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ABSTRACT

The Standard Model of particle physics is a successful theory, yet it is incomplete.
Supersymmetry is one of the favoured extensions of the Standard Model, elegantly
addressing several unresolved issues. This thesis presents a search for the pair pro-
duction of supersymmetric particles pp — ¥ X9, where the neutralino two Y3 decays
to the lightest neutralino and the 125 GeV Higgs boson. The final states considered
for the search have large missing transverse momentum, an isolated lepton and two
jets identified as originating from bottom quarks (h — bb channel). The analysis is
based on 20.3 fb~! of /s = 8 TeV proton—proton collision data delivered by the Large
Hadron Collider and recorded with the ATLAS detector. No excess over Standard
Model predictions is observed. The analysis has been combined with three indepen-
dent searches that probe other decay modes of the Standard Model Higgs boson.
Limits are set at 95% confidence level in the context of a simplified supersymmetric
model. Common masses of Y7 and Y3 are excluded up to 250 GeV for m(x?) = 0. The

analysis of this dissertation (h — bb channel) has been reinterpreted in the context



v

of a large scan of the phenomenological Minimal Supersymmetric Standard Model,
along with 22 other ATLAS Run 1 searches. The resulting summary paper represents
the most comprehensive assessment of the ATLAS constraints on Supersymmetry

models to date.
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Chapter 1
Introduction

Particle physics is all about the basics: how do the elementary constituents of mat-
ter interact with each other? The discipline has lately gained popularity with the
construction of the most complex machine on Earth: the Large Hadron Collider. In
a giant circular tunnel, protons are slammed together at record energies in order to
create, in the laboratory, new particles.

The current theoretical achievement of this field, the Standard Model, brilliantly
describes three fundamental forces. Some of its predictions and measurements reach
unequalled precision. Yet important issues remain.

On July 4" 2012, the LHC validated the first success of its research program:
the multipurpose detectors ATLAS and CMS reported the discovery of the Standard
Model missing piece, the Higgs boson. An entire field of science was hinged on this
event, directly witnessed at CERN by the author of this dissertation. More than the
end of a successful quest, the celebration was about the start of a new area.

LHC data shall provide answers to the many speculations about the presence of
physics beyond the Standard Model. The favoured theory to be probed, Supersym-
metry, postulates the existence of superpartners for each existing particle. What
started as a generalization in the theoretical formalism in particle physics can even-
tually address, if experimentally confirmed, many of the current Standard Model
shortcomings, providing even a candidate for dark matter.

This thesis presents a search for supersymmetric particles using proton—proton col-
lision data delivered by the LHC in 2012, as part of the Run 1 period, and recorded
with the ATLAS detector. The considered events contain as final states one lepton,
two hadronic jets coming from a bottom-antibottom quark pair bb and missing trans-

verse momentum. For the first time at the LHC, the presence of a SM-like Higgs



boson in a supersymmetric decay chain, and its resonance in the h — bb channel, are
exploited. This scenario would thus probe the Higgs boson couplings with both the
predicted superpartners and Standard Model fermions.

This dissertation starts with a brief review of the theoretical foundations in Chap-
ter[2l The ATLAS detector is presented in Chapter [3and the reconstruction of objects
is detailed in Chapter The motivations, event selection and optimization of the
search are articulated in Chapter 5l The following chapter summarizes studies to
improve the sensitivity. The systematic uncertainties and their derivation methods
are listed in Chapter |7, while the statistical tools and final results are the object of
Chapter [8] The final Chapter [9 presents the reinterpretation of the analysis as part of
a summary work assessing the ATLAS constraints on Supersymmetry after the LHC
Run 1.



Chapter 2

Beyond the Standard Model:

Supersymmetry

The experimental work presented in this dissertation challenges a very successful the-
oretical model. The Standard Model (SM) of particle physics is the most accurate
and precise theory describing non-gravitational interactions. Its development started
in the 60s through a series of theoretical breakthroughs and experimental discoveries.
Although a chronological description would be interesting, only the final formula-
tion of the SM will be described here for conciseness. Despite its successes, this
current model is not a complete theory of fundamental interactions and leaves some
phenomena unexplained. Most of these open questions are elegantly addressed by
Supersymmetry (SUSY), a candidate theory extending the current Standard Model.
Of interest in this dissertation is the phenomenological Minimum Supersymmetric
Standard Model (pMSSM), presented at the end of this chapter.

2.1 The Standard Model

The Standard Model of particle physics [1-3] describes the interactions between par-
ticles of matter (fermions) through the exchange of “force-carriers” (bosons). The
important achievements of twentieth-century physics, such as quantum mechanics
and special relativity, are encapsulated into a single theoretical framework where the
notion of symmetry plays a key role. The SM successfully models three fundamental

forces in nature: the strong force, the weak interaction and electromagnetism.



Table 2.1: Elementary fermions — fundamental particles of spin 1/2 — of the Standard
Model, organized in three successively heavier generations (rows) and different type
(columns): quarks and leptons. The numbers below the names give an approximation
of their masses, indicated in eV. The values reported for neutrino masses correspond
to limits on the sum of neutrino masses as presented in Reference [4].

Quarks Leptons
Charge [e] +2/3 -1/3 -1 0
. . Up u Down d Electron e Electron neutrino v,

First generation

2.3 MeV 4.8 MeV 0.51 MeV < 23eV

) Charm ¢ Strange s Muon p Muon neutrino v,

Second generation

1.3 GeV 95 MeV 106 MeV < 0.19 MeV

. . Top t Bottom b Tau 7 Tau neutrino v,

Third generation

173 GeV 4.7 GeV 1.8 GeV < 18.2 MeV

2.1.1 Particle content

Particles with a spin in half-integer units of the reduced Planck constant A are
fermions. The SM counts 12 elementary fermions of matter, divided into quarks
and leptons, all arranged in three successively heavier generations. Fach generation
contains a lepton with -1 of electrical charge,E] an uncharged lepton called neutrino, a
quark with a charge of +2/3 and another with —1/3. Table[2.1|shows the organization
of fermions in each generation, with their approximate masses in electrovolts | These
fermions compose matter. Each of them has an identical “twin” of equal mass but
with opposite sign for each additive quantum number: these are the 12 anti-fermions
forming anti-matter.

Particles with integer spin are bosons. Some are massless, like the gluons and the
photon, whereas some are massive, which is the case for the W, W=, Z bosons and
the Higgs boson H. Their electrical charge and mass are displayed in Table [2.2] along
with the fermions and bosons they interact with.

These particles — of several types, different charge and properties — have specific

rules while interacting with each other. To understand how these interactions are

!Electrical charge is expressed in units of the fundamental charge e = 1.602 x 10~'° C.

2Natural units where ¢ = h = 1 are used in this thesis. Energy, masses and momenta are
expressed in powers of electrovolts (eV): 1 eV corresponds to the kinetic energy of an electron
accelerated through a potential difference of one volt.



Table 2.2: Elementary bosons — fundamental particles of integer spin — of the Standard
Model, listed according to their electrical charge and arranged in increasing masses,
indicated in GeV [4]. The particles these bosons interact with are specific to the
fundamental force in question (these interactions will be presented later).

Name Gluon Photon ~ W VA H

Spin 1 1 1 1 0

Mass [GeV] 0 0 80 91 125

Force or Strong Electro- Weak Mass

mechanism interaction magnetism interaction generation

uarks all charged all particles

Interacts with d & P massive particles

+ itself particles except gluons

described, it is important to introduce the formalism first.

2.1.2 Theoretical construction: the key notion of symmetry

The Standard Model is written in the mathematical language of quantum field the-
ory (QFT), which is consistent with both quantum mechanics and special relativity.
In this paradigm, space is filled with fields, whose quanta of excitations represent
elementary particles. To each fermion (boson) listed above is associated a quantized
fermionic (bosonic) field.

All the dynamics and kinematics are summarized in a Lagrangian density £. The
methodology followed to build particle physics theories is to write the most gen-
eral Lagrangian that satisfies several requirements arising from observations. The
essential requirements are the symmetries: the Lagrangian needs to remain invariant
under external transformations such as Lorentz boosts (as the theory is assumed to
be relativistic) and under internal symmetries. The internal symmetries that are local
(spacetime dependent) and continuous are gauge symmetries. They are of particu-
lar importance: more than a simple constraint, they dictate the Lagrangian. These
gauge symmetries impose the inclusion of gauge fields to ensure the invariance under
the considered local group transformations. They give rise to the fundamental in-
teractions of fermionic matter fields, which are mediated by the quanta of the gauge
fields: the bosons.

The Standard Model is defined by the gauge symmetry SU(3)c x SU(2), xU(1)y.



The factors correspond to three fundamental interactions, where the subscripts in-
dicate the conserved quantum numbers. The SU(3)c gauge group gives rise to the
strong force; the associated bosons are the gluons. The C' refers to the “colour”
charge, which is conserved under global SU(3)¢ invariance. The SU(2), symmetry
is associated to the conservation of weak isospin. The L subscript is not a quan-
tum number but refers to the chirality of this transformation, which affects only
left-handed fermions (see Section[2.1.3). The U(1)y group conserves the weak hyper-
charge Y. Together, the two symmetries SU(2). x U(1)y give rise to the electroweak
interaction, mediated by the electroweak boson fields W1, W2 W3 and B. It will be

seen later that this force splits into two: the weak interaction and electromagnetism.

2.1.3 Theoretical formulation

The Lagrangian formalism will be succintly presented, with an emphasis on the role

of the Higgs boson, which is used in the decay cascade considered in this thesis.

The strong force

The strong force refers to the interactions between quarks and gluons, the particles
possessing a type of charge called “colour”. The colour charge comes in three type:
red, green and blue (anti-red, anti-green and anti-blue are the equivalent colours for
anti-particles). It is described by quantum chromodynamics (QCD), a non-Abelian

gauge theory based on the local group SU(3). The Lagrangian is of the form:

Laa g, (2.1)

Loop = Y GsliquD" —mp)y — 1Cw

quark flavors

where 9y are the fermion field for each quark flavor f, &f the corresponding anti-
fermion field and my the fermion’s mass. The covariant derivative D, required to
ensure that the Lagrangian in Equation stays invariant under the local SU(3)¢

transformation, is defined as:
D, =0, +igst* G, (2.2)

where t* are the eight generators of SU(3), G, is the gluon field and g, the strong
coupling constant, to which all QCD interactions are proportional. The field strength



tensor of QCD is:
G, = 0.G; —0,G; + gs fabe GﬁGl‘f, (2.3)

with f¢ the structure constants of SU(3).

The last term in Equation corresponds to gluon self-interactions. Since gluons
carry colour charge, they can indeed interact with each other. From the experimental
fact that particles of colours can be observed only if they form a colour singlet (zero
net colour charge), it follows that QCD must be confining. This phenomenon, known
as confinement, restricts the range of the strong force to the size of a nucleon and

causes quarks to hadronize, as it will be further explained in Chapter []

The electroweak force

The electroweak interaction arises from the SU(2); x U(1)y symmetry acting on the
fermion fields. The weak isospin SU(2) has the particularity of coupling differently
depending on the fermion’s chirality. A fermion field ¥ can be expressed as the sum
of its right-handed g (positive chirality) and left-handed 1, (negative chirality)
projections. Under SU(2);, and for each generation i, the left-handed part of the
leptons v} and ¢} forms a doublet, whereas the right-handed charged leptons ¢},
are singletsﬂ Similarly for the quarks: SU(2);, couples left-handed up-type quarks
ul to left-handed down-type quarks d}, leaving right-handed quarks (u} and dj)

unchanged. The fermion fields are arranged then in the following way:

Leptons: (VL) h Quarks: <uL> LU A (2.4)
‘L dp,

For more compact equations, all lepton and quark fields are labelled together as vy,
and v g, with the subscript indicating their handedness. Summing over all left-handed
fermions f; and right-handed ones fr separately, the Lagrangian in the electroweak
sector is then:
1

LoW =~

1 . o
Wik, W — By B + > iy DY + Y triyDh YR, (25)
fr Ir

where the gauge field strength tensors WF, (k = 1,2,3) and By, ensue from SU(2),,

and U(1)y symmetries respectively. Their definitions with the electroweak boson

3In the Standard Model, neutrinos do not have any right-handed component since they are
assumed massless.



fields Wj, Wﬁ, Wi and B, are given by:

v

Wk = 0,W)F — 0,Wk + gHmwiw,m B,, =0,B,—0,B (2.6)

with e¥™ the totally antisymmetric structure constants of SU(2);, of gauge coupling
constant g. The covariant derivatives, required to maintain the Lagrangian in Equa-
tion [2.5|invariant under SU(2), x U(1)y, need to be defined differently depending on
the chirality:

k

D=0, —ig % WE— igYB, Dyr=0, — igYB,, (2.7)
where 0% are the three Pauli matrices, ¢ is the gauge coupling constant from U(1)y

symmetry, and Y is the hypercharge, a conserved quantum number relating electric
charge and weak isospin.

Because of the absence of left-right symmetry in the Standard Model, fermion and
boson masses can not be explicitely added “by hand” in the Lagrangian. Terms in the
form manp would violate SU(2);, gauge invariance. The Standard Model described
so far assumes all fundamental particles to be massless. This directly contradicts
experimental observations of massive fermions and the large observed masses of weak
bosons W and Z. The solution to this massive problem — no pun intended — relies

in the Higgs mechanism.

The Higgs mechanism

To allow massive particles to exist without violating gauge invariance, a SU(2)[
doublet of complex scalar fields ¢ is introduced, with hypercharge set to Y = 1.
This complex doublet, the so-called “Brout-Englert-Higgs field” [5-7], contains four

(o7 L o1+ 1
"= (¢0) - \/§<¢3 -H¢4)7 (2:8)

The Lagrangian in the Higgs sector is of the form:

degrees of freedom:

4\

J

9 — (D, 0) (D) — 12(6le) — A(sle)? — 1. (2.9
————— N

kineti .
metie potential



The covariant derivative D, in the kinetic term is defined as D, in Equation .
This Lagrangian is invariant under SU(2);, x U(1)y and the Higgs field has no colour
charge in order to maintain SU(3)¢ invariance. The interesting part resides in the
presence of a quartic potential associated with the Higgs field. If y? < 0 and A > 0,
the minimum energy configuration does not correspond a vanishing field. Rather, the
field acquires a non-zero value v, called vacuum expectation value (vev). The squared

magnitude of the ground state ¢° is then:

0% 40 L s 2 2 2 v? . 2
oo = §(¢1 + 03+ 5+ d) = b} with v = 0 (2.10)
This fundamental state is not unique but degenerate[[] Thus there exists a SU(2), x

U(1)y gauge transformation to rotate the vev and align it along an arbitrary direction,

o ¢ = % (2) (2.11)

where the neutral component (to conserve electric charge) ¢3 develops a non-zero
value. If all directions are valid, choosing one while fixing the gauge inevitably breaks,
or rather hides the electroweak SU(2); x U(1)y invariance. In order to expand the

ground state around the vev, the complex field ¢ can be parametrized as:

_ &1+ i
o= (1o ie) 212

with h a real scalar field. After choosing a convenient SU(2), gauge transformation
to cancel the three & fields, the expression of ¢ is inserted in the Lagrangian in
Equation . The expansion will give rise to the masses of the gauge bosons (terms
in v? of the form m?B, B*) and the Higgs self-interaction (terms in h?, h* and h?).
However the Wlf and B, fields are no longer mass eigenstates. They can be redefined

in order to make the mass matrix diagonal:

3 / 3 '
Wt 1 _gW; -4 B, 4 _gWi+g' B,
I - L '
V2 /g2 + ¢ /g2 + ¢
4The Higgs field potential is often pictured — in a two-dimensional representation — as a Mexican-

hat: the center has a local maximum causing meta-stability whereas the ground states are in the
circular dip in the brim of the hat.

(W, F iW}) Z, (2.13)
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A convenient parameterisation of the Z,, and A, mixing is:
Z, = Wj’ cos Oy — B, sin Oy A, = Wj’ cos by + B, sin by, (2.14)

where Oy is the weak mixing angle (Weinberg angle) defined as Oy = tan™! ¢'/g.

W) and W2 mix and form the massive W, and W, boson fields. W2 and B,
mix to form the massive Z field and a massless A, field, identified with the photon.
Hence three of the four degrees of freedom of the Higgs field are “eaten” by the W,
W~ and Z bosons. Each of these three particles acquires a longitudinal degree of
freedom that renders them massive. The remaining degree of freedom corresponds to
the scalar field of the massive Higgs boson.

Through this mechanism known as electroweak symmetry breaking (EWSB), the
Higgs field ¢ broke the Standard Model SU(3)c x SU(2); x U(1)y symmetry down
to a low-energy SU(3)c x U(1)gm invariance. Here the U(1)gy leaves the vacuum
¢ invariant and corresponds to the conservation of the electric charge Q. This inter-
action, electromagnetism, is mediated by the massless field A,, represented by the
photon 7.

Lastly, fermions acquire mass through terms of the form ;¢ r, which are now
SU(2)r x U(1)y invariant. These are known as Yukawa interactions between the
scalar fields ¢ and the fermions fields, which are SU(2), doublets ¢, and singlets ¢ g.

The associated Lagrangian (shortened here to one generation) is:

¢0*

)CYukawa =t (ye 1;2 waﬁg + yd 1/_}% ¢¢}1% + yu 1/_)}]' di}?%) Wlth é - <¢+*

) (2.15)
where qz~5 has a hypercharge Y = —1 such that the total hypercharge of each term
equals zero. The ¢, ¢, u and d superscripts refer to the lepton, quark doublet, up-type
and down-type quark singlets respectively. After EWSB, these Yukawa interactions
provide mass terms to all fermions.

Figure offers a schematic summary of the Standard Model, before and after
EWSB. The colour code in each fermion cell indicates which bosons from the third

column are interacting with the considered fermion.
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Figure 2.1: Structure of the Standard Model of particle physics with the fields arranged in columns according to their spin
value. Properties and interactions of the elementary particles are shown before (top row) and after (bottom row) EWSB,
where the Higgs doublet “falls” into the minimum value of the potential (at v = 246 GeV), breaking SU(3)cx SU(2),xU(1)y

symmetry down to SU(3)c x U(1)gm .
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2.1.4 Limitations of the Standard Model

The Standard Model unifies three fundamental forces in an elegant and compact
formalism. Many SM predictions of particles and fields have been successfully tested
at the per mille level over a large energy range. However, the SM is not a complete
theory and leaves many open questions. Those that are most relevant to the present

analysis are now presented.

The hierarchy problem

The Higgs vev at 246 GeV defines the electroweak scale Agyg, the energy at which
electroweak processes are described. The SM itself cannot explain the value of this
parameter, in particular why it is much smaller than the Planck mass[| There is a
lack of understanding of the huge discrepancy between the electroweak scale and the
Planck scale. This is an aspect of the hierarchy problem.

Another side of the hierarchy problem is related to the mass of the Higgs boson [9).
If the Higgs mechanism shows how the elementary particles acquired their mass,
it does not explain why these masses span several orders of magnitude: from the
neutrinosﬂ in the eV range to the top quark, in the order of hundred of GeV. More
problematic are the large radiative corrections on the Higgs mass coming from loop

diagrams. At first order, they are of the form:
om? o O (%) A2, (2.16)

where the energy cutoff A is used to regulate the loop integral. The quantum cor-
rections are quadratically divergent in A. If the current theory is extended up to the
Planck scale, then nothing prevents scalar particles in the Standard Model to receive
very large corrections. To keep m;, at its measured experimental value of 125 GeV,
very precise cancellations must occur. This “fine-tuning” of the Higgs mass, whose
parameters require very precise values on 30 orders of magnitude, seems aesthetically
unsatisfying. Physicists are rather guided by naturalness: models likely to be true

are not requiring parameters of arbitrary and incredibly specific values.

5The planck mass Mpanex =~ 1.22 x 10' GeV is the energy where gravitational effects are no
longer negligible in describing subatomic physics.

6 Although conclusive experimental results confirmed neutrino oscillations, which requires them
to have a mass, the exact nature of neutrinos is not yet established and is an active area of research.
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Dark matter

Astronomical observations, such as the rotation speed of galaxies and gravitational
lensing as well as the latest measurements of the Cosmic Microwave Background, all
suggest the existence of another type of distributed matter that is non-luminous but
massive and electrically neutral [10-12]. These mysterious constituents are roughly
five times more abundant than the ordinary baryonic matter described by the Stan-
dard Model, which accounts for only 5% of the content of the Universe (against 26%

for dark matter).

Theoretical deficiencies

There are other open questions on the Standard Model. Its formalism, albeit phenom-
enally accurate when compared to experimental measurements, still remains theoreti-
cally unsatisfying. Why is it governed by the product of the SU(3)cx SU(2), xU(1)y
gauge groups? Why is one symmetry chiral SU(2) and the others not? On top of the
Higgs fine-tuning, some features seem to be ad hoc: the number of independent pa-
rameters, the minimal implementation of the Higgs mechanism, the arbitrary scalar
potential of the Higgs in A¢*. Moreover, the SM fails to account for the matter-
antimatter asymmetry in the visible universe.

All of these arguments give a strong push to go “beyond the Standard Model” in

order to find new physics able to address the current theory’s shortcomings.

2.2 Supersymmetry

Important theoretical efforts have been invested to address the shortcomings of the
Standard Model. Supersymmetry (SUSY) [13-20], developed in the early 1970s, is
one of the favoured candidate theory to extend the Standard Model. It postulates the
existence of a higher level of symmetry that connects fermions with bosons. SUSY
exhibits attractive features in particular regarding its elegant solution of the hierarchy
problem, as well as the possible merging of all three fundamental forces at high energy
scale (known as the unification problem). Its experimental discovery — or exclusion —

is one of the main components of the LHC program.
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2.2.1 General presentation
A higher symmetry

There are distinct elements in the Standard Model that may suggest an underly-
ing unified scheme. Bosons and fermions form separate families and obey different
statistics. The SM also contains two types of symmetries: spacetime and internal
symmetries. Progress in modern theoretical physics has often been achieved while
encompassing various phenomena into a simpler and more compact formalism. This
motivates the search for a more general symmetry that would encompass spin and
the conserved quantum numbers. Unfortunately, several no-go results — in particular
the Coleman and Mandula theorem [21] — forbid to the combination of spacetime
and internal symmetries. This is true if one considers only the generators that obey
commutation relations in the SM, called bosonic generators. In QFT another class of
operators exists, the anticommuting generators, which change the spin by half a unit.
These are referred to as fermionic. Haag, Lopuskanski and Sohnius [22] circumvented
the limitations of the Coleman and Mandula theorem by introducting these fermionic
operators. This is the main idea behind SUSY: Supersymmetry transformations are
generated by quantum operators ), which change the fermionic states into bosonic

ones and vice versa:
Q|fermion) = |boson) ; (Q)|boson) = |fermion). (2.17)

Allowing anticommuting generators (fermionic) as well as commuting ones (bosonic)
leads to the possibility of Supersymmetry. Furthermore: it has been shown that in
the context of relativistic theories, the favoured models which can lead to a solution of
the unification problem without an awkward fine-tuning are supersymmetric theories

(i.e. the models are invariant under operations mixing fermionic and bosonic states).

Key concepts in SUSY formalism

The drastic change in SUSY theories is the introduction of fermionic generators which
carry spin angular momentum 1/2. The notation used for the SUSY generators are
the complex, anticommuting Weyl spinors (), and its Hermitian conjugate QL. The
undotted (dotted) indices @ = 1,2 (& = 1,2) are used to differentially refer to the
left-handed (right-handed) Weyl spinor. The fundamental properties of SUSY algebra
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are:

{@u.@l} =200 P {Qu@of={al.@}} =0 (3
[P#,Qa}:[PH,QL} 0, (219

where P, is the four-momentum generator of spacetime translations and o* = (1, o),
with o being the vector of Pauli matrices o?.

The irreducible representations of SUSY algebra are called supermultiplets |9]. A
supermultiplet is a set of quantum states that can be transformed into one another
by one or more supersymmetric operations. Each supermultiplet thus contains both
fermion and boson states, which are commonly known as superpartners of each other.
This predicts a fairly large amount of particles to be discovered! However, inserting
in the SM Lagrangian the axioms of Supersymmetry produces several “miracles” that
make SUSY one of the most plausible extension of the SM (see Section [2.2.3).

SUSY is broken (softly)

From the translational invariance in Equation 2.19] @) does not change the momen-
tum and thus commutes with —P?. Hence the pair of states in the same irreducible
supermultiplet must have equal masses. As many experiments sensitive to the super-
partner masses have not found any of the Standard Model “twins”, it follows that
Supersymmetry must be broken.
It is still possible to add Supersymmetry-breaking terms to the total Lagrangian
L of a SUSY model:
L = Lsusy + Lsot, (2.20)

where Lgysy is the Standard Model Lagrangian augmented with superpartners and
Lsot refers to the Supersymmetry-breaking piece. The latter term lifts off the mass
degeneracy between SM and SUSY particle content by making the latter heavier. It
is “soft” as it should not reintroduce any unwanted quadratic divergences seen in the
Standard Model [23]. Indeed the superpartner masses can not be too huge — they
should be of order of the electroweak scale, O(1 TeV) — otherwise the corrections to
the Higgs mass would be unnaturally large, leading to a fine-tuning which was meant
to be avoided in the first place. The origin of Supersymmetry-breaking remains
unknown and Lg.g has its share of arbitrariness. However it is important to mention

here the possibility of maintaining the attractive aspects of SUSY while increasing the
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masses of its predicted superpartners. It gives some explanation as to why no SUSY
particles have been seen yet in detectors and offers exciting prospects of discovering
some of them at the LHC.

2.2.2 Minimal Supersymmetric Standard Model
Particle content

The Minimal Supersymmetric Standard Model (MSSM) [24] represents the super-
symmetrisation of the Standard Model with the smallest increase in field content.
Apart from pairing SM particle with a supersymmetric partner, no additional field
is added (except in the Higgs sector, reviewed in the next section). Its construc-
tion — not detailed here as it is beyond the scope of this thesis — starts from the
SU(3)e x SU(2), x U(1)y invariance and SM field content. Table [2.3|lists the chiral
and gauge supermultiplets of the MSSM.

The superpartners of the SM fermions are named with a prepended “s” and the
SUSY counterparts of SM bosons receive an Italian suffix in “ino”. SUSY particles
are written with a tilde on their symbol.

The mirroring of SM particles into supersymmetric ones is not fully... symmetric!
The superpartners are not necessarily the mass eigenstates. This is due to some
mixing occuring after electroweak symmetry breaking and supersymmetry breaking.
This is especially the case in the third fermion generation (not pictured in Table

because it is not relevant here) and in the Higgs sector.

The Higgs sector

The MSSM necessitates two complex Higgs doublets: H, = (H}, H®) and H; =
(HY, H}). The former (latter) will generate the masses to the up-type (down-type)
quarks. This is imposed by the form of the superpotential in the SUSY Lagrangian,
which does not simultaneously allow the presence of a scalar field and its complex
conjugate. Moreover gauge anomalies arising from triangular diagrams are not can-
celled anymore while extending the SM to SUSY. This destroys gauge invariance and
hence renormalizability. Adding a second doublet of opposite hypercharge ¥ = —1
nicely cancels these anomalies.

The eight degrees of freedom from the two Higgs doublets are re-arranged after

EWSB. Three are absorbed into W+ and Z to provide them mass. The remaining
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Table 2.3: Content of the SM and MSSM multiplets with name, symbol and spin.
The fermions in the quarks and leptons are summarized with the index = 1,2,3. In
the electroweak and Higgs sector, gauge and mass eigenstates are shown separately
when they differ due to mixing after symmetry breaking (more information in the
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five lead to two neutral scalar fields k", H°, a pseudoscalar field A° and two charged
bosons H* and H~. By definition, h° is the lightest neutral Higgs boson and the upper
bound on its mass — after radiative corrections —is myo < 135 GeV. This is one of the
reasons why h° is referred to as the “Standard Model-like” Higgs. Nothing prevents
the observed resonance at the LHC — confirmed to be a Higgs boson compatible with
the SM — from being in fact the lightest Higgs scalar field of the MSSM.

The fermionic superpartners of the Higgs are the Higgsinos Hu = (}N[j , flg) and
I;Td = (ﬁg, Ifld_). After electroweak symmetry breaking in the MSSM, the Higgsinos
mix with the winos Wi, WO and bino B , the superpartners of the electroweak gauge
bosons. The neutral wino W° and the bino B mix with the Higgsinos H° and H?
to give 4 observable Majorana fermionic neutral eigenstates called neutralinos, with
masses conventionally arranged as:

-0 < Myo < Mo, (2.21)

Mgy S mX2 X3 X4

X1
The charged winos W mix with the charged higgsinos H , and l’?[;r to give 2 observ-

able Dirac fermionic charged eigenstates called charginos X and Y3 .

From parity to LSP

Terms violating baryonic (B) and leptonic (L) numbers can be added in the MSSM
Lagrangian. However this would lead to forbidden decays, conflicting with measure-
ments (such as the proton’s lifetime). These terms are suppressed by requiring an
additional symmetry. A new quantum number, defined for each field, is postulated.
The R-parity is given by:

Pg = (—1)3B-D)+25 (2.22)

with S the spin of the particle. Standard Model particles have Pr = 1 and the
superpartner are assigned P = —1.

R-parity conservation eliminates the possibility of B and L violating terms in
the renormalizable superpotential. It also leads to interesting consequences. First,
it implies that sparticles may only be produced or annihilated by pairs. Moreover,
superpartners decay cascades will inevitably lead to the production of the lightest
supersymmetric particle (LSP). As it has no lighter entity to decay into, the LSP is
stable.
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2.2.3 Attractive features of Supersymmetry

The beauty of SUSY resides in its simple design, generalizing space-time transfor-
mations. The theory has gained popularity due to its rich phenomenological conse-
quences, which provide elements of answer to various open questions in physics and
cosmology. Above addressing the hierarchy problem, SUSY offers two other main

attractive features, which are detailed below.

Stabilization of the Higgs mass

One of the main motivations for the MSSM is its natural solution to eliminate the
quadratic divergences on the Higgs boson mass.

Each radiative correction from closed fermion loops is compensated by the cor-
responding contribution of the bosonic superpartner, as the two diagrams have a
relative minus sign. Schematically, a fermionic field 1y coupling with the Higgs field
¢ with a Lagrangian term —A\ fw_f@ﬂ/J # gives 1-loop contribution to Higgs boson mass

2

of —‘;‘%AQ, where Ay is the Yukawa coupling. Its scalar superpartner gb]f; has an in-
teraction term in A f~|gz§h|2\¢f|2 and the 1-loop correction on the Higgs boson mass is
A~

5= A?. Requiring fermionic-bosonic multiplet symmetry, that is to say A F= R
the total correction for a 1-loop contribution on the Higgs boson mass becomes:

_ 2
)\fA2_‘>\f‘ A2+ _A2

) 2 _ ) -
M 82 872 82

(A7 = Af?) + ... = 0 + (finite terms) ~ (2.23)
The correction terms remain bounded to all orders of perturbation theory. Supersym-
metry hence naturally stabilizes the vacuum, through intrinsic cancellations, without
any fine-tuning needed. The soft SUSY breaking terms reintroduce a logarithmic sen-
sitivity to the cutoff, but no quadratic divergences arise. Hence the vacuum remains
stable in the case of soft SUSY breaking, provided the difference of masses between

fermions and their superpartners are of the order of the electroweak scale.

Gauge unification

The coupling constants gs, g and ¢’ — sometimes labelled with the Greek letter a —
are associated to SU(3)¢, SU(2)L and U(1)y respectively. They are usually referred
to as “running coupling constants” as their value is defined only for a given energy
scale. While extrapolating their measured values from the electroweak scale to very

high energies, the progression suggests the constants will converge. In the Standard
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Figure 2.2: Evolution of the inverse of the coupling constants associated with the
electromagnetic (o), the weak (aq) and the strong («3) forces in the Standard Model
only case (left) and in the context of the MSSM (right) [25].

Model, they do not converge: the three lines do not meet at a unique point, as il-
lustrated in Figure 2.2l With the MSSM however, the convergence is nearly perfect.
This remarkable result clearly hints that the three interactions are low-energy man-
ifestations of a single force lying around the energy 10> — 10'¢ GeV, known as the
“Grand Unification” (GUT) scale.

Dark matter candidate

The R-parity conservation — an ad hoc assumption to suppress forbidden decays —
ensures that the lightest supersymmetric particle (LSP) is stableﬂ This leads to
a surprising consequence in cosmology. If the LSP is massive and does not carry
any U(1)gm nor colour charges, it would interact with regular matter only through
gravitation and the weak force. This qualifies it as a Weakly Interacting Massive Par-
ticle (WIMP), a class of hypothetized constituents of the Universe non visible content.
Thus, Supersymmetry provides an excellent candidate for a dark matter particle. The
lightest neutralino — with a mass starting around 100 GeV — is the favoured possibility
as its small interaction cross section can match the current estimated abundance of

dark matter in the Universe [26].

"In this thesis, the LSP is assumed to be the lightest neutralino x!.
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2.2.4 The phenomenological Minimum Supersymmetric Stan-
dard Model

The MSSM possesses 124 independent parameters. This renders any experimental
scan very impractical. The phenomenological MSSM (pMSSM) has been introduced
to facilitate the exploration of MSSM phenomena. The following assumptions are

made based on experimental data and theoretical simplicity:
R-Parity is exactly conserved.

No new sources of CP-violation in the sparticle sector is achieved by requiring

the soft parameters to be real.

Minimal flavor violation is imposed at the electroweak scale. In other words,
parameters that would give rise to additional (non observed experimentally)

flavour-changing neutral currents are absent.

The first two generations of sfermions are degenerate as experimental obser-
vations severely limit the mass splitting between the two generations of squarks

and sleptons.

The LSP is assumed to be the neutralino that can be identified as a dark mat-

ter candidate.

After applying these constraints, the number of free parameters at the TeV scale
decreases to 19 (more details on these parameters will be given in Chapters [5| and @
The pMSSM has the advantage of being agnostic regarding the mechanism of SUSY-
breaking and the sparticle content at energy scales higher than the TeV. The analysis
in this dissertation is interpreted in the context of the pMSSM, first using a specific
parameterization sensitive to the decay channel in question (Chapter [5)) and subse-

quently scanning numerous sets of these 19 parameters as part of a summary paper
(Chapter [9).
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Chapter 3

The ATLAS detector at the Large
Hadron Collider

In experimental particle physics, very high energy collisions are used to lift the veil on
the laws of nature that govern the smallest constituents of matter. These collisions are
achieved by giant machines such as the Large Hadron Collider (LHC). The LHC has
its share of superlatives; among others it is the most powerful particle collider as well
as the largest experimental facility ever developed. It also ranks among the greatest
human endeavours, bringing more than 10,000 scientists and engineers together from
over 100 countries.

For conciseness only a brief summary of the accelerator complex will be stated] as
the focus will be on one of the main detectors operating on the LHC ring: the ATLAS
experiment. After detailing this multi-purpose detector, the dataset of proton-proton
collisions it collected from 2010 to 2012 will be described.

3.1 The Large Hadron Collider

Synchrotron Particle Accelerator

The LHC [28] is a 27 km long circular accelerator lying in a tunnel 50 to 175 m be-
neath the Franco-Swiss border near Geneva, Switzerland. It was built and is operated
by the European Organization for Nuclear Research (CERN). The LHC accelerates

LA captivating narrative on the construction and technological challenges of the LHC can be
found in Reference [27].
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in separate pipes two beams of hadrons (either protons or heavy ionsED circulating
in opposite directions. The LHC is a synchroton, bringing particles to higher kinetic
energies using sixteen radio-frequency cavities while 1232 dipole magnets are synchro-
nized to maintain the accelerated beams into their circular orbit. An additional 392
quadrupole magnets are used to keep the beams focused.

CERN uses state-of-the-art superconducting dipoles made of niobium-titanium
(NbTi) alloy. An unprecedented cryogenic system cools these magnets at a temper-
ature of 1.9 K (lower than outer space!), where helium becomes superfluid and very
effectively conducts heat out of the dipoles. At this temperature, the magnets can
sustain a 11,850 A current, needed to create a high magnetic field up to 8.33 T that
bends the particle beam.

Protons are extracted from a hydrogen gas bottle and are gradually boosted in a
series of linear and circular accelerators as shown in Figure |3.1. The protons group
together in bunches during the acceleration process. In 2012 the LHC circulated per
beam approximately 1380 bunches containing 1.7x10'" protons each, with a bunch
crossing of 50 ns. The stored energy per proton in each beam was 4 Tera electronvolt
(TeV)F] which corresponds to 143 MJ [30]. Two beams of protons with four-momenta
p1 = (E, p) and py = (E, —p) colliding head on will give s = (p; + p2)? = 4E?, so
a centre-of-mass energy /s = 2F. The 2012 dataset used in this analysis has been
collected with /s = 8 TeV.

Luminosity

Accelerator performance is characterized by its instantaneous luminosity L. It relates
the event production rate dN/dt of a given physics process with the cross section o
of this process:

dN
— =Lo. 1
7 a (3.1)

The instantaneous luminosity is expressed in units of cm =2

s~!. It is usually indicated
as b™! s71, where b is a Barn, a unit of area defined as 1 b = 1072 m=2. The
luminosity is computed using beam specific characteristics, such as the area at the
collision point, the numbers of bunches per beam and protons per bunch. The 2012
dataset delivered by the LHC had a peak instantaneous luminosity of 7.73 x 1033

em™2 571 [31], close to the design value of 10** ecm™2 s71 [30].

2The remaining of this thesis will solely focus on proton—proton collisions.
3The machine is designed to operate at 7 TeV per beam.
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Figure 3.1: Schematic view of CERN accelerator complex. The LHC injection chain
for protons starts with LINAC2, continues with the Proton Synchrotron Booster
(Booster), Proton Synchrotron (PS) and finishes at the Super Proton Synchrotron
(SPS), where 450 GeV protons are eventually injected into the LHC main ring .

The integral of the delivered luminosity over time, [ Ldt, is called integrated
luminosity £, expressed in inverse femtobarns, fb~!. It is a measure of the collected
data size, independently on the type of process. More details on the dataset of this
thesis will be given in Section

LHC Experiments

Four major detectors reside at the LHC interaction points, labelled in Figure [3.1]
ALICE is specialized in analysing lead-ion collisions. LHCb studies the matter—
antimatter asymmetry using hadrons containing b quark. CMS is one of the two multi-
purpose detectors of the LHC, famous for his high mass of 14,000 tons. ATLAS is the

other general apparatus and is described in detail in the next section. Designed with



25

different detector philosophies, ATLAS and CMS share similar physics goals: they aim
at performing precision measurements of Standard Model processes and discovering

new particles predicted by candidates theories, in particular Supersymmetry.

3.2 The ATLAS Detector

The ATLAS detector [32] derives its name from a weird acronym, “A Toroidal LHC
ApparatuS”, which at least hints on his titanic size. It measures 44 m in length and

has a diameter of 25 m, making it the largest collider detector ever constructed.

Detector Design

ATLAS nearly covers 47 in solid angle, with the exception of two cones of 0.2° allowing
the entry of the LHC beams. This hermetic design is key to accurately reconstruct the
missing transverse momentum, a crucial observable in most supersymmetric searches.

ATLAS is composed of specialized sub-systems operating independently and com-
plementing each others for particle identification. These sub-detectors are built in
nested cylindrical layers, centered on the IP and aligned along the beam axis. Each
are divided into three regions: the cylindrical centre “barrel” and two closing disks
called “end-caps” at the extremities. Figure |3.2] shows a cutaway view of the entire
detector with the trackers near the centre, surrounded by the calorimeters and closed
by the muon spectrometers. These three sub-systems will be described in the next
sections, after first defining the conventional coordinate system and the commonly

encountered notation.

Coordinate System

ATLAS uses a right-handed coordinate system with its origin at the nominal interac-
tion point (IP) in the centre of the detector and the z-axis along the beam line. The
anti-clockwise beam direction defines the positive z-axis, with the z-axis pointing to
the center of the LHC ring and the y-axis upwards.

The anzimutal angle ¢ in cylindrical coordinates is measured in the transverse
plane (z—y) and defined as ¢ = tany/x. The polar angle 6 is defined as tanf =
Va? + /.

Particles reconstructed in ATLAS are generally characterized by their outward

four-momentum p = (E, p;, py, p.). In the context of high-energy hadronic collisions,
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Figure 3.2: Cutaway view of the ATLAS detector and its sub-systems, with humans
(not supposed to be on the beam pipe) shown to scale. Credit: CERN.

the longitudinal boost along the beam direction is a priori unknown, as the hard
scattering partons share a fraction of the proton momentum. However their energy
contribution along the  and y components is negligible and thus momentum conser-
vation is expected in the transverse plane. Hence the key quantity, commonly used
in lieu of absolute momentum, is the transverse momentum pr = \/m . The
pseudorapidity 7, defined as:

n=—In tang , (3.2)

is preferentially used in place of 6 as differences of pseudorapidity are invariant under
Lorentz boosts along the beam axis z.

The angular separation between two reconstructed particle objects is assessed
using AR = /A¢? + An?, unless stated otherwise.

3.2.1 Tracking subdetectors

The central tracker, referred to as the Inner Detector (ID), is responsible for the po-

sition and momentum measurement of charged particles emanating from the primary
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Figure 3.3: Cutaway view of the inner detector and labelled sub-systems. Credit:
CERN.

pp interactions. To do so, a superconducting solenoid magnet envelopes the ID and
creates a 2 T magnetic field parallel to the beam pipe. The trajectories of passing
charged particles, which are bent by the magnetic field, are reconstructed using the
signals (or “hits”) recorded in the layered sensors of the ID. The charge and momen-
tum of each particle can be deduced from the curvature of the measured track. The
ID is composed of three independent and complementary sub-systems, covering the
range |n| < 2.5. Figure[3.3|shows the entire inner tracker and its sub-detectors, which

are described as follow, from the closest to the furthest of the interaction point.

The Pixel Detector is the innermost device in ATLAS and has the challenging
mission of reconstructing vertices (coordinate of the points where tracks merge)
in a high radiation environment. For this, a very high granularity is required
to allow for precision track measurements. This is achieved by using radiation-
tolerant silicon sensors (“pixels”) of nominal size r—¢ x z = 50 x 400 pm?.
They are grouped into 1744 modules arranged over three concentric cylindrical
barrels and six end-cap disks. The pixel detector has more than 80 millions

readout channels and reaches resolutions of r—¢ x z = 50 x 115 pm.
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The Semiconductor Tracker (SCT) is key for particle momentum determination.
It consists of four barrel layers and nine wheels in each endcap, all instrumented
on both sides with 12 cm long silicon micro-strips. This covers a larger volume
of the SCT compared to the Pixel detector. There are in total 6.3 million read-
out channels, significantly less than in the Pixel detector. By pairing sensors
at a small angle (one strip is aligned parallel to the beam axis and the other is
offset by 40 mrad), it is possible to determine the z coordinate in each module
traversed by a charged particle. A particle track generally leaves eight hits in
the SCT. The 80 pm strip pitch allows a resolution of 17 ym in r—¢ and 580
pm in z (R) for the barrel (endcap) modules.

The Transition Radiation Tracker (TRT) is made of 4 mm drift tubes, referred
to as straws, filled with a gas mixture of mostly xenon and embedded in a
matrix of polypropylene fibres as radiator materia]ﬁ]. The straws are 144 cm
(37 cm) long and disposed parallel to the beam line (radially) in the barrel
(endcaps). Charged particles passing through a straw ionize the xenon and a
high voltage between the cathode (straw wall) and the anode (gold-plated tung-
sten wire on the longitudinal straw axis) will drift electrons and ions appart,
generating a current proportional to the energy loss of the incoming particle.
With its geometry and volume, the TRT improves track measurements thanks
to its high number of close ionizations pulses or “hits”, on average 32 per track,
with an accuracy of 130 pum per straw. Between the straws, the radiator mate-
rial (polypropylene fibres) cause ultra-relativistic charged particles to produce
transition radiation. The associated signal is proportional to the relativistic
boost v of the charged particle: electrons, which are light, produce large energy
depositions around 10 keV, whereas minimum-ionizing particles such as pions,
which are heavier, deposit about 2 keV. The TRT thus contributes to electron

identification.

3.2.2 The calorimeters

ATLAS’ calorimeters measure the energy of the many particles emerging from the
interaction. Particle physics calorimeters employ a destructive method consisting of

stopping the incoming particle in a dense medium. The incident particle interacts

4A charged particle crossing two media with different dielectric constants emits so-called transi-
tion radiation.
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with the material and initiates a decay cascade — known as a particle shower — of lower
energy particles, which eventually get absorbed by the material. The energy released
in the detector material by the shower’s constituents, mainly through ionization and
excitation, is proportional to the energy of the incident particle.

The key features of calorimeters are their thickness in radiation lengths and her-
meticity. The former ensures the full cascade is contained in the apparatus and does
not escape beyond the calorimeter, which would underestimate the energy of the in-
cident particle. The latter is crucial to cover all showers created in an event and
therefore to accurately measure the sum of momenta in the transverse plane. The
presence of momentum imbalance, or missing transverse momentum, is a typical sig-
nature of a new physics scenario where e.g. supersymmetric particles leave ATLAS
undetected.

There are two types of showers: the electromagnetic and the hadronic showers.
They are of different shape and length, therefore the ATLAS calorimeters are divided
into two nested apparatuses: one electromagnetic and one hadronic. In both cases,
the devices are sampling calorimeters: they are made of alternating thin layers of
inactive dense material (the absorber) to favour showering and active layers (the

sampler) equipped with read-out sensors to measure the energy deposition.

The Liquid Argon Electromagnetic Calorimeter

The electromagnetic (EM) calorimeter measures the energy of electrons, positrons and
photons. As seen in Figure , the EM calorimeter is composed of a barrel (targeting
the central region |n| < 1.475) and two end-caps (covering the range 1.375 < || < 3.2),
all surrounding the inner detector. Both barrel and end-caps are constructed with
successive layers of 1-2 mm thick lead plates alternating with honey-comb spacers
filled with liquid argon. Particles from the shower ionize the liquid argon, the created
pairs of electrons—ions drift apart in the presence of an electric field and they are
collected on the electrodes installed in the samplers.

The hallmark of the ATLAS electromagnetic calorimeter is its accordion geometry,
as shown in Figure[3.5] This design was chosen to ensure high azimuthal uniformity, a
regular liquid argon ionization gap thickness, and a constant sampling fraction within
a given detector region.

Over the region devoted to precision physics (|| < 2.5), the EM calorimeter is

radially segmented in three layers. From the innermost to uppermost layers, the gran-
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Figure 3.4: Cutaway view of the ATLAS calorimeters. Credit: CERN.

ularity in n and ¢ becomes coarser, as the shower laterally spreads. The middle layer,
with a thickness of 16 radiation lengthsﬂ (Xo), absorbs most of the electromagnetic
shower.

In the region of |n| < 1.8, a presampler detector is used to correct for the energy
lost by electrons and photons upstream of the calorimeter. The presampler consists
of an active LAr layer of thickness 1.1 cm (0.5 cm) in the barrel (end-cap) region.

The relative energy resolution of the EM LAr calorimeter is given by the following
quadratic sum:

o(E)  10%

E  VE

The constant noise term of 0.7% meets the calorimeter design performance goals. The

®0.7%. (3.3)

main aspects of the LAr online monitoring are discussed in appendix [A]

5The radiation length X is the average distance travelled by an electron before its looses 63%
(1 —1/e) of its energy.
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Figure 3.5: (a) Sketch of a barrel module with the visible three layers and their
accordion geometry. (b) The photography offers a magnified view of the accordion
readout and sampling design showing the honeycomb electrode spacers that form the

ionization gap [32].

The Hadronic Calorimeter

The hadronic calorimeter measures the energy of charged and neutral hadrons. Hadronic
showers are far more complex than electromagnetic ones. They are initiated by a high
energy incident hadron but contain both strongly and electromagnetically interact-
ing particles in fluctuating ratios. Moreover, the interactions of hadrons with nuclei
leave an invisible non-EM contributions and some of the shower products like muons
and neutrinos will escape the calorimeter. Shower development scales with nuclear
absorption length A\, (equivalent to Xy in a hadronic context). Compared to EM
showers, hadronic showers take longer to form and end up being thicker. For this
reason, the hadronic calorimeter extends up to ten interaction lengths A, at n = 0.
With an inner radius of 2.28 m to an outer radius of 4.25 m and 11 m in length,
the hadronic calorimeter’s large dimensions ensure very few hadrons will escape the
apparatus.

The hadronic calorimeter is composed of the TileCal (barrel) and two hadronic

end-caps (HEC). The TileCal covers the range |n| < 1.0 and has extensions in 0.8 <
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In| < 1.7. Tt is made of steel absorbers alternating with scintillating plastic tile
samplers. These scintillator glow at the passage of a shower and the produced photons
are brought via optic fibers to photomultipliers. The energy resolution of the TileCal
is 0(E)/E = 56.4%/VE @ 5.5%, measured with test beam data [32]. The HEC is
composed of two independent wheels made of 32 identical wedge-shaped modules
with two segments each, copper plates act as absorber with interleaved liquid argon
as sampler. The resolution of the HEC is ¢(E)/E = 50%/VE @® 3% [32].

The LAr Forward Calorimeter

To provide hermicity as well as to shield the muon spectrometer from radiations back-
ground, a special calorimeter is placed in the forward regions, between the inner de-
tector and the hadronic end-caps. It is performing both electromagnetic and hadronic
calorimetry measurements. The former is ensured in the first layer using copper as
absorber, while hadronic energy estimations are done in the two outer layers using
tungsten as absorber. The sampler material is liquid argon for both shower types. The
forward calorimeter extends the covarge up to |n| < 4.9 and its design resolution, lim-
ited by its high-radiation operating environment, is o(E)/E = 100%/vE ® 10% [32].

3.2.3 Muon Spectrometers and Toroidal Magnets

The muon spectrometer (MS) of ATLAS represents a cornerstone of the detector’s
design, extending outwards 6.5 metres from the end of the hadronic calorimeter.
While most particles from the interaction points are absorbed by the calorimeters,
the muons are low-ionizing and therefore escape without much energy loss. To allow
for momentum determination, the trajectories of passing energetic muons need to
be bent by a strong magnetic field. This is done with ATLAS’ toroidal magnets,
which consist of a barrel toroid made of eight-superconducting air-core coils encased
in individual racetrack-shaped vessels and two identical end-caps with eight coils as
in the barrel but smaller in size (see Figure [3.6)).

The magnets can produce a field of approximately 0.5 T in the barrel and 1 T
in the end-caps. The most important numbers for track momentum measurements
are the field integrals over the track length inside the tracking volume. The toroidal
magnetic field provides for typical bending powers of 3 Tm in the barrel and 6 Tm
in the end-cap regions.

Precision tracking is accomplished by more than a thousand chambers, arranged
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Figure 3.6: Overview of the ATLAS muon spectrometer components and toroidal
magnet system. Credit: CERN.
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in three concentric cylindrical shells in the barrel and present in trapezoidal form on
the end-cap, giving ATLAS its characteristic shape (see Figure[3.6]). Two technologies

are used:

Monitored Drift Tubes (MDTs) chambers are filled with several layers of tubes,
similar to the TRT straws but larger in diameter. The MDTs cover the central
region (|n| < 2.7) and reaches, per chamber, a resolution of 35 pum on the

bending plane r—z.

Cathode-Strip Chambers (CSCs) are multi-wire proportional chambers designed
to extend the MDT coverage in the forward region (2.0 < |n| < 2.7) with their
higher rate capability. CSCs have a 40 ym (5 mm) resolution in the bending

plane r—z (transverse plane r—¢).

The precision trackers permit transverse momentum precision of approximately 10%
for 1 TeV tracks.

Two other sub-systems are designed to provide fast, robust readout for use in the
online trigger and data acquisition (further detailed in the next section). In the barrel
central region (|n| < 1.05), Resistive Plate Chambers (RPCs) give a precision of 10
mm within only 1.5 ns. Thin Gap Chambers (TGCs) reach the forward regions (1.05 <
In| < 2.4) to measure the muon coordinate with a radial (transverse) resolution of
2-6 mm (3-7 mm) within 4 n{f

3.2.4 Online trigger for data acquisition

To discover new particles such as supersymmetric partners with small production cross
sections, a very large number of collision events is required. In 2012 the LHC bunch
crossing rate was mostly 20 MHz, half of its design value of 40 MHz [30]. Storing
the information of all collision events is impractical given the limited disk storage
capacity, the time response of some ATLAS sub-systems and, last but not least, the
output bandwidth limitation of 400 Hz. Moreover, as the processes of interest for
exploring new physics are extremely rare, the vast majority of pp interactions are
irrelevant for most ATLAS analyses and can safely be discarded. The event filtering
is performed on the fly by the ATLAS trigger system [32]. It is organized into three
consecutive levels, each level refining the decisions made at the previous stage by using

more information about the event (at a longer time cost in the decision making):

6This is well below 50 ns, the time between two bunch crossings in 2012 data.
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Level One (L1) trigger is hardware based. Custom electronics receive signals from
the muon trigger chambers and coarse data from the calorimeter to define “re-
gions of interest” (Rol), which are the  and ¢ coordinates where the L1 trigger
sees a potential high-pr muon, electron, photon, jets or large E¥5. The L1
trigger has less than 2.5 us to decide if the event contains no Rol and therefore
needs to be vetoed. If the event exhibits Rols, it is sent as input to L2. At that
stage, the event rate is reduced from 20 MHz to 75 kHz.

Level Two (L2) is software-based and performs a simplified event reconstruction in
40 ms from the information of all ATLAS sub-detector but limited near the
Rol. This step brings the rate of events down to approximately 1 kHz.

Event Filter (EF) employs sophisticated algorithms, similar to the offline software,
to fully reconstruct the event in 4 s. This is done using a large farm of CPUs
installed near the detector. The final decision of the EF selects the events, at

the required rate of 400 Hz, that are recorded for subsequent offline analysis.

3.3 Data quality and integrated luminosity in 2012

dataset

The search for SUSY presented in this dissertation uses the full dataset of proton—
proton collisions recorded at /s = 8 TeV. During this year of data taking, the LHC
delivered an integrated luminosity of 22.8 fb~!, out of which 21.3 fb~! were successfully
recorded by the ATLAS detector [31].

The quality of the data is verified as being recorded, as part of the “online mon-
itoring” procedures. Potentially flawed data are flagged e.q. if there is the presence
of unphysical detector artifacts or bugs in the reconstruction software. In 2012, an
integrated luminosity of 20.3 fb~!(more than 95% of the data recorded by ATLAS)
passed the online quality requirements and was deemed “good for physics”, as shown
in Figure [3.7] This illustrates the excellent performance of all ATLAS sub-systems,
on both hardware and software levels.

By selecting events containing one or several hard objects (as seen in Section,
the ATLAS trigger records hard scattering processes, which are the probes for new
physics. However in the same bunch crossing, additional unrelated proton—proton

interactions can occur. These interactions, referred to as pile-up, are recorded in the
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same event. Several corrections are applied to remove the pile-up while defining recon-
structed physics objects. These noise suppression methods generally use the averaged
number of interactions per bunch crossing, u, whose luminosity-weighted distribution
is shown in Figure for the full 2012 dataset. This real number p corresponds to
the mean of the Poisson distribution on the number of interactions per crossing for
each bunch. It serves as a good estimator for pile-up, and subsequently ensures a
noise-free reconstruction of the offline physics objects, which are now detailed in the

next chapter.
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Chapter 4
Object reconstruction

By combining information of the different hardware components previously described,
the ATLAS detector is able to reconstruct and identify the passage of four particles:
photons, electrons, muons and hadrons. The objects of interest in this thesis are
electrons and muons as well as hadron jets coming from a pair of bottom and anti-
bottom quarks. After describing their reconstruction and identification techniques,
the specifications from the SUSY ATLAS Working Group will be presented. The
computation of the missing transverse momentum will be reviewed in this chapter,

which ends with a list of the event cleaning cuts designed to ensure high-quality data.

4.1 Lepton identification and isolation

Events containing isolated leptond] - mainly coming from the decays of the W and
Z bosons — are rarely produced in a hadronic environment such as the LHC. Yet
many of the new physics processes have a signature involving one or more isolated
leptons. Their identification thus plays a key role in probing new phenomena at the

electroweak scale.

4.1.1 Electron reconstruction and identification
Electron reconstruction

The electron reconstruction is the process that establishes if the signals left by a

particle in the ATLAS sub-detectors are consistent with the passage of an electron,

+

IThroughout this thesis, the term lepton indicates electron e* or muon pu*.
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and computes its four-momentum components.

In the central region (|n| < 2.5) covered by the inner detectors, the reconstruc-
tion technique combines calorimetric and tracking information. First, energy deposits
(clusters) in the electromagnetic calorimeter are identified using a “sliding-window”
algorithm [33]. A fixed-size window of 3 x 5 units in 7, ¢ is moved accross the electro-
magnetic calorimeter in steps of one unit An x A¢ = 0.025 x 0.025. This corresponds
to the granularity of the middle layer of the electromagnetic calorimeter, where most
of the electron energy deposition occurs. The position of the window is adjusted so
that its contained transverse energy is at a local maximum. The efficiency of the
initial cluster reconstruction is almost 100% for electrons with Er > 20 GeV [34]. In
a second step, the tracks are extrapolated from their last measured point in the ID
to the middle layer of the electromagnetic calorimeter in order to check their proxim-
ity to the pre-selected clusters. Once a cluster is associated to a track, the electron
total energy is determined by correcting the deposited energy observed in the cluster
for the estimated fraction of energy measured by the sampling calorimeter. Three
other contributions related to the estimated amount of energy losses — in front of the
electromagnetic calorimeter, in neighboring cells, and beyond the electromagnetic
calorimeter — are added. The four-momentum is derived by combining the tracking
and cluster direction and energy measurements.

Outside of the tracking acceptance, another algorithm using only the calorimetric
information reconstructs the forward electrons (2.5 < |n| < 4.9), but these are not

used in this thesis.

Electron identification

All reconstructed electrons are further analyzed to discriminate between those of
interest for the signal and the background electrons. The former should come from
the primary vertex and be “hard” — i.e. of high pr — while the latter are mostly
misidentified hadrons as electrons, non-isolated electrons and electrons from photon
conversion. The identification process in ATLAS employs three hierarchical working
points with increasing background-rejection power at some cost to the identification
efficiency: loose, medium, and tight. Each level is a cut-based selection on several
variables exploiting the shower shape in the cluster, the track quality, the closeness of
the tracks to the cluster and the presence of high threshold hits in the TRT. Higher

purity is achieved by adding variables and tightening the cuts from the previous level,
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Figure 4.1: Identification efficiencies of central electrons with respect to their trans-
verse energy for the loose, medium and tight working points using 2011 data. Error
bars correspond to the total uncertainties [34].

as fully detailed in Reference [34]. The analysis in this thesis uses central electrons
that are medium and tight. Their identification efficiencies range from 80% at 7 GeV
to 90% at 50 GeV for the medium criteria and from about 65% at 7 GeV to 80% at
50 GeV for the tight criteria, as illustrated in Figure 4.1}

4.1.2 Muon reconstruction and identification

The muons produced in ATLAS have energies in the GeV range and are thus minimum
ionizing particles [4]. They go through the calorimeters without significant showering
and can escape the ATLAS detector. This is when the Muon Spectrometer (MS)
enters into action. Ionization signals produced by muons can be used to construct a
muon track and determine its momentum using the deflection of the magnetic field
from the superconducting toroid magnets. Tracks in the MS are reconstructed in two
steps: the hits from the chambers in individual stations are first used to form track
segments, then the segments are combined to form a track.

ATLAS reconstruction distinguishes four types of muons, depending on the infor-

mation available in the different subsystems [35].

Standalone muons are reconstructed entirely from the MS: the measured track is

extrapolated to the interaction point.

Combined (CB) muon is the main type of reconstructed muon. Its reconstruction
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is achieved by spatially matching the independently measured tracks of the MS
to the ones from the ID. This type of muon has the highest purity, however they

are only reconstructed within the acceptance of the ID, i.e. |n| < 2.5.

Segment-tagged (ST) muons are defined when an extrapolated track from the ID
is matched to a track segment in the MS. This recovers the muons failing to
leave a full track in the MS.

Calorimeter muons (CaloTag), used only for performance studies, are built by
matching an ID track to mimimum ionization clusters from the electromagnetic

calorimeter.

The ATLAS Collaboration developed independent reconstruction chains, each having
its own algorithm for each category of muon. Analyses in the SUSY Working Group
use combined and segment-tagged muons reconstructed with the “chain 1”7 or Staco
(statistical combination) [35]. Figure shows the muon reconstruction efficiencies
for this chain as a function of n as measured from Z — pu events in 2012 data. The
muon reconstruction efficiency is close to 99% over most of the pseudorapidity range
of |n| < 2.5, except in the regions |n| ~ 0 and |n| &~ 1.2 which are partially equipped
with muon chambers (due to space required for service and uninstalled chambers).
Similarly to electrons, muons have three quality criteria: loose, medium and tight [35].
This analysis makes use of loose muons, along with a set of additional identification

cuts common for supersymmetric searches (see Section [4.4)).

4.2 Jet reconstruction and flavour-tagging

4.2.1 What is a jet?

Unlike electrons and muons, partons (quarks, anti-quarks and gluons) engage in the
strong interaction, described by quantum chromodynamics (QCD). When high-energy
partons are moving apart, the strong force between them increases with distance up
to a breaking point when it is more energetically favourable for a quark-antiquark pair
to be created. The direct consequence of confinement is that free quarks and gluons
are never observed experimentally. Instead, an outgoing parton generates a cascade
of quark-antiquark pairs. These quarks and antiquarks cluster into colour-neutral
particles such as pions, kaons and nucleons, all travelling in approximately the same

direction as the original parton. This shower of collimated hadrons (accompanied
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Figure 4.2: n-dependence of the ATLAS muon reconstruction efficiency as measured
in Z — pp events in 2012 data. The bottom panel shows the ratio between the mea-
sured and predicted efficiencies, where errors bars include statistical and systematic
uncertainties [35].

also by photons and leptons) is called a “jet”; it is the experimental signature of a
quark or a gluon.

A jet can be easily recognized in ATLAS by looking at grouped energy deposits
in the calorimeter and a dense spray of tracks in the inner detector (Figure .
However a proper “jet-finding” procedure is required to define a jet. This involves a
reconstruction algorithm specifying which signal entity measured in ATLAS should
be associated to a jet, as well as a scheme to combine the four-momenta of the jet
constituents. Retracing the energy-momentum of the initial parton is not trivial and

for this matter, a complex calibration procedure is needed.

4.2.2 Reconstruction algorithm
Calorimeter inputs

The input signals used to reconstruct jets are the “topo-clusters”. These are groups
of cells in the calorimeter which have received significant energy deposits. The sig-
nificance is measured as the signal-to-noise ratio |S/N|. A topo-cluster is built iter-
atively, starting from a seed cell where |S/N| > 4, adding neighboring cells if they
verify |[S/N| > 2, finally gathering their own neighboring cells, regardless of their

IS/N|. The final topo-cluster is treated as a massless pseudo-particle: its energy is
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Figure 4.3: Event display of a high-mass di-jet event in the ATLAS detector. The
tracks in the inner detector (in grey) align with the energy deposits in the electro-
magnetic (in green) and hadronic (in red) calorimeters. Muon chambers are shown
in blue.

defined as the energy sum of all the included calorimeter cells, its mass is zero and its
reconstructed direction is calculated from the pseudorapidities and azimuthal angles

of the constituent cells.

Anti-k, algorithm

The jet reconstruction method commonly used in ATLAS is the anti-k; algorithm.
This sequential recombination procedure compares for all possible pairs of objects
(in our case the topo-clusters, but it can be reconstructed particles) the distance d;;
between two entities ¢ and j with the distance d;p between the entity ¢ and the beam,
defined as:

1 1 ARy 1

dij = mln(— diB = ]{}_2 >
t,i

k2, @) R2

(4.1)

where k; is the transverse momentum of the considered entity, AR;; = \/m
the spatial distance between the two objects ¢ and j in the y — ¢ plane and R is the
parameter of the algorithm controlling the size of the output jet. If the minimum
between all d;; and d;p is d;j, objects ¢ and j will be combined into a new object by
adding their four-momenta. If however the minimum is d;g, object i is considered as

a jet and is removed from the list of objects at the next iteration. The distances are
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recalculated and the procedure repeated until no entities are left.

This algorithm satisfies theoretical requirements (order independence, collinear
and infrared safety [36]) and has a fast computation. Moreover, by clustering first
the entities with highest momentum, soft particles will tend to cluster with hard ones
long before they cluster among themselves. As seen in Figure [4.4] the anti-k; jets are
conical with a regular edge. This known shape is experimentally useful to facilitate

calibration and remove pile-up noise.

anti-k,, R=1 |

Figure 4.4: Tllustration of hard and randomly generated soft “ghost” particles clus-
tered into jets using the anti-k; algorithm. The resulting hard jets (highest pr peaks)
are circular with a radius R = 1 as seen in the projected circles on the ¢ — y plane [37].

4.2.3 Jet calibration

ATLAS calorimeters are non-compensating: the energy response to hadrons is lower
than the response of electrons and photons of the same energy. A calibration pro-
cedure is therefore necessary to retrieve the true energy of the jets by restoring the
final hadronic energy scale. The method also corrects for detector effects that affect

the energy measurement, such as:
Dead material: energy losses in the inactive regions of the detector.

Leakage: energy of particles reaching outside the calorimeters.



45

Out-of-cone: energy not collected in the jet reconstruction (e.g. low momentum

particles deflected by the magnetic field).

Particle reconstruction efficiency: signal losses in the calorimeter clustering and

jet reconstruction.

ATLAS developed several calibration schemes. The simplest being a pp- and 7-
dependent correction (detailed later) on the jet energy scale (JES) applied to each
jet, which are by default reconstructed at the electromagnetic scale (EM) [38]. A
more sophisticated scheme called Local Cluster Weighting (LCW) improves the jet
energy resolution by first calibrating the topo-clusters individually before performing
the jet finding [39).

Local Cluster Weighting

The topo-clusters are classified as mainly electromagnetic or hadronic depending on
the cluster shape properties, in particular the energy density and the longitudinal
shower depth. Weights are applied to correct the non-compensating hadronic re-
sponse. These corrections are derived from the Monte Carlo simulations for single
charged and neutral pions. Additional adjustments account for the signal losses out-
side the topo-clusters and in dead material. The procedure is designated as “local”
because it operates on each topo-cluster one-by-one, independently of the jets to be

reconstructed.

Jet Energy Scale

Once the jets are reconstructed using topo-clusters calibrated via the local cluster
weighting (LCW) method, the calibration scheme referred to as LCW+JES restores
the jet energy scale by correcting the jet four-momentum [38,39]. It proceeds in four

subsequent steps:

Step 1: Pile-up offset correction In a recorded event triggered by a hard scat-
tering process, additional unrelated proton—proton interactions can occur. This
effect, known as pile-up, includes contributions from within the event bunch
crossing (in-time pile-up) and from adjacent bunch crossings (out-of-time pile-
up). The energy of the jets are over-estimated due to pile-up noise. A correction

is performed by estimating the amount of transverse momentum generated by
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the pile-up, and substract this offset from the reconstructed jet pr. This adjust-
ment is derived from MC simulations; the number of reconstructed primary ver-
tices Npy is used to estimate the in-time pile-up contribution and the expected
average number of interactions per bunch crossing, p, helps in characterizing

the out-of-time pile-up.

Step 2: Origin correction Jets are reconstructed using the centre of the ATLAS
detector. A correction to the calorimeter jet direction is applied that makes the
jet pointing back to the primary event vertex. The primary vertex of an event

is identified as the vertex with the largest > p% of the associated tracks.

Step 3: Energy and n calibration The jet energy and pseudorapidity are adjusted
using calibration factors derived from simulated Monte Carlo QCD events. The
correction is based on the jet energy response R, defined as the ratio of the
reconstructed jet energy FE...,, measured with the ATLAS calorimeter topo-
clusters, and the energy FEi... of reference jets, also called “truth jets”. The
truth jets are built using the same algorithm as the reconstructed jets, but us-
ing as inputs the four-momenta of final state particles simulated by the Monte
Carlo generator. First, reconstructed and truth jets are matched if they are each
isolated (no other jet of the same type is found within a given AR) and their
angular separation is small: AR < 0.3. The average jet energy response (R/°*)
is computed for each pair of matched jets in bins of Fi, 1 and reconstructed jet

det (hefore the origin correction). The jet energy calibration

pseudorapidity n
function is the inverse of the average jet response, for a given (Fipuen, ndet)—bin.
After the jet origin and energy corrections, the jet pseudorapidity is further
adjusted, based on the average difference An = 7yuth — Norigin. The change is
small (An < 0.01), except in the poorly instrumented transition regions where
topo-cluster energies are underestimated, therefore causing a bias in the jet

direction.

Step 4: Residual in situ corrections A residual correction derived in situ is ap-

plied as a last step to jets reconstructed in data.

Figure [4.5] shows the average energy response for various jet energies as a function of

the jet pseudorapidity 79" measured in the detector frame of reference.
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Jet Energy Resolution

The jet energy resolution (JER) has been measured with two different in situ methods
using 2010 data at /s = 7 TeV with an integrated luminosity of 35 pb~* [40]. Adding
the tracking information to the calorimeter-based jets improves the jet energy resolu-
tion by 10% (5%) at low (high) pr for the jets calibrated using the LCW+JES scheme.
For the subpopulation of these jets falling in the central region where |n| < 0.8, the
JER is below 15% for jets with pr = 30 GeV and goes below 10% for jets with
pr > 100 GeV. The Monte Carlo simulation of the jet energy resolution has been

compared with data and the agreement is within 10% overall.

4.2.4 Flavour identification

The correct calibration of the complex objects known as jets is a milestone on its
own. The ATLAS Collaboration has gone one step further by developing algorithms
capable of identifying the flavour of the quark initiating the jet. The ability to identify

jets originating from b-quark fragmentation (b-tagging) is of crucial importance within
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the scope of the LHC program: b-quarks are the primary decay products of the top
quark, the Standard Model Higgs boson main decay mode is h — bb and several
supersymmetric theories favour b-quark production via the decays of third generation

superpartners.

The flight of the b-hadron

Bottom quarks fragment into bound states referred to as b-hadrons. The b-hadrons
usually take 70% of the initial b-quark momentum [41], thus conserving most of the
direction and energy information of the initial b-quark. The key feature of b-hadrons
is their relatively long lifetime, of the order of the picosecond. A b-hadron created in
a high-energy collision can therefore travel several millimeters away from the collision
point before decaying. Such a decay gives rise to a secondary vertex, significantly
displaced with respect to the primary vertex. This characteristic signature of “dis-
placed vertices” inside b-jets can be reconstructed in the ATLAS detector, thanks to
the precision of its tracking systems.

The idea behind all b-tagging methods is to build a discriminating variable, called
jet weight, that would separate the b-jets from the lighter jets. A jet having a weight
above a certain cut value is then tagged as b-jet. The b-tagging algorithms have
become more and more complex; the tool used in the analysis of this thesis combines
three taggers developed at the earlier stage of jet flavour identification [42]. These

taggers are introduced below.

Impact parameter-based algorithms

The track impact parameter is the distance of closest approach between the extrapola-
tion of the track and the primary vertex, as illustrated in Figure The z coordinate
at this point of closest approach is referred to as the longitudinal impact parameter
zo and the distance in the r¢ projection is the transverse impact parameter dy,. The
latter entity is signed: it is defined as positive if the extrapolated track crosses the
jet direction in front of the primary vertex, and negative otherwise. As the b-hadron
must lie along its flight path, tracks from a b-hadron decay tend to have large and
positive dy, while tracks not coming from a displaced vertex have a dy distribution
centered around zero. This asymmetry towards positive values for b-jets can be seen
in Figure [4.7] showing the signed significance dy/o(dy), where o(dp) is the experimen-

tal uncertainty on the transverse impact parameter. This ratio gives more weight to
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precisely measured tracks. The high-performance IP3D algorithm uses a likelihood
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ratio technique, comparing the impact parameter of tracks associated to the jet with
two-dimensional normalized and smoothed reference distributions of dy/o(dy) and

20/0(20), generated using Monte Carlo for both b- and light jet hypotheses.

Secondary vertex-based algorithms

The “SV” taggers reconstruct the secondary vertex by combining tracks associated
to the jet that are sufficiently away from the primary vertex [42]. An iterative pro-
cedure removes the least compatible tracks until the y? fit of the candidate vertex
becomes satisfying. The key discriminating variable here is the signed decay length
significance L/o (L), measured in 3D. The SV1 tagger adds other criteria to increase
discriminating power, such as the vertex invariant mass, the energy fraction of the
tracks associated to the vertex with respect to all tracks in the jets, the angle be-
tween the jet axis and the line formed by the primary and secondary vertices. The

SV1 algorithm combines these variable using a likelihood ratio technique.
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JetFitter

The presence of a b-hadron implies its delayed decay into a charm-quark forming
a d-hadron, thus creating another displaced, third vertex in a b-jet. However the
secondary vertex finders introduced above fit all displaced tracks to one inclusive
vertex. The JetFiller algorithm [44] performs a multi-vertex fit with the assumption
that the primary vertex is aligned with both the b- and d-hadron decay vertices, as
depicted in Figure [£.8 A single charge particle track can thus be reconstructed as
a vertex at the track intersection with the b-hadron flight axis. The discrimination
between b-, c- and light jets is based on a likelihood using similar variables as in the
SV1 tagger.

Combined tagger MV1
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based on the hypothesis of  p-tag efficiency for several b-tagging algorithms in a
their alignment [44]. sample of simulated ¢¢ events at /s = 7 TeV. [45].

More sophisticated b-tagging algorithms achieve a higher separation power by
combining taggers, thus taking the correlations of the various input quantities into
account. This is generally done using an Artifical Neural Network (ANN), a computa-

tional model structured schematically in a similar way as a human brain, where layers



o1

of interconnected processing elements (the artifical neurons) work in unison to solve
specific problems. In the context of jet classification, the question is to determine the
jet flavour. JetFitterCombNN combines the taggers IP3D and JetFitter in an ANN,
where the response of each neurone in the last layer is a probability of the jet to have
a given flavour. The final jet weight is built using a likelihood ratio from these proba-
bilities. The JetFitterCombNNc algorithm is identical to JetFitterCombNN with the
exception that the neural network is trained to reject c-jets rather than light-flavour
jets.

The b-tagging algorithm used in this thesis is MV1, which employs an artifical
neural network based on IP3D, SV1 and JetFitterCombNN. It is trained with b-jets
as signal and light-flavour jets as background, and computes a tag weight wypyy for
each jet. All jets having a MV1 weight above a certain cut value are then tagged
as b-jets. To each cut value of MV1 weight is associated a given b-tagging efficiency
(€), defined as the fraction of true b-jets that are tagged as b-jets. The true jet
flavour is determined in Monte Carlo by spatially matching the truth jets (defined
in Section with the Monte Carlo quarks from the particle-level collection. If a
b-quark is within AR < 0.3 of the truth jet axis, the truth jet is labelled truth b-jets;
if not, the same check is performed with c-quark, 7-lepton and in the remaining case
the jet is label as light truth jet.

The performance of b-tagging algorithms is characterised by the b-tagging effi-
ciency €, and the rejection rate of light-jets R,, defined as the inverse of the fraction
of true light-jets that are falsely tagged as b-jets.

Figure [4.9| shows the performance curves of several taggers, plotting the R, — ¢,
correspondance. Going at higher efficiency has a price: the light jet rejection rate
decreases, thus increasing the light jet contamination in the tagged population. MV1
performs well, achieving the highest light jet rejection rate compared to the other

taggers for all the efficiency range.

4.3 Missing Transverse Momentum

In hadron-hadron collisions, the longitudinal boost of the initial state is not known;
colliding partons share a variable fraction of the proton momentum. However, in
the transverse plane, momentum conservation is expected unless some particles not
detectable by ATLAS carry part of the energy. These unseen objects can be neutrinos
or perhaps weakly-interacting stable supersymmetric partners. Using the ATLAS
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hermetic design, it is possible to measure the momentumﬂ imbalance EXs5, obtained

from the negative vector sum of the momenta of all particles detected:

E$iss _ Zp%isible. (42)

This variable plays a key role in most searches for SUSY. Its computation requires

care to avoid double-countings, while suppressing pile-up contamination.

4.3.1 Calculation

The core of the missing transverse momentum computation happens in the calorime-
ter. The EXs algorithm is object-based: instead of adding all calorimeter energy
deposits independently, the E¥ calculation uses reconstructed physics objects. This
allows proper calibration of the calorimeter cells according to which physics object
they are associated to. The association of calorimeter cells with a reconstructed and
identified high-pt parent object follows a specific order to avoid double-counting con-
tributions, as the same cell can be used by different reconstruction algorithms [46].
First cells corresponding to medium electron clusters are taken, then those of photons
(pr > 10 GeV), soft-jets (built using anti-k; with AR = 0.6 and of 7 < pr < 20 GeV),
jets (anti-k; with AR = 0.4, pr > 20 GeV) and finally muons. Cells outside any recon-
structed objects (Cel1l0ut term below) are added in the E calculation, to account
for soft hadronic activity not resolved into jets. The missing transverse momentum
is thus given by:

Ef(ngls) _ E}l;ng/s) electrons | E}I{nzi]s) photons E)I(nzi]s) jots E}r{nz;s) softjets | E)r(nz;s) oy E)r(ng]s) CellOut
where each term is calculated as the negative sum of the calibrated reconstructed
objects, projected onto the x and y directions.

E;nz‘;s) " has two components: E;nzsys) priracks and E:(nzsys) p-calo

is built from the negative sum of the transverse momenta of muon tracks

The muon contribution
E.miss7 p-tracks
x (y) .
from the spectrometer, using matched inner detector tracks if available. Ef{nfys) p-calo
corresponds to the energy loss by muons in the calorimeter. This term is added into
the B calculation only if the muon falls within a jet or is outside tracker acceptance.

For isolated muons, the momentum computation already accounts for their energy

miss

2In the ultra-relativistic approximation where E ~ p, the vectors ERS*, PP and their magni-
tudes B, pi'™° are used interchangeably.
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loss in the calorimeter, therefore Efzis) #eealo 3¢ not added to avoid double-counting of

energy in the total BT estimation.

To improve the calculation of the E;nzsys) CellOut torm, low-pr tracks are added and
topo-clusters are matched to ID tracks when possible. The track momentum is pref-
erentially used instead of the topo-cluster energy to benefit from the better tracker
resolution at low momentum [46].

The missing transverse momentum is very sensitive to pile-up, which distorts the
reconstructed jet momenta and creates additional undesired jets. Several methods
have been developed to mitigate the impact of pile-up. The jet momentum is corrected
using the jet-area method [47]. It assumes that the pile-up activity in an event can

event

be quantified using the median pr density p measured in the event and that the

susceptibility of a jet to pile-up scales with its area A’®*. The corrected jet p<o™
is calculated as piS' — p¥°™ x A", To suppress the additional jets originating from

pile-up, a cut is applied based on the jet vertex fraction JVF, defined in Section [4.4.3]

4.3.2 Performance

The performance of the missing transverse momentum computation has been assessed
in both Monte Carlo simulation and 2012 data. A very good agreement between
the two is observed in the EX distributions in Z — uu decays, as illustrated in
Figure (left). The EX resolution is rapidly degraded due to pile-up — by a
factor two when the number of reconstructed vertices in the event goes from 5 to 20
— but after pile-up suppression this dependence is greatly reduced, as shown by the
flatter red curve in Figure [4.10] (right).

4.4 SUSY Working Group object definitions

In addition to the standard ATLAS criteria described in the previous sections, a set
of recommendations is used within the SUSY Working Group to facilitate comparison
across analyses. The common SUSY objects are first predefined as “baseline”. Then
potential overlaps are removed. Lastly, isolation criteria are applied on surviving

objects, which are deemed as “signal” and enter the final selection.
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Figure 4.10: Left: EMs distributions in MC simulation (weighted by cross section
and stacked) and 2012 data (overlaid). Right: EX resolution before (black dots)
and after pile-up supression (red dots) with respect to the number of reconstructed
vertices in the event. Both measurements are performed in Z — pp events using
2012 data. Sources: [46-48].

4.4.1 Baseline objects

Baseline electrons must satisfy the medium++ identification criteria, a modified work-
ing point reoptimised to account for the high trigger rates and the pile-up due to the
increased instantaneous luminosity of the 2012 data. Baseline muons are identified
using the loose working point [35]. A cut on the transverse energy Er > 10 GeV
is applied for both leptons. The acceptance in 7 for electron is |n| < 2.47 to select
only central electrons, which are reconstructed using an algorithm optimised for high
pr. Muons are required to have a pseudorapidity |n| < 2.4. If electrons pass through
regions of the electromagnetic calorimeter where the signal is not read out, mostly
due to dead optical transmitters, these electrons are discarded. Regarding the muons,
quality criteria of the track in the ID need to be sufficient to remove fake backgrounds
and achieve an optimal energy resolution. This is done by requiring a minimum num-
ber of signal hits and maximum number of holes (i.e. missing expected measurement)
in the pixel tracker and SCT. The multiplicity of TRT outliers — isolated straw pulses
or TRT tracks which do not spatially match a track from the pixel and SCT — is also
constrained.

Baseline jets must have a transverse momentum pr > 20 GeV and be within
In| < 4.5. Because electron clusters may be simultaneously reconstructed as jets (the
reconstruction algorithms operate independently), baseline jets are subject to the

electron-jet overlap removal step (see next section) after passing the pr cut. If the
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jets are not removed during this overlap removal, they are deemed baseline provided
they do not fall in the “bad” jet category, as explained in Section [4.4.4]

4.4.2 Overlap removal

One single baseline object can fall in more than one category, being therefore effec-
tively double-counted. For example, one isolated electron is typically reconstructed
both as an electron and as a jet. To mitigate any duplication between reconstructed
leptons or between leptons and jets, a procedure to remove overlaps between final

state objects is therefore used as follows:

Step 1 If any two baseline electrons (e; and es) lie within a distance AR(e1, e2) < 0.1

of each other, the electron with the lowest cluster Er is rejected.

Step 2 If a baseline jet 7 and a baseline electron e surviving Step 1 lie within a

distance AR(j,e) < 0.2 of each other, the baseline jet is rejected.

Step 3 If a baseline jet 7 and a baseline electron e surviving Step 2 lie within a

distance AR(j,e) < 0.4 of each other, the baseline electron is rejected.

Step 4 If a baseline jet j and a baseline muon p lie within a distance AR(j, 1) < 0.4

of each other, the baseline muon is rejected.

4.4.3 Signal objects

After undergoing the overlap removal scheme, baseline objects receive stricter signal
criteria, such as higher pr, increased thresholds on object quality, isolation and impact
parameter.

Signal lepton candidates should have pr > 25 GeV. Signal electrons need to pass
the tight++ requirements, a revisited algorithm deriving from the tight working point,
which was initially designed for the startup of LHC in low-luminosity conditions [34].
Signal muons have to satisfy the loose |35] criterium.

Non-prompt leptons are removed with cuts on the track parameters: the sig-

nificance of the transverse impact parameter doﬂ is required to satisfy |dy|/0og, < 5

3A track in ATLAS is parametrized at the perigee, the point of closest approach with respect to
the primary vertex of the event. The transverse impact parameter d; is the radial distance from the
perigee to the primary vertex.
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(3) for the electron (muon) and the longitudinal impact parameter zf] must satisfy
|20 sin @] < 0.4 mm for both lepton types, where 6 is the polar angle of the track with
respect to the z-axis.

For assessing the lepton isolation, the variables used are the scalar sum of the
pr of the tracks associated with the primary vertex and within a cone AR = 0.3 of
the lepton track (p5™¢?3), and the scalar sum of the transverse energies Et of the
calorimeter cell clusters within AR = 0.3 of the signal lepton candidate (E$¢%3).
The latter receives a correction to account for the pile-up. The contribution due to the
object itself is not included in either sum. Signal electrons should have the sum p5me?-3
(Eene03) Tower than 16% (18%) of the electron transverse energy. For muons, both
sums p¢03 and EL¢0%3 should be lower than 12% of the muon transverse energy.
In all these cuts, Et is capped at 30 GeV, making the isolation requirement absolute
rather than relative at high Er. This option reduces the lepton fake rate at high pr.

The signal jets consist of the sum of two subcategories: central and forward jets.
Central jets are baseline jets satisfying |n| < 2.4, pr > 25 GeV and |[JVF| > 0.5 for
jets with pr < 50 GeV. The JVF stands for Jet Vertex Fraction and is defined as the

pr-weighted fraction of tracks matched to the jet which are associated with the hard

WVF = Y pr/ Y pr (4.3)

jet tracks — HS jet tracks

scattering vertex:

where the “jet tracks” are the tracks matched to the jet and the numerator sums
the jet-tracks associated to the hard scatter HS. Jets with no associated tracks are
assigned JVF = —1. Ensuring |[JVF| > 0.5 means that at least half of the jet’s track
pr must be traceable to the hard scatter, which is useful for pile-up suppression. The
robustness against pile-up in the jets has been checked in 2012 data by looking at the
correlation between the number of jets and the average number of pile-up interactions
per bunch crossing p. The check is performed for events passing the selection of the
“QCD validation” region — enriched in jets — defined in Section Figure
shows the distributions of baseline jets (before the JVF cut is applied) as function of
1, for electron and muon selections separately. Each data-taking period is weighted
by its luminosity. Figures show the same distributions after applying the JVF
cut, which exhibits a much flatter shape, as expected for selection not affected by

pile-up.

4The longitudinal impact parameter zy is the z-coordinate of the track’s perigee with respect to
the primary vertex.
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Figure 4.11: Luminosity-weighted yields of number of baseline jets as a function of
(1), the average number of interactions per bunch crossing, for the electron selections
(left) and the muon selections (right).

Forward jets are of higher transverse momentum pr > 30 GeV satisfying 2.4 <
In| < 4.9.

The b-jets are tagged using the MV1 algorithm. As the b-tagging algorithm re-
quires the tracks from the ID, only central jets (of acceptance |n| < 2.4) can be

candidates for b-jets.

4.4.4 Event cleaning

Some events can contain undesired instrumental effects or corrupted data. In order
to not compromise physics results, events failing a number of quality cuts, which are
specified by the standard SUSY event cleaning criteria, are discarded. This procedure
reduces the event yields by 1 to 5%.

Data-quality Data acquisition runs when the LHC delivered stable beams and the
ATLAS detector was operating properly, with both the solenoid and toroid fields
running at nomimal conditions, are recorded on a “Good Run List”. Only events

from the “good” runs are selected for data analysis.

Primary vertex Vertices compatible with the proton-proton interactions are recon-
structed using tracks from the inner detector. Events are analysed if the primary

vertex has five or more tracks, each with transverse momentum pr > 400 MeV.
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Figure 4.12: Luminosity-weighted yields of number of signal jets as a function of
(1), the average number of interactions per bunch crossing, for the electron selections
(left) and the muon selections (right).

Data corruption A problem in the Timing, Trigger and Control (TTC) caused
incomplete events to be written to the buffer. Also the liquid argon and tile
calorimeters were affected with noise burst, non-operational cells leading to a
fake source of missing energy. These events received error flags due to corrupted

data and are removed.

Cosmic muons Cosmic rays that hit the Earth’s atmosphere can also produce muons
that can enter the detector and occasionally mimic the trajectory of a muon
from a beam collision. To suppress this cosmic muon background, event are re-
jected if they contain a muon having transverse impact parameter with respect
to the primary vertex |do| > 0.2 mm or longitudinal impact parameter with

respect to the primary vertex |zg| > 1 mm.

9q/p
la/pl

its associated uncertainy o,/,) are excluded from the analysis selection to veto

Bad muons Events containing muons with > 0.2 (charge over momentum and

events with potentially mismeasured muons. Such fake muons are a poten-

tial source of fake EM5. This cleaning cut is applied before overlap removal

(Section {4.4.2)).

Bad jet event veto Fake (or “bad”) jets are jets not associated to real energy de-

posits in the calorimeters. A set of cuts having a high rejection against fake jets
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while preserving an efficiency close to 100% for signal jets has been designed.
Bad jets arise from various sources, ranging from hardware problems, LHC
beam background and cosmic-ray showers. The selection criteria are based on
the quality of the fit on the calorimeter pulse shape, on the fraction of jet energy
belonging to specific calorimeter samples and on the amount of jet charged en-
ergy fraction as measured in the inner detector. The selections are summarized
here [49]. Events are rejected if any of the jets with pr > 20 GeV satisfies the
VeryLooseBad jet definition. This is done after Step 1 of the overlap removal

procedure detailed in Section 4.4.2]



60

Chapter 5

Search for Supersymmetry in final
states with one lepton, two b-jets
consistent with a Higgs boson, and

missing transverse momentum

The search for supersymmetric particles is among the primary goals of the LHC
physics program. As mentioned in the introduction, Supersymmetry constitutes an
elegant theoretical framework addressing several of the Standard Model’s shortcom-
ings. The strategy in the ATLAS SUSY group has been to explore as much of the
broad SUSY parameter space as possible to include the maximum number of sce-
narios. After the LHC results put stringent limits on the masses of gluinos and
squarks [50], electroweak (EW) SUSY — which refers to the direct production of the
Standard Model electroweak superpartners — could be the dominant process observ-
able in the full LHC Run 1 data [51]. The work of this thesis is motivated by an
ATLAS search for directly pair-produced electroweakinos (chargino and neutralino),
leading to the presence of a lepton, two bottom-tagged jets originating from a SM-like
Higgs boson and transverse missing energy in the final states. For the first time a
Higgs boson was included in the possible cascade, probing its couplings to both SUSY
particles and fermions. This chapter contextualizes the search, describes the signal
models considered and the simulated samples used. The optimization strategy and
resulting signal regions will be detailed before focusing on the background estimation

techniques. The analysis is reported in an internal ATLAS supporting note [52]. It
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has been published [53] with two other searches probing the Higgs decay modes vy
and WW — qqlv.

5.1 Context of the search

Within a large class of SUSY models, it is expected that pair production of strongly
interacting sparticles — gluinos ¢ and squarks ¢ — constitutes the dominant SUSY

production cross sections. The main production modes are:
pp = qq, 99, 99 + X (5.1)

together with the charge conjugated processes, with the X representing the different
final states, mostly energetic jets, significant transverse missing energy and possible
leptons. Electroweak production of sleptons ¢, charginos Y and neutralinos Y°,

through the modes:
pp = XIXT, X, XOXG, N O (5.2)

have cross sections several orders of magnitude lower than the ones of colourful su-

perpartners. This is illustrated in Figure [5.1} Searches for gluinos and squarks were
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Figure 5.1: Hierarchy of production cross sections of supersymmetric partners in
proton-proton collisions at /s = 8 TeV, calculated using PROSPINO2 [54].
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performed with the ATLAS detector using the full LHC Run 1 data set of 20.3 fb~1
of proton-proton collisions at /s = 8 TeV [50]. As no significant excess over the
Standard Model expectation was observed, limits at 95% CL were derived. Depend-
ing on the simplified model considered, the limits are able to exclude gluino masses
up to 1330 GeV and squark masses up to 850 GeV. These significantly reduce the
parameter space. Higher mass gluinos cannot be observed at the LHC as the gg sub-
process cross sections with parton distribution functions (PDFs) requires sampling
higher and higher values of parton fractional momentum x . For such high values of
xp, the parton-parton luminosity is sharply falling.

If first and second generations of squarks have masses above 1 TeV and are not
significantly lighter than the gluino, then the electroweak production becomes the
dominant process for electroweakino masses of hundreds of GeV. The third generation
squarks (stop and sbottom) have a special status. Due to the strong Yukawa coupling
of the top (m; ~ 173 GeV), the most important radiative corrections stabilizing the
Higgs potential depend on the stop mass. To preserve naturalness and hence be able
to solve the hierarchy problem, the stop should remain at or below the TeV scale.
Also directly coupling to the Higgs sector, electroweakino masses are expected to be
in the order of hundreds of GeV. This is within the reach of the Large Hadron Collider
and the integrated luminosity of the full 2012 dataset would allow observation of such
sparticles. In this thesis, the search focuses on the pair-production of a chargino Yi

and a next-to-lightest neutralino x3 via a Higgs boson:
X2 = h X (5:3)

In the hypothesis that the discovered Higgs boson in 2012 is the lightest MSSM Higgs,
this new object allows the probing of SUSY in the electroweak sector. It would confirm
the couplings with both superpartners and Standard Model fermions. The Standard
Model Higgs most frequently decays through the h — bb channel (with a branching
ratio of 58%) and ATLAS can tag jets originating from a bottom or antibottom
quark. This offers a rare feature among supersymmetric signals: the presence of a
resonance in the di-jet invariant mass spectrum. Beside this potentially visible peak,

the chargino can decay to a W boson that, in turn, can decay leptonically:

Xi = WER (5.4)
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The presence of a lepton — electron or muon — provides a very clear experimental
signature in the detector, helping the extraction of the signal from the background.
The missing transverse momentum is caused by the neutrino, and mostly by the two

lightest neutralinos x{. Figure shows the decay cascade considered for the search.

5.2 Simulated samples

A discovery in this analysis would manifest itself as an excess of data collision events
with a di-jet invariant mass near 125 GeV, the SM-like Higgs boson mass. This excess
needs to be compared to the theoretical prediction. For this, simulations of collision
events are used to compute the expected yields of all background Standard Model
processes as well as the predicted signal contribution of a given SUSY model. These
simulations are done with Monte Carlo (MC) techniques. The SUSY signal models
and the background contributions will be presented along with the MC generators

used for their evaluation.

X4

o
p h =~ :— b
b
Figure 5.2: Feynman diagram for the production mechanism and the decay mode of
the studied signal.

5.2.1 Monte Carlo production chain in ATLAS

To simulate high energy physics in ATLAS, the Monte Carlo sample production is

generally divided into four steps:

Event generation A large number of simulated collision events, each consisting of a
list of final-state particles and their energy-momentum four-vectors, is produced

using MC generators. These programs use parton distribution functions, model
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the parton cascade and the subsequent fragmentation. The produced primary

hadrons, most of which are unstable, eventually decay to observable particles.

Simulation The MC generated events are passed to a program that computes the
particle interactions with the ATLAS sub-detectors, providing a realistic esti-
mate of their response to collision events. This is done through the GEANT4 [55]
toolkit (full simulation) or fast simulation ATLFAST II [56].

Digitization The simulated energy deposits are converted into digital signals; addi-
tional events from in-time and out-of-time pile-up are overlaid. The format of

the output of this stage is identical to the format of the raw data coming from
the ATLAS detector.

Reconstruction The digital signals are interpreted as analysis objects such as en-
ergy clusters, jets, electrons, muons, etc. Both the simulated and real data
from the detector are run through the same ATLAS trigger and reconstruction

packages.

Unlike real data, MC samples need to be adjusted to match the integrated luminosity
recorded in ATLAS. Other corrections intervene to better mimic the data, in the form
of weights applied event-by-event. Starting with a given sample with N generated
events, the MC prediction N®Pected is given by:

Nexpected o EData Nweighted (5 5)
- [MC )
where £P22 and £MC are the integrated luminosities for real data and Monte Carlo

respectively. The later is calculated as follow:
1
LV = — 3y e (5.6)

where o is the cross section of the simulated process in the MC sample, with the k-
factor bringing Next-to-Leading-Order (NLO) corrections. The numerator computes
the initial prediction on the number of events for the generated MC sample, given by
the sum of all “MC event weights” wMC. Often all these weights are set to unity and
the sum matches the raw number of events. However there may be negative event
weights due to the interference between the tree and one-loop amplitudes in the 2 — 2
subprocesses. This is specific to NLO generators. The NWeishted i Equation is
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the sum of the product of several weights, or scale-factors, applied for each event ¢ to

correct the simulated MC samples:

N

Nweighted _ 2 : <wi\/[C > wﬁaile—up > wiepton trigger > wiepton identification > w?—tagging) (57)

i=1
These are explained as follows:

e wMC is given by the MC generator tuning events with respect to the differencial

cross section and interferences at NLO, as mentioned above.
o wPle P accounts for the pile-up (additional noise due to several hard scattering
events in the same and adjacent bunch crossings). Each MC event is weighted
so that the distribution of the number of collisions per event matches the ex-
perimental distribution in the data.
w!'epton trigger ig derived using the efficiency of the lepton trigger on real data
and MC, then taking the ratio of these efficiencies.

lepton identification

o w is derived using the efficiency of the lepton identification.

o w’ta88ing for the b-jet pair tagging algorithm efficiency.

By multiplying all these weights for each event and then summing over all simulated
collision events, the MC sample becomes compatible with real data, which always

serve as the reference.

5.2.2 SUSY signal samples
Simplified model grid

Supersymmetry has too many variables to allow for a complete scan of its parameter
space. The use of simplified models is an approach in which one tests for specific new
particles and decays rather than full particle physics theories. In the context of ¥ {9

production, several assumptions are made to reduce the number of free parameters:

e Slepton and squark masses are effectively decoupled and play no role in the
physics. Their masses are arbitrarily fixed to 3 TeV.

e The branching ratios for the chargino and neutralino decays are set to 1:

BR(Xi — W*xY) =
BR(X; — hXY)

1
1 (5.9)
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The choice of this maximum value allows the reinterpretation of the analysis
result a posteriori via multiplying factors.

e The considered Higgs boson has the properties of the Standard Model Higgs,
with a mass of m;, = 125 GeV and same branching ratio for the decay to bottom
and anti-bottom quarks as in the SM: BR(h — bb) = 0.58

e To further reduce the number of parameters, the pair-produced supersymmetric
electroweakinos are assumed to be mass degenerate: Myt = My

e Only the case Am = m(Xix3) —m(x}) > 125 GeV is considered, to make sure
the Higgs boson is produced on-shell.

The Y5 %9 production is thus entirely characterized by two variables, the 3 and the {?
masses. The parameter space of this simplified model is shown in Figure |5.3 along

with the excluded, kinematically disfavoured and allowed regions. A signal point

;500:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
@ c
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Figure 5.3: Parameter space of the simplified model, with x? on the y-axis and XE /X5
on the z-axis. In the regions were the mass splitting Am = m(xF, X3) — m(x?) is less
than the Standard Model Higgs mass m;, = 125 GeV, the production of an off-shell
(Am < 90 GeV, blue band) or on-shell (90 < Am < 125 GeV, dark blue band)
Z boson is dominant. The production of an on-shell Higgs boson is kinematically
favoured in the green region where Am > 125 GeV. The green dots correspond to
the generated signal points.
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is defined by a given choice of m(¥Tx9) and m(%?). Due to the production cross
sections rapidly falling when the created particle masses increase (see Table ,
the grid has upper limits at 450 GeV for Y7 /%3 and 100 GeV for Y masses. The
electroweakino pair production is divided into two modes depending on the sign of
the chargino: positive (Y] x3) and negative (Y7 X3). For this analysis a total of eight
million simulated collision events have been generated in 150 samples (75 with positive
chargino and 75 with negative chargino) using HERwWIG++ [57]. Cross sections have
been calculated at the Next-to-Leading Order with PROSPINO2 [54].

Table 5.1: Cross sections for the Y7 x9 production for several values of m(Y7x9).

m(XERY) [GeV] 130 150 200 250 300 350 400 450

Cross section o [pb] 4.24 2.45 0.80 0.32 0.15 0.074 0.04 0.022

Phenomenological MSSM grid

An alternative way to analyze the large SUSY parameter space is through the phe-
nomenological Minimal Supersymmetric Standard Model (pMSSM), as seen in Sec-
tion[2.2.4] In this approach, the parameter space is reduced to a manageable subspace
by imposing conditions that are motivated by experimental constraints, but are un-
related to any theoretical assumptions about the mechanism of SUSY breaking. In

the electroweak sector, the pMSSM is characterized by only five parameters:

e Mi: the U(1) gaugino mass

Ms: the SU(2) gaugino mass

w: the higgsino mass

tan (: the ratio of the vacuum expectation values of the two Higgs field doublets

my: the mass parameters of the left and right handed sleptons and the mass

parameter of the CP-odd Higgs

The masses M; and M, are defined at the EWSB scale. The pMSSM grid considered
here was produced by varying the My and p parameters for a fixed value of M; =
50 GeV and tan 8 =10. The tan [ value is constrained with the radiative corrections

to the mass my,, which depend logarithmically on the SUSY scaleﬂ Msg: one cannot

I The SUSY scale Mg corresponds to the energy level above which supersymmetric effects become
relevant.
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Table 5.2: Simulated samples used for background estimates. “Tune” refers to the
choice of parameters used for the underlying-event generation.

Process Generator Cross section Tune PDF set

Single top, t-channel AcCeErRMC [59/4+PyTHIA6 [60] NNLO+NNLL |61 AUET2B [62] CTEQG6L1 [63]
Single top, s-channel POWHEG [64/65|+PYTHIAG NNLO+NNLL (66 PERUGIA2011C (67| CT10 [68]
Single top, tW-channel POWHEG+PYTHIAG NNLO-+NNLL |69 PERUGIA2011C CT10

tt POWHEG+PYTHIAG NNLO+NNLL [70}75] PERUGIA2011C CT10

ww, ttZ MADGRAPH [76|+PYTHIAG ~ NLO AUET2B CTEQ6L1

W, Z SHERPA |77 NLO - CT10
WW,WZ, Z2Z SHERPA NLO - CT10

Wh, Zh PYTHIAS |78] NNLO(QCD)+NLO(EW) [79] AU2 (80| CTEQ6L1

obtain a value my, ~ 125 GeV for tan § < 3 — 5 in the MSSM, even if one favourably
tunes the other SUSY parameters [58]. The mass of the CP-odd Higgs (m,) is set
to 1 TeV while the other mass parameters to 3 TeV. The mass of the SM-like Higgs
(my,) is tuned to 125 GeV with mixing in the stop sector. Since all slepton masses are
set to 3 TeV, the electroweakino decays via W, Z and Higgs bosons dominate. Each
of the 59 signal points in the pMSSM grid has 10000 simulated collision events. The
simplified model was generated using HERWIG++.

5.2.3 Background samples

It is crucial to understand and correctly model the background processes leading to
the signal final states under study. In this section, the relevant nominal background
samples are listed in Table[5.2] More details can be found in [52]. The estimation of
the background contributions will be detailed in section [5.5]

5.3 Data samples and trigger chains

After performing an event selection following the object definitions detailed in Chap-
ter [4] additional cuts pertaining to data-quality, trigger and detector performance are

required.

5.3.1 Data samples

This analysis uses the Run 1 dataset of pp collisions at /s = 8 TeV recorded by the
ATLAS experiment at the LHC in 2012. Data are written to inclusive data streams

based on the trigger type. This analysis uses the Egamma (electron triggered) and Muon
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Table 5.3: Trigger chains used in this analysis with their properties.

Lepton flavor Chain name Reco. Quality Isolation Acceptance
Electron EF_e24vhi mediuml medium yes pr > 24 GeV, |n| < 2.5
EF_e60 mediuml medium no pr > 60 GeV, |n| < 2.4
EF mu24i tight tight yes pr > 24 GeV, |n| < 2.4
Muon . .
EF mu36_tight tight no pr > 36 GeV, |n| < 2.4

streams. After applying beam, detector and data-quality requirements (detailed in
Section |4.4.4), the dataset corresponds to an integrated luminosity of 20.3 fb~'.

5.3.2 Triggers

Events are recorded with a combination of single-lepton triggers listed in Table [5.3]
A selected event must pass at least one of these trigger chains. The “EF” stands
for Event Filter, the numbers refer to the minimum allowed pr (in GeV) of the

“i” indicates if isolation criteria are applied. The pr

reconstructed object and the
thresholds ensure that the leptons are in the high efficiency (80-100%) “plateau”

region of the turn-on curve for that particular trigger chain.

5.4 Signal region definition

After preselecting the events consistent with the weak production of charginos and
neutralinos resulting in a final state with one lepton and two b-jets, specific kinematic
variables are used to further discriminate the signal over the background. In the final
step of the optimization, the discovery potential of the analysis is maximized, leading

to the final sets of cuts that define the signal regions.

5.4.1 FEvent Preselection

After defining the objects (Chapter {]) and applying the cleaning cuts (Section [1.4.4)),
the selected events must contain the objects corresponding of the final states of the
analysis: one lepton and two b-jets.

There should be one unique baseline lepton that is also the signal lepton. This
isolated lepton should be the lepton that activated the ATLAS L1 trigger. This check

is called trigger-matching. The offline reconstruction of electron or muon is matched
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to the online trigger lepton if both objects lie in a cone of AR <0.15 and have a
transverse momentum pr > 25 GeV.

To avoid any ambiguities, events with two overlapping leptons are vetoed. This
procedure is performed with baseline leptons surviving the overlap removal explained
in Section [£.4.2] (that are discarding objects only):

Step 1 If a baseline electron (e) or baseline muon (u) lie within AR(e, u) < 0.1 of

each other, the event is rejected.

Step 2 If two baseline muons p; and po lie within AR(uq, pe) < 0.1 of each other,

the event is rejected.

The quark gluon radiation in the initial or final state can lead to topologies with
additional jets. To increase the acceptance of the signal, a third central or forward jet
may be present in the event. Events containing four or more jets (among the central
and forward collections) are rejected because it would be largely dominated by semi-
leptonic tt background. Only a small fraction of the signal falls into this category.
The signal selection requires the presence of two central jets that are tagged as b-jets
using the MV1 tagging algorithm. A jet is b-tagged if its MV1 weight is wyy >
0.7892; this chosen operating point identifies b-jets in simulated tf events with an
efficiency of 70%, it misidentifies charm 20% of the time and light-flavour (including
gluon-induced) jets less than 1% of the time. In addition, the two b-tagged jets must
be the leading jets in the events, 7.e. they must be the highest-pr central jets.

5.4.2 Discriminating variables

To further separate the signal from SM backgrounds, four discriminating variables are
used: the missing transverse momentum ET. the invariant mass of the two b-jets
My, the contransverse mass mer and the transverse mass mr.

The first variable used in the analysis is the missing transverse momentum E&s5,
presented in Section The disintegration of the Yix3y pair via a W and a Higgs
bosons gives three invisible particles in the detector: a neutrino and two LSP x{. In
most topologies, this will result in a transverse missing energy greater than in most
Standard Model processes.

A feature of this analysis is the existence of a resonance from the Higgs decay,

here into a bottom and anti-bottom quark pair. In the Standard Model, only two
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processes exhibit such a bb resonance that is accompanied with one lepton:

pp — W (= v) Z (= bb) (5.10)
pp — W (= €v) h (— bb) (5.11)

The Z resonance peaks at my = 91.2 GeV, with a branching ratio BR(Z — bb) = 15%.
The Standard Model Higgs mostly decays into bb — 58% of the time — but this back-
ground can be severely reduced with a high transverse missing energy cut. The
invariant mass mg, of the two b-jets is the key variable of this analysis; it is the fitted
kinematic variable leading to the final results (Chapter . Shown in Fig. are
the normalized distributions for E%liss and my, after baseline selection. The distri-
butions of two signal points from the simplified model are overlaid to compare with
the background stacked ones. One of the benchmark points has a small Am, with
m(Xix3) = 130 GeV and m(x?) = 0 GeV, whereas the second has a large Am, with
m(XFx9) = 250 GeV and m(x?) = 0 GeV. It can be seen that the shapes of signal and
background show significant differences, especially in the high ER tail and around
the Higgs invariant mass hypothesis.

After the requirement of EF* > 100 GeV, only three background contributions
remain: the top quark pair production tf, followed by W + jets and single-top Wt
production (detailed later in Section [5.5).

The contransverse mass mcr is extremely effective at removing a large fraction of
tt events [81]. This variable was originally designed to measure the mass of pair pro-
duced heavy particles which decay identically and semi-invisibly. The contransverse

mass mcr is defined as:

mer(vn ) = /(B + B™)2 — |5 — 5?2, (5.12)

— V;

where B and pp* are the transverse energy and momentum of the visible particles
or particle aggregates v;. In our case, vy and vy are the b-quarks from the Higgs boson

decay and are treated as massless. Therefore, this formula reduces to

mor(by,ba) & [ 2p L p (1 + cos (5, i) (5.13)

A main feature justifying the use of the contranverse mass is its kinematic endpoint,
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given by:
2 2
m —m;
max ._ heavy 1nvis (514)

Mo ~

Mheavy

Adapting the ¢t background to this kinematic topology gives Mmpeawy = My, the two
visible particles are the two b-tagged jets, and my,.is = mw, the remainder of the
top decay. With this identification, Eq. implies that ¢t should have an end-
point at &~ 135 GeV. Initial- and final-state radiations (ISR and FSR) can smear this
endpoint considerably, and only partial corrections are possible. This analysis uses
a boost-corrected mcr, which corrects for collinear boosts of the tf system in the
transverse plane [82].

In addition to mcr, the transverse mass mr reconstructs the mass of a particle
decaying in one visible daughter particle and one invisible daughter particle. The
variable mr can describe W candidates in background events, where the visible par-
ticle is the lepton and the invisible one is the neutrino, whose presence is only inferred

from the missing energy. It is defined as

my = \/ 2 BLEms — 2l s, (5.15)

where EY% is the transverse energy of the lepton and pf its transverse momentum.
Assuming no outside sources of EM are present in the event, the transverse mass
has an endpoint at the mass of the semi-leptonically decaying particle. In the case of
the W boson, this endpoint is my at around 80 GeV, though the tail extends much
farther due to off-shell W bosons and experimental effects. Requiring mt > 100 GeV
efficiently suppresses the W+ jets background of the present analysis.

Shown in Figure[5.5|are the normalized distributions for mcr and my after baseline
selection. The shapes of the signal and background significantly differ in the high mcr
and mr regions, where the background is sharply falling after passing the endpoints
of 135 GeV and 100 GeV for mcr and mr respectively. Other kinematic and angular
variables have been studied and did not provide enough discrimation power for this

search. Table |5.4] summarizes the analysis variables and the purpose of each cut.
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Table 5.4: Summary of analysis cuts and variables with the SM background they are
designed to reduce.

Cuts Description

Emiss Reduce all backgrounds, particularly QCD and ¢t
Exactly 2 b-tagged jets Reduce W+ jets

Leading b-tagged jets Reduce tt

Additional-lepton veto Reduce dileptonic ¢t

Fourth jet veto Reduce fully hadronic and semi-leptonic £

mer Reduce ¢t (missed W)

mr Reduce all leptonic W backgrounds

105 GeV < myy, < 135 GeV  Reduce non-Higgs bb backgrounds

5.4.3 Signal region optimization
Di-jet mass signal bin

The key variable of this analysis — my, — is fitted for all simplified model signal points
using a Crystal Ball function [83]. This function, commonly used in high-energy
physics processes, comprises a Gaussian and a power law below a certain threshold.
It offers a good modelling of the resonance shape and the energy loss by radiation
emission in the final state. The adjusted curve peaks at my, ~ 120 GeV and a half
width at half maximum of oy, ~ 15 GeV. These values have been estimated for all
simplified model points and remain stable throughout the whole signal grid. The
fitted my, lineshape motivates the division of the distribution into five bins. Four
side-bands (“sb”) border the Higgs sensitive (“h”) bin:

e 45 GeV < my, < 75 GeV: side-band

e 75 GeV < my, < 105 GeV: side-band

o 105 GeV < my, < 135 GeV: Higgs sensitive bin
o 135 GeV < my, < 165 GeV: side-band

e 165 GeV < myp, < 195 GeV: side-band

Figure displays an example of the fitted my, distribution on a simplified model

signal sample. The vertical dashed lines delimit the five bins.
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Figure 5.6: Invariant mass my, distribution for a Monte Carlo simulated signal sample
(black data points with statistical errors) fitted with a Crystal Ball function (blue
curve) in a region with exactly 2 b-tagged jets and no additional jets, EXs > 100 GeV
and mt > 40 GeV.

Strategy

The strategy in the optimization stage of an analysis is to obtain a series of cuts
which will reduce the predicted background while keeping most of the signal events.
The bigger the separation between the signal s and background b yields, the higher
the discovery potential. The statistical tools used to quantify this discovery potential
are actually computing the rareness — or incompatibility — of observing a number of
events in the data under the hypothesis that the observed data sample contains only
Standard Model background events (null hypothesis). Rejecting the null hypothesis
is a conservative and safe approach before establishing any claims on the presence
of new physics, here Supersymmetry. The usual way of quantifying the level of
incompatibility — therefore being able to state a discovery — is to compute a p-value.
The discovery p-value states how frequent an excess of events (or greater excess) would
occur in a set of repeated identical experiments, assuming this excess is only due to
background fluctuations (null hypothesis). This will be fully explained in Chapter [3]
dedicated to the statistical methods. At this stage of optimization, the real data

are not available and N°P*™ed is simply taken as s 4 b, which relates to a discovery
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scenario (excess of signal events on top of the background prediction). The sensitivity
of the analysis is assessed through a commonly used figure of merit: the significance
Zn. It corresponds to the number of standard deviations Zy x o at which a Gaussian
random variable of zero mean and standard deviation ¢ would give a one-sided tail
area equal to the p—valudf]. For the purpose of benchmarking, a reasonable uncertainty
assumption of 30% on the background prediction is conventionally assumed. The
greater the significance, the more sensitive the analysis is to the presence of physics
beyond the Standard Model. Optimal cuts on each object multiplicity or variables are

obtained by locally maximizing the approximate Zy, as shown in the next subsection.

Two orthogonal signal regions

The simplified model grid contains a number of points with a wide range of mass split-
tings between the Y9 and XY particles. As a consequence, the kinematic configurations
will differ for low and high mass splitting regions. Therefore, during optimization the
grid was divided into two broad regions, low and high mass splitting — each optimized
separately to accommodate different kinematic properties. The low (high) mass split-
ting region is called SRA (SRB) and is defined to be where m(x3) — m(x?) is below
(above) 175 GeV.

During the optimization studies, the signal regions are constrained to the central
bin “h” where 105 < my, < 135 GeV and are denoted SRAh/SRBh (in the limit
setting presented in Chapter[§] the signal regions are extended to the five my, intervals
to better constrain peaking backgrounds such as WZ and W H). For mcr and ERis
the optimal cuts in both regions to mitigate background while keeping reasonable
statistics were found to be mcr > 160 GeV and EITmSS > 100 GeV. The highest
sensitivity is obtained in SRAh with an mr window of 100 GeV < mrt < 130 GeV.
In SRBh, a lower cut mt > 130 GeV maximizes the significance and ensures the
two regions are orthogonal. Figures and show the ErTmSS, met and mp “N-
17 distributions (in the N cut-space, all cuts are applied except the cut on plotted
variable) and their corresponding Zy significance as a function of the cut value in
SRA and SRB respectively. For mr distributions, neither lower and upper cuts are

applied.

2The N index refers to the normal distribution, taken as convention.
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Figure 5.8: N-1 signal+background distributions (left) of EX mgr and mr with
corresponding Zy significance (right) as a function of cut value in SRB.
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5.4.4 Sensitivity maps

For each signal region, the analysis was optimized using three benchmark signal points
representative of the kinematics of the considered region. It is essential to see how
the significance, maximized for these points only, vary throughout the full signal grid.
Figures and show the expected discovery significance for all points of the
simplified model and pMSSM grids respectively. The model points that have the
highest discovery potential, i.e. with the highest Zy, are the first to be excluded
in the absence of an excess in the data over the summed background yields. The
exclusion at the 95% confidence level (CL) is analoguous to a p-value of 0.05, which
correspond to a Z,5M°d ~ 1,64 (see Chapter . The black contour in the sensitivity
maps outlines the Z,*%4 line. In absence of an excess, models below the line are
potentially excluded whereas no conclusion can be drawn for the models above the

line as the analysis is not sensitive enough.

5.5 Background estimation

Several known Standard Model processes can mimic a SUSY signal with 1 lepton, 2 b-
tagged jets and missing energy. Reducible and irreducible backgrounds are described
along with the methodologies to estimate them. The latter will be normalized to data
in dedicated “control” regions. To verify the accuracy of the background modeling,

“validation” regions are defined at the end of this section.

5.5.1 Reducible background

The LHC, as any high-energy hadronic collider, is a jet factory: QCD processes domi-
nate. These multi-jet events only contribute to the signal selection if the reconstructed
Emiss s sufficiently large and a “fake” lepton is erroneously reconstructed as a signal
lepton. Fake leptons can originate from a misidentified jet, semileptonic decays of
heavy quarks (b and ¢) or photon conversion. As all other background processes in
this analysis feature a “real” or “prompt” lepton coming from a boson decay, it is
possible to estimate the number of events with a non-prompt lepton to quantify the
QCD multi-jet reducible background.

This is done using a data-driven technique called the “matrix method” [84]. The
matrix method exploits correlations between tight (T)/loose (L) and real (R)/fake

(F) leptons through a series of linear equations. Loose leptons are baseline leptons
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Figure 5.9: Expected discovery significance for the simplified model grid in the two
signal regions SRAh and SRBh. The black line in Figure [5.9b marks the exclusion
potential at 95% CL. All yields have been scaled to the integrated luminosity of
20.3 fb~1.
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Figure 5.10: Expected discovery significance for the pMSSM grid in the two signal
regions SRAh and SRBh. All yields have been scaled to the integrated luminosity of
20.3 fb~ 1,
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while tight leptons are signal leptons (defined in Section . For a final state with

one lepton, the system of equations of the matrix method is:

D) e

where € is the probability that a real lepton is tagged as a tight lepton and f is the
probability of reconstructing a fake lepton as tight, also referred as “fake rate”. The

number of fake leptons passing the tight quality criteria is then given by:

NF%T: (%) (GXNL—NT+€XNT) (517)

The electron and muon identification efficiencies are derived from Z — ¢¢ events both
in data and MC simulations. The efficiencies used here were measured by analyses
searching for supersymmetric particles in the QCD sector [50] and are largely sample-
independent. The fake rates, however, depend strongly on the heavy flavor content
of the selection considered and should be tailored to the specific analysis in question.
The region used to derive the fake rates should be kinematically representative of
the signal region: it contains 2 b-tagged jets but allows one or more baseline (loose)
lepton. To enrich the region in QCD events, the cuts on kinematic variables are
reversed: B < 25 GeV, mp < 40 GeV. The fake rates are calculated by counting
loose and tight electrons and muons in bins of pr and 7 in both data and Monte Carlo
simulation with real (prompt) leptons. The real lepton yields are then subtracted
from the data yields, and the remainder is assumed to be of fake origin. The ratio
of tight to loose in a given bin is the fake rate. Consequently, the number of fake
lepton passing the tight selection can be deduced and thereafter the QCD multi-jet
background contribution.

It has been found that, in this validation region, QCD processes remain a small
background compared to the dominant ones (presented in the next section) and is
not expected to significantly contribute to our selections where ER > 100 GeV is
requested. In the control and validation regions that will be defined later in this
chapter, the contribution of multi-jet production is found to be less than 3% of the

total background and is thus neglected.
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5.5.2 MC-modelled backgrounds

Irreducible backgrounds refer to the Standard Model processes generating events in-
distinguishable from the signal, namely in this analysis one “real” signal lepton and
2 b-jets. The three major backgrounds for this search are top pair production tt,
W+ jets and single top. Smaller contributions arise from diboson (WW, WZ, ZZ)
and Wh processes. Figure [5.11] shows example Feynman diagrams of the main pro-

cesses, detailed as follow:

Top pair production tf events produce two on-shell — i.e. close to the nominal mass
of the particle — top quarks, each decaying into a b-jet and a W boson. Dilepton
tt — both W bosons decay leptonically — can enter the selection if one of the
leptons failed the reconstruction. ¢t events have, in addition to the b-jets pair,
two high pr jets. By choosing events where the b-jets are leading and no more
than three jets are present, the ¢t contribution can be reduced but it remains

the largest background in this analysis.

W+ jets W boson production in association with hard jets from ISR, in conjunction
with a leptonic decay, can generate large p'** from a highly boosted neutrino.
The Whbb subprocess directly reproduces the analysis signature whereas the
Wi, Wee and Wej subprocesses, where j refers to a light jet, enter the data

when jets are misidentified as b-jets.

Single top At hadron colliders, there are three single top quark production modes:
the s-, the t- and Wt-channels. The former two exchange a virtual W boson.
The Wt production produces an on-shell W boson in association with a top
quark and has its own s- and ¢-channel submodes (Figures and .
The Wt production is contributing the most in this analysis, as it can result in
one lepton, one b-jet (from the top decay) and, if the W decays hadronically,
additional jets that can be identified as b-jets.

Diboson WW and W Z each has a similar signature as the signal when one W
decays to v while the other boson decays to quarks. ZZ events might mimic
our signal when one Z decays to two jets and the other to two leptons of which
one is not reconstructed. However, the cross sections for these processes are

small, diboson events are hence not a major background for this search.

W h The associated production of a Standard Model Higgs and W bosons can lead
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to the final states of the analysis if the W boson decays leptonically W — (v
and the Higgs boson gives a bb pair. The transverse missing energy would be
then carried by the neutrino, hence a high ER cut suppresses most of this

background.

Table list the main production cross sections of the background mentioned above,
calculated at NLO and Next-to-Next-to-Leading-Order (NNLO) for the top pair and

single productions.

Table 5.5: NLO production cross sections for some Standard Model processes at
Vs = 8 TeV at the LHC. Note that for W+ jets and diboson, only the subprocess
leading to the exact final states of the analysis is quoted here: W — ¢bb for W +jets
and WW — fvqq or WZ — fvqq for diboson. There are more samples contributing
to the cross section through misidentified or non-reconstructed objects that are not
present on this table, whose aim is to show the relative importance of the backgrounds.

_ . Single top Diboson
Background tt W+ jets Wh
t Wt S wWw WZ
o [pb] 253 12.1 x103 87.8 22.4 5.61 7.72 2.00 0.13

5.5.3 Construction of control and validation regions

Beside signal regions, control regions are enriched in a specific Standard Model process
and serve to constrain the normalization of this background contribution. Validation
regions are defined orthogonal to both signal and control regions but should remain
kinematically close to the signal. They aim at validating the quality of the extrapo-
lation from the control to the signal regions. The model validation will be detailed in
Chapter [8| after describing studies to improve the sensitivity of this analysis (Chap-
ter @ and reviewing the sources of uncertainties (Chapter [7]). This section lists the

control and validation regions; all regions — including the signal ones — are summarized

in Table 5.6/

CRT: this region is enriched in tf events by inverting the cut mcr > 160 GeV, which
successfully suppresses tt background in the signal regions. To stay kinemati-
cally close to the signal region, a mcr > 100 GeV cut is applied. According to
the MC simulation, this region exhibits a very high purity in ¢t of 93.5% with
2.5% of W+ jets only.
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Figure 5.11: Representative diagrams for the main background processes modelled
with MC.
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CRW: this region contains a high percentage of W+ jets. It is defined with the
same mcr cut as in the signal (mer > 160 GeV). Contrary to all the other
regions, CRW requires only one b-tagged jet to target W + jets decays and
exactly two signal jets to reduce the ¢t contamination. A loosened mr cut
40 < mt < 100 GeV increases the acceptance in order to obtain high statistics.
The W+ jets events amount to 51.7% with ¢t processes reduced to 37.1%.

VRA: this validation region is identical to CRT but requires 40 < mr < 100 GeV.

VRB: is defined like the signal regions (with mcr > 160 GeV) but remains orthog-
onal to them by imposing 40 < mt < 100 GeV.

SR Asb and SRBsb: the side bands in the signal regions are obtained from SRA
and SRB by restricting the my, di-jet mass spectrum — divided in five bins
around the Higgs mass (see Section — to the four non signal bins, i.e.
45 < my, < 105 GeV and 135 < my, < 195. The data in these regions are never
blinded and always used as a constraint in the fit (detailed in Chapter , as a

result these regions act as control regions.

The schematics in Figure depicts the control (CR), validation (VR) and signal
(SR) regions — emphasizing their orthogonality — as a function of mr, mcr, and the

signal- and b-tagged jet multiplicities.

Table 5.6: Selection requirements for the signal, control and validation regions of the
analysis. The number of jets and b-jets is labelled with nje¢, and ng-jer respectively.

SRA SRB CRT CRW VRA VRB
Njet 2-3 2-3 2-3 2 2-3 2-3
Nb-jet 2 2 2 1 2 2
E%liss [GeV] > 100 > 100 > 100 > 100 > 100 > 100
moeT [GeV] > 160 > 160 100-160 > 160 100-160 > 160

mr [GeV] 100-130 > 130 > 100 > 40 40-100 40-100
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Figure 5.12: Control (CR), validation (VR) and signal (SR) regions as a function of
mr, mcr, the signal jet and b-tagged jet multiplicities. Each region is split into the
five my, bins as shown in the top bar. The comparison of data and simulated yields
occurs in SRAh and SRBh, which are defined as SRA and SRB with the requirement
105 < my, < 135 GeV. The side-bands SRAsb and SRBsb act as other control regions.
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Chapter 6

Improvements of the analysis

sensitivity

The event selection detailed in the previous chapter corresponds to the analysis op-
timization published in Reference [53]. Several investigations have been performed
by the author in an attempt to increase the sensitivity of the search. Two of these

studies are reported in the present chapter.

6.1 The deconstructed transverse mass

6.1.1 Motivation

The search of this dissertation uses, among other discriminating variables, the trans-
verse mass, mr, in order to separate the signal from SM backgrounds. The reader is

reminded of its definition here:

mr = \/ 2 BLEms — 2l s, (6.1)

where EY% is the transverse energy of the lepton and pf its transverse momentum.
This variable is defined to reconstruct the mass, in the transverse plane, of the W
boson my, that decays into one lepton and one neutrino, assuming no other source of
missing transverse momentum. The presence of invisible particles such as neutralinos
in the final state leads to additional missing transverse momentum. Hence signal-like
events exhibit larger values of my. These events are thus extracted from the SM

backgrounds by applying a strict cut m$ on the transverse mass: mr > m% > myy.
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Given Equation [6.1] a uniform cut on the transverse mass can discard information
about the transverse missing energy, EX and its vector, py™. To preserve the
correlations on the norm and direction of the missing energy, the transverse mass mr

1s rewritten as:

2 = { = miss
m . Pr Pt
1-— —T = COS with COSQ = —5———, 6.2
2 E’% E’II‘I‘HSS ¢ ¢ P TZ melss ( )

= { = miss

where ¢ — sometimes also written as A¢(py, p™*°) — is the transverse angle between

the lepton pr and the missing transverse momentum. Defining () as

(m7)?

QEl_ miss ’
2 BLER

(6.3)
the transverse mass is therefore “deconstructed” into two independent variables, one
angular component cos ¢ and one dimensionless magnitude component @) [85]. The
correlations between the two become apparent when plotting the event distributions
in the cos ¢ — @ plane. It is possible to refine the signal and background separation by
choosing a contour on that plane that maximizes the signal and contains the fewest
number of background events. Such an attempt to gain sensitivity has been investi-
gated in the context of the 1¢ + 2b-jets + EX's SUSY search detailed in Chapter .

The following section reports on this study.

6.1.2 Event distributions in the cos ¢ — ) plane

The two-dimensional event distributions of the variables () and cos ¢ are shown in
Figures and for the ¢t background and the simplified model signal point
m(Xix9, X)) = (130,0) GeV respectively. These distributions are obtained from a
region requiring events with exactly 2 b-jets and where the cuts common to all regions
described in Section are applied: mcr > 100 GeV, EX > 100 GeV, mr >
40 GeV and 45 < my, < 195 GeV.

The sum of the signal regions presented in Chapter |5 are defined with a uniform
cut mp > 100 GeV. This graphically translates into taking the region above the
black diagonal line defined by () = cos ¢. Looking at the distributions of Figures|6.1a]
and [6.1D], most of the signal events are actually located towards values of @ and
cos ¢ approaching one, but below this diagonal. They are therefore removed by the

cut, which was designed to select signal-like events in the first place. Moreover,
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Figure 6.1: Deconstructed transverse mass shown as event distributions in the
cos ¢ — @ plane for ¢t background (left) and a signal point (right) from the simplified
model grid. The upper region above the black diagonal line defined by () = cos ¢ cor-
responds to selecting events where mr > m% = 100 GeV. The red contour describes
an alternative region that attempts to collect more signal events while removing a
larger portion of the t¢ background (more information in text).

the diagonal cut with a ﬁxedEl mT is not doing a good job at removing most of the
background events, especially when cos ¢ tends to -1.

In order to maximize the signal over background ratio, different contours have
been investigated using the event distributions in the cos¢ — ) plane for several
signal points. It is important to mention that m$ is an arbitrary, fixed number. The
chosen value for this optimization study is m% = 100 GeV; below this threshold,
the background contribution is too important and above it, the signal sensitivity
is decreasing. The signal points that serve for benchmarking are those from the
simplified model grid, m(¥x3, X3) = (130,0) GeV and m(Xi x93, ¥9) = (250,0) GeV,
which are mostly sensitive in SRAh and SRBh regions respectively. For conciseness,
only one example of contour is drawn in Figures and [6.1D} the dashed red curve
is defined as a polynomial function of degree four: Q = a(cos ¢)* + a, with a = 0.4.
To quantitatively assess the sensitivity, the significance Zy is computed in the new

selection that corresponds to taking events in the upper region above the red contour.

'Here the diagonal corresponds to m% = 100 GeV but the statement still holds for m$ values
within 100£20 GeV.
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6.1.3 Impact on the sensitivity

One-sided significances, as introduced in Section [5.4.3] are calculated for the different
contours studied with all signal points of the simplified model grid. The uncertainty
on the background prediction is assumed to be 30%. For comparison, the expected dis-
covery significance for all points of the simplified model grid are shown in Figure
for the union of SRAh and SRBh, as defined in Chapter [5} 2 b-jets, mer > 100 GeV,
EXss > 100 GeV, mp > 100 GeV and 45 < my, < 195 GeV. Figure m shows
the significances for the same signal grid in a modified region using the same cuts as
above except the constraint on mry, which is replaced by: Q > a(cos$)* + «, with
a=04.
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Figure 6.2: Significance maps for the simplified model grid in the union of SRAh and
SRBh as defined in Chapter 5} One the right, the cut mt > 100 GeV is replaced by
the deconstructed transverse mass cut: @ > «a(cos ¢)? + a, with a = 0.4.

It turns out that the new contour fails to improve the significance and unfor-
tunately worsens the sensitivity. The other contours are giving similar unsatisfying
results. This is partly understandable as the analysis after optimization is severely
constraint by low statistics in the signal regions. More importantly, the method used
here is a simple attempt to refine signal and background separation based on guessing
a contour. This contour is adjusted “by hand” after looking at several event distri-
butions in the cos ¢ — @) plane for the main backgrounds and signal points. A more
rigorous procedure would have been to implement a proper multi-variate analysis

(such as a Boosted Decision Trees), which the timeline of this thesis did not allow.



92

6.2 Correction of b-jet momentum

A more successful investigation has been performed on the analysis to gain sensitivity.
It uses the technique developed by the ATLAS group searching for the SM Higgs boson
decaying into a pair of b-jets [86]. This method corrects the four momentum of the
selected signal b-jets in order to improve the resolution of the di-jet mass resonance;
a well reconstructed resonance mass acts as a powerful discriminant against the —

mostly non-resonant — main backgrounds.

6.2.1 The “muon-in-jet” correction

As seen in Chapter [d] jets are a collection of particles. Pions produced by the
hadronization of the b-quarks can decay leptonically, thus muons can be found in
jets. Sometimes a muon near the edge of a jet can be mistakenly reconstructed as a
separate lepton. The overlap removal procedure described in Section [4.4.2] suppresses
the muons that are falling within an angular distance AR < 0.4 of the jet axis; these
can not be considered as signal isolated leptons.

However the information about the energy of these deleted muons, which are likely
to be part of the jet due to their closeness, is lost. The “muon-in-jet” correction
consists of adding the 4-vector of baseline muons that satisfy AR(u,jet) < 0.4 back
into the jet 4-vector. To avoid double-counting of energy, the muon’s energy deposits
in the calorimeter (which are already included in the reconstructed jet) are substracted
from the muon’s 4-vector beforehand. If two in-jet muons are found, the closer of the
two to the jet is taken.

This procedure increases the energy of the considered jets, which are more likely
to pass the selection cuts (e.g. on pr threshold). Their momentum is more accurately

reconstructed, leading to a possible improvement of the di-jet mass resolution.

6.2.2 Implementation in the SUSY search

The muon-in-jet correction has been implemented in the 1¢ + 2b-jets + EXs SUSY
search. For all signal and background events, the baseline muons before overlap
removal are saved. The two leading jet{’| are inspected. If a muon is found within
AR(u,jet) < 0.4 of the leading or sub-leading jet, the muon 4-vector is added to the

jet 4-vector after removing the energy deposited by the muon in the calorimeter.

2Reminder: the two b-jets should be the leading jets in the signal regions.
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Figure 6.3: Fitted distributions of the di-jet invariant mass my, (blue) and its correc-

tion mgp™ (green) after applying the muon-in-jet correction in a region with exactly

two leading b-jets. Tthe legend indicates the fit results on the o parameter of the
Crystal Ball function.

The increase in pr of the corrected jets is around 30%. Jets free of muons have their
4-vector unchanged. The di-jet mass computed after the jet correction is noted mg;™.
As mcr also depends on the jet pr, the discriminating variable is also re-calculated:
mgy. To quantify the improvement in the resolution on the signal, distributions of
mgg™ are fitted using a Crystal Ball function as it has been performed in Section [5.4.3]
The simplified model point m(¥{xy, X0) = (150,0) GeV, which has been produced
with enhanced statistics, is used for illustration. Figure [6.3] shows the overlaid fitted
distributions of my, and mgp™.

For this signal point, the corrected peak is slightly sharper, with the o parameter
of the Crystal Ball function decreasing by 3%. Looking at the resonance maximum,
the corrected di-jet mass distribution contains more events in the signal bin defined
by 105 < my, < 135 GeV (see Section . These increased statistics in the myy,
window positively affect the signal yields. What remains to know now is the change
of the corrected di-jet distribution for the backgrounds — the main ones being non-
resonant around the Higgs mass — to finally get an estimate of the new significance
S/ v/ B. More precisely, the figure of merit to assess the sensitivity is again the one-

sided significance Z.
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6.2.3 Impact on the sensitivity

In the previous section, the one-sided significances Zy have been computed in the
union of the signal region SRAh and SRBh, in order to compare with the decon-
structed transverse mass cut, which could be applied with only one value of mr. As
the two signal regions SRAh and SRBh have been independently optimized to address
different kinematic configurations, it is more relevant to compute the significance in
each region and add them in quadrature. This computation has been done using the
regions presented in Section and using the same cuts on the modified variables
myy"" and mgy. Figure displays the total significance,

ZN ot = \/(ZN,SRAh)2 + (ZN,SRBh)2: (6.4)

for all model points of the simplified model grid before and after the muon-in-jet
correction. It can be seen on the right figure that the exclusion line at 95% CL,
which corresponds to Zy ~ 1.64 (more details in Chapter , is pushed to higher
values of chargino and neutralino masses. There is thus a significant increase in the

exclusion potential for the search. This gain in sensitivity can also be seen, to a lesser
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Figure 6.4: Total one-sided significances Zy o1 (Equation for the simplified model
grid before (left) and after (right) applying the muon-in-jet correction on the variables

corr

My

corr

and mEy .

extent, on the pMSSM grid in Figure[6.5] New signal regions using a shifted signal bin
defined as 110 < mgp™ < 140 GeV have been investigated but the expected sensitivity
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corr

gave similar results with respect to the current bin at 105 < mg™ < 135 GeV.
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Figure 6.5: Total one-sided significances Zy o (Equation for the pMSSM grid

before (left) and after (right) applying the muon-in-jet correction on the variables
corr corr

myy" and mgep .

The muon-in-jet correction successfully improves the expected sensitivity of the
10 + 2b-jets + EXiss SUSY search. This investigation uses so far predicted yields from
simulated Monte Carlo. The final outcome of this study on the observed exclusion
limits using ATLAS data will be presented in Chapter [§]
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Chapter 7
Systematic uncertainties

Experimental physics results live or die by systematics. While statistical uncertain-
ties are the result of random and uncorrelated fluctuations based on a finite sam-
ple, systematic uncertainties, however, are reproducible inaccuracies linked with the
measurement, apparatus or the imperfect modelling of analysis observables. In the
extraction of the final results by the profile likelihood fit described in the next chap-
ter, the background predictions are allowed to vary within the size of the systematic
uncertainties and are further constrained by data. The fitting procedure also incorpo-
rates the correlations between systematics, which helps reducing their impact while
extrapolating the background expectation from the control to the signal regions. This
present chapter introduces the systematic uncertainties relevant in the search of this
dissertation, categorized into those related to the Monte Carlo modelling (theoretical
uncertainties) and those caused by the detector measurements (experimental uncer-
tainties). A summary table for both theoretical and experimental uncertainties lists
the variations and their percentage with respect to the nominal yield in the region

considered for their estimation.

7.1 Theoretical uncertainties

7.1.1 Variations of Monte Carlo parameters

Monte Carlo programs, albeit very powerful to estimate the background and signal
yields, have limitations. These programs need several input parameters, e.g. the

parton showering algorithm, the strength of initial and final state radiation or the
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parton distribution functions. The resulting number of simulated eventd] will depend
on the choice of these input parameters. The theoretical systematic uncertainties are
obtained by varying these parameters and studying their influence on the resulting

number of events with respect to the nominal yield. These parameters are:

Generator

Some Monte Carlo generators are better suited for describing a given physics process.
Yet their performance may not be the same in all regions of the phase space. That is
why it is important to compare the outputs from different generators. The convention
used to estimate the uncertainty on generator modelling is to take the difference in

yields with two Monte Carlo generators:

(o generator _ \/|S1 o SQ|2 + (O_;tat)27 (7.1)

where S is the event yield taken as the nominal value, Sy the event yield using a

stat

different generator and ¢°**" is the statistical uncertainty of this other generator. The

systematic is symmetrized: the uncertainty is o &"¢™" around the nominal value

Si.

Parton shower

The initial partons and those produced in the hard scatter are particles with colour
charge and therefore radiate virtual gluons, which can in turn create quark-antiquark
pairs or gluons. This cascade of parton emissions is referred to as the parton shower
(PS). An uncertainty on the choice of the showering algorithm is computed by com-
paring different shower Monte Carlo programs, applied on the same generated events.
As above, the full difference in yields between the nominal S; and the variation S,

parton shower __

is evaluated and symmetrized: o |S1 — S2|. In this case however, no

statistical uncertainty is added since the two samples use the same input events.
Initial and final state radiation

The emission of additional partons in the initial or final states is referred to ini-

tial and final state radiation (ISR and FSR), respectively. The related uncertain-

LAt this stage this predicted number of events comes from the theoretical modelling of proton-
proton collisions and is independent of the detector efficiency and acceptance.
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ties are assessed using dedicated samples produced with Monte Carlo generator Ac-
ERMC. In these samples labelled “MorePS” and “LessPS”, the parameters that con-
trol the amount of initial and final radiation are changed to produce more ISR/FSR
or less ISR/FSR, respectively. The nominal value is the mean of the two yields:
GNom — (GMorePS | GLessPS) /9~ The systematic uncertainty is half the difference and

is symmetrized:

‘SMorePS _ SLessPS‘

o ISR/FSR _ .

(7.2)

Finite number of partons

The background contributions involving the production of W and/or Z bosons are
generated by subprocess (e.g. Wbb, Wbb, Wee, Wilvly, Wlvqq), each divided with a
fixed number of extra partons NN, in the final state (V, = 0, 1, 2, 3...). To account for
the impact from the use of finite number of additional partons in the nominal samples,
an uncertainty is evaluated by comparing samples generated with different numbers
of partons (e.g. for diboson, nominal samples contain up to 2 extra partons and are
compared with samples containing up to 3 additional partons). The systematic is the

full difference of yields, symmetrized.

Scale variation

All Monte Carlo events are generated using a specific scale, which is process-dependent.
The renormalization scale imposes a short-distance cutoff to absorb the ultraviolet
infinities. Factorization acts in the same way at the opposite end of the energy range
of perturbative QCD, isolating the infrared singularities of long-distance physics. A
measurable cross section — leading to an event yield — should not be dependent on
this regularization of infrared or ultraviolet divergences. To estimate the impact
of the scale choice, the renormalization and factorization scales are conventionally
varied by half and twice the nominal scales. This is done using specific Monte

Carlo samples labelled x0.5 and x2 for each scale. The uncertainty is taken as

the full difference of yields szg'ien — Sﬁfj rens Symmetrized around the nominal value
nom _ x0.5 X2
Sfac, ren ( fac, ren + Sfac7 ren)/2'

Matching scheme

Interfacing the outputs of a hard process from a Monte Carlo generator to an external

showering package can lead to double counting of some portions of the phase space
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(e.g. the parton shower can generate additional jets in phase space regions already
covered at the event generation level). The matching refers to the procedure aiming at
removing those double-countings. Some background samples use the CKKW scheme,
which chooses a scale at which to separate the parton shower description and the
matrix element description. As for the renormalization and factorization scales, the
comparison of yields from different CKKW scales (usually 10 GeV and 30 GeV)

emulates the uncertainty associated with this procedure.

PDF sets

When the two high-energy beams of protons meet in the center of ATLAS, the created
collision involves the partons, each carrying a fraction = of the longitudinal momen-
tum of the proton. Pardon Distribution Functions (PDFs) represent the probability
densities to find a given parton (among the gluon and the six quark flavors) carrying
a momentum fraction x at the energy scale Q? of the hard interaction. PDFs are
obtained through fits on experimental data. The results are extrapolated to higher
values of Q? that match the LHC energy scale. PDF fits contain inherent uncertain-
ties due to the fitting procedure and therefore each nominal PDF set produced by a
given collaboration is accompanied by error PDF sets. The variations are assessed
by changing one by one the independent parameters, which are called “eigenvectors”.
In this analysis, most background samples use the PDF set CT10 which contains 52
additional error sets. An uncertainty is derived by reweighting each event and taking

the maximum /minimum differences between the nominal PDF yield.

7.1.2 Prescription for deriving theoretical uncertainties

The SUSY Working Group provides recommendations on how to derive the uncer-
tainties for all processes simulated with Monte Carlo. These technical prescriptions
are detailed in Appendix [B] Table lists the theoretical systematic uncertainties of
the major and secondary backgrounds, expressed in per cent of the total considered
background yield in each control, validation and signal regions. The dominant theo-
retical uncertainties for this analysis are related to the generator and parton shower
for the tt background and to the generator+interference and parton shower for the
single-top Wt-channel contribution.

Concerning the signal, all the theoretical uncertainties on a given signal point

are merged into an uncertainty on the predicted cross section, as it will be further
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explained in the next chapter.

Table 7.1: Theoretical systematic uncertainties of the main backgrounds expressed in
percentage with respect to the nominal yield of the considered background and vari-
ation. The W+ jets background has uncertainties associated with the parton shower,
factorization, renormalization, scale variations and heavy flavor removal, which are all
negligible except for the factorization variation. The uncertainty on ¢t (W4jets) cross
section is contained in the uncertainty of the normalization parameter uz (fmgets),
obtained through a fitting procedure to adjust the floated backgrounds ¢t and W+jets
to the data (see Chapter .

Variation CRT CRW VRA VRB SRA SRB
Generator 7.33 6.67 7.14 12.89 45.49 70.29
Parton shower 14.81 10.08 1.27 9.33 9.57 15.37
i ISR/FSR 5.22 3.43 1.44 1.06 11.50 11.31
Factorization 0.10 0.06 2.15 0.18 14.30 13.90
Renormalization 0.21 0.12 3.42 0.70 9.42 3.82
PDP: g An e oS8 sp oy
) Factorization 5.39 0.08 5.40 7.71 6.35 7.30
Wt jets +2.99 +3.22 +2.45 +3.03 +3.23
PDFs —3.23 —2.70 —2.54 —3.40 —3.76 5.58
Gen. & interference (Wt) 10.56 6.75 6.19 7.71 27.05  51.61
) Parton shower (Wt) 14.92 9.26 1.32 8.00  12.29 1.28
Single-top
ISR/FSR 11 (t-channel), 7 (s-channel)
Cross section t-channel BES
Cross section t-channel 3.92
Cross section t-channel 6.80
Factorization 18.56 derived in
. Renormalization 2.33 inclusive region
Diboson
CKKW-matching 6.08 (see Appendix
Cross section 5(WW and Z22),7 (WZ)

7.2 Experimental uncertainties

Each entity measured in ATLAS, such as the particle momentum or the object iden-
tification efficiency, is accompanied by a systematic error on its assessment. Experi-
mental systematic uncertainties are common to all samples, signal and background.

Two methods are used to obtain the up/down variation of a systematic: the variation
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is either stored as an up/down weight applied event-by-event or the variation is ap-
plied to the properties of an object, leading to a separate event selection that gives the
varied up/down yield. The different classes of experimental systematic uncertainties

considered in this analysis are briefly explained below.

7.2.1 Pile-up uncertainty

The nominal value of the pileup weight is determined by scaling the average number
of interactions per crossing p in the Monte Carlo by 0.9 (this is based on a data/MC
comparison of the number of vertices as a function of p). The lower- and upper-
variations are derived with 1.05 and 1.13 scaling on the average number of interactions

per crossing, respectively.

7.2.2 Luminosity uncertainty

The luminosity measurement is performed by the ATLAS detector. An uncertainty
of 2.8% on the integrated luminosity (20.3 fb™') is assumed, derived following the
methodology detailed in Reference [87].

7.2.3 Jet uncertainties
Jet energy scale

The calibration procedure to correct the jets to the proper energy scale generates
the highest source of experimental uncertainty in most analyses with jets as final
state objects. The JES uncertainty is estimated by comparing transverse momentum
balance between the jet and a reference object [39]. It is split into 18 components
that cover the various sources of uncertainty, such as the pile-up contamination, the
calorimeter response, the in-situ and MC-based calibration techniques in different
pr/n ranges, the jet flavor composition and the presence of close-by jets. For each
component, the jet four-momentum receives a pp- and 7-dependent modification;
the event selection is then performed on the modified jet properties, leading to a
different event yield. The total JES uncertainty is given by the quadratic sum of all
18 contributions, however in this search all parameters are propagated through the

analysis separately in order to maintain the full information on correlations.
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Jet energy resolution

An extra pr smearing is added to the jets based on their pt and 7 to account for a

possible underestimate of the jet energy resolution value in the MC simulation [40].

Jet vertex fraction

This pile-up suppression cut is applied in this analysis only on the central jets with
pr < 50 GeV. The jet vertex fraction (JVF) cut is afflicted with a systematic uncer-
tainty: the jets are defined either as hard-scatter or pile-up jets based on an angular
matching between truth and reconstructed jets. Depending on the category the jet

falls into, a separate up/down JFV cut is applied as a function of pr and 7.

Flavor tagging

The b-tagging uncertainty is evaluated by varying the n-, pr-, operating point, and
flavor-dependent scale factors applied to each jet within a range that reflects the
systematic uncertainty on the measured tagging efficiency and mistag rates. These
variations are applied separately to b-jets, c-jets and light jets, leading to three un-

correlated systematic uncertainties.

7.2.4 Lepton uncertainties
Lepton reconstruction and trigger efficiencies

For every selected lepton in MC, a multiplicative scale factor is applied to account for
data/MC differences in the lepton reconstruction and trigger efficiencies. Each scale
factor is varied within its 1o errors to assess the two systematic uncertainties on

the lepton reconstruction and trigger efficiencies.

Lepton energy scale and momentum resolution

For all selected leptons, the correction factor on the energy scale is fluctuated up and
down by its 1o uncertainties. There are separate uncertainties for the Z — ete™
measurements used for calibration, the presampler scale, material, and low-pr elec-
trons, all of which are treated as uncorrelated [88]. The uncertainty on the electron
energy resolution is derived using Z — eTe™ events |88]. Two uncertainties, one re-

lated to the ID and the other to the MS, account for the muon momentum resolution
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assessed by smearing the muon momentum to match it with the dimuon invariant

mass resolution in Z — ptu~ events [89].

7.2.5 Uncertainty on the missing transverse momentum

The EXs as defined in Section , is the sum built from the properties of the
objects listed above. Therefore the effects from the jet and lepton scale and resolution
uncertainties are for the most part already taken into account. Yet an additional
systematic uncertainty needs be derived for the last term of the F¥5 sum (CellOut),
as this entity incorporates the calorimeter clusters outside any reconstructed objects.

It is found to be negligible compared to the total ER uncertainty.

7.2.6 Summary on experimental uncertainties

Now that the experimental systematic uncertainties have been introduced, it is of
importance to know which ones are contributing the most and which variations are
small with respect to the nominal yields. Table[7.2|lists the experimental uncertainties
calculated on all samples in this analysis, with their relative percentage with respect
to the nominal yield of the total background. It can be seen from this table that the
JES and the b-tagging uncertainties are dominant, as this is generally the case for
analyses with flavor tagged jets in the final states. The lepton uncertainties are small
(< 3%) and have been merged. The 18 JES components are groupped for better
readability, however in the extraction of final results, they are treated separately
to account for all correlations. This fitting procedure is presented in the following

chapter.



Table 7.2: Breakdown of the experimental systematic uncertainties on background estimates expressed in percentages
relative to the total expected background (except the top three rows expressed in total event yields). Here the uncertainties
on the Jet Energy Scale have been grouped together for better readability, as well as these on the electron and muon
reconstruction, which are small. The total uncertainties are obtained by summing the individual ones in quadrature but it
is not the case after the fitting procedure due to the correlations.

Uncertainty CRT CRW VRA VRB SRAsb SRBsb SRAh SRBh
Total background expectation 547.96 1703.17 830.35 241.95 11.23 7.79 4.98 2.24
Total statistical (y/Nexp) +23.41 +41.27 +28.82 +15.55 +3.35 +2.79 +2.23 +1.50
Total background systematic +101.78 +90.93 +71.49 +25.62 +3.27 +2.00 +1.69 +0.94
Total relative uncertainty (in %) 18.57 5.34 8.61 10.59 29.12 25.72 33.92 42.04
Pile-up 0.11 0.07 0.32 0.23 2.05 1.28 2.81 2.68
Luminosity 0.11 0.31 0.30 0.47 0.53 1.28 0.80 1.34
Jet Energy Scale 8.68 2.17 4.85 1.25 6.86 4.49 11.85 20.09
Jet Energy Resolution 0.23 0.00 0.43 0.95 1.69 0.39 2.21 8.04
Jet Vertex Fraction 1.14 0.59 0.43 0.08 0.80 0.26 0.60 0.89
Jet b-tagging efficiency 2.20 0.46 2.27 0.91 1.51 3.34 1.41 2.68
Jet c-tagging efficiency 0.04 0.36 1.96 5.62 5.08 2.95 5.82 4.02
Electron reconstruction 0.52 0.18 0.43 0.48 1.34 1.41 3.21 3.13
Muon reconstruction 0.14 0.09 0.11 0.14 0.62 1.67 1.20 0.89
Emiss Soft Scale 0.36 0.49 0.23 0.76 3.29 1.80 3.61 3.13
Effniss Resolution 0.02 0.04 0.16 0.17 1.42 0.51 2.41 2.68

701
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Chapter 8

Test statistic and interpretation of

results

To conclude whether the supersymmetric scenario postulated in this search is likely to
occur in nature or not, the observed data are compared to the background and signal
predictions. The level of compatibility between the observed data and a hypothesis —
the absence or presence of SUSY signal — is quantified; results are derived through
several fitting procedures as part of a frequentist likelihood-based approach. This
chapter first introduces the statistical method used by ATLAS SUSY searches. The
results of the background-only fit, which adjusts the main Monte Carlo backgrounds
to the data, are disclosed. Then the model-independent and model-dependent inter-
pretations of the results obtained from exclusion fits are presented. The exclusion
contours of the published analysis (Chapter [5)) are compared with the ones produced
using the corrected di-jet mass mgp™ (Chapter @ Finally the results from the combi-
nation with the analyses targeting the other decay modes of the Higgs boson, h — vy
and h — W, will be given and discussed.

8.1 Statistical analysis

The goal of a statistical analysis is to state, from a dataset, the likelihood on its

outcome given a model. In a frequentist approach, the key variable is the p-value.
The p-value measures the significance of a deviation between the predicted yields

and the observed event count from the data, always under a given hypothesis. This

deviation can be an excess of data events above the background prediction (possible
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discovery) or insufficient data events reaching the background+signal yields (possible
signal model exclusion). In other words, it states how frequent such a deviation
in the observed data from the prediction would occur if there were a collection of
ATLAS detectors repeating the same experiment, assuming only the background (or
the background+signal in a context of signal exclusion) contributes to the predicted
yields.

The computation of a p-value requires several steps that are listed in the next

subsections.

8.1.1 Parametrization of inputs

The input ingredients that serve to parametrize the dataset are event yields, usually
presented as histograms of a kinematic variable. In the context of the 1/ + 2b-jets +
EXiss gearch, these histograms are the distributions of the discriminating variable
my,. These distributions are each divided into bins of equal width Amyg, = 30 GeV
(as explained in Section ). In total the distributions form a collection of 18 bins in
the control regions (five in CRT, five in CRW, four in SRAsb and four in SRBsb)
and two single-bin signal regions (SRAh and SRBh). For each bin i, the information

available is:

e the observed event count n¢™ in the data,

e the expected number of signal events s;,

e the total expected number of events b, from all background sub-processes,

e the systematics uncertainties on the signal and the background, @, and 8,,
respectively. They are represented as a vector of all the different theoretical
and experimental systematics that can be applied on either the signal, the

background or both.

p

For each bin ¢, the expected number of events n;" can be parametrized in the

following way (ignoring the systematics contribution for now):

XP — HUS; + bi, (81)

i =

n

where p is the parameter of interest. It represents the signal strength: u = 0 corre-
sponds to the null hypothesis where the signal is absent, whereas p = 1 refers to the

hypothesis of the presence of the considered signal at the expected cross section.
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Equation gives the mean number of events for only one bin. The information
on the shape of the histograms, that is to say the correlations across bins in the my,

distributions, is modelled through a probability density function:

Si = Stot . 'fs(x; 0,) dx b; = byot g 4fb<x§ 0,) dx, (8.2)
where fs(z;05) and fi,(z;6,) are the probability density functions of the variable myy,
(written x here for more readability) for the signal and the background, respectively.
The quantities sy and by are the total expected mean numbers of signal and back-
ground events. The parameters 8, and @, characterize the shapes of the probability
density functions.

The number of events for background and signal predictions is assumed to follow

obs
)

Poisson statistics. The probability of observing, in the bin 7, n¢™ events given the

(1) is Pois (ng™[n™ (u)).

exp
%

model prediction n

8.1.2 Likelihood function

The numerous input parameters are encapsulated in a function summarizing in a sin-
gle value all available information about the dataset: the likelihood function L(u, @).
It is the probability of the observed data, given the model parameters (that are here
the assumed signal strength p and ). The general form of the likelihood function,

obs

conditioned by the set of observed event counts n°” in the N bins, is a product of

Poisson probabilities:
N
L(p, 0|n>) = [ [ Pois(n™ [ nf"® (11, 0)) x Coyet(6°,6) (8.3)

where 8 = (05, 0y, byot) includes the expected number of background events and all the
systematics that impact the total predicted number of events n;*. The left product
runs over all regions of the phase-space (here all the N bins), while the right term

relates to the modelling of the systematics, which is clarified in the next subsection.

8.1.3 Treatment of systematic uncertainties

Each systematic uncertainty u is described as a nuisance parameter #,. The values

of each 6, are allowed to vary around the corresponding measured values 6°. These
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central values 6% are obtained by subsidiary measurements, detailed in Chapter .
The probability density function for the nuisance parameters are typically modelled
by Gaussians of unit width, such that 6, = £1 translates to a variation of 10 around
the central value 6°. Csyst(ao, 0) represents the probability that the nuisance param-
eters take on particular value . Assuming the nuisance parameters are independent,
C’Syst(HO, 0) is simply the product of the individual probability distributions — obtained

by the auxiliary measurements — of the N, considered systematic uncertainties:
Ny,
Cyst(0°,0) = T] G(65 — 6.,). (8.4)

These probabilities are included in the product of the likelihood function, constraining
the nuisance parameters in the likelihood maximization procedure, which is presented
in the next section. With this formulation, if the measurements do not match the
Monte Carlo predictions, the background normalization factor by, as well as the

systematic uncertainties @ can accommodate the deviations.

8.1.4 The CL; method

The likelihood function conveniently encapsulates in one number the agreement be-
tween data and the predicted yields, for a hypothesized value of u. It can actually
serve as a test statistic. The prescription followed by ATLAS and CMS is a test
based on a profile log-likelihood ratio (LLR) [90]. A general formulation] of the test
statistic for one hypothesized signal strength p is defined as:

G — —21n<—A;), (8.5)

where /i and @ maximize the likelihood function in the denominator, and é(u) max-
imizes L for the specified value of u. This ratio thus tests a hypothesized p against
i1, the maximum likelihood estimator of u. If the tested p is very different from fi,
i.e. the data are incompatible with the hypothesis, then g, will take large values, as

the denominator gets much greater than the numerator from the maximization of

A~

L(f1,0(p))-

LA more detailed definition of this test depending on the ranges of u and j will be given in

Section m
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The p-value is calculated using a distribution of the test statistic: f(q, |y, @(n)).
The evaluation of this probability density function is reviewed later in Section [8.3.1]
From this test statistic, two p-values are defined. The p-value of the signal+background
s+b hypothesiﬂ is defined as the probability to find a value of ¢4y, with equal or

greater than (i.e. with equal or lesser compatibility with) the s + b model relative to
bs
¢

Py =Pla2 ¢ [s+b) = | flals +b)d, (8.6)
qO S
where ¢°P is the observed value obtained from the experimental data. The pj for the

alternate background-only hypothesis is:

obs

= Plg < ¢ b) = /_ f(qlb)dg =1 — N f(qlb)dq. (8.7)

q

To exclude a signal model, the ATLAS Collaboration follows the CL4 method [91],

which uses a modified version of the p-value:

CLS _ Ds+b _ CLs+b’
1-— Po CLb

(8.8)

where CL,,, and CL, are the confidence levels for the signal4+background and back-
ground hypotheses, respectively. A signal model is regarded as excluded at a confi-
dence level (CL) of 1 — « if one finds CL; < «, where « is usually set to 5%.

This definition prevents the spurious exclusion of signal for which the analysis
has no sensitivity (when s < b). In the case of a downward fluctuation of the data

obs

where n°> < b, there is greater incompatibility with respect to the signal+background
hypothesis, hence p,,, becomes small. The model could be erroneously excluded if
only p,p, was assessed. This is avoided with the CLg method because, in this situation,
the denominator 1 — p, becomes small to penalize ps,;, and thus the final value of CL;

is increased.

2The signal+background hypothesis corresponds to the case u = 1 while the background-only
hypothesis is for ;4 = 0. The reason behind this change of writing is to comply with usual notation
in the literature, as well as not to confuse p, with pg, the former being assessed in an exclusion fit
configuration while the latter commonly refers to a discovery p-value, established with a different
test statistic [90].
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8.2 Background validation

As a first step, the predictions of the simulated background processes are adjusted to
the data.

8.2.1 Background-only fit

The signal component is removed from the likelihood function in Equation and
a “background-only” fit is performed. The free parameters of the fit are the normal-
ization factors g7 and ppsjers of the main backgrounds t¢ and W+ jets, respectively.
They are constrained by the number of observed events in the control regions (CRs)
and signal region (SR) sidebands.ﬁ The nuisance parameters 6 are also varied such
as to maximize the likelihood function.

The normalization factors of p;; and ppzjers given by the fit serve to coherently
extrapolate the background predictions from the CRs to the VRs and then to the
SRs. The modelling of systematic uncertainties in the likelihood leads to an error
propagation that takes into account the correlations between the different systematic
uncertainties.

The background-only fit, as well as the limit-setting procedure, is performed using

the HISTFITTER package [92].

8.2.2 Results

The results of the blinded fit are presented in Table 8.1} the estimated Monte Carlo
predictions and fitted yields are shown for the main backgrounds, along with the
extrapolated predictions in the SRAh and SRBh bins.

3 At first, only the eight my, sideband bins of the SRs and the ten my, bins of the CRs are con-
sidered, as part of a “blinded” fit configuration. Once a satisfactory agreement is found between the
normalized background predictions and the observed data in the validation regions, the background
predictions are further extrapolated to the SRs and an “unblinded” fit is performed including the
two remaining bins of the signal regions SRAh and SRBh.



Table 8.1: Expected yields from the Monte Carlo simulation before and after the blinded background-only fit. “Single top”
merges the contributions of s-; - and Wt-channels. Negligible backgrounds are grouped into “Others” and include Z+jets,
Z H and W H. The errors shown are the quadratic sum of the statistical and systematic uncertainties.

Yields in regions CRT CRW SR Asb SRBsb VRA VRB SRAhQ SRBh
Observed events 651 1547 14 10 885 235 4 3
MC yields after fit 642.0 £ 24.9 1558.0 4 38.7 13.1+24 8.8+1.7 880.4 4+ 85.5 245.2 £17.2 6.0+1.3 2.8+0.8
tt 607.3 £25.3 676.6 £ 56.9 8.0+24 3.1+14 684.8 £+ 85.6 141.0+17.9 3.8+1.2 1.44+0.7
W+ jets 11.1+1.6 693.8 = 59.8 2.7£0.5 1.74+0.3 99.24+11.9 62.24+84 0.6 +£0.3 0.240.1
Single top 19.5+3.5 111.5 +£13.8 1.9+ 0.6 25+1.1 80.0 = 9.6 272+ 3.8 1.3+04 0.7+04
Diboson 23+04 64.44+7.7 0.3+0.1 1.1+0.2 102+1.5 9.0+1.0 0.0+0.0 0.2+0.0
Others 1.8+0.3 11.74+1.0 0.2+0.0 04+0.1 6.3+ 0.6 584+0.5 0.3+0.0 0.2+0.1
MC yields before fit 548.0 £ 101.8 1703.2 £ 90.9 11.24+3.3 7.84+2.0 830.4+£71.5 242.0 + 25.6 50+1.7 22409
tt 511.7 = 101.0 636.6 == 93.5 5.8+3.1 20+1.6 617.2 +£61.0 124.9 + 23.8 2.8+1.5 0.94+0.8
W+ jets 13.7+1.6 880.5+ 2.6 3.24+0.6 22+04 123.04+£9.2 76.6 £ 7.7 0.7+04 0.3+0.2
Single top 18.7+ 3.8 111.6 &= 15.1 1.74+0.6 21+1.1 74.9+13.8 26.2 +4.1 1.2+04 0.6+0.4
Diboson 2.1+0.5 62.8 £ 8.7 0.4+0.2 1.1+0.2 94 +2.0 87+1.2 0.0 £0.0 0.24+0.1
Others 1.9+0.3 11.6+1.2 0.2+0.1 04+0.1 6.0+0.7 5.6+ 0.6 0.3+0.1 0.2+0.1

111
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The normalization factors are found to be 1.03 4= 0.15 for ¢ and 0.79 4= 0.07 for
W + jets, where the errors include statistical and systematic uncertainties. These
factors are negatively correlated due to the CRs’ composition: while CRT is highly
dominated by tt events, CRW is evenly populated by ¢t and W + jets events. If
the normalization of tf increases, the normalization of W+ jets thus decreases, and
inversely. As a consequence, the uncertainties on individual background sources do
not add up quadratically to the uncertainty on the total SM expectation.

The W+ jets normalization factor differs from unity and this can be explained
by the limited accuracy of the Monte Carlo generator, which only includes NLO
contributions. However the shapes of the W+ jets distributions agree well with data
in the validation regions.

As a reminder and for better visualization, the map of CRs, VRs, and SRs in the
mr—mcr plane shown in Chapter |5 is displayed here in Figure [8.1] Table lists
the combination of regions used to validate the extrapolation, i.e. where the resulting
region covers the full range of the considered variable. Figures B.3] and
show the event distributions of the main kinematic variables, which are extrapolated

in these merged regions.

: sb h sb . Table 8.2: Extrapolation regions for each
( Er>100Gev 1 1 1 I | my, (GeV) | . . . .
N,=2,n72-3 45 75 105 135 165 195 / kinematic variables defining the CRs,
Mer VRs and SRs.
(GeV)
VRB SRA SRB
Variable Regions of extrapolation
CRW n =1, n.=2
160 : VRA+VRB
megr CRT+SRAsb+SRBsb
VRA CRT CRT+SRAh+SRBh
100 VRA+CRT
40 100 130 m, (GeV) mr VRB+SRAsb+SRBsb
VRB+SRAh+SRBh
Figure S.l: Control, Vf.ihdatlon and sig- VRA+VRB
nal regions as a function of my, mcr, Mpp SRA-LSRB
the signal jet and b-tagged jet multiplic-
. : o0 : - SRA*+SRB*
ities. More information in text and in n . b
. * without the cut: nbJet = 2,
Section @

Additional tables and figures with more details on the blinded and unblinded
background-only fits are provided in Appendix [C|

The same procedure has been performed on the analysis with the corrected di-jet
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(a) mer distribution in VRA+VRB. (b) mr distribution in VRA+CRT.

Figure 8.2: Distributions of mcr (left) and mr (right) in VRA+VRB and VRA+CRT
respectively after the background-only fit. The rightmost bin includes overflow. The
hashed areas accounts for all MC uncertainties. The distribution of the signal point
m(¥Ex9, ¥Y) = (250,0) GeV from the simplified model grid is overlaid on the back-
ground histograms (not stacked).

mass mgy"™ that includes the energy of removed in-jet muons (Chapter @ The fit
results are comparable to the published version of the search. The normalization
factors calculated using mgy;"™ as discriminating Variableﬁ are pg" = 1.03 +0.15 and
HWivers = 0.84 £ 0.07. The yield tables, event distributions and further information
about the background-only fit using mgy™ can be found in Appendix [C| In both sce-
narios, with my, or mgp"™, the numbers of observed event count in the data agree with
the fitted background yields in the signal regions. As no excess above the Standard
Model prediction is found in the data, exclusion limits are derived, as presented in

the next section.

“When m$™ is used as discriminating variable, the regions are defined using m$S™ and mgeLr

instead of my, and mcr.
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Figure 8.3: Distributions after the background-only fit of mcr (left) and my (right)
extrapolated from the CRs/VRs to the SRs in merged regions defined in Table .
The rightmost bin includes overflow. The hashed areas accounts for all MC uncer-
tainties. The distribution of the signal point m(Xix3, X1) = (250,0) GeV from the
simplified model grid is overlaid on the background histograms (not stacked). The
vertical black arrows indicate the boundaries of the signal regions.
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Figure 8.4: Distributions of my, after the background-only fit in the unions of vali-
dation regions VRA+VRB and signal region SRA+SRB for the sideband and signal
bins. The distribution of the signal point m(¥x9, ¥3) = (250,0) GeV from the sim-
plified model grid is overlaid on the background histograms (not stacked).
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Figure 8.5: Distribution of the b-jet multiplicity after the background-only fit in
a region defined by the union of SRAh+SRBh but without the b-jet multiplicity
requirement applied. The rightmost bin after the arrow corresponds to the actual
definition of SRAh+SRBh with n’iet = 2,
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8.3 Result interpretation of the 1£ + 2b-jets 4 Ess
SUSY search

If the observed data are compatible with the Standard Model predictions, the ex-
pected signal from a given SUSY scenario is likely to be excluded. It is then pos-
sible to extract information from the dataset to set limits. These limits are split
into two types. Model-independent limits assess the maximum signal strength of a
non-excludable hypothetical signal, which can be any scenario beyond-the-Standard
Model. Model-dependent limits establish an upper limit on the visible signal cross
section and can restrict the parameter space of a given signal grid by excluding the

masses of the corresponding excluded model points.

8.3.1 Test statistic for exclusion
Definition

To set exclusion limits, the SUSY searches in ATLAS use a profile log-likelihood ratio

as a test statistic. Its expression is given by:

(

L(0,6(0))
- 5 8.9
p —21nL<fL’€(“)> 0< i< (8.9)
L(f,6(p))
L0 > .

As it was stated in Section [8.1.4] the variable g, measures the incompatibility between
the observed data and the hypothesis of a signal of strength p. Since there cannot
be any interference between the Standard Model and the new physics states, the
presence of a signal would translate into an excess of data events above the background
prediction in an experiment such as ATLAS. Thus, a negative parameter i would not
be physical here. If i is found to be below zero while maximizing L( ﬂ,é(u) ), its
value is truncated to zero in the denominator of the likelihood ratio. In case of an
upward fluctuation of the observed event count such that n°™ > b+ us, the data
becomes then compatible with the signal hypothesis. For setting exclusion limits,
this configuration is not considered — since g, is defined to measure incompatibility

with the signal hypothesis — therefore g, is set to zero.
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The remaining subsections detail the two different types of upper limits and their

derivation methods.

Upper limits on the number of beyond-the-SM signal events

ATLAS searches typically set an upper limit on the number of events beyond the
expected SM prediction in each signal region. The purpose is to calculate, using
several values of g, the largest value of ;1 for which CL; > 0.05, ¢.e. the largest possible
signal strength u that, given the data, would not be excluded at 95% CL. The fitting
procedure is often referred to as a model-independent fit because no assumption,

apart from the free parameter p, is made on the signal.

Exclusion limits on model parameters

The same test statistic defined in Equation is performed on each model point of a
specific signal grid, assuming the p = 1 hypothesis. Exclusion regions in the parame-
ter space of the signal grid can be defined if some model points become excluded. It
is also possible to set upper limits on the signal cross section of the model for a given

range of superpartner masses.

Upper limits evaluation

To evaluate these limits, the distribution f(g,|x) needs to be determined for p = 0,
1 = 1 and other tested values of . None of these are known analytically. To build the
probability density functions of f(g,|u), a first possibility is to generate with random
numbers Monte Carlo “pseudo-experiments”. A pseudo-experiment represents an
expected possible outcome if the experiment were repeated. As the maximization of
the profile log-likelihood ratio involves numerous fitting procedures to find i, 6 and
é, the computation of g, for each pseudo-experiment is very CPU intensive.

A second possibility is to use the asymptotic behaviour of the log-likelihood ratio.
The test statistics are cleverly constructed to be approximated with known distribu-
tions when the data sample size is large: in the asymptotic regime, the log-likelihood
ratio follows a Gaussian whose parameters can be extracted using the covariance ma-
trix of the @ estimators. The probability density function f(g,|r) becomes then a
non-central y? distribution. With this important results [93,94], pseudo-experiments

are no more needed to compute the p-values. Nevertheless, the limits derived with
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the asymptotic approximation are usually validated by comparing with the results

obtained using a limited number of pseudo-experiments.

8.3.2 Model-independent upper limits

The upper limits are calculated for each signal region SRAh and SRBh independently.
Since a multi-bin signal region supposes the knowledge of the signal shape spreading
over these bins, the signal regions considered for this model-independent fit are con-
structed as single-bin regions. The fit uses all the CRs, which are considered free of
signal contamination. The parameter p of this fit corresponds to a “dummy signal”
prediction.

The fit result gives the largest signal strength p for which CLg > 0.05 using the
CL, prescription. This is interpreted as the 95% CL upper limit on the number of
beyond-the-SM signal events, written S . In other words, it is the maximum yield
of a hypothetical signal that, given the data and the background prediction from the
SM, would not be excluded.

It is sometimes more convenient to present results in terms of cross section. The
yield S%. can be translated into a visible cross section, <Jvis>2f)s, by dividing it by the
integrated luminosity. It is called visible cross section because it is estimated from
a yield a posteriori. For a signal model with a cross section o, only a fraction A,
the acceptanceﬂ of the predicted events will pass the fiducial cuts of the model. The

remaining event number is further reduced by the ATLAS detector reconstruction and

95

obs = 0 X A x €, thus includes

trigger efficiencies, e. The visible cross section, (o)
these event losses. The ATLAS Collaboration provides, for each published analysis,
the acceptances and efficiencies for the tested signal grids, in order to help theorists
reinterpreting the data with their models.

Table [8.3] summarizes, for SRAh and SRBh, the expected and observed num-
bers of events along with the associated upper limits, calculated with 10000 pseudo-
experiments and the asymptotic approximation. It lists the observed 95% CL upper
limits (o), and S%_ on the visible cross section and number of signal events, re-

which is the limit that would

have been obtained if the number of observed events was exactly matching the back-

spectively. It also gives the expected upper limit S,

ground prediction. This quantity represents the expected performance of the analysis.

5The acceptance is defined as the fraction of events passing the geometric and kinematic selections
at particle level.
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The value is given with the £10 excursions of the expectation. The ATLAS Collab-
oration also provides the observed confidence level of the background, CL,, in the
context of exclusion and the discovery p-value, py, obtained using a discovery test
statistic [90].

Table 8.3: Expected (Nex,) and observed (Nyus) number of events in each signal
bin SRAh and SRBh, 95% CL upper limits on the number of expected (52 ) and

exp
observed signal events (S%.), and the visible cross section (oy)or . The confidence
level observed for the background-only hypothesis (CL;) and the discovery p-value

(po), truncated at 0.5 are also provided [53].

SR Nexp Ngps ~ Method S S (ovis)os D] CLy,  po
Pseudo-exp. 6.3726 56 0.27 0.27  0.50
SRAh 5.694+1.10 4 SeUAomexp 1.3
Asymptotics  6.3735 5.3 0.26 0.28  0.50
Pseudo-exp. 5.1722 56 0.28 0.61 0.43
SRBL 2.67+069 3 seudomexp 1.2
Asymptotics  5.172¢ 55 0.27 0.56  0.43

8.3.3 Model-dependent limits

This section presents the exclusion limits for the two signal grids considered in the
1 + 2b-jets + B SUSY search. A model-dependent fit is carried out for each of
the 75 signal points of the simplified model grid. The same procedure is repeated on
each of the 59 signal points of the pMSSM grid as well.

The fit is performed in the CRs and SRs simultaneously. The signal contribution
of the tested model point is taken into account in all regions, including the signal
contamination in the CRs. In this strategy, the signal strength is fixed at © = 1, as
the parameter of interest here is the resulting CLg. If CLg < 0.05, the signal point is
excluded at 95% CL.

It is advantageous to have multiple signal regions in the fit, provided they are
mutually exclusive. This is the case in this analysis: SRA (mr € [100,130] GeV) and
SRB (mt > 130 GeV) do not overlap. Better exclusion sensitivity can be obtained
by performing the model-dependent signal fit on the statistical combination of the

regions.
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The results are usually visualized graphically as an exclusion region on a two-
dimensional plot, where the axes are relevant model parameters. Figure [8.6al shows
the excluded region for the simplified model, where the two free parameters are the
masses of the electroweakinos YT, ¥ — assumed to be mass degenerate — and the
LSP x!. The solid red line, visible for the lowest mass values, indicates the 95%
CL observed limit. Its associated uncertainty bands are the dotted red lines, which
are obtained by performing the same fit with the uncertainties on the theoretical
cross sections varied by +logusY. The blue dashed line corrresponds to the 95%
CL expected limit, whose uncertainty bands in yellow accounts for the experimental
uncertainties £1oey, (all uncertainties listed in Chapter [7| except the ones on the
signal cross section). Both up and down variations are computed.

For electroweakino masses m(X;x5) above 180 GeV, an upper fluctuation of the
data event count in SRh puts the expected limit above the observed one. In the region
around m(XTx9) = 240 GeV, the expected exclusion is driven by SRBh, which targets
large mass splittings between ¥ /X3 and the LSP {9. At low electroweakino masses,
where m(Y7X9) is below 140 GeV, the presence of an observed exclusion contour is
mostly due to the sensitivity in SRAh, which addresses scenarios with small mass
splittings. The published analysis is able to exclude one signal point in this region,
m(¥x9, %)) = (130,0) GeV, the observed CL, being 0.025. Figure shows the
upper limits on the signal cross section normalized by the simplified model prediction,
o /oSUSY | for several values of m(YFx9) and a massless LSP.

Figure is the new exclusion region obtained using the b-jet momentum correc-
tion, detailed in Chapter 6l The fit is performed as in the published version, but the
CRs and SRs are defined with the discriminating variables mg ™ and m&y', the former
being the fitted variable. The signal maps displaying the discovery significances in
Figure [6.4] showed an increase of the expected exclusion potential, with respect to the
Zn values of the analysis done without the b-jet momentum correction. One would
expect a greater exclusion zone; however the observed exclusion contour is reduced in
Figure B.6b] The expected limit is slightly enhanced, but its uncertainty upper band
is also larger. The absence of improvement is partly explained by the final configura-
tion used in the model-dependent fit. Originally, only the central bin of each signal
region was considered, the sidebands SRAsb and SRBsb acted as control regions.
Due to the lack of sensitivity, these sidebands were added as signal regions, the fit
being performed using SRA and SRB with the full my, range (45 to 195 GeV). Also,

the large bin width of 30 GeV increases the risk of having extra data events caused
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by an upper fluctuation. Nevertheless, the exclusion range is similar to the one of
the published analysis; the version with mg™ excludes the signal point m/(x7 X9, ¥})
= (130,0) GeV. Additional plots showing the exclusion contours are shown in Ap-
pendix [C} the corresponding expected and observed CLg values are displayed for each

signal point.
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(a) Fit performed with mg;, (published version). (b) Fit performed with mgp™.

Figure 8.6: Exclusion regions in the m(¥7, ¥3) — m(X}) plane in the simplified model
for the published analysis and the version with corrected di-jet mass mgp*™. The 95%
CL observed limit is given by the solid red line. The dotted red lines indicate the
observed limits that would have be obtained after varying the theoretical signal cross
sections by ilcrtsﬁégg,. The 95% CL expected limit is shown as a blue dashed line
and the yellow bands around it mark the £1oe, uncertainty, which account for all

uncertainties except the ones on signal cross section.

Limits in the context of the pMSSM have also been derived. The pMSSM signal
grid considered was presented in Section [5.2.2] with fixed parameters tan 8 = 10 and
M, = 50 GeV. Figure 8.8a|shows the model-dependent fit results in the p — M, plane.
Very similar results are obtained with the search using mj;™; the corresponding exclu-
sion region is shown in Appendix [C], along with additional plots where the observed
and expected CL; are indicated.

Figure shows the upper limits on the normalized signal cross section o /o5USY
for several values of M, and a fixed pMSSM parameter p = 3000 GeV. The analysis
has sensitivity when |u| > My, M;. The chargino i and neutralino Yy are thus

wino-like and quasi-degenerate, while x{ is mostly bino-like. This corresponds to the
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Figure 8.7: Upper limits on the signal cross section normalized to the SUSY model
prediction, o/a5YSY in the simplified model (top) and pMSSM (bottom). The 95%
CL observed limit is given by the solid red line. The dotted red lines indicate the
observed limits that would have be obtained after varying the theoretical signal cross
sections by +10°USY. The 95% CL expected limit is shown as a blue dashed line and
the yellow uncertainty bands account for all experimental uncertainties except the
ones on signal cross section.
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scenario considered in the simplified model. In this region of the parameter space,

the decay x5 — hx! is enhanced, with a large branching ratio of 97%.
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Figure 8.8: Exclusion regions of the 1+ 2b-jets+ EX search (left) and the combined
searches for 2- and 3-leptons (right) for the same pMSSM model grid.

The search is not able to exclude any point in the pMSSM grid. This is not
surprising given the high value of M; (50 GeV), leading to ¥ masses of the same order;
the analysis was optimized for the simplified model with a massless LSP. However
the expected exclusion region in Figure nicely completes the 2-lepton and
3-lepton searches for large 1. The combined exclusion limits of these two analyses
for the same pMSSM grid are shown in Figure [8.8b]

8.4 Results of the combined search

The present analysis looks for direct pair production of ¥i and YJ decaying to the
125 GeV Higgs boson via the bb channel only. Two parallel ATLAS searches target
the Higgs boson decay modes h — ~y and h — WW. The latter scenario refers
to a search with two same sign leptons (/£¢*) in the final states, with main signal
contribution due to h — WW. A third analysis, looking for electroweakino pair-
production processes leading to three leptons in the final states , includes a Wh-
mediated simplified model in its results interpretation (3¢-Wh). Figure[8.9 shows the
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diagrams of the W h-mediated SUSY decay cascades corresponding to these searches.

<0
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¢

(a) ¢y~ channel. (b) £%¢* channel. (¢c) 3¢-Wh channel.

Figure 8.9: Diagrams of the scenarios targeted by three other electroweak SUSY
searches in ATLAS: the one lepton and two photon channel (¢v7), the same-sign
dilepton channel (¢*¢*) and the W h-mediated trilepton channel (3¢-Wh).

The signal regions of the four analyses (£bb, £y7y, (¢ and 3(-Wh) are mutually
exclusive; no signal event is present in more than one SR. These SRs are all fitted
simultaneously, taking into account correlated experimental and theoretical system-
atic uncertainties as common nuisance parameters across analyses. Figure|8.10|shows
the 95% CL upper limits on the signal cross section o, normalized by the simplified

model prediction o5"SY

, assuming the LSP is massless, m(x9) = 0.

The ¢bb channel represents the Higgs most frequent decay mode, with a branching
ratio of 58%. Yet this analysis alone excludes only a small range of the YY) masses
in the context of the simplified model. However Figure [8.10] indicates that for masses
of XiX3 greater than 180 GeV, the £bb channel is the most sensitive analysis, pre-
dominantly contributing to the global exclusion. With the four analyses combined,
degenerate electroweakino masses m(X;, X9) up to 250 GeV are excluded at 95% CL
for a massless V.

Figure [8.11] shows the observed exclusion contour for all individual analyses and
the combined exclusion region, with the observed and expected 95% CL limits of the

combination.
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Figure 8.10: Observed 95% CL upper limits on the signal cross section o, normalized
by the simplified model prediction o5, for the individual analyses £bb, vy, (F(*
and 3(-Wh, as a function of m(YFx9), for m(x}) = 0. The observed (solid red line)
and expected (dashed blue line) 95% CL upper limits correspond to the combination
of the results from the four analyses. The dash-dotted red lines are the up and
down observed limit if the SUSY signal cross sections were varied by their theoretical
ilaﬁ}igg uncertainties. The yellow bands are the experimental uncertainties ey
(theoretical cross section uncertainties are removed) associated with the expected
limit.



126

40

20

;‘ 140 T T | T T T T T T T T | T T T T | T T T T
8 i ATLAS =——— Observed limit (=1 oﬁz:;) ]
— N 4 Expected limit (x10,,;) ]|
3¢ 120~ {s =8 TeV, 20.3 fb . i

e 3¢ observed limit

- Combination —— {¢*¢* observed limit i
100~ T - WER hy  — (yyobserved limit
1772 1 1 Lo _
L. = MLo ¢bbobserved limit ]
80 X A All limits at 95% CL —
& ' ]
Lo _
%0 & .
. !/— \\ -

‘III|III|III|III|II
0

: PN BT
150 200 250 300 350
m, _. [GeV]

Ky Xy

Figure 8.11: Exclusion regions in the m(¥7, ¥3) —m(x}) plane in the simplified model
after combination of the analysis results in the £bb, £y7y, {*¢* and 3¢ channels. The
95% CL observed limit is given by the solid red line. The dotted red lines indicate
the observed limits that would be obtained after varying the theoretical signal cross
sections by floguey. The 95% CL expected limit is shown as a blue dashed line
and the yellow bands around it mark the 1o, uncertainty, which account for all
uncertainties except the ones on signal cross section.
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Chapter 9

Interpretations in

phenomenological MSSM

The analysis described in this dissertation has been reinterpreted, along with 22
other ATLAS Supersymmetry searches, in the context of many possible SUSY sce-
narios coming from a large scan of the phenomenological Minimal Supersymmetric
Standard Model (pMSSM). This chapter presents this summary work, whose resulting
publication [97] offers the most comprehensive assessment of the ATLAS constraints

on Supersymmetry models to date.

9.1 Context

9.1.1 Goals

After the LHC Run 1 data collection, the ATLAS experiment performed more than
fifty searches for Supersymmetry. As no significant excess has been observed, exclu-
sion limits on the masses of the sought superpartners have been derived. Most of the
results have been interpreted using simplified models, which represent the ideal sce-
nario where the relevant SUSY production and decay chain are fixed. More realistic
models were considered, such as the pMSSM. However, a very restricted subset of its
parameter space was explored, since only two or three parameters were varied and
all others were fixed in order to favour the SUSY process in question. To see the full

impact of ATLAS searches on R-parity-conserving Supersymmetry, 22 analyses have
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been reinterpreted using a large set of more than 300,000 pMSSM model points]T]
On top of exploring the sensitivity of the combined set of ATLAS SUSY searches,
this summary work demonstrates the overlap and complementarity between different
analyses and shows how light the various SUSY particles can be outside simplified
models. After detailing the sampling procedure, the strategy to categorize all model
points will be reviewed, before concluding on the effects of the ATLAS searches on
the scanned pMSSM.

9.1.2 ATLAS searches

The 22 ATLAS analyses used for this summary project are classified into four broad

categories, depending on the targeted scenario.

e Inclusive searches are those primarily targeting decays, including cascade de-
cays, initiated by production of squarks of the first two generations or gluinos.

e Third-generation searches are those targeted particularly at the production
of top squarks ¢ and bottom squarks b.

e Electroweak SUSY targets the direct production of electroweakinos and slep-
tons.

e “Others” refers to the searches of heavy, long-lived particles and heavy Higgs

bosons.

This categorisation helps interpreting the type of sparticles a given analysis might
be sensitive to. In total, almost 200 distinct signal regions are considered. The
analysis of this dissertation belongs to the electroweak group and is referred to as
¢h in the publication and in this chapter as well for consistency. The ¢ refers to
the sought lepton (electron or muon) in the final states and h designates the lightest

supersymmetric Higgs boson produced in the SUSY decay cascade.

9.2 Sampling the pMSSM parameter space

This section explains the generation of the pMSSM model points and their selection,

which depends on theoretical, experimental and indirect constraints.

LA specific set of the 19 parameters of the pMSSM is referred to as a model point in parameter
space.
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Table 9.1: Scan ranges used for each of the 19 pMSSM parameters. Where the
parameter is written with a modulus sign both the positive and negative values are
permitted. LH and RH refers to as left-handed and right-handed respectively.

Parameter Definition Min value  Max value
M1z = Mp.2 LH slepton masses of first two generations 90 GeV 4 TeV
map. RH slepton masses of first two generations 90 GeV 4 TeV
My = Mg LH slepton masses of third generation 90 GeV 4 TeV
Mg RH slepton masses of third generation 90 GeV 4 TeV
MLz = Mg LH squark masses of first two generations 200 GeV 4 TeV
M2 RH up-type squark masses of first two generations 200 GeV 4 TeV
ma.2 RH down-type squark masses of first two generations 200 GeV 4 TeV
Mgy = Mg LH squark masses of third generation 200 GeV 4 TeV
M3, RH up-type squark masses of third generation 200 GeV 4 TeV
mg RH down-type squark masses of third generation 200 GeV 4 TeV
| M| Bino mass parameter 0 GeV 4 TeV
| M| Wino mass parameter 70 GeV 4 TeV
|| Bilinear Higgs mass parameter 80 GeV 4 TeV
| M| Gluino mass parameter 200 GeV 4 TeV
| Ay Trilinear top coupling 0 GeV 8 TeV
| Ap| Trilinear bottom coupling 0 GeV 4 TeV
|A;] Trilinear tau lepton coupling 0 GeV 4 TeV
|M4| Pseudoscalar Higgs boson mass 100 GeV 4 TeV
tan Ratio of the Higgs vacuum expectation values 1 60

9.2.1 Model point generation

The pMSSM studied in this work verifies the assumptions listed in Chapter [2| and
hence has 19 parameters. This reduced dimensionality is still too large to allow for
a grid sampling technique at regular intervals. The parameter space is therefore
sampled by taking random values for each parameter, chosen from a flat probability
distribution. The lower and upper bounds of each parameters are given in Table [9.1]
The lower bounds are defined to avoid experimental constraints whereas the upper
limits are al]E] set at 4 TeV. This maximum value ensures a high density of model points
where all states are kinematically accessible at the LHC. Once the 19 parameters are
chosen, software packages calculate the mass spectrum (SoftSUSY) and the sparticle

decays (SUSY-HIT).

2A larger range is permitted for |A4;| as it increases the fraction of model points having the mass
of the lightest Higgs boson close to the measured value.
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9.2.2 Indirect constraints

The theoretically consistent models are further required to satisfy experimental con-

straints summarized as follow:

Precision electroweak and flavor constraints

Among the calculated model properties are the relevant observables in precision
electroweak and flavor physics, such as the Ap parameter, the branching ratios
BR(b — s7v), BR(Bs — ptp~) and the SUSY contribution to the anomalous magnetic
moment of the muon A(g — 2),. Models are discarded if the computed values does
not fall within an interval — or union of intervals — around the theoretical prediction

and the experimental measurement(s) (usually 20).

Dark matter constraints

Since R-parity is conserved, the LSP is stable and therefore has a non-zero cosmo-
logical abundance. Albeit a good candidate for dark matter, it may not be its sole
constituent. Hence the LSP abundance should remain under the observed central
value plus 20 of the total dark matter abundance, measured by the Planck collabo-
ration.

Dark matter direct detection experiments provide upper limits on the spin-independent
and spin-dependent cross sections for the interaction of a neutralino with a nucleus.
These upper limits assume the LSP makes up all the dark matter. As stated before,
the LSP can contribute partially to the dark matter density. These cross sections
are thus scaled down by the ratio of the LSP abundance to the total dark matter

abundance.

Collider constraints

The combined LEP searches assign constraints on the Z boson width (< 2 MeV)
and on sparticle’s minimum mass (> 200 GeV for 1% and 2"¢ generation squarks,
> 100 GeV for all others). The lightest Higgs boson mass is required to lie in the
range 124 to 128 GeV. It has been shown that the sensitivity of the SUSY searches

does not depend measurably on the value of the Higgs mass inside this interval.
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9.2.3 Importance of sampling by LSP type

As seen in Chapter [2 the neutralinos are mass eigenstates coming from the mix-
ture of the wino W, the Higgsinos H and the bino B. The LSP, assumed to be the
lightest neutralino y?, is said to be bino-like, wino-like or Higgsino-like if the corre-
sponding component in the mixing matrix is dominant. The produced models assume
that R-parity is conserved, thus the LSP is stable and its cosmological abundance is
bounded by the dark matter relic density. However the dark matter annihilation
strongly depends on the nature of the LSP. For wino-like and Higgsino-like LSPs,
effective mechanisms of coannihilation reduce the abundance of dark matter. Model
points with a bino-like LSP tend to overproduce dark matter and are therefore more
likely to be discarded during the random scan of parameters. To remedy this under-
sampling of bino-like LSP models, the selection has been performed in such a way
that approximately equal numbers are obtained for each LSP category. The phe-
nomenology of each LSP type can be then explored separately thanks to the large

number of model points in each category.

9.2.4 Properties of model points

In total 500 million model points are sampled randomly within the ranges listed in
Table[9.1] The first 20 million sets, which had a wino-like or Higgsino-like LSP, yield
to 206,917 models verifying the theoretical and experimental constraints stated above.
With a bino-like LSP, the remaining 480 million model points are ultimately giving
103,410 viable models. The numbers of sampled and simulated models, along with
the relative percentage for each LSP category, are listed in Table [9.2]

Figure [9.1| shows the mass distributions for each type of LSP. It can be seen that
there is a large amount of selected model points with m(x9}) < 100 GeV, to which the
¢h analysis detailed in this dissertation can potentially show sensitivity, as the LSP is
assumed to be dominantly bino-like. The high concentration of viable pMSSM model
points in this low-mass range is explained by the possibility to obtain the correct dark
matter relic density through a enhanced pair annihilation via the Z or Higgs boson
poles (called “funnels”, at half the mass of the two gauge bosons). These resonances

can been seen in the inset to Figure [9.1]
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Figure 9.1: Distributions of the LSP masses for
Total 500x 105 310,327

the three LSP types, normalised to unit area.
The bino-like curve is scaled by i.

9.3 Methodology of model evaluation

The goal here is to determine now the sensitivity of the ATLAS searches on each
point, in other words if a given model can be excluded or not for a given analysis.
Simulating, reconstructing all the 310,327 model points and then running the full set
of considered ATLAS searches on each of them would be extremely time and CPU
consuming. A more resource efficient methodology is followed, where the models are
successively preselected, through three consecutive steps, according to their exclusion
potentiality. Only the models that are most likely to be excluded ultimately undergo
the full ATLAS simulated and reconstruction.

9.3.1 Model evaluation steps
Cross section evaluation

The cross section for the different SUSY particle production is computed at LO and
at NLO only if the LO result is above 0.25 fb. As the ATLAS searches exhibit very
different sensitivity depending on the sparticle production, the SUSY processes are

split in four groups: strong, mixed, electroweak and slepton pair productions. If the
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total cross section for a group (or more) is higher than specific thresholds (e.g. 7.5 fb
for electroweak) and if the LSP is lighter than 1 TeV, the corresponding model is kept

for the next step. If not, the model is marked as not excluded.

Truth-level evaluation

A large sample of Monte Carlo events is generated for each of the passing production
mode(s) of the selected models. MADGRAPH is used for the sparticle pair production
while the other sparticle decays and the showering are done by PYTHIAG. The events
are generated at particle-level. This allows for a first estimation of the expected
signal event yield No&, | for each model point and in each signal region SR of a given
analysis. By comparing NSE, to the observed model-independent upper limit in each
analysis signature paper, the models are divided into three categories depending on
their exclusion potentiality: the ones that “certainly will not be excluded”, “certainly
will be excluded” and “potentially excludable” (more details in Section .

Reconstructed-level analysis

Models entering the category “potentially excludable” are simulated at reconstructed-
level (i.e. detector-level) using ATLFAST II. Signal events are generated correspond-
ing to four times the integrated luminosity recorded (i.e. 81.2 fb~1). Exclusion limits
are derived on these inconclusive model points following the CLs method, as previ-
ously done in the original analyses. The results of the exclusion fits give the final

status of the model: excluded or not-excluded.

9.3.2 Categorization of models

The categorization of models is performed at particle-level. For each model point,
the analyses run their event selection and estimate the expected signal event yield
NSR in each signal region SR. This truth-level prediction, by definition, lacks the

inefficiencies coming from the detector-level reconstruction. A single efficiency factor

S’ computed using the simulated signal grids previously used for interpretations,

corrects the ideal truth prediction. The resulting expected signal event yield NSE | x

R is compared to the observed model-independent upper limit, S%_, published in
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Table 9.3: Classification of the pMSSM models according to their exclusion poten-
tiality. The 7% and r§® are model and analysis dependent.

Category 1 Category 2 Category 3
SR < pSR SR < pSR < SR SR > pSR
“Very likely not to be excluded” “Potentially excluded” “Almost certainly excluded”

the individual signature papers. The following ratio is calculated:

FSR Niran ¥ <€SR>' 9.1)
NGE

Ideally, a signal region should be excluding a given model at 95% CL if rS}® > 1.
However the accuracy with which the particle-level evaluation reproduces the results
of a full simulation may significantly vary depending on the model. The classification
is therefore loosened using two bounds 7% and 73R that define three categories, as
shown in Table . In most analyses, % and 75 are set to 0.5 and 2 respectively,
allowing the truth prediction to be a factor 2 off. Yet these values are analysis and
signal region dependent, as it will be seen in the following section, dedicated to the

(h reinterpretation.

9.4 Reinterpretation of £h analysis

The analysis £h considered in the summary work corresponds to the 1£+2b-jets+ EMiss
searchf’| detailed throughout this dissertation. Nothing is changed in the event selec-
tion and signal region definitions with respect to the analysis optimization described
in Chapter [5] This section explains the implementation of the truth-level selection,
its validation towards the assessment of the analysis sensitivity to the model points,
which are subsequently categorized, the potentially excludable model points being

eventually processed at reconstructed-level.

9.4.1 Truth object definition

At particle level, the selection is performed using the following truth object definitions.

3The search has been published [53] with two other searches probing the Higgs decay modes 7y
and WW — qgfv but only the 2b-jets decay channel is considered here.
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Leptons Electrons and muons are identified based on their identification number
in the Monte Carlo particle numbering scheme [4] and should originate from either a
top quark, a SUSY particle, a 7, a W or a Z boson decay. For the three latter cases,
leptons originating from virtual 7, W or Z bosons coming from heavy flavor decays

are vetoed. Truth lepton identification and trigger scale factors are set to 100%.

Jets Truth jets are built using the AntiKt algorithm that is applied on the final

state hadron quadrivectors. The b-tagging efficiencies are all set to 1.

ET““iSS The missing transverse momentum is calculated using the vector sum of non-
interacting stable final-state particles (neutrinos, sneutrinos, and neutralinos), acces-
sible directly in the truth collection. The overlap removal procedure as well as the
truth object requirements on their pr, |n| and multiplicity are performed in the same
manner as for the reconstructed objects. The kinematic variables and selections are

applied identically to the reconstructed analysis.

9.4.2 Signal region efficiencies

The simplified model was used to extract the average signal efficiencies for each signal
region. For this two ingredients are needed: NEI .1 iruth a0 Ngfyial reco- Lhe former
is the number of rawﬁ events passing the selection at truth-level, which is related
to the acceptance, an important entity assessing the sensitivity of an analysis. The
latter is the number of weighted events passing the selection at reconstructed-level,
where the weights account for the detector efficiencies/inefficiencies and resolution
effect but not the luminosity rescaling. The acceptance ASR and the efficiency %

are defined as follow:

SR SR
ASR . Nﬁducial, truth ESR - ]Vﬁducial7 reco (9 2)
= X — A’SR_ :
Ntotal events ]\]ﬁducial7 truth

where Niotal events 1S the total number of generated (raw) events in the considered
signal sample.
Figures [9.2 show the efficiency of each point from the grid as well as the average

efficiency for all points in each signal region. In the analysis, b-jets were identified

4In these signal samples, events are all generated with the same Monte Carlo weights, all set to
one. A “raw” event means that no detector-related weights are applied.
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Figure 9.2: Efficiency vs acceptance for the simplified model of the ¢h analysis in
the two signal regions SRAh (left) and SRBh (right). The average efficiency for each
signal region is shown by the red dashed line. The + 10 band covers approximately
68% of points in all cases. Points with low acceptance (< 0.05%) have a large spread
of efficiencies.

using the MV1 algorithm at the 70% working point. Therefore, to correctly tag two
b-jets, one expects to have an efficiency of around 0.49%. The simplified model has
a generator level filterl] that vetoes events with hadronic taus and requires a lepton
satisfying pr > 15 GeV, |n| < 2.7; this reduces the average efficiency to 30.24%
(SRAh) and 33.93% (SRBh).

9.4.3 Truth- vs reconstructed-level comparison

The average efficiencies serve to simulate, at truth-level, what the predicted yield will
be with the ATLAS detector (reconstructed-level). However it is important to check
beforehand if the truth selection is reproducing the analysis at reconstructed-level.
The validation is done using a signal point from the simplified model grid. Figure[9.3
shows the histograms of the variables EX5 mgp, mp and my,. These distributions
are produced after the pre-selection cuts in a loose region, where events are required
to have 2 leading b-jets, no more than 3 jets in total, EX > 100 GeV, mcr > 100
GeV, mt > 40 GeV and 45 < my, < 195 GeV. The cleaning cuts are applied at
reconstructed-level only. The truth histograms are scaled with the efficiency calcu-

lated as described above but in the considered pre-selection loose region. The shapes

5This filter has an efficiency of approximately 70%.
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of the ErT“iSS, mer and mt distributions between truth and reconstruction levels are
in very good agreement. The my, is more problematic, as it is often the case in an
analysis with b-tagged jets in the final states. The truth distribution shows a narrow
peak sharply falling at around 120 GeV, whereas the reconstructed distribution ex-
hibits a smeared resonance shifted towards higher values of my, (maximum at ~125
GeV). One can however see that the area within the signal bin of 105 < my, < 195

GeV is roughly the same as the two different shapes compensate each other.
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Figure 9.3: Comparisons of distributions at truth- (times efficiency) and
reconstructed-levels, for the simplified model point m(x3, Xi) = 130 GeV, m(x?) =
0, of EIs (top left), mcr (top right), mr (bottom left) and my, (bottom right). On
the latter distribution, the region between the two vertical dashed lines corresponds
to the signal bin of 105 < my, < 195 GeV. The numbers in the legend indicate the
expected yields at truth- (without the efficiency rescale) and reconstructed-levels.
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9.4.4 Categorization of pMSSM model points

After validating the truth-level selection, the sensitivity is assessed for each model
point. The expected signal event yield N3 is obtained for each model point in each
signal region SR by:

Nivy =L Y A xq, (9.3)

process i

where £5R is the integrated luminosity, AS® the signal region acceptance for a given
process i and ; the corresponding cross section|] It is now possible to compute the 7-
value for each signal region in order to categorize the model. As electroweak searches
lack sensitivity compared to the analyses of strongly produced particle, a loosened
rP® value of 0.15 is chosen. Thus if 7% < r$®  the model point falls in category 1,
i.e. “very likely not to be excluded”. If r&® < rS8 <SR the model point belongs to
the category 2, i.e. “potentially excluded”. The upper boundary r5® was first set to
2. It will be seen later that all the pMSSM model points have r-values much lower
than r§%, hence the category 3, “almost certainly excluded”, has not been considered
for the ¢h analysis.

A test of this categorization is displayed in Figure [9.4] where r-values have been
calculated for the simplified model grid. As reco-level MC is available for these
points, it is known if the points have been excluded by the electroweak ¢h analysis.
The excluded (non-excluded) signal points are shown in green (black). The hatched
band in Figure [9.4] corresponds to category 2. We can see no excluded points are
present in the category 1 and the non-excluded ones sit below the » = 1 mark.

The pMSSM model points belonging to the category 2 undergo full ATLAS sim-

ulation and reconstruction.

9.4.5 Validation and results of £h analysis

A first pre-selection among all pMSSM models was done using the number of events
entering the signal regions at truth-level, Ny, with a cutoff of Ny > 2.8 for all
signal regions. The cutoff value is obtained using the model-independent limit on the
number of signal events NER = 5.6. With an average efficiency (e5%) ~ 30%, this

limit translates into ~18.7 truth events, and the lowered 7% bound at 15% yields a

6Unlike simplified models, which restricted the sparticle production to a unique process (e.g.
)Zf X3 for this analysis), a pMSSM model point consider all possible production modes, weighted by
their corresponding rate o;.
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Figure 9.4: r-values for the simplified model grid points in SRAh (left) and SRBh
(right) signal regions. The dot in green refers to the signal point that has been
excluded by the ¢h analysis. To the left and within the vertical hatched region
are the category 1 (i.e. not excluded) and category 2 (i.e. potentially excludable)
respectively. Note that there are no excluded (green) points in the category 1 region.

final threshold of 2.8 events at truth-level.

A total of 64 models (1 from wino- and 63 from bino-like LSP) were fully simulated,
reconstructed and analyzed. Figure|9.5|compares the number of events that enter each
signal region from both reconstructed- and truth-level Monte Carlo. The averaged
efficiencies computed using the simplified model points are applied to the truth-level
yields only. The spread of the efficiencies due to the low yields at reconstructed-level
justify the choice of a very small r; value of 0.15 for this analysis. If the method to
predict the number of observed events using only truth information is correct, the
model points should be aligned along the dashed purple line Nyeco = Niputn (€°%). This
is the case in SRBh, confirming that the truth prediction are reflecting the yields at
reconstructed level. In SRAh, the absence of alignment is mostly due to the very low
statistics.

Exclusion limits are derived for each of the 64 analyzed model points. The py
and CLs values extracted from the fits are listed in Appendix [D] As it can be read
from Tables and no CLs is below 0.05, thus the ¢h analysis does not exclude
any model points. It is in fact the only search that yields zero exclusion; Table
from Appendix [D]lists the percentage of model points excluded for each analysis and

Ch has a line of zeroes. The lack of sensitivity for that analysis is not unexpected



140

g [ T T T ‘ T T T ‘ T T T ‘ T T T H T T T ‘ T i g 5?‘ T T T ‘ T T Ti T ‘ T T T T ‘ T T T T ‘ T T T T ‘ i
z 1.2 B el L i
[ 1 lepton, 2 b-jets: SRAh ] r 1 lepton, 2 b-jets: SRBh -
1; Nreeo = Niyruan <> - 4? " Nieco = Nyun <> g
0.8~ N 3F .
06 . . i ]

L . ]
C ] 2 7
0.4j 7] L ]
L H ] 1; i
0.2 - ] r < ]
071 l- L.J L 1 1 1 1, 1 1 1 1 1 1 31 1 1 1 1 1 ] 07 1 1 1| 1 1| 1: 1 1 ) I 1 ) I 1 ) I 1 |
0 0.2 0.4 0.6 0.8 1 0 0.5 1 1.5 2 25

SR SR

Ntruth <éR> Ntruth <éR>

Figure 9.5: Comparison of the number of events entering each of the ¢h analysis
signal region for both truth- and reconstructed-level MC. Note all relevant scaling
and weighting factors have been applied, including the averaged signal region effi-
ciencies in the truth-MC case. Each blue point represents one of the 64 pMSSM
models considered. The vertical lines show the 71 x S, values, where S, is the 95%
observed upper limit calculated with MC pseudo-experiments (solid line) and asymp-
totic calculator (dashed line). Models on the left (right) of r; are in the category 1

2).

since the excluded points in the simplified model interpretation have very light LSPs.
An inspection of the models with the lowest CLs (CLs® < 0.18) reveals that the
sparticles masses are similar to the configuration of the pMSSM grid used in the
signature paper: the 3 and ¥i masses are around 300 GeV while the LSP is indeed
light at around 60 GeV. The branching ratio BR(Y5 — x? h) is favoured as it reaches
80%.

Perhaps more sensitivity could have been obtained by adding the results of the
searches probing the other Higgs decay modes vy and WW — qqfv; however, the
timescale of the publication did not allow for the combinaison of analyses. With
only the bb channel, the ¢h analysis is unable to constrain the pMSSM set with
the luminosity available. Whether it forsees a future excess or it simply shows the
limitation in sensitivity of electroweak analyses at 8 TeV LHC, some speculation

remains regarding the ¢h scenario at the LHC Run 2.
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9.5 Results

More than 20 direct ATLAS searches for SUSY have been reinterpreted within the
pMSSM framework, cleverly scanned into viable model points. This offers a unique
generalized view on the sensitivity of ATLAS analyses after the LHC Run 1 and the
constraints they bring on various theoretical aspects. This section summarizes the
results relevant in the context of this dissertation, such as the impact on sparticle
masses and dark matter. Other outcomes are briefly mentioned and can be found in

more details in the publication [97].

9.5.1 Impact of ATLAS searches on sparticle masses

A useful representation that shows the global effects of the ATLAS searches on
the pMSSM is to display the fraction of excluded models, projected onto a two-
dimensional plane of sparticle masses. The analyses originally interpreted their results
in the context of simplified models; the observed limits from the most constraining
analysis of the associated simplified model are overlaid on each map for comparison.
Although the fraction of excluded models can depend on requirements external to the
analyses (i.e. scan ranges and non-collider constraints), the region of excluded pMSSM
points generally matches the exclusion limits determined previously in the context of
simplified models. This fact is mostly verified for the searches of strongly interact-
ing sparticles, which robustly constrain the gluino masses (completely excluded up
to 1 TeV for neutralino masses less than 400 GeV) and to a lesser extent the third
generation squarks[| The electroweak searches fail to place lower bound on sleptong,
charginos and neutralinos. Figures [9.6al and [9.6D] show the fraction of models ex-

cluded by only the electroweak searches projected on the ¥ — %% and ¥f — 9 planes

respectively. The dominant exclusion mechanism at large m(x9) values in Figure
is due to the Disappearing Track analysis, which features long-live charginos decaying
in a wino-like LSP. If the ¢h analysis had excluded some pMSSM model points, it
would have been likely to happen in the low LSP mass regions (m(x?) < 50 GeV), as

models away from the diagonal m(x3, i) = m(x?) mostly have bino-like LSPs.

"Corresponding figures are in the publication [97].
8Slectrons, muons and their sneutrino counterparts.
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Figure 9.6: Impact of electroweak searches on the ¥3 — ! (a) and Y7 — %} (b) planes.
The black squares are indicating that 100% of model points have been excluded. The
white solid curve shows the 95% CL observed exclusion limit from Reference [9§]
where the production ¥ + X3 is assumed to be purely wino-like (as it is the case in
the simplified model used in the ¢h interpretation).

9.5.2 Impact of ATLAS searches on dark matter

As explained in Sections [9.2.3] and [9.2.4] the constraints on dark matter strongly
depend on the nature of the LSP. For models with bino-like LSP — the scenario con-
sidered for the £h analysis — the ATLAS searches are sensitive up to m(x?) < 800 GeV.
At low bino mass, about two-thirds of the model points are excluded through the Z-

and Higgs-funnel regions. This can be seen by plotting the density of viable pMSSM
model points in the plane of the X! relic density Q(x")h?, where h is the dimen-
sionless Hubble parameter, versus the mass of the Y before (Figure and after
(Figure applying the constraints from the ATLAS SUSY searches. The colour
code indicates the dark matter annihilation mechanism. The ATLAS analyses are
particularly sensitive to model points with light—ﬂavmﬂ squark or gluino coannihila-
tors.

Regarding the complementarity of ATLAS constraints with the dark matter direct
detection limits, the ATLAS searches can stretch to regions with cross sections several

orders of magnitude below those of the current best direct detection experiments.

9Squarks from the first two generations.
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Figure 9.7: Density of non-excluded pMSSM points on the plane of the relic density
versus the (bino-like) LSP mass, before and after the ATLAS constraints. The colour
code refers to the dark matter annihilation mechanism.

9.5.3 Other results

The results of the direct SUSY searches are completemented by ATLAS measure-
ments on the Higgs boson coupling (in particular the coupling of the Higgs field to
the b-quarks, k) and decay rates. The current ATLAS observed fitted value for
disfavours only 3.1% of all pMSSM points.

The branching ratio BR(h — xJxV) can be enhanced if the LSPs are sufficiently
light. Only bino models can have sufficiently light LSP and still satisfy pre-ATLAS
Run 1 constraints. The disfavoured pMSSM model points by the invisible branching
ratio fit represent only 6.6% of the pMSSM points with bino-like LSP and 0.0056%
of all surviving models.

In general, ATLAS Run 1 searches exclude model points uniformly across the
range of precision observables, demonstrating the complementarity of analyses. These
precision variables depend on sparticles such as the smuon and gauginos masses, which
are not as constraints as the sparticle masses in the strongly interesting sector of the
pMSSM.

Naturalness is not part of the requirements during the model selection. Yet it is
interesting to see that the ATLAS Run 1 searches exclude pMSSM points with a wide
range of different fine-tuning values. The surviving models with the lowest fine-tuning
have wino-like LSP. They also have relatively light top squarks, which indicates they
would be expected to produce observable signal at LHC Run 2.
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Chapter 10
Conclusion

The analysis presented in this dissertation belongs to the set of Supersymmetry
searches performed at the Large Hadron Collider during the Run 1 data period.
It uses 20.3 fb~! of proton—proton data collision at /s = 8 TeV recorded in 2012
with the ATLAS detector. The analysis focuses on the electroweak sector of Super-
symmetry, looking for the direct pair production of a chargino one ¥ and neutralino
two X9, decaying into a W and a Higgs boson. It is the first LHC search to exploit
the presence of a SM-like Higgs boson in the supersymmetric decay chain.

The selected events contain as final states one lepton (from the W), a pair of
b-jets (from the Higgs boson) and missing transverse momentum. The reconstruction
of these objects requires a good understanding of the complementary information
received by the ATLAS subdetectors. The electromagnetic and hadronic calorimeters
play a particular role in this analysis, mostly in the precise measurement of the
missing transverse momentum and the momentum determination of jets. The ATLAS
calorimeters are required to be functioning well for this analysis to ensure flawless
recordings of events and accurate measurements.

Complex flavor tagging algorithms are used to identify jets originating from b-
quarks. The Higgs resonance can thus be reconstructed through the bb channel.
In this thesis, a slight improvement of the di-jet mass resolution is obtained after
correcting the b-jets: the energy from muons within a b-jet is added to the energy of
the b-jets.

As no significant excess is observed with respect to the prediction from SM pro-
cesses, exclusion limits are derived. In the context of the considered simplified model,
degenerate ¥; and Y3 masses are excluded up to 150 GeV for m(x?) = 0. The im-

proved di-jet mass resolution, enhancing the expected exclusion potential, does not
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increase the observed exclusion contour.

Three other searches have addressed the Higgs diphoton and WIW decay modes
in the same simplified model scenario. When combining the results, common masses
of ¥F and ¥J are excluded up to 250 GeV for a massless X?. The analysis presented
in this dissertation — the ¢bb channel — contributes for the most part to the global
exclusion for electroweakino masses greater than 180 GeV. For comparison, the CMS
Collaboration released a similar search [99] in which the observed limit m(Yixy) is
210 GeV for (x) = 0.

In the context of the pMSSM, the analysis shows sensitivity for large values of
the Higgsino mass, in a pMSSM parametrization where slepton masses are decoupled.
Although no exclusion can be claimed, the analysis completes a gap in the sensitivity
reach from two other ATLAS electroweak searches [53] for the same pMSSM grid.

The analysis in this thesis has been reinterpreted, along with 21 other ATLAS
searches, in the context of the pMSSM. More than three million viable R-parity-
conserving models, with neutralino as LSP, were tested. About 40% of them were
found to be ruled out by the current ATLAS searches, severely reducing the plausible
SUSY candidates for dark matter particles. This summary work, well received in the
community of theorists, has been featured in CERN Courier [100]. It represents the
most comprehensive assessment of the ATLAS constraints on Supersymmetry models
to date.

Additional work could be done to improve the sensitivity of the present analysis.
A continuous b-tagging procedure, instead of a single operating point, could enhance
the b-tagging efficiency. More advanced flavor taggers, such as MV3, have become
available to better identify b-jets. This analysis has been optimized using a cut-
based approach. Multivariate techniques are more and more widespread within the
ATLAS Collaboration and this search could benefit from such optimization methods.
A multivariate approach was actually performed to assess the discovery and exclusion
prospects at the high-luminosity LHC [101] for the considered scenario of the analysis.

For now, all eyes are on the fresh data: the LHC Run 2 has started. Proton—proton
collisions are being taken at a record /s = 13 TeV, for the joy of experimentalists.
Patience is required in the electroweak supersymmetric sector, as the sensitivity gain
will require a large integrated luminosity. Strongly produced sparticles such as squarks
and gluinos, however, have their cross sections increase by two to three orders of
magnitude. Important effort is made in the ATLAS SUSY group towards targeting

all possible scenarios and avoid any blind spot in the parameter space. If SUSY is
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around the corner, it will be spotted!

From a more general perspective, the LHC Run 2 will undeniably improve our
understanding on matter and the Universe. Experimentalists and theorists are at a
crest in human knowledge, overlooking the unknown. They are, together, writing the

next physics textbooks and their future findings will soon make history.
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Appendix A

ATLAS Liquid Argon Calorimeter

Operation

During the data taking from April 2012 until February 2013, the author of this dis-
sertation has been actively involved in the ATLAS Liquid Argon (LAr) calorimeter

operations:

e first as a shifter, monitoring the calorimeter status in the ATLAS Control Room
(ACR),

e then as a super-shifter, briefing and supervising the shifters in the ACR,

e on duty as Software On-call expert (424 hours overall),

e finally co-organizing and co-chairing the training session for future Software

On-call experts.

The ATLAS Liquid Argon calorimeter operations during the 2012 data taking period
are presented in the next section, with an emphasis on the author’s contributions

within the calorimeter team.

A.1 Basics of LAr signal reconstruction

Each one of the 1524 LAr front end board (FEB) amplifies, shapes and digitizes the
signal of up to 128 channels simultanecously [102]. In order to achieve the required
dynamic range, the amplification and shaping is performed in parallel with three
different gains (of roughly 1, 9, and 80). But only the signal with the optimal gain
is digitized by an analog to digital converter. After this treatment, five digitized
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samplesE] are sent for each cell to the readout driver (ROD) system [103] via optical
links. The ROD boards can either transparently transmit the digitized samples to
the data acquisition system (transparent mode), or compute the energy of the cell
(results mode) to transmit only one number, hence reducing the data size and the
offline processing time. In results mode, the cell energy is computed with a Digital
Signal Processing (DSP) chip mounted on the ROD boards, using an online optimal
filtering technique [104]. When the cell energy is above a defined threshold, additional
information is sent: the time of the signal peak and the quality factor that reflects
how much the pulse shape looks like an argon ionisation pulse shape. For cell energies
above a second energy threshold, the five digitized samples are also transmitted. This
allows the monitoring of the reliability of the DSP computation by performing an
independent offline energy reconstruction or recompute the energy when the signal
timing is not yet precisely adjusted. When a cell is no more operational (deteriorated
signal routing in cryostat, dead readout channel, large noise, etc.), its energy is then
estimated from the average energy of the eight neighbouring channels in the same
calorimeter layer. The cell is masked offline, i.e. ignored in the event reconstruction.
Regular calibration procedures in absence of collisions are the main input to identify
problematic calorimeter channels [105]. Since the front end board’s output is the
basic detector information building block, a careful data integrity monitoring at the

earliest stages of the processing chain is mandatory.

A.2 Responsibilities and mission as On-call expert

Information of all ATLAS sub-systems — also referred to as “partitions” — is available
to the users by a Finite State Machine (FSM) software running in the ATLAS control
room and also displayed on the web. An example is given in Figure Each table
lists the different partitions in the first column, with their associated state and status
on the second and third column respectively. Checkings are facilitated thanks to a
colour-flag associated to the state/status.

The On-call expert main mission is to ensure the data taking of the three calorime-
ters (Forward, LAr and Tile) occurs smoothly. On top of being available and ready
to intervene in the shortest delays, the On-call expert should frequently collect in-

formation about the current status of the detector. The On-call expert, along with

Lin debugging/commissioning mode, up to 32 samples can be readout.



149

LAR CALORIMETER

ToroidMagnetCurrent
CenralSolCurrent

ROD FEC GCOOL HV HV
Ps

2 sect forEMEC
LV for HEC

Figure A.1: ATLAS Detector Online Status of the Liquid Argon Calorimeter.

the hardware and data quality experts, should give a summary of the last 24 hours
activities to the Run Coordinator chairing the daily calorimeter meeting. All the
experts of all subdetectors then attend the daily ATLAS meeting to learn about the
ATLAS plan of the day.

How to react to a given problem is strongly influenced by the current run status.
When ATLAS is collecting data under stable beam, the top priority is to maintain the
system online, error-free and nominal. If stable beam is imminent, investigations are
limited in time. However, the absence of stable beam permits longer inquiry to try
new recovery methods not yet tested. The main tools available to Software On-call
expert were the Logfile Viewer, listing all verbose records proper to a given machine,
and the Logfile Manager. The latter stores all generated messages from any given
run, past or current. Applying filters, the problem can be restricted by localising it

more precisely (which RODs, FEBs are affected). It is also possible to look for past
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entries with similar errors and see how it was treated at that time. The first step is
always to collect all information about the issue, and report them as soon as possible
to the Run Coordinator. Each action is performed only after the Run Coordinator’s
approval. It can be a simple acknowledgement of an alarm (as considered unharmful
for the run) until the complete restart of a partition, or the whole LAr system if the

situation demands it.

A.2.1 Revision of Message Filter Liquid Argon software

One of the author contributions as a developer in the LAr software group was to
improve an existing plugin called MessageFilter. This application prevents an al-
ready acknowledged warning or message from being displayed in the alarm panel. To
perform this task, it is essential to know how the LAr software, referred to as the
LargOnline framework, is structured.

Object-oriented programming (OOP) is a programming paradigm that represents
concepts as “objects” that have data fields (attributes that describe the object) and
associated procedures known as methods. A “class” defines an object type. It can
be divided into sub-classes, all inheriting of the properties of the mother class. The
software first creates the objects from their respective classes, generating “instances”
of the class. Then objects methods are called to perform the programmed actions.

All the hardware components of the LAr system (readout electronics such as
RODs, FEBs collecting the signal of all channels) are translated into instances of
the main class OnlineObject in the LargOnline framework. Figure gives an
overview of the class hierarchy. This main class OnlineObject is the root class of
all high level components. It can propagate any data acquisition command to all
OnlineObject instances, combining possible independent features (for instance an
OnlineObject associated with a FEB is different as one matching a ROD, however
they share common properties as all readout signal processing electronics).

The Object Oriented scheme is static. Object properties are fixed. The LargOnline
framework follows Aspect Oriented Programming (AOP), which complements Ob-
ject Oriented Programming by allowing the developer to dynamically modify the
static OO model to create a system that can grow to meet new requirements. The
MessageFilter plugin follows the Aspect Oriented paradigm. It intervenes every-
time a method is called on an object, to prevent potential known error messages from

being displayed in the alarm panel. The existing version used to be hard-coded: the
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Figure A.2: Overview of the class hierarchy in the LargOnline framework.

known errors were directly written in the class header file.

A new patch was developed by the author so that the MessageFilter works in a
more dynamic way, accessing the main database. Whenever an object transmits a
warning or error message, the MessageFilter intercepts it and checks in the database
the list of known messages for this object. If it matches with one of those, the message
is removed from the list and hence will not be displayed on the alarm panel. This
new patch has been successfully tested, implemented and documented in late summer
2012.

A.2.2 Web-portal project and realization

The calorimetry operation includes the three ATLAS calorimeters (Forward, LAr
and Tile) which had their independent online documentation. The information was
repeated and scattered on those pages, some of them were outdated. To better access
links in the different Twiki pages, a web-portal project was suggested by the author,
who coded, implemented and documented it.

The web-page design follows the main ATLAS Detector Operation page, but it is
here specific to the calorimeters. The information is organized in different tabs. Each
tab is dedicated to a role: shifter, super-shifter, expert, data quality. In this way,

the operator only sees the relevant links specific to their tasks. The links are split
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in three columns, each for the calorimeter sub-systems. A common glossary defines
the acronyms used. To visualize on a daily basis the current shifters and experts, the
link “Calo Crew” accesses the database of ATLAS operations to display the names of
the persons in charge along with their picture and contact information. Figure
is a screenshot of the final version. A direct link from the main ATLAS Detector
Operation page directs to this “Calo Portal”.

The Calo Portal has been in use as main entrance menu page on the computers in
the ATLAS control room from August 2012 until the end of the Run 1 in February
2013. After minor updates, it now serves for the LHC Run 2.

European Organization for Nuclear Research
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Figure A.3: Screenshot of the Calorimeter portal web-page.
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Appendix B

Prescriptions for Theoretical

Systematic Uncertainties

This appendix details how the theoretical systematic uncertainties are assessed for

each of the main background processes considered in this thesis.

B.1 Top pair production

Generator The uncertainty on generator modelling is derived by comparing POWHEG+JIMMY
with MCQNLO+JimmMmy.

Parton shower An uncertainty on the choice of the showering model is computed

by comparing POWHEG+PYTHIA6 with POWHEG+JIMMY.

Radiation Uncertainties related to the emission of additional partons in the initial
or final states are evaluated by comparing the ACERMC+PYTHIAG6 “MorePS”
samples with “LessPS”.

Factorisation and Renormalisation scales An uncertainty on the generation of
the NLO hard scattering is computed by varying the renormalisation and fac-
torisation scales in POWHEG+PYTHIAG to half (samples “facsc05” and “rensc05”)

and twice (samples “facsc2” and “rensc2”) the nominal scales.

PDFs The nominal #¢ sample uses the PDF set CT10 and contains 52 additional

error sets.
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B.2 Single-top production

ISR/FSR For each of the three channels (s, ¢t and W) of the single-top background
component, ACERMC+PYTHIA6 samples with ISR and FSR increased and
decreased (separately) have been used to compute the relative difference among
yields. The implementation follows the one for ¢t (see Equation .

Generator + Parton Shower comparison for s-channel The uncertainty on the
generator on the single-top s is computed by comparing POWHEG+PYTHIAG
with MC@QNLO+Jimmy. The full difference in yields between the two Monte

Carlo generators is evaluated and symmetrized.

Generator, parton shower and interference with ¢t for Wt-channel The Wt
mode is well-defined at LO, but at NLO in QCD it receives large corrections
and interferes with top pair production, especially if the invariant mass myy,
of the final states W and b approaches the top quark mass. A first approach
to compute these three variations is to derive the three following systematic
uncertainties: the generator (estimating the full difference of yields between
PowHEG+HERWIG and MC@NLO+HERWIG), the parton shower (computing
the full difference between POWHEG+PYTHIA6 and POWHEG+HERWIG) and
the interference with ¢¢, which is assessed using the “DR vs DS method”. This
method consists of taking the full difference between two POWHEG+PYTHIAG
Monte Carlo samples, one produced with the Diagram Removal (DR) scheme
and the other with the Diagram Substraction scheme (DS) [106]. In DR, the
diagrams that also enter ¢t production are removed at amplitude level; the tt
interferences with single-top Wt production are eliminated. In DS, the cross
section is corrected with a substraction term that is adjusted to peak when
the invariant mass my, gets close to the top mass. In this process, the ¢t in-
terferences are suppressed at cross section level. To cope with the very limited
statistics, the generator, parton shower and DR/DS differences have all been es-
timated in a loose region, defined as: mt> 40 GeV, E‘Tmss> 100 GeV, mer> 100
GeV and 45 < my, < 195 GeV. Figure shows the my, distributions for the
single-top Wt-channel for the generator, parton shower and DR /DS systemat-
ics, estimated at reconstructed level in the loose region binned in number of

b-jets.

A “new recommendation” for the single-top Wt systematic uncertainties, sug-
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Figure B.1: The my, distributions for the single-top Wt-mode assessing the gener-
ator (first row), parton shower (middle row) and DR/DS systematic uncertainties
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gested by the SUSY Working Group, was later studied. With this recipe, the
generator, parton shower and tf interference systematic uncertainties are merged
into one systematic error. For this, the nominal POWHEG+PYTHIAG samples

(using the Diagram Removal scheme), are compared to a LO production of

WWbb ACERMC composed of:

e Process 14: ¢ + ¢ — (WWbb)
e Process 20: g + g — (W Wbb),

which offers the best description of WWbb. We make three comparisons in total
in order to assess the uncertainties due to the generator, the parton shower and

the interference previously mentioned:

1. Comparison of POWHEG+PYTHIAG Wt + ¢t (with the P2011C tune) with
ACERMC+PYTHIAG WW Db processes 14 + 20

2. Comparison of MCQNLO+JiMMY Wttt with POWHEG+JIMMY Wittt

3. Comparison of POWHEG+PYTHIAG Wt + ¢t (with the P2011C tune) with
PowHEG+JIMMY Wt + ¢t

Just taking ACERMCLO cross sections directly (14.47 pb for process 14 and
63.2 pb for process 20) gives a large normalisation difference — almost a factor
of 2 — between the ACERMC and POWHEG samples. We therefore calculate a
single k-factor to apply to ACERMC using the POWHEG cross section.

L 0.543(253.00 + 20.461 x 1.0933)
- 14.478 4 63.2

~1.925 (B.1)

After applying this k-factor, we can compare the ACERMC predictions to
POWHEG samples. The total generator+parton shower-+interference with tt
systematic is then computed by taking the maximum of 1 and 2 and adding 3

in quadrature:

O-gen-l—PS—l—int — \/max (0_1’ 0_2)2 + (0_3)2‘ (BQ)

Figures show the my, distributions used to derive the values of o1, 0y and
o3. Table shows the relative percentages obtained with the old (split sys-

tematics) and new (merged systematics) recommendations.

Given the large differences observed for the single-top Wt systematic uncertain-

ties and in an effort of harmonization with other SUSY searches, the analysis
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Figure B.2: The my, distributions for the single-top Wt-mode comparing the single-
top +tt and WIWbb processes (top row), the generators (middle row) and the parton
shower (bottom row), which are merged in a combined systematic uncertainty. The
loose pre-selection region with 1 b-jet (left) and 2 b-jets (right) is the same as in the
previous systematic derivation method.
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Table B.1: Relative percentage of the systematics with respect to nominal yield of
the single-top Wt-channel according to the old (three separate variations summed in
quadrature) and new (all the three merged as explained in the text) recommendations.

Old recommendation

Region Generator  Parton shower Interference ¢t Quadratic sum
Loose 1 b-jet 3.57 4.37 0.17 5.65
Loose 2 b-jets 10.8 6.64 10.2 16.27

New recommendation

o1 09 o3 max (o1, 09) P o3
Loose 1 b-jet 17.10 2.58 3.39 17.43
Loose 2 b-jets 29.00 1.19 2.22 29.08

eventually opted for an evaluation of the systematics in a “normalization re-
gion” n, defined as the union of the two control regions CRT and CRW. The
systematic uncertainties for the generator + ¢t interference are merged, whereas
the one for parton shower modelling is estimated separately. All systematics
were extrapolated from this normalization region “n”. For a given systematic

variation ¢ in a region 7, the relative extrapolated systematic s] in this region

will be:
r Nﬁom,i _ N~ NIGom,i N{Tp,i . ngown,i
57-, _ VPt N{le,i Pown.t Ngown,i _ N{}p,i Ngown,i (B 3)
' Nf\}om A Nf\} ; 7 .
) om,?
Nf\}bom,i

where Miom i (Mom.i)s Nipi (NG,i) and Npoo i (Npon,;) are the yields in the
region r (n) for the nominal, the up and down systematic variations, respec-

tively.

B.3 W+ jets production

Instead of comparing alternate samples — which is CPU intensive with the large set

of W+ jets Monte Carlo samples — a reweighting procedure has been implemented,
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developed for the SUSY 0-lepton inclusive analysis [107]. This procedure consists of
applying the ALPGEN scale variations to SHERPA using a reweighting based on the
number of truth jets with pr > 30 GeV. The resulting weights of this procedure are
implemented in the SHERPA nominal samples of this analysis as event weights. They
account for the uncertainty on the renormalisation, factorisation and matching scales

and also the uncertainty linked with the heavy flavor overlap removal procedureE].

B.4 Diboson production

The theoretical uncertainties on the total cross sections of diboson are 5% for WW,
77 and T% for W Z. The systematic variations samples are generated at the particle
level with SHERPA using the same PDF set CT10 as the baseline samples. There
are up to 2 extra partons in the matrix element. For the subprocesses WIW —
v, WZ — Wwll, ZZ — 0l and ZZ — (lvv, the following cuts are applied: the lep-
ton transverse momentum should be pi***" > 5 GeV and the invariant mass of the lep-
ton pair should be my, > 4 GeV. For the subprocess V'V — vvqq, the transverse mo-
mentum of the two jets should be pj;ts >15GeV.For VV = ete qq, VVutu qq,VV —
TH17qq, VV — evqq, VV — pvqq and VV — 1rqq, the cut my > 7 GeV is applied.
The complete list of Monte Carlo sample can be found in Reference [52].

Due to the lack of statistics, the uncertainties are derived in an “inclusive” region,
defined as: > 1 b-jet, mp> 40 GeV, E¥> 100 GeV, mcr> 100 GeV and 45 < my, <
195 GeV.

B.5 Top pair production associated with vector

boson

Following the recommendations of the background forum, a global 22% uncertainty
on the ¢tV production cross section and, therefore, on the global normalisation of the

ttV MC samples is considered.

'The W+jets production is split by processes, with multiple datasets for each jet flavor and extra
parton multiplicity. A significant overlap exists between heavy b and c jets created in the parton
shower and those originally in the matrix element calculation. An overlap removal procedure is
necessary. It is based on angular distance between the simulated heavy flavor quarks [108].
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Appendix C

Additional fit results

This section contains supporting information for Chapter [8]

C.1 Results of background-only fits

C.1.1 Tables and figures on fit parameters

The blinded fit results presented in Section [8.2.2] are expanded in Table which
shows the expected and fitted MC yields for all the background components sepa-
rately. Shown in Table[C.2]are the MC predicted yields, before and after the unblinded
background-only fit, for all background components separately. Table is the same
as Table except that the blinded fit has been performed with the improved vari-
ables myp™. The corresponding unblinded fit results, with the use of my™ as fitted
variable, is shown in Table [C.4]

The fit results for the nuisance parameters are shown in Figures and for
the published analysis using my, and for the modified search using mg;™ respectively.

The variations on the background estimate of the dominant systematics uncertain-
ties in the published analysis and in the version using m;;™" are listed in Tables
and Table [C.6] respectively. In these tables all backgrounds have been grouped into a
single component. Here the uncertainties on the Jet Energy Scale have been grouped
together, as well as these on the electron and muon reconstruction. It is important to
note that the individual uncertainties can be correlated, and do not necessarily add
up quadratically to the total background uncertainty. The percentages show the size

of the uncertainty relative to the total expected background.



Table C.1: Expected yields from the Monte Carlo simulation before and after the blinded background-only fit. The errors
shown are the quadratic sum of the statistical and systematic uncertainties. Uncertainties on the fitted yields are symmetric
by construction, where the negative error is truncated when reaching to zero event yield.

Yields in regions CRT CRW SRAsb SRBsb VRA VRB SRAQ SRBh

Observed events 651 1547 14 10 885 235 4 3

MC yields after fit 642.01 £24.93 1558.04 £38.65 13.06+£2.40 8.81+1.65 880.44+85.54 245.19+17.21 596+1.29 2.77£0.79

tt 607.29 +25.27  676.62+56.91 8.00+2.44 3.10+1.38 684.79+85.57 141.01+17.88 3.82+1.22 1.36+0.67
W+ jets 11.134+1.60  693.78 £59.83 2.6640.48 1.73+0.32 99.18+11.85  62.224+8.44 0.58+0.27 0.24+0.13
Single top s 0.7540.15 2.96+0.32 0.00£0.00 0.00£0.00  17.31 +2.56 0.26 £+ 0.07 0.00+0.00 0.00 =+ 0.00
Single top ¢ 2.51 +0.94 19.68£2.71 0254023  0.09%585  28.50 & 5.42 5.03+£0.83 0.20+0.04 0.00 & 0.00
Single top Wt 16.254+3.32  88.82+12.97 1.614+0.52 240+1.14  34.18+4.17  21.914+3.56 1.0840.36 0.71+0.37
Diboson 2.25 4 0.35 64.44+7.65 0.33+0.11 1.10+0.15  10.20 4 1.48 8.99+1.01 0.0040.00 0.21 4 0.04
Z+jets 0.38 4 0.08 7.03 +0.79 0.02+5:02 0.12 +0.06 1.95 +0.28 0.384+0.07 0.03+0.02 0.00 =+ 0.00
WH 0.42 +0.04 3.65+0.27  0.114+0.02 0.054+0.01 3.71+0.31 5124043 0.2340.03 0.12+0.02
ZH 0.01 £ 0.00 0.03 £ 0.00 0.0019:09 0.00 + 0.00 0.04 £ 0.00 0.04£0.00 0.00+0.00 0.00 = 0.00
ttv 1.03 + 0.26 1.02+0.25 0.0740.03 0.22+0.06 0.58 +0.14 0.214+0.05 0.0140.01 0.124+0.03

MC yields before fit 547.96 +101.78 1703.17+90.93 11.23+3.27 7.79+£2.00 830.35£71.49 241.95+25.62 4.98+1.69 2.2440.94

tt 511.65+100.95  636.62+93.49 5.83+3.09 2.01+1.55 617.17+60.99 124.85+23.76 2.79+1.49 0.90 +0.75
W+ jets 13.73+1.59  880.52+2.60 3.19+0.55 2.18+0.41 123.04+9.15  76.63+7.68 0.67+0.39 0.30 %+ 0.20
Single top s 0.71 +0.20 2.96+0.36  0.00+0.00 0.00£0.00  16.08 + 3.63 0.2440.10 0.00£0.00 0.00 = 0.00
Single top t 2.46 + 1.11 19.42 + 2.89 0.197035  0.14753%  26.224+8.01 4.83+0.90 0.1940.04 0.00+0.00
Single top Wt 1551 +£3.42 8921 +13.97 1474056 2.01+1.16 32624450  21.09+3.88 1.05+0.39 0.60+0.35
Diboson 2.05 + 0.45 62.80+8.72 0.36+0.17 1.0740.16 9.40 + 1.98 8.73+1.18 0.0040.00 0.21+0.05
Z+jets 0.39 +0.11 6.89 +0.91 0.0270:5%  0.13+0.08 1.834+0.39 0.37+0.08 0.03+0.02  0.007902
WH 0.40 £ 0.05 3.60+0.37  0.1040.02 0.05+0.01 3.57+0.37 4944055 0.224+0.04 0.1240.02
ZH 0.01 £ 0.00 0.03 £ 0.00 0.0019:09  0.00 £ 0.00 0.04 +0.01 0.04£0.01 0.00£0.00 0.00 = 0.00
ttv 1.05 +0.28 1.02+0.25  0.07+0.03 0.22+0.06 0.56 4 0.14 0.214+0.06 0.01+£0.01 0.11+0.04

191



Table C.2: Expected yields from the Monte Carlo simulation before and after the unblinded background-only fit. The
errors shown are the quadratic sum of the statistical and systematic uncertainties. Uncertainties on the fitted yields are

symmetric by construction, where the negative error is truncated when reaching to zero event yield.

Yields in regions CRT CRW SRAsb SRBsb SRAQ SRBh
Observed events 651 1547 14 10 4 3

MC yields after fit 641.52 + 24.91 1557.60 + 38.64 12.50 4 2.12 8.53 + 1.53 5.69 + 1.10 2.67 +0.69
tt 606.80 + 25.27 676.25 + 56.56 7.48 4+ 2.14 2.8741.20 3.57+1.04 1.26 +0.57
W+ jets 11.15 + 1.60 694.16 4 59.67 2.65 + 0.48 1.72 4 0.32 0.56 +0.25 0.25+0.13
Single-top s 0.75+0.15 2.97 +0.32 0.00 £ 0.00 0.00 & 0.00 0.00 + 0.00 0.00 £ 0.00
Single-top ¢ 2.52 +0.93 19.71 £2.71 0.24 +0.22 0.0870 08 0.19 £ 0.04 0.00 + 0.00
Single-top Wt 16.22 + 3.29 88.68 + 12.79 1.60 £ 0.51 2.37+ 1.12 1.07 4 0.35 0.71 4 0.36
Diboson 2.24 +0.35 64.13 + 7.60 0.3340.11 1.09 +0.16 0.00 + 0.00 0.21 4 0.04
Z+jets 0.38 + 0.08 7.01 +0.79 0.0279-52 0.12 +0.06 0.03 =+ 0.02 0.00 + 0.00
WH 0.42 +0.04 3.65 4+ 0.27 0.11 4 0.02 0.05 +0.01 0.23+0.03 0.12 4 0.02
ZH 0.01 +0.00 0.03 £ 0.00 0.0019-59 0.00 £ 0.00 0.00 & 0.00 0.00 & 0.00
ttv 1.03 + 0.26 1.02 + 0.24 0.07 +0.03 0.22 +0.06 0.01 +0.01 0.12 4 0.03
MC yields before fit 547.96 + 101.78 1703.17 + 90.93 11.23 4+ 3.27 7.79 4 2.00 4.98 +1.69 2.2440.94
tt 511.65 + 100.95 636.62 + 93.49 5.83 + 3.09 2.01 +1.55 2.79 4 1.49 0.90 + 0.75
W+ jets 13.73 + 1.59 880.52 =+ 2.60 3.19 4 0.55 2.18 +0.41 0.67 +0.39 0.30 +0.20
Single-top s 0.71 4+ 0.20 2.96 + 0.36 0.00 + 0.00 0.00 & 0.00 0.00 & 0.00 0.00 & 0.00
Single-top t 2.46 4+ 1.11 19.42 4 2.89 0.197075 0.147093 0.19 +0.04 0.00 + 0.00
Single-top Wt 15.51 + 3.42 89.21 +13.97 1.47 £ 0.56 2.01+1.16 1.05 £ 0.39 0.60 + 0.35
Diboson 2.05 4 0.45 62.80 + 8.72 0.36 +0.17 1.07 +0.16 0.00 + 0.00 0.21 + 0.05
Z+jets 0.39 +0.11 6.89 +0.91 0.0279:5% 0.13 +0.08 0.03 £ 0.02 0.009-02
WH 0.40 £ 0.05 3.69+0.37 0.10 4 0.02 0.05 +0.01 0.22 +0.04 0.12 4 0.02
ZH 0.01 +0.00 0.03 £ 0.00 0.0019-09 0.00 £ 0.00 0.00 & 0.00 0.00 £ 0.00
ttv 1.05 +0.28 1.02 +0.25 0.07 4 0.03 0.22 4 0.06 0.01 4 0.01 0.11 4 0.04

91



corr

Table C.3: Expected yields from the Monte Carlo simulation before and after the blinded background-only fit using m;;".
The errors shown are the quadratic sum of the statistical and systematic uncertainties. Uncertainties on the fitted yields
are symmetric by construction, where the negative error is truncated when reaching to zero event yield.

Yields in regions CRT CRW SRAsb SRBsb VRA VRB SRAh SRBh
Observed events 691 1592 15 11 905 242 6 3

MC yields after fit ~ 681.21 +25.79 1602.80 +39.22 14.884+2.56 9.324+1.84 915.44+91.43 262.38+19.24 6.60+ 1.44 3.1240.90
tt 644.21 +£26.30  702.51 +53.21  8.41+255 3.36+1.49 709.72+89.69 144.51+17.06 4.40+1.39 1.45+0.74
W+jets 12494236 702.13+58.75 3.16+0.66 1.98+0.49 106.76 +17.77  73.74+14.09 0.56+0.29 0.3440.15
Single top s 0.8240.16 3.03+£0.32  0.00+£0.00 0.00+£0.00  18.33+2.46 0.26 +0.08 0.00 £0.00 0.00 % 0.00
Single top t 2.78 + 1.02 20.93 4+ 2.91 0.327032  0.03T057  29.35 +4.87 5114095 0.20+0.04 0.000.00
Singe top Wt 16.92+3.37 94014+ 13.11 1.65+0.54 2.62+1.19  34.34+4.04  2290+346 1.16+0.38 0.79+0.41
Diboson 1.99 +0.35 68.50 £7.55 1.174+0.47 0924054  10.67+1.16 9.67+1.18 0.00+0.00 0.27 +0.06
Z+jets 0.45+0.11 6.65+0.59 0.03+0.01 0.10+0.05 1.99 4 0.41 0.59+0.12 0.02+0.01 0.02+0.01
ZH 0.01 4+ 0.00 0.03 £ 0.00 0.007505  0.00 £0.00 0.04 £ 0.00 0.04 £0.00 0.00 £0.00 0.00 % 0.00
WH 0.42 4+ 0.04 3.884+0.26  0.09+0.01 0.05+0.01 3.63+0.27 5324041 0.2640.03 0.13 +0.02
ttvV 1.1140.28 1134027  0.06+0.02 0.24 4 0.06 0.60 +0.16 0.22+0.06 0.01+0.01 0.1140.03
MC yields before fit 577.74 +102.51 1695.73 +93.47 12.4943.57 7.86+2.26 844.60+73.41 253.83+28.56 539+ 1.87 2.44+1.01
tt 540.97 +£101.75  665.84 +92.63  6.21+3.29 2.074+1.59 635.26 +62.43 130.26 +24.75 3.26+ 1.73 0.98 4 0.83
W+jets 13.90+2.36  833.28+3.15 3.56+0.70 2.2240.57 117.22+1591 81.75+14.06 0.58+0.35 0.3440.15
Single top s 0.74 4+ 0.18 3.06+0.34  0.00+£0.00 0.00+£0.00  16.60 + 3.06 0.24+0.10 0.00+0.00 0.00 + 0.00
Single top t 2.44 4+ 1.01 20.04 + 2.89 0.19702%  0.147027  27.13+6.34 4.874+1.03 0.1940.04 0.00+0.00
Singe top Wt 16.02+3.42 93204+ 13.79 1414056 2.09+1.17 32324440  21.74+3.75 1.09+0.40 0.60 + 0.37
Diboson 1.79 + 0.46 68.80 £8.66  0.95+0.46 0.954+0.69  10.20 4+ 1.29 9.07+1.42 0.00+0.00 0.25 + 0.06
Z+jets 0.39 +0.11 6.56 £0.69  0.03+0.01 0.09 +0.05 1.83 4 0.44 0.56+0.12 0.024+0.01 0.02+0.01
ZH 0.01 4+ 0.00 0.03 4+ 0.00 0.007595  0.00 +0.00 0.04 + 0.00 0.04+0.01  0.00+0.00 0.00 +0.00
WH 0.39 4 0.05 3.814+0.32  0.08+0.02 0.05+0.01 3.45+0.33 5.0740.51 0.244+0.04 0.13+0.02
ttvV 1.07 £ 0.28 1134028 0.06+0.02 0.24+0.07 0.56 +0.15 0.224+0.06 0.01+0.01 0.1140.03
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Table C.4: Expected yields from the Monte Carlo simulation before and after the unblinded background-only fit using
myy". The errors shown are the quadratic sum of the statistical and systematic uncertainties. Uncertainties on the fitted

yields are symmetric by construction, where the negative error is truncated when reaching to zero event yield.

Yields in regions CRT CRW SR Asb SRBsb SRAh SRBh
Observed events 691 1592 15 11 6 3

MC yields after fit 680.91 + 25.75 1602.91 + 39.21 14.63 £ 2.38 9.12 + 1.80 6.48 + 1.28 3.07 +£0.81
tt 643.95 + 26.26 703.18 + 53.03 8.20 +2.33 3.24 +1.35 4.29+1.24 1.41 4+ 0.66
W +jets 12.50 £ 2.37 701.89 + 58.73 3.16 £ 0.67 1.97 +£0.50 0.55 + 0.28 0.34 +0.14
Single top s 0.82 +£0.15 3.02 £ 0.32 0.00 + 0.00 0.00 =+ 0.00 0.00 £ 0.00 0.00 + 0.00
Single top ¢ 2.79 +0.99 20.90 + 2.88 0.291030 0.0415:08 0.20 & 0.04 0.00 + 0.00
Singe top Wt 16.87 + 3.35 93.83 4+ 13.01 1.65 4+ 0.53 2.56 +1.17 1.1540.37 0.79 + 0.40
Diboson 1.98 +0.35 68.41 4+ 7.53 1.1540.46 0.91 +0.54 0.00 £ 0.00 0.27 +0.06
Z+jets 0.45+0.11 6.65 + 0.59 0.03 +0.01 0.10 £ 0.05 0.02 £ 0.01 0.02 +0.01
ZH 0.01 £ 0.00 0.03 £ 0.00 0.0079-00 0.00 =+ 0.00 0.00 £ 0.00 0.00 + 0.00
WH 0.42 + 0.04 3.88 +0.26 0.09 +0.01 0.05 + 0.01 0.26 =+ 0.03 0.13 £ 0.02
ttv 1.124+0.28 1.134+0.27 0.06 + 0.02 0.24 + 0.06 0.01 £ 0.00 0.11 +0.03
MC yields before fit 577.74 +102.51 1695.73 + 93.47 12.49 + 3.57 7.86 + 2.26 5.39 £ 1.87 2.44 £ 1.01
tt 540.97 + 101.75 665.84 + 92.63 6.21 + 3.29 2.07 + 1.59 3.26 +1.73 0.98 +0.83
W +jets 13.90 + 2.36 833.28 +3.15 3.56 £ 0.70 2.22 £ 0.57 0.58 £ 0.35 0.34 £0.15
Single top s 0.74 £0.18 3.06 £ 0.34 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00 0.00 + 0.00
Single top ¢ 2.44 4+ 1.01 20.04 + 2.89 0.1979-23 0.14790-27 0.19 4 0.04 0.00 4 0.00
Singe top Wt 16.02 + 3.42 93.20 4 13.79 1.41 4+ 0.56 2.09 +1.17 1.09 4+ 0.40 0.60 + 0.37
Diboson 1.79 +0.46 68.80 + 8.66 0.95 + 0.46 0.95 + 0.69 0.00 £ 0.00 0.25 + 0.06
Z+jets 0.39 £0.11 6.56 + 0.69 0.03 £ 0.01 0.09 + 0.05 0.02 £ 0.01 0.02 £ 0.01
ZH 0.01 £ 0.00 0.03 £ 0.00 0.007599 0.00 = 0.00 0.00 £ 0.00 0.00 + 0.00
WH 0.39 +0.05 3.81 +0.32 0.08 + 0.02 0.05 + 0.01 0.24 + 0.04 0.13 £ 0.02
ttv 1.07+0.28 1.1340.28 0.06 + 0.02 0.24 +0.07 0.01 £ 0.01 0.11+0.03

791
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C.1.2 Distributions before and after background-only fit

This section shows event distributions of background-only fits. The stacked back-
ground histograms of the single top samples (s-channel, t-channel, and Wt-channel)
have been grouped into “Single top” and the negligible backgrounds ¢V, W H and
Z H are grouped as well. The hashed areas represent the total uncertainties on the
background estimates. The vertical bars on the data point account for the statisti-
cal uncertainty. The lower panels show the ratio of the data to the SM background
prediction. The distributions of two signal points from the simplified model grid,
m(Xix3, ¥0) = (130,0) GeV and m(%x9, X)) = (250,0) GeV, are overlaid — not
stacked — on the background for information.

Figures to show the event distributions in CRT, CRW, VRA, VRB, SRA
and SRB before and after the unblinded fit (corresponding to the published version
of the analysis). The reduction of systematic uncertainties after fit is visible in the
reduced hashed areas.

Figures to show the event distributions in the same control, validation
and signal regions before and after the unblinded fit performed using mg™ as dis-
criminating variables. For this fit setup, regions are defined using the same cuts as

in the published analysis but on the m{™ and m@;" variables.

C.1.3 Distributions before final cut

The validation of the extrapolation is shown in the event distributions in Figures
to
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Figure C.1: Fit results for the nuisance parameters and the normalization factors puz
and fyrets, in the background-only fit.
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Figure C.2: Fit results for the nuisance parameters and the normalization factors puz

and fyrets, 0 the background-only fit using m;™ as discriminating variable.
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Table C.5: Breakdown of the systematic uncertainties on background estimates after

fit, with my, as discriminating variable. More information in text.

Uncertainty of channel(s) CRT CRW VRA VRB SRAh SRBh
Total background expectation 641.52 1557.60 874.17 243.21 5.69 2.67
Total statistical (1/Nexp) +25.33 +39.47 +£29.57 +£15.60 +2.38 +1.63
Total background systematic +24.91 4£38.63 +84.58 =£16.70 £1.10 +0.69
[in % ] (3.88%)] [2.48%] [9.68%] [6.87%] [19.40%] [25.71%]
tt normalization (fit) +84.78 4+94.49 +94.81 +£19.43  £0.50 +0.18
tt parton shower (theory) +80.03 +61.34 £7.91 +£11.70 +0.31 +0.17
tt generator (theory) +32.06 £32.54 +£34.96 +£12.77 £1.09 +0.57
tt ISR/FSR (theory) +30.43 +£22.36 £9.40 £1.42 +0.39 +0.14
Jet Energy Scale +28.04 +21.41 +22.47 +1.63 +0.36 +0.35
Jet b-tagging efficiency +13.17 £7.96 +17.99 +1.24 +0.06 4+0.05
Jet Vertex Fraction +7.73 +£11.19 £3.86  +0.22 +0.03 +0.01
tt PDF (theory) +5.97 4536 +£6.68 +1.82  +0.09 +0.05
Electron reconstruction +2.92 £2.89 £341 £1.14 +0.14 +0.09
Single top (Wt) parton shower (theory) +2.42  +£8.20 +0.45 +1.74  +0.13 +0.01
E%‘iss Soft Scale +2.41 +726 +1.96 +1.68 +0.16 +0.07
Single top (Wt) gen.+WWbb (theory)  +1.48  +5.20 +£1.83 +1.46  +0.25 +0.31
tt renormalization (theory) +1.25 £0.78 =£22.65 £0.95  £0.33 +0.05
Single top (W) cross-section (theory) +1.09 £598 +2.30 £1.47  +0.07 +0.05
W+jets normalization (fit) +0.96 £59.80 £8.55 £5.37  £0.05 £0.02
Muon reconstruction +0.92 £1.49 £1.00 +0.36 £0.07 +0.02
Jet Energy Resolution +0.84 +0.06 +2.26 +1.00 +0.06 +0.11
Luminosity +0.66 £5.21  £2.68 £1.16 +0.04 +0.03
Wjets factorization (theory) +0.58 £0.57 £5.20 £4.69  £0.04 £0.02
tt factorization (theory) +0.57 £0.36 £13.82 £0.24  £0.48 £0.16
Single top (¢) ISR/FSR (theory) +£0.28  £2.15 +3.11  £055  £0.02  £0.00
Jet c-tagging efficiency +0.27 4573 +£16.62 +£13.95 +0.33 +0.11
Efrniss Resolution +0.24 £0.81 +£1.42 +0.43 +0.10 +0.08
ttV cross-section (theory) +0.24 £0.23 +0.13 £0.05  £0.00 +0.03
Jet b-mistagging efficiency +0.18 +1.91 +2.37 £1.61 +0.04 +0.01
Diboson cross-section (theory) +0.15 +4.43 £0.70 +0.62 £0.00 +0.01
Pileup +0.13 +0.53  +1.05 +0.16 +0.05 +0.04
Single top (t) cross-section (theory) +0.10 +0.76 +1.10 +£0.19  +0.01 +0.00
Single top (s) ISR/FSR (theory) £0.05 4021 +1.25 £0.02  4£0.00  +0.00
Single top (s) cross-section (theory) +0.03 £0.11  +0.67 =£0.01 +0.00 £0.00
W+jets PDF (theory) +0.02  +0.02 +0.44 +0.16 £0.01 +0.01
Z+jets PDF (theory) +0.01 +0.34 +0.12  40.03 £0.00 +0.00
W+jets Heavy Flavor (theory) +0.00 £0.00 4+0.00 +0.00 +0.00 +0.00
Shape (statistical) +0.00 +0.00 +£0.00 £1.08  +0.48 +0.33
Wjets scale variation (theory) +0.00 £0.00 +£0.00 £0.00  =£0.00 £0.00
W+jets ISR/FSR (theory) +0.00 +0.00 +£0.00 +0.00  £0.00 +0.00
W+jets parton shower/ME (theory) +0.00 4£0.00 +0.00 £0.00  +£0.00 +0.00
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Table C.6: Breakdown of the systematic uncertainties on background estimates after
fit, with mgy™ as discriminating variable. More information in text.

Uncertainty of channel(s) CRT CRW VRA VRB SRAh SRBh
Total background expectation 680.91 1602.91 913.52 261.86 6.48 3.07
Total statistical (1/Nexp) +26.09 +40.04 +30.22 +16.18  £2.55 +1.75
Total background systematic +25.75 +39.21 +90.94 +18.89 £1.28 +0.81
[in % ] [3.78%)] [2.45%] [9.96%] [7.21%] [19.69%] [26.34%]
tt normalization (fit) +89.92 +98.19 +98.86 +£20.12 £0.60 +0.20
tt parton shower (theory) +84.66 +63.60 +8.23 £12.09 +0.37 +0.19
tt generator (theory) £34.03 £33.86 =£36.49 £13.21 +£1.30 +0.64
tt ISR/FSR (theory) +32.25 +£23.22 £9.79  £1.47 +0.47 +0.15
Jet Energy Scale +25.92 +23.31 +29.14 +2.31 +0.40 +0.46
Jet b-tagging efficiency +13.59 4841 +21.12 43.11 +0.06 +0.06
tt PDF (theory) +6.30 £5.60 +£6.92 £1.89 +0.11 +0.06
Electron reconstruction +2.96 £3.09 £3.75 £1.16 +0.15 +0.10
Single top (Wt) parton shower (theory) #+2.51  +£8.65 +0.45 +£1.82  +0.14 £0.01
Emiss Soft Scale +230 £7.80 £2.07 £1.90 £0.15 +0.09
Single top (Wt) gen.+WWbb (theory)  +1.54 +5.49 £1.84 +1.53  £0.26 +0.33
tt renormalization (theory) +1.33 +£0.81 +£23.62 +0.98 +0.39 +0.05
Single top (Wt) cross-section (theory) — +1.14  £6.33 +2.31 +£1.54  +0.08 +0.05
W+jets Heavy Flavor (theory) +1.07  +£0.94 +£10.42 +7.61 +0.06 +0.04
W+jets normalization (fit) +£1.05 +£59.056 £8.98 £6.21 +0.05 £0.03
Muon reconstruction +£0.90 £1.55 £1.08 £0.33 +0.09 +0.06
Jet Energy Resolution +0.82 4+0.12 4+3.06 +1.87 +0.03 +0.18
Pileup +0.70 +£0.89 £1.84 +0.83 +0.16 +0.03
Luminosity +0.68  £5.50 £2.75  £1.22 +0.05 +0.04
tt factorization (theory) +0.60 £0.37 £14.38 £0.25  £0.58 £0.18
Wjets scale variation (theory) +0.57 £0.50 £3.09 +6.16 +0.04 +0.03
Errrniss Resolution +0.49 £1.70 +£1.34 +0.43 +0.01 +0.16
Jet c-tagging efficiency +048 +4.98 +£16.78 +£13.25 +0.33 +0.10
WHjets factorization (theory) +0.39 +0.34 +2.57 £3.88  +£0.03 £0.02
W+jets matching scheme (theory) +0.36 +0.32 +2.14  £3.77 +0.02 +0.02
Single top (t) ISR/FSR (theory) +£0.30 4228 4321  +055  +0.02  40.00
ttV cross-section (theory) +0.25 +0.26 +0.14  +0.05 £0.00 +0.03
Jet b-mistagging efficiency +0.25 +1.72 4+2.28 +1.06 +0.04 40.01
Diboson cross-section (theory) +0.14 +4.71  £0.73  4£0.67  £0.00 +0.02
Single top () cross-section (theory) +0.11  £0.81 +1.14 +£0.20 +£0.01 £0.00
Single top (s) ISR/FSR (theory) +0.06 £0.22 +1.32 £0.02  £0.00 £0.00
W+jets ISR/FSR (theory) +0.06 +0.056 +£0.36  +0.58 +0.00 +0.00
Single top (s) cross-section (theory) +0.03 +0.12 £0.71  +0.01  +£0.00 +0.00
W+jets PDF (theory) +0.02  £0.02 +047 +0.19 +0.01 +0.01
Z+jets PDF (theory) +0.02 +£0.32 +£0.12  £0.04 +0.00 +0.00
Shape (statistical) +0.00 £0.00 +0.00 £0.99  £0.54 £0.40

Jet Vertex Fraction +0.00 £0.00 £0.00 £0.00 +0.00 +0.00
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Figure C.9: Distributions of m@}" (top) and mr (bottom) after the background-only
fit in VRA+VRB and VRA+CRT respectively. The rightmost bin includes overflow.
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Figure C.10: Distributions of mgj" extrapolated from CRT to SRAsb+SRBsb (top)
and SRAh+SRBh (bottom) after the background-only fit. The vertical arrows indi-
cate the lower boundary of the signal regions. The rightmost bin includes overflow.
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Figure C.11: Distributions of mr extrapolated from VRB to SRAsb+SRBsb (top)
and SRAh+SRBh (bottom) after the background-only fit. The region between the
two vertical arrows corresponds to SRA. The right vertical arrow indicates the lower
boundary of SRB. The rightmost bin includes overflow.
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Figure C.12: Distribution of the b-jet multiplicity after the background-only fit in a
region defined by the union of SRA+SRB but without the b-jet multiplicity require-
ment applied. The rightmost bin after the arrow corresponds to the actual definition
of SRAsb+SRBsb (top) and SRAh+SRBh (bottom), with n®J¢® = 2. The regions are

defined using mj

corr

o and mEyr .

Corr
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Figure C.13: Distributions of my™ after the background-only fit in the union of
validation regions VRA+VRB (top) and signal region SRA+SRB (bottom) over the
five bins, i.e. the four sideband bins and the central signal bin.
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C.2 Results of the model-dependent fits

This section provides additional figures that complete the ones presented in Sec-
tion[8.3.3] For the model-dependent fits performed with the simplified model, the 95%
CL exclusion region in the m(x?) — m(Yi, ¥3) mass plane is shown in Figure [C.14]
with the expected and observed CL; indicated for each signal point. Figure dis-

plays the exclusion region for the analysis performed with the corrected di-jet mass

corr

my"". Expected and observed CL; values are also shown. The exclusion results for

the pMSSM grid are shown in Figure [C.16] and [C.17] for the published analysis with

my, and the corrected version with mgp™, respectively. Upper limits on the normalized

signal cross section o/05YSY for the simplified model and pMSSM grids are shown in

Figure [C.I§
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observed (right) CLg values obtained from the model-dependent fit.
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Figure C.16: Exclusion in the mu — M plane for the published version of the analysis
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that uses mgy™. The grey numbers indicate the expected (left) and observed (right)
CL, values obtained from the model-dependent fit.
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Figure C.17: Exclusion in the mu — M, plane for the corrected version of the analysis

that uses mgs™. The grey numbers indicate the expected (left) and observed (right)
CL; values obtained from the model-dependent fit.
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Figure C.18: Upper limits on the signal cross section normalized to the SUSY model
prediction, o/0%YSY in the simplified model (left) and pMSSM (right) for different

projection of the m(x?) and p parameters, respectively.
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Appendix D

Results of the ATLAS SUSY
searches summary reinterpreted in
the pMSSM

D.1 Exclusion limits from the £h analysis

The results of the ¢h analysis in the context of the pMSSM reinterpretation — detailed
in Chapter [9]— are presented here. For each model point, the p-value py, expected and
observed CLs are computed. The expected CLs®P has uncertainty bounds CLs™ !¢
(CLs ™), which are obtained by varying the signal cross-section of —1¢ (+10). The
observed CLs is CLs°™. Table shows the results for the sole model point with
wino-like LSP while Table lists the results of the 63 pMSSM model points with

a bino-like LSP.

Table D.1: Results from the exclusion fit of ¢h analysis performed for the pMSSM
model point with a wino-like LSP. More details on the extracted variables in the text.

Model name Do CLs®P CLs™ 1o CLst1o CLs®P®
12381550 0.14 0.23 0.09 0.51 0.26
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Table D.2: Results from the exclusion fit of £h analysis performed for the 63 pMSSM
model points with a bino-like LSP. More details on the extracted variables in the text.

Model name Do CLs®P CLs™ 1o CLst1o CLs®P®
21268567 0.47 0.46 0.26 0.72 0.63
22966708 0.31 0.40 0.20 0.67 0.49
39193244 0.42 0.63 0.44 0.83 0.69
61683747 0.50 0.67 0.49 0.85 0.75
64451425 0.50 0.47 0.27 0.72 0.65
68547168 0.45 0.67 0.49 0.85 0.73
85043518 0.42 0.65 0.46 0.84 0.70

100367047 0.38 0.51 0.30 0.75 0.59
116598020 0.45 0.59 0.39 0.80 0.68
117941348 0.46 0.63 0.44 0.83 0.71
124523905 0.50 0.48 0.27 0.73 0.66
1298600568 0.26 0.41 0.22 0.68 0.46
134477982 0.37 0.39 0.20 0.66 0.53
138686496 0.36 0.38 0.19 0.66 0.52
141079858 0.26 0.26 0.10 0.53 0.38
150059611 0.49 0.65 0.46 0.84 0.73
154547252 0.25 0.40 0.20 0.67 0.44
155907918 0.29 0.47 0.27 0.72 0.52
162566015 0.24 0.36 0.17 0.63 0.41
169799005 0.10 0.10 0.03 0.31 0.16
175215884 0.26 0.45 0.25 0.71 0.48
192541795 0.40 0.43 0.23 0.69 0.57
194217976 0.50 0.27 0.11 0.54 0.58
207692437 0.49 0.55 0.35 0.78 0.68
212303037 0.23 0.46 0.26 0.71 0.46
219933858 0.32 0.33 0.15 0.61 0.46
230784331 0.24 0.41 0.21 0.67 0.44
244174259 0.38 0.36 0.18 0.64 0.52
247474936 0.12 0.13 0.04 0.35 0.18
248986127 0.24 0.51 0.30 0.75 0.49
278011961 0.22 0.51 0.31 0.75 0.49

Continued on next page
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Continued from previous page

Model name Po CLs**P CLs™ 1o CLstlo CLs°bs
284158078 0.16 0.22 0.08 0.49 0.27
287709877 0.17 0.19 0.06 0.44 0.27
303014332 0.42 0.40 0.21 0.67 0.57
309666028 0.50 0.59 0.39 0.81 0.71
311679864 0.21 0.30 0.13 0.57 0.35
319088156 0.30 0.37 0.18 0.64 0.46
319291200 0.27 0.34 0.16 0.61 0.42
320339638 0.32 0.32 0.15 0.60 0.45
326901592 0.24 0.26 0.10 0.53 0.36
339985460 0.50 0.81 0.68 0.92 0.84
355795643 0.42 0.42 0.23 0.69 0.58
362665045 0.33 0.31 0.14 0.59 0.46
370944698 0.41 0.62 0.42 0.82 0.68
398859326 0.33 0.52 0.31 0.76 0.56
401298695 0.50 0.67 0.49 0.85 0.75
412330086 0.27 0.47 0.26 0.72 0.50
414588510 0.11 0.13 0.04 0.36 0.18
418728841 0.23 0.29 0.13 0.57 0.37
424263145 0.27 0.51 0.31 0.75 0.52
427894273 0.27 0.48 0.28 0.73 0.51
432613790 0.50 0.71 0.54 0.87 0.78
432888422 0.22 0.39 0.20 0.66 0.41
449751773 0.30 0.36 0.18 0.64 0.46
453491214 0.38 0.50 0.29 0.74 0.59
454938790 0.28 0.28 0.12 0.56 0.40
457611219 0.33 0.27 0.11 0.54 0.44
463371753 0.43 0.58 0.38 0.80 0.66
466265931 0.25 0.16 0.05 0.41 0.33
466432540 0.42 0.48 0.28 0.73 0.61
471729364 0.28 0.36 0.17 0.63 0.44
475713692 0.33 0.25 0.10 0.52 0.43

486724955 0.42 0.45 0.25 0.71 0.59
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D.2 Fraction of pMSSM model excluded by AT-
LAS SUSY searches

The overall fraction of model points within the pMSSM space excluded by each anal-
ysis for each of the LSP types is shown in Table

Table D.3: Fraction of models excluded (in percentage) by the individual analyses,
with respect to the total number of models. More information on the listed searches
can be found in the publication [97]

Analysis All LSPs Bino-like Wino-like Higgsino-like
O-lepton + 2-6 jets + ERiss 32.1 35.8 29.7 33.5
0-lepton + 7-10 jets + Emiss 7.8 5.5 7.6 8.0
0/1-lepton + 3b-jets + Fmiss 8.8 5.4 7.1 10.1
1-lepton + jets 4+ E3ss 8.0 5.4 7.5 8.4
Monojet 9.9 16.7 9.1 10.1
SS/3-leptons + jets + Emiss 2.4 1.6 2.4 2.5
tau(t /) + jets + Emiss 3.0 1.3 2.9 3.1
0-lepton stop 9.4 7.8 8.2 10.2
1-lepton stop 6.2 2.9 5.4 6.8
2b-jets + Emiss 3.1 3.3 2.3 3.6
2-leptons stop 0.8 1.1 0.8 0.7
Monojet stop 3.5 11.3 2.8 3.6
Stop with Z boson 0.4 1.0 0.4 0.5
th+ERSS  stop 4.2 1.9 3.1 5.0
Lh, electroweak 0.0 0.0 0.0 0.0
2-leptons, electroweak 1.3 2.2 0.7 1.6
2-7, electroweak 0.2 0.3 0.2 0.2
3-leptons, electroweak 0.8 3.8 1.1 0.6
4-leptons 0.5 1.1 0.6 0.5
Disappearing Track 114 0.4 29.9 0.1
Long-lived particle 0.1 0.1 0.0 0.1
H/A — 777~ 1.8 2.2 0.9 2.4

Total 40.9 40.2 45.4 38.1
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