 GeV (bottom right)
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that it has much smaller angular limitations in AR measurement, in particular in the low pr re-
gion, suggesting a better reconstruction efficiency by using k-means algorithm. Furthermore, double
secondary vertices reconstructed by k-means algorithm has better angular resolution, as shown in
Figure In all pt bins, k-means algorithm is able to provide a better angular resolution in

terms of measurement of the AR between double secondary vertices.
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Figure B.14: Correlation between reconstructed and truth AR between secondary vertices in signal
double b-jets using k-means algorithm for 60 < pr < 100 GeV (top left), 100 < pr < 150 GeV (top
right), 150 < pr < 300 GeV (bottom left) and 300 < pr < 500 GeV (bottom right). The z-axis is in
log-scale.
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Figure B.15: RMS of the distribution of AR,econ — ARtrutn in signal double b-jets for 60 < pr <
100 GeV (top left), 100 < pr < 150 GeV (top right), 150 < pt < 300 GeV (bottom left) and
300 < pr < 500 GeV (bottom right)
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