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Chapter 1

Introduction

1.1 Motivation for Supersymmetry

For several decades, particle physicists having been trying to better understand Nature at
the smallest distances by colliding particles at the highest energies. While the Standard
Model (SM) of particle physics has successfully explained most of the results that have
arisen from experiments, many phenomena remain baffling.

Supersymmetry, commonly abbreviated as SUSY, is one of the most appealing ex-
tensions of the SM. It is a generalization of the space-time symmetries of quantum
field theory that proposes a relationship between two basic classes of elementary parti-
cles: bosons, which live in an integer-valued angular momentum eigenstate (spin), and
fermions, which have a half-integer spin. Each particle from one group would have an
associated particle in the other, which is known as its superpartner, the spin of which
differs by a half-integer.

There are numerous phenomenological motivations for SUSY close to the electroweak
scale, as well as technical motivations for this theory at any energy scale.

First, SUSY provides a framework for the unification of particle physics and grav-
ity [1–3] at the Planck energy scale, MP ∼ 1019 GeV, where the gravitational interactions
become comparable in magnitude to the gauge interactions. Moreover, SUSY can pro-
vide an explanation of the large hierarchy between the energy scale that characterizes
electroweak symmetry breaking, MEW ∼ 100 GeV, and the Planck scale [4–7]. The
stability of this large gauge hierarchy with respect to radiative quantum corrections is
not possible to maintain in the SM without an unnatural fine-tuning of the parameters
of the fundamental theory at the Planck scale. More specifically, in a theory such as
the SM with an elementary scalar field of mass m and interaction strength λ (e.g. the
quartic scalar self-coupling; the square of a gauge coupling or the square of a Yukawa
coupling), the stability with respect to quantum corrections requires the existence of an
energy cutoff roughly of order

√
(4π)2/λ m beyond which new physics must enter [8].

A significantly larger energy cutoff would require an unnatural fine-tuning of param-
eters that govern the low-energy theory. Applying this argument to the SM leads to
an expectation of new physics at the TeV scale. In a supersymmetric extension of the

7



8 CHAPTER 1. INTRODUCTION

Figure 1.1: SUSY comes to provide an elegant approach to provide solutions to such
challenges. It is maybe the best motivated theory and compelling possible extension of
SM. SUSY is a space-time symmetry that postulates the existence of new particles with
½-unit spin difference from their SM partners. For example, each SM fermion or boson is
associated with a superpartner, having the same quantum numbers as its partner except
for spin.

SM, thereby, it is possible to maintain the gauge hierarchy while providing a natural
framework for elementary scalar fields.

Second, the unification of the three SM gauge couplings at a very high energy close
to the Planck scale is possible if new physics beyond the SM (which modifies the running
of the gauge couplings above the electroweak scale) is present. The minimal supersym-
metric extension of the SM (MSSM), where superpartner masses lie below a few TeV,
provides an example of successful gauge coupling unification [9].

Third, the existence of dark matter (DM), which makes up approximately one quarter
of the energy density of the universe, cannot be explained within the SM of particle
physics [10]. Remarkably, a stable weakly-interacting massive particle (WIMP) whose
mass and interaction rate are governed by new physics associated with the TeV-scale can
be consistent with the observed density of dark matter, the so-called WIMP miracle,.
The lightest supersymmetric particle, if stable, is a promising (although not the unique)
candidate for the DM [11–13].

If SUSY were an exact symmetry of nature, then particles and their superpartners
would be degenerate in mass. Since superpartners have not (yet) been observed by
experiments, SUSY must be a broken symmetry. Despite the break down of SUSY, the
stability of the gauge hierarchy can still be maintained if the SUSY breaking is soft [14,
15], and the corresponding SUSY-breaking mass parameters are no larger than a few
TeV. This, in fact, makes the search of SUSY plausible at modern collider experiments
since it lies within the energy reach, for example, the Large Hadron Colllider (LHC) at
CERN located in Geneva.



1.2. MINIMAL SUPERSYMMETRIC EXTENSION OF THE STANDARD MODEL9

Figure 1.2: Two-loop renormalization group evolution of the inverse gauge couplings
α−1
a (Q) a = 1; 2, 3 as a function of the energy scale Q in the SM (dashed lines) and the

MSSM (solid lines). Unlike the SM, the MSSM includes just the right particle content
to ensure that the gauge couplings can unify, at a scale MU ∼ 1.5× 1016 GeV. Adapted
from Ref. [1].

1.2 Minimal Supersymmetric Extension of the Standard
Model

1.2.1 Minimal Supersymmetric Standard Model

In its minimal realization, the MSSM, SUSY postulates the existence of a new bosonic
(fermionic) partner for each fundamental SM fermion (boson), as well as an additional
Higgs doublet. More specifically, electroweakly interacting supersymmetric particles are
charginos, neutralinos, sleptons, sneutrinos and squarks. Charginos (χ̃±) and neutralinos
(χ̃0) are the mass eigenstates formed by linear combinations of the superpartners of
the charged and neutral Higgs bosons and of the electroweak gauge bosons. Strongly
interacting superpartners are the squarks (q̃) and gluinos (g̃).

The minimal supersymmetric extension of the SM also consists of the fields of the
two-Higgs-doublet extension of the SM and the corresponding superpartners. After elec-
troweak symmetry breaking, five Higgs bosons arise, of which two are charged. The
supersymmetric partners of the Higgs doublets are known as ”higgsinos”. The enlarged
Higgs sector of the MSSM constitutes the minimal structure needed to guarantee the
cancellation of gauge anomalies [16] generated by the higgsino superpartners that can ap-
pear as internal lines in triangle diagrams with three external electroweak gauge bosons.
Moreover, without a second Higgs doublet, one cannot generate mass for both ”up”-type
and ”down”-type quarks, and charged leptons in a way consistent with the underlying
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Figure 1.3: Particle content of the Minimal Supersymmetric SM theory.

SUSY [17, 18].

The fact that such particles are not yet observed leads to the conclusion that, if
SUSY is realized, it is a broken symmetry. A description of SUSY in the form of an
effective Lagrangian with only ”soft” SUSY breaking terms and SUSY masses at the
TeV scale maintains cancellation of quadratic divergences in particle physics models

1.2.2 Charginos and Neutralinos

As discussed in Section 1.2.1, vector superfields must be introduced to describe the gauge
sector. In particular, eight gluinos g̃ as partners of QCD, three winos W̃ as partners of
the SU(2) gauge bosons, and a bino B̃ as U(1)Y gaugino.

In MSSM, the higgsinos and the electroweak gauginos mix with each other because
of the effects of electroweak symmetry breaking. Since SU(2) × U(1)Y is broken, the
winos and the bino are in general not mass eigenstates, rather they mix with fields with
the same charge but different SU(2)×U(1)Y quantum numbers.

The neutral higgsinos (H̃0
u and H̃0

d) and the neutral gauginos (B̃ and W̃ 0) combine
to form the mass eigenstates called neutralinos, which are denoted by χ̃0

i with i = 1− 4.
The charged higgsinos (H̃+

u and H̃−d ) and winos (W̃+ and W̃+) mix to form the mass
eigenstates with electric charge ±1 called charginos, which are denoted by χ̃±i with
i = 1, 2. By convention, these mass eigenstates are labelled in ascending mass order, so
that m1 < · · · < m4 for neutralinos and m1 < m2 for charginos. The lightest neutralino,
χ̃0

1, is typically assumed to be the LSP, unless there is a lighter gravitino, or unless
R-parity is not conserved, because it is the only MSSM particle that can make a good
dark matter candidate.

In the gauge interaction eigenstate basis, the neutralino and chargino can be ex-
pressed as ψ0 = (B̃, W̃ , H̃0

d , H̃
0
u) and ψ± = (W̃+, H̃+

u , W̃
−, H̃−d ), respectively. To

obtain mass eigenstates, a unitary mixing matrix is used to diagonalize the mass matrix.
The mass eigenvalues and the mixing matrix can be then given in closed form in terms
of the parameters M1, M2, µ and tanβ. The parameters M1 (bino mass term) and M2

(wino mass term) come directly from the MSSM soft Lagrangian, while µ has dimension
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of mass, corresponding to a mass term mixing the 2 Higgs doublets. This parameter can
be either positive or negative. The parameter tanβ is defined as the ratio of the two
vacuum expectation values, νu/νd, of the two Higgs doublets.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be
viewed as a small perturbation on the neutralino mass matrix. If

mZ � |µ±M1|, |µ±M2| (1.1)

then the neutralino mass eigenstates are very nearly a ”bino-like” χ̃0
1 ≈ B̃, a ”wino-like”

χ̃0
2 ≈ W̃ 0 and ”higgsino-like” χ̃0

3, χ̃
0
4 ≈ (H̃0

u±H̃0
d)/
√

2. In the same limit of Equation 1.1,
the chargino mass eigenstates consist of ”wino-like” χ̃±1 and a higgsino-like χ̃±2 .

1.2.3 Squarks and Gluinos

The squarks are the scalar superpartners of the quarks and there is one version for each
SM quark. Due to phenomenological constraints from flavor changing neutral currents
(FCNC), typically the lighter two generations of squarks have to be nearly the same
in mass. The superpartners of the top and bottom quark can be separated from the
lighter squarks and are called stop and sbottom. Squarks can be produced through
strong interactions and therefore are easily produced at hadron colliders such as the
LHC. They decay to quarks and neutralinos or charginos which can further decay.

Gluinos are Majorana fermionic partners of the gluon, which means that they are
their own antiparticles. They interact strongly and therefore can be produced signifi-
cantly at the LHC. The decay of the gluino can only proceed through a squark, either
on-shell or virtual. In case of two-body, gluino decays to quark-squark pairs they will
dominate as the relevant gluino-quark-squark coupling has QCD strength. If the the top
and bottom squarks are lighter than all of the other squarks, it is possible that gluino de-
cays to either top-stop or bottom-sbottom are the only available two-body decay modes,
in which case they will dominate over all others. If instead all of the squarks are heavier
than the gluino, the gluino will decay only through off-shell squarks giving rise to 3-body
decays involving neutralinos and charginos, i.e. g̃ → qq χ̃0

i or q′q χ̃±i .

1.2.4 Sleptons

Sleptons are the scalar partners of the leptons of the Standard Model. They are not
strongly interacting and therefore are often produced with lower cross-section at hadron
colliders unless they are very light. Because of the high mass of the tau lepton, there will
be left-right helicity mixing of the stau similar to that of stop and sbottom. Sleptons
will typically be found in decays of a charginos and neutralinos if they are light enough
to be a decay product.

1.3 R-Parity

In the absence of a protective symmetry, SUSY processes violating the lepton (L) and
baryon (B) quantum numbers result in proton decay at a rate that is in conflict with
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the experimental constraints on its lifetime. This conflict can be avoided by imposing a
B − L conservation requirement on the supersymmetric Lagrangian when defining the
MSSM. As a consequence of the B −L symmetry, the MSSM possesses a multiplicative
R-parity invariance, which is defined as

R = (−1)3(B−L)+2S (1.2)

for a particle of spin S [19]. This implies that all the particles of the SM have even
R-parity, whereas the corresponding superpartners have odd R-parity.

u

d

u u

e

u*

+

sR
*~

R

R L

L 0

p

Figure 1.4: Proton decay into a positron and a neutral pion: p→ π0 e+.

The conservation of R-parity in scattering and decay processes has a critical im-
pact on supersymmetric phenomenology. For example, any initial state in a scattering
experiment will involve ordinary (R-even) particles. Consequently, it follows that su-
persymmetric particles must be produced in pairs. In general, these particles are highly
unstable and decay into lighter states. R-parity invariance also implies that the lightest
supersymmetric particle (LSP) is absolutely stable, and must eventually be produced at
the end of a decay chain initiated by the decay of a heavy unstable supersymmetric par-
ticle. In order to be consistent with cosmological constraints, a stable LSP is certainly
electrically and color neutral [12]. Therefore, the LSP in an R-parity-conserving (RPC)
theory is weakly interacting with ordinary matter, i.e., it behaves like a stable heavy
neutrino and will escape collider detectors without being directly observed. Thus, the
canonical signature for conventional RPC supersymmetric theories is substantial miss-
ing (transverse) energy, due to the LSP escaping from any detection means. Finally, the
stability of the LSP in RPC SUSY makes it a promising candidate for dark matter.

If R-parity is violated, new lagrangian terms parameterized by λijk, λ
′
ijk and λ′′ijk

appear in the superpotential, where ijk are particle generation indices.

W = λijkLiLjĒk + λ′ijkQiLjD̄k + λ′′ijkŪiD̄jD̄k +miLiHu (1.3)

where Q, U, D, L, E are the matter superfields and Hu,d are the up and down type
Higgs superfields. The λ-type couplings appear between lepton superfields only, λ′-type
are between quark superfields only, and λ′′-type couplings connect the two. R-parity
violation (RPV) implies lepton and/or baryon number violation. In this case, the lightest
neutralino can decay even if it is the LSP. If the decay involves a non-zero λ coupling,
the final state will be a multi-lepton one. Searches for events with four or more isolated
charged leptons by the ATLAS [20–22] and CMS [23] experiments are interpreted in
such models. The search of multi-lepton final states and interpretation in SUSY RPV
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models is subject of this thesis. With very small coupling values, the neutralino would be
long-lived, leading to lepton pairs with a displaced vertex, which have also been searched
for [24, 25].

1.4 Naturalness and Light Higgsinos

While the SM provides an excellent description of most experimental data, it is known
to be highly unnatural in the scalar (Higgs) sector if its regime of validity as an effective
theory is taken much beyond the Λ ∼ 1 TeV energy scale. Many solutions to the
SM naturalness problem have been invoked. However, in the SUSY theory, quadratic
divergences cancel to all orders in perturbation theory, rendering the theory natural.

Recent searches at LHC with
√
s = 13 TeV proton-proton collision data, exclude,

within the context of various simplified models, the squark and gluino production beyond
the TeV mass scale (see Figure 4.9). In addition, the measured value of the Higgs mass
at mh ' 125.2 GeV seems to require highly mixed TeV-scale top-squarks. These various
mass bounds are in deep discord from early naturalness constraints, this time mainly
arising from logarithmic rather than quadratic divergences.

The most direct relation between the observed value of the weak scale and elements
of the SUSY Lagrangian comes from minimizing the MSSM scalar potential. It is found
that

m2
Z

2
=
m2
Hd

+ Σd
d − (m2

Hu
+ Σu

u) tan2 β

tan2 β − 1
− µ2 ' −m2

Hu
− Σu

u − µ2 (1.4)

where tanβ ≡ νu/νd is the ratio of Higgs field vacuum expectation values, m2
Hd

and

m2
Hu

the field soft SUSY breaking terms and µ is the superpotential Higgs/higgsino
mass term. If any term on the right-hand-side is far greater than m2

Z/2, then some
other term would have to be fine-tuned to an opposite-sign value such as to maintain
mZ at its measured value. Alternatively, for a natural theory, all terms on the right-hand
side of Equation 1.4 should be comparable to or smaller than m2

Z/2. The electroweak
fine-tuning measure ∆EW was introduced [26] to measure the largest contribution on the
right-hand side of Equation 1.4 compared to m2

Z/2. For a natural theory with low ∆EW,
one finds that the soft parameter m2

Hu
is driven radiatively to small negative values at

the weak scale. Also, in order that the radiative corrections Σu
u . m2

Z/2, the top-squarks
are highly mixed and not too far beyond the few TeV range. The latter requirement is
completely consistent with the measured value of mh and with expectations from the
measured decay rate of the process b → sγ. In addition, the gluino mass feeds into the
Σ radiative terms and thus mg̃ < 4 TeV. Finally, for µ ∼ 100 − 300 GeV, the closer to
mZ the better for naturalness.

This latter condition implies the existence of four higgsino-like states χ̃±1 /χ̃
0
2/χ̃

0
1 with

mass in the range 100-300 GeV (the closer to Z boson mass, the better). Higgsinos
are the only SUSY particles required to be near the weak scale. These particles are
difficult to be detected at LHC due to their compressed spectra: the lightest higgsino-
like electroweakino is typically just 5-20 GeV lighter than the heavier ones. Since χ̃0

1
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would constitute a candidate of the dark matter, the bulk of energy produced from
higgsino decays becomes bound up in the χ̃0

1 mass.

Consequently, the lightest state is totally invisible while the heavier states lead only
to soft particles, such as very low-pT charged leptons and jets, which are difficult to
distinguish from QCD and other SM backgrounds.

1.5 Phenomenology of Supersymmetry

The phenomenology of SUSY is to a large extent determined by the SUSY breaking
mechanism and the SUSY breaking scale. This determines the SUSY particle masses,
the mass hierarchy, the field contents of physical particles, and their decay modes. In ad-
dition, phenomenology crucially depends on whether the multiplicative quantum number
of R-parity is conserved or violated. In most cases, supersymmetric events are charac-
terized by a high multiplicity of final state particles and a large amount of missing
transverse energy due to the undetected LSP and possible production of neutrinos.

Since the mechanism by which SUSY is broken is unknown, a general approach to
SUSY via the most general soft SUSY breaking Lagrangian adds a significant number of
new free parameters. For the MSSM, these comprise 105 new parameters. A phenomeno-
logical analysis of SUSY searches leaving all these parameters free is not feasible. For the
practical interpretation of SUSY searches at colliders, several approaches are taken to
reduce the number of free parameters. The most common approach is to assume a SUSY
breaking mechanism and lower the number of free parameters through the assumption
of additional constraints, such the R-parity conservation or not, the particle masses and
decay branching ratios.

At the LHC, most searching approaches are developed to increase the sensitivity to
pair production of heavy sparticles with TeV-scale masses focusing on the kinematics of
their decays, and to further suppress the background from SM processes.

Selection variables designed to separate the SUSY signal from the SM backgrounds
typically include HT, Emiss

T , and meff. The reconstructed quantities HT and Emiss
T re-

fer to the measured transverse energy and missing transverse momentum in the event,
respectively. They are defined as the scalar sum of the transverse particle momenta
or calorimeter clusters transverse energies measured in the event (HT), or the negative
vector sum of transverse momenta of reconstructed objects like jets and leptons in the
event (Emiss

T ). The event observable meff is referred to as the effective mass of the event
and is defined as the sum of HT and Emiss

T . The peak of the meff distribution for SUSY
signal events correlates with the SUSY mass scale, in particular with the mass difference
between the primary produced SUSY particle and the LSP, whereas the SM backgrounds
typically dominate at low meff values. Additional reduction of multijet backgrounds can
be achieved by requiring isolated leptons or photons in the final states.

Recently, alternative approaches have been developed to increase the sensitivity to
pair production of heavy sparticles with TeV-scale masses focusing on the kinematics of
their decays, and to further suppress the background from multijet production. Promi-
nent examples of these new approaches are searches using the αT variable [27, 28], razor
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variables [29], stransverse mass (mT2) [30], and contransverse mass (mCT) [31]. In par-
ticular, a lower bound on the stransverse mass can be imposed in event selections to
reduce contributions from tt̄ and WW events. The mT2 variable is defined as:

mT2 = min
qT

[
max

(
m

(1)
T (p

(1)
T , qT),m

(2)
T (p

(2)
T ,Emiss

T − qT)
)]
, (1.5)

where p
(i)
T , i = 1, 2 are the transverse momenta of a reconstructed particle pair, and

qT is the transverse momentum vector that minimizes the larger of the two transverse

masses m
(i)
T , i = 1, 2. The latter masses are defined by

mT(pT, qT) =
√

2(pTqT − pT · qT) . (1.6)

For tt̄ and WW events, in which two W bosons decay leptonically and Emiss
T is the sum

of the transverse momenta of the two neutrinos, the mT2 distribution has a kinematic
end-point at the W mass. For large mass differences between the staus and the lightest
neutralino, the mT2 distribution for signal events extends significantly beyond this end-
point.

Furthermore, the topological event reconstruction methods have expanded with the
superrazor [32] and recursive jigsaw reconstruction [33] techniques. Finally, the searches
including massive SUSY particles attempt to identify their decay into top quarks or
vector bosons, which are themselves unstable. If these are produced with a significant
boost, jets(tau lepton) from their decay will typically overlap, and such topologies are
searched for with jet(tau lepton)-substructure techniques [34].

1.6 Experimental Search Program for SUSY

Searches for SUSY and new physics in general were part of the physics program of large
collider experiments, such as the LEP electron-positron collider at CERN, the Tevatron
proton-antiproton collider at Fermilab, the HERA electron-proton collider at DESY,
and the LHC proton-proton (pp) collider at CERN.

Searches for new physics at e+e− colliders benefit from the clean experimental envi-
ronment and the fact that momentum balance can be measured not only in the plane
transverse to the beam, but also in the direction along the beam pipe, defined as the
longitudinal direction. Searches at LEP are dominated by the data samples taken at
the highest center-of-mass energies. On the other hand, proton-(anti)proton colliders
produce interactions at higher center-of-mass energies than those available at LEP, and
cross sections of QCD-mediated processes are larger, which is reflected in the higher sen-
sitivity for SUSY particles carrying color charge: squarks and gluinos. Large background
contributions from SM processes, nonetheless, pose challenges to data acquisition and
analysis. Such backgrounds are dominated by QCD multijet production processes, the
top quark production, as well as jet production in association with vector gauge bosons.
The proton momentum is shared between its parton constituents, and in each collision
only a fraction of the total center-of-mass energy is available in the hard parton-parton
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scattering. Since the parton momenta in the longitudinal direction are not known on
an event-by-event basis, use of momentum conservation constraints in an analysis is re-
stricted to the transverse plane, leading to the definition of transverse variables, such as
the missing transverse energy Emiss

T , and the transverse mass mT.

Today, there is no evidence to show whether or not SUSY is correct, or what other
extensions to current supersymmetric models might be more accurate. Despite this,
SUSY is being supported by physicists since it remains the most complete theory to
describe possible phenomena beyond the SM. Low-energy data from flavor physics ex-
periments, high-precision electroweak observables as well as astrophysical data impose
strong constraints on the allowed SUSY parameter space. Recent examples of such data
include measurements of the rare B-meson decay Bs → µ+µ− [35, 36], measurements of
the anomalous magnetic moment of the muon [37], and accurate determinations of the
cosmological dark matter relic density constraint [38].

These indirect constraints are often more sensitive to higher SUSY mass scales than
experiments searching for direct sparticle production at colliders, but the interpretation
of these results is often strongly model dependent. On the other hand, direct confir-
mation would entail production of superpartners in collider experiments, such as the
LHC. Direct searches for sparticle production at collider experiments are less subject to
interpretation ambiguities and therefore they play a crucial role in the search for SUSY.

The first runs of the LHC found no previously-unknown particles other than Higgs
boson with a mass around 125 GeV, which was already suspected to exist as part of
the SM. With the discovery of the Higgs boson, further constraints were imposed on a
plethora of SUSY models [39].

1.7 Scope of Thesis

This habilitation thesis attempts to cover searches from the electroweak sector of SUSY,
mostly involving leptons in the final state. The electroweak processes are characterized
by a very small production cross-section, at minimum one order of magnitude less than
those processes involving the strong force, as presented by Figure 1.5. Due to exactly
the colored production of gluinos and squarks, the SUSY partners of gluons and quarks,
hadron collider experiments are able to set much tighter mass limits. Despite this fact,
the search for SUSY in electroweak scenarios is also feasible due the distinct signal sig-
natures in the event final state which suppress significantly the SM background sources.
For example, the search of multileptonic final states requires the presence many leptons
in the event, and the search of direct production of tau sleptons require high values of
the meff observable. Both selection requirements reduce significantly the SM processes
that mimic these SUSY signal events. The search of these SUSY scenarios consist the
main topic of this thesis, which presents the methodology and discusses the main results.
Since none of the searches performed so far have shown significant excess above the SM
background prediction, the interpretation of the presented results is focused on showing
exclusion limits on the SUSY parameter space.

In the following, the ATLAS detector at the LHC is shortly described. Then, the
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Figure 1.5: Cross sections for pair production of different SUSY production modes as
a function of the sparticle mass at the LHC for a center-of-mass energy of 13 TeV.
The cross section of pair production of electroweak gauginos at the LHC, for masses of
several hundreds of GeV, is at least two orders of magnitude smaller than for colored
SUSY particles (e.g. top squark pair production). Adapted from Ref. [40].
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main ingredients of the analysis structure and result interpretation are presented, as well
as the conclusions of each search. Whereas necessary, the assumptions that have entered
the limits when quoting interpretations from simplified models will be explicitly pointed
out. The papers accepted for publication or already published in electronic journals are
enclosed in the Appendix 6.



Chapter 2

ATLAS Detector

The ATLAS detector [41], shown in Figure 2.1, is a multipurpose particle detector with
a forward-backward symmetric cylindrical geometry and nearly 4π coverage in solid
angle. The entire detector weighs approximately 7,000 tons, and is 44 m long and 25

Figure 2.1: Cutaway drawing of the ATLAS detector showing its main detection com-
ponents.

m in diameter. It is situated in an underground cavern at a depth of 100 m, where
it surrounds one of the collision points around the 27-km-long LHC ring. The first pp
collisions at the LHC were recorded in 2009, and since then collider has operated at
different center-of-mass-energies, namely 7, 8 and 13 TeV.

19
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Figure 2.2: The Large Hadron Collider accelerator complex at CERN; the world’s largest
and highest-energy particle collider and the largest machine in the world. First collisions
were achieved in 2010 at an energy of 3.5 TeV per beam. After upgrades it reached
6.5 TeV per beam. The design luminosity of the LHC is 1034 Hz cm−2, which was first
reached in June 2016. By 2017, twice this value was achieved. Colliding protons are
bunched together, into up to 2808 bunches, with 115 billion protons in each bunch so
that interactions between the two beams take place at discrete intervals, mainly 25 ns
apart, providing a bunch collision rate of 40 MHz.
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2.1 Coordinate System

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the center of the detector and the z-axis along the beam pipe. The x-
axis points from the IP to the center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal
angle around the z-axis. Pseudorapidity, η, is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Rapidity is defined as y = 0.5 ln(E + pz)/(E − pz) where E denotes
the energy and pz is the component of the momentum along the beam direction.

2.2 Inner Detector

The inner tracking detector (ID) consists of silicon pixel detector and semiconductor
tracker (SCT) detectors covering the pseudorapidity region |η| < 2.5. These systems
are surrounded by a transition radiation tracker (TRT), which enhances electron iden-
tification in the region |η| < 2.0. Before LHC Run 2, a new innermost pixel layer,
the insertable B-layer [42], was inserted at a mean sensor radius of 3.3 cm. The ID is

Figure 2.3: Cut-away image of the ATLAS Inner Detector.

surrounded by a thin superconducting solenoid providing an axial 2 T magnetic field.

2.3 Calorimeters

A fine granularity lead/liquid-argon (LAr) electromagnetic (EM) calorimeter, covering
|η| < 3.2, is used to reconstruct electrons and photons. A steel/scintillator tile calorime-
ter provides coverage for hadronic showers in the central pseudorapidity range (|η| < 1.7).
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The endcaps (1.5 < |η| < 3.2) of the hadronic calorimeter have LAr active layers with
either copper or tungsten as the absorber material. The forward region (3.1 < |η| < 4.9)
is instrumented with a LAr calorimeter for both the EM and hadronic measurements.

2.4 Muon Spectrometer

The ATLAS muon spectrometer (MS) is cylindrical, 22 m in diameter and 45 m in
length, surrounding the calorimeters with an acceptance coverage of 2π in azimuth and
±2.7 in pseudorapidity. It is designed to detect muons in the pseudorapidity region up
to |η| = 2.7, and to provide momentum measurements with a relative resolution δp/p
better than 3% over a wide pT range and up to 10% at pT ' 1 TeV [43].

The MS consists of one barrel (|η| < 1.05) and two endcap sections (1.05 < |η| < 2.7).
A system of three large superconducting air-core toroidal magnets, each with eight coils,
provides a magnetic field with a bending integral B · dl of about 2.5 T ·m in the barrel
and up to 6 T ·m in the endcaps. Resistive plate chambers (RPC, three doublet layers
for |η| < 1.05) and thin gap chambers (TGC, one triplet layer followed by two doublets
for 1.0 < |η| < 2.4) provide triggering capability to the detector as well as (η, φ)
position measurements with typical spatial resolution of 5−10 mm. A precise momentum
measurement for muons with pseudorapidity up to |η| = 2.7 is provided by three layers
of monitored drift tube chambers (MDT), with each chamber providing six to eight η
measurements along the muon trajectory. For |η| > 2, the inner layer is instrumented
with a quadruplet of cathode strip chambers (CSC) instead of MDTs. The single-hit
resolution in the bending plane for the MDT and the CSC is about 80 µm and 60 µm,
respectively. The muon chambers are aligned with a precision between 30 µm and 60 µm.

Figure 2.4: Cross-sectional view of the ATLAS muon spectrometer.
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2.5 Trigger System

The ATLAS trigger system [44] consists of a hardware-based level-1 (L1) trigger followed
by a software-based high-level trigger (HLT).

The L1 hardware trigger is constructed with custom-made electronics and runs with
a fixed latency of 2.5 µs. It works on a subset of information from the calorimeter
and muon detectors. The decision to keep the data from an event is made less than
two-and-half microseconds after the event occurs, and the event is then retrieved from
pipelined storage buffers. The L1 trigger reduces substantially the event rate from the
LHC interaction rate of 40 MHz, and can save at most 100 k events per second for the
HLT.

The HLT software trigger-based trigger is assembled by a large farm of CPUs and
serves to refine the analysis of the L1 trigger. In the HLT, offline-like reconstruction al-
gorithms run in a large farm of ∼ 40k processor cores and a decision is formed typically
within 300 ms. It conducts a very detailed analysis either by performing overall exam-
ination of the whole event for selected layers of the detector (for example calorimeters,
trackers, muon detectors), or, by utilizing the data in smaller and isolated regions of the
detector. About 1k events per second are selected by the HLT analysis and are fully
assembled into an event record. These events are finally passed on to a data storage
system for offline analysis.

2.6 Luminosity

A precise measurement of the integrated luminosity is a key component of the ATLAS
physics program, in particular for cross-section measurements where it is often one of
the leading sources of uncertainty [45]. The luminosity measurement is based on an
absolute calibration of the primary luminosity-sensitive detectors in low-luminosity runs
with specially-tailored LHC conditions using the van der Meer (vdM) method [46]. The
total uncertainties on the integrated luminosity measurements for each individual year
of data-taking range from 2.0 to 2.4%, and are partially correlated between years.

Figures 2.5 and 2.6 presents the cumulative luminosity versus day delivered to AT-
LAS during stable beams and for high energy pp collisions. After typical data-quality
selections, the full Run 2 pp data sample corresponds to an integrated luminosity of
139 fb−1, with an uncertainty of 1.7%.
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Figure 2.5: Delivered luminosity to ATLAS for pp collisions versus time for years 2011-
2018 [47].

Figure 2.6: Cumulative luminosity versus time delivered to ATLAS (green), recorded by
ATLAS (yellow), and certified to be good quality data (blue) during stable beams for
pp collisions at 13 TeV centre-of-mass energy in 2015-2018.
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Searches and Methodology

3.1 Particle Reconstruction Techniques

3.1.1 Primary Vertex

After collision events are recorded, quality requirements are further applied on the
proton-proton beam conditions, the detector status and data quality. Events recorded
during stable LHC beams and ATLAS data-taking conditions are used in the analysis
only if the reconstructed primary vertex has at least two tracks with transverse momen-
tum pT > 400 MeV associated with it. The primary vertex of an event is identified as
the vertex with the highest

∑
p2

T of all associated tracks.

3.1.2 Electrons

Reconstructed electrons are preselected for the analyses by requiring to have |η| < 2.47
and pT > 7 GeV, where the pT and η are determined from the calibrated clustered energy
deposits in the electromagnetic calorimeter and the matched ID track, respectively. Elec-
trons must satisfy ”loose” criteria of the likelihood-based identification algorithm [48],
with additional track requirements based on the innermost pixel layer.

3.1.3 Muons

Muons are initially identified and reconstructed by combining information from the Inner
Detector (ID) and the Muon Spectrometer (MS), supplemented by information from the
calorimeters.

In the MS, muons are reconstructed searching for hit patterns inside each muon
chamber to form segments. Tracks candidate are then built by performing a general
fit of all the segments in different layers. A track candidate is considered only if the
fit satisfies the selection criteria. Four muon types are defined depending on which
sub-detectors are used in the reconstruction. About 96% of muons are reconstructed
by performing a global refit that uses hits from both the ID and MS. This defines the

25
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combined type. The other types correspond to tagged ID tracks with muon signatures
in the MS or the calorimeter.

Quality requirements are applied to reconstructed muon in order to suppress back-
ground, mainly originating from pion and kaon decays. High efficiency and a robust
momentum measurement is guaranteed for prompt muons. Four muon identification se-
lections are available to meet the different requirements of the physics analyses: Loose,
Medium, Tight and High-pT. The Loose identification criteria maximize the recon-
struction efficiency providing good-quality tracks. The Medium category provides the
default selection for muons in ATLAS. It is designed to minimize the systematic uncer-
tainty associated with muon reconstruction and momentum calibration. This category is
specifically included in most SUSY searches with muons in the final state. Tight muons
are selected to maximize the purity of muons, though sacrifing the muon reconstruc-
tion efficiency. Finally, the High-pT selection criteria aims to maximize the momentum
resolution for tracks with transverse momentum above 100 GeV. This category is used
specifically for searches for new high-mass resonances.

To measure the reconstruction and isolation efficiency of muons, tag-and-probe tech-
niques are used. The method is based on the selection of an almost pure muon sample
from J/ψ → µ+µ− or Z → µ+µ− events. One leg of the decay (tag) is identified as
a Medium muon that fires the trigger and the second leg (probe) is reconstructed by
a system independent of the one being studied. The J/ψ sample covers the low trans-
verse momentum range 4.5 < pT < 15 GeV, while the Z boson sample extends the
measurement up to 110 GeV.

Figure 3.1 shows the muon reconstruction efficiency as a function of pT for Medium
muons measured with 33.3 fb−1 of pp data at

√
s = 13 TeV. The plot displays the high

reconstruction efficiency across a broad pT spectrum and the good agreement between
data and MC.

Specifically for the searches described in this thesis, preselected muons are required
to have |η| < 2.7 and pT > 5 GeV. Muons must satisfy Medium identification require-
ments based on the number of hits in the different ID and MS subsystems, and the q/p
significance. The latter is defined as the absolute value of the difference between the
ratio of the charge and momentum of the muons measured in the ID and MS divided by
the sum in quadrature of the corresponding uncertainties [50].

Events containing one or more muons that have a transverse impact parameter rel-
ative to the primary vertex |d0| > 0.2 mm or a longitudinal impact parameter relative
to the primary vertex |z0| > 1 mm are rejected to suppress the cosmic-ray muon back-
ground.

3.1.4 Signal Charged Leptons

Signal light charged leptons, abbreviated as signal leptons, are preselected leptons sur-
viving overlap removal and satisfying additional identification criteria. Signal electrons
and muons must pass pT-dependent isolation requirements, to reduce the contributions
from semileptonic decays of hadrons and jets misidentified as prompt leptons. The
isolation requirements use calorimeter- and track-based information to obtain 95% ef-
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Figure 3.1: Muon reconstruction efficiencies for the Medium identification algorithm
measured in J/ψ → µµ and Z → µµ events as a function of the muon momentum [49].
The prediction by the detector simulation is depicted as empty circles (squares), while
the full circles (squares) indicate the observation in collision data. Only statistical errors
are shown in the top panel. The bottom panel reports the efficiency scale factors. The
darker error bands indicate the statistical uncertainty, while the lighter bands indicate
the sum of the statistical and systematic uncertainties in quadrature.

ficiency for charged leptons with pT = 25 GeV in Z → e+e− , Z → µ+µ− events,
rising to 99% efficiency at pT = 60 GeV. To improve the identification of closely spaced
charged leptons (e.g. from boosted particle decays), contributions to the isolation from
nearby electrons and muons passing all other signal lepton requirements are removed.
To further suppress electrons and muons originating from secondary vertices, |z0 sin θ|
is required to be less than 0.5 mm, and the d0 normalized to its uncertainty is required
to be small, with |d0|/σd0 < 5(3) for electrons (muons). Signal electrons must also sat-
isfy ”medium” likelihood-based identification criteria, while signal taus must satisfy the
”medium” Boosted Decision Trees-based identification criteria against jets.

3.1.5 Taus

The reconstruction of hadronically decaying tau candidates is seeded by jets. Jets are
constructed using the anti-kt algorithm with a distance parameter R = 0.4. Three-
dimensional clusters of calorimeter cells called TopoClusters [51], calibrated using a
local hadronic calibration [52], serve as inputs to the jet algorithm. Jets seeding tau
candidates are required to have pT > 10 GeV and |η| < 2.5.

The visible part of hadronically decaying tau leptons is conventionally referred to as
taus throughout the analyses described in this thesis. Tau candidates in the transition
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region between the barrel and forward calorimeters, 1.37 < |η| < 1.52, are vetoed. A tau
vertex is chosen as the candidate track vertex with the largest fraction of momentum from
tracks associated with the jet in ∆R =

√
(δφ)2 + (δη)2 < 0.2. The tracks must pass

requirements on the number of hits in the tracker and have pT > 1 GeV. Additional
requirements are placed on the shortest distance from the track to the tau vertex in
the transverse plane, |d0| < mm, and the shortest distance in the longitudinal plane,
|∆z0 sin θ| < 1.5 mm, where θ is the polar angle of the track and z0 is the point of closest
approach along the longitudinal axis. Provided these requirements are passed the tracks
are then associated to core (0 < ∆R < 0.2) and isolation (0.2 < ∆R < 0.4) regions
around the tau candidate.

The direction (η, φ) of the tau candidate is calculated using the vectorial sum of
the TopoClusters within ∆R < 0.2 of the seed jet barycenter, using the tau vertex as
the origin. The mass of the tau candidate is defined to be zero and consequently the
transverse momentum, pT, and the transverse energy, ET are identical. The energy of
the tau is obtained through dedicated calibration schemes which are described in depth
in Ref. [53]. Overall, the taus candidates are corrected to the visible hadronic energy
scale using an η- and pT-dependent calibration.

Tau candidates which are preselected for the SUSY analyses are required to have one
or three associated tracks (prongs), because taus predominantly decay to either one or
three charged hadrons together with a neutrino and often additional neutral hadrons.
The preselected taus are required to have pT > 20 GeV and unit total charge of their
constituent tracks.

The tau identification is performed via a machine learning classification algorithm,
which is designed to reject backgrounds from quark- and gluon-initiated jets [54]. The
identification uses Boosted Decision Trees (BDT) as classifier algorithm exploiting calori-
metric and tracking information associated to the tau candidate. Three working points
labelled “loose”, “medium” and “tight” are provided, and correspond to different tau
identification efficiency values, with the efficiency designed to be independent of pT.
The target efficiencies are 0.6, 0.55 and 0.45 for the generated 1-track loose, medium
and tight working points, and 0.5, 0.4 and 0.3 for the corresponding generated 3-track
target efficiencies (Figure 3.2). The input variables to the BDT are corrected such that
the mean of their distribution for signal samples is constant as a function of pile-up.
This ensures that the efficiency for each working point does not depend strongly on the
pile-up conditions.

Additionally, in order to suppress electrons misidentified as taus, taus are vetoed us-
ing transition radiation and calorimeter information. An independent BDT algorithm is
trained using discriminating track and cluster variables to optimize the tau identification
against electrons, where “loose”, “medium” and “tight” working points are defined.

The performance of the identification and energy reconstruction algorithms is evalu-
ated with a data sample enriched in Z → τµτhad events where one tau lepton decays to
a muon and the other decays hadronically, with associated neutrinos (Figure 3.3). The
chosen tag-and-probe approach consists of selecting events triggered by the presence of
a muon (tag) and containing a hadronically decaying tau lepton candidate (probe) in
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Figure 3.2: Inverse of the efficiency for mis-tagging QCD jets as a function of the identifi-
cation efficiency for tau candidates. The two lines refer to 1-track and 3-track candidates.
The Loose, Medium and Tight working points are shown on these lines. The working
points do not stay exactly on the line because they implement variable cuts to achieve
a reduced pT-dependency of the efficiency. Adapted from Ref. [54].

Figure 3.3: Diagram of a Z → τµτhad event used for tagging muons and probing the
reconstruction and identification efficiency of the hadronically decaying tau lepton.
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the final state. The method studies the performance of the identification and energy
reconstruction algorithms. To select Z → τµτhad events, a single-muon trigger with the
threshold of pT > 20 GeV is used. The offline reconstructed muon candidate must have
pT > 22 GeV and be geometrically matched to the online muon. Events are required
to have no additional electrons or muons and at least one hadronically decaying tau
candidate with 1 or 3 tracks. The muon and the tau candidate are required to have
opposite-sign electric charges.

Figure 3.4 shows the jet BDT score distribution for tau candidates which are probed
in selected Z → τµτhad events. The efficiency for a given identification working point is
calculated by taking the ratio of the extracted number of signal events before and after
the identification criteria is applied. Finally, to account for the small differences be-
tween data and simulation, correction factors (also referred to as scale factors in ATLAS
analyses), defined as the ratio of the efficiency in data to the efficiency in simulation for
tau signal candidates to pass a certain level of identification, are derived. These scale
factors are then provided applied in the actual search analyses that involve taus in the
final state.

(a) Wino W/Z NLSP (b) Wino W/h NLSP

Figure 3.4: The jet discriminant BDT output distribution for one track (left) and three
track (right) hadronically decaying tau candidates. The uncertainty band contains only
the statistical uncertainty [53].

3.1.6 Jets

Jets are reconstructed with the anti-kt algorithm with a radius parameter of R = 0.4 [55].
Three-dimensional calorimeter energy clusters are used as input to the jet reconstruction,
and jets are calibrated following Ref. [56]. Jets must be reconstructed in the barrel region
|η| < 2.8 and have pT > 20 GeV. To reduce pileup effects, jets with pT < 60 GeV and
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|η| < 2.4 must satisfy additional criteria using the jet vertex tagging algorithm described
in Ref. [57]. Events containing jets failing to satisfy the quality criteria described in
Ref. [56] are rejected to suppress events with large calorimeter noise or non-collision
backgrounds.

3.1.7 Missing Transverse Energy

The missing transverse momentum, Emiss
T = |Emiss

T |, is the magnitude of the negative
vector sum of the transverse momenta of all reconstructed and identified physics objects
(electrons, photons, muons, taus and jets), as well as an additional soft term,

Emiss
T = −

∑
i

pT,i with i = jets, γ, µ, τ, e, soft terms .

The soft term is constructed from the tracks matched to the primary vertex, but not
associated with identified physics objects, which allows the soft term to be nearly inde-
pendent of pileup.

3.2 Search for SUSY in Multileptonic Final States

3.2.1 Motivation

Multileptonic final states consist a very attractive channel for the search for new physics
at the LHC because the overwhelming hadronic background can be strongly suppressed.
In RPV models, the lightest SUSY particle is unstable and decays to SM particles,
including charged leptons and neutrinos when violating L but not B. In RPC models,
the LSP is stable and leptons can originate from unstable weakly interacting sparticles
decaying into the LSP. Therefore, both the RPV and RPC SUSY scenarios can result in
signatures with high lepton multiplicities and substantial missing transverse momentum.

Requiring a high multiplicity of isolated leptons (electrons and muons - including
those originating from leptonic tau decays - and hadronically decaying taus), allows
any new signature to be cleanly separated from the otherwise overwhelming hadron-rich
background processes, typical of high-energy pp collisions, even if its cross-section is
small.

More specifically, within this habilitation program, multiple searches for the produc-
tion of charginos, neutralinos, sleptons and gluinos decaying to final states with at least
four charged leptons are conducted. These searches exploit the complete pp collision
dataset delivered by the LHC at a center-of-mass energy of

√
s = 13 TeV, and collected

and reconstructed with the ATLAS detector. Particular emphasis is placed on the search
for light higgsino particles. The exclusion of gluino and stop masses up to the TeV mass
scale qualifies now the light higgsinos to be discovered first at LHC, as motivated by
naturalness (see Section 1.4). In General Gauge Mediated (GGM) SUSY models, the
gravitino (supersymmetric particle of graviton) is nearly massless and is the LSP offering
the possibility to study light higgsinos. Typical higgsino signal events are characterized
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by multiple charged leptons substantial missing transverse energy, which is a distinct
signature used to identify higgsino events.

The search itself is optimized using several signal models but is generally model-
independent using loose requirements on effective mass or missing transverse energy.
Results are presented in terms of the number of events from new physics processes with
a four charged lepton signature, and in particular in terms of RPC or RPV simplified
models with decays of the LSP to charged leptons.

3.2.2 Scenarios

R-Parity Violating Processes

Simplified models of RPV scenarios are considered, where the LSP is a bino-like neu-
tralino (χ̃0

1) and decays via an RPV interaction (see Section 1.2.2). The LSP decay is
described by the 1

2λijkLiLjĒk lepton-number-violating superpotential term, where Li
and Ei indicate the lepton SU(2)-doublet superfield and singlet superfield, respectively.
Lepton generations are referred to by the indices i, j and k while λijk corresponds to
nine Yukawa couplings which allow the decay of the LSP to every possible combination
of charged lepton pairs. In this search, two extremes of the λijk RPV couplings are
considered:

1. L1L2Ēk (k = 1, 2) where only decays to electrons and muons are considered (λ12k 6=
0), and

2. LiL3Ē3 (i = 1, 2) where only decays to taus and either electrons or muons are
included (λi33 6= 0).

In both scenarios, the remaining RPV couplings are considered to be zero. Figure 3.5
shows the branching ratios for the LSP decay in the L1L2Ēk and LiLiĒ3 scenarios. The
search of Yukawa couplings not included in the searched scenarios. For example, the
λ123 RPV couplings is expected to lie in the sensitivity achieved between L1L2Ēk and
LiLiĒ3.

Three different RPV scenarios are searched in this thesis for the next-to-lightest-
supersymmetric particle (NLSP) in the L1L2Ēk (λ12k) and LiL3Ē3 (λi33):

1. Wino NLSP, where mass-degenerate wino-like charginos and neutralinos are pro-
duced in association;

2. Slepton/sneutrino NLSP, where mass-degenerate left-handed sleptons and sneutri-
nos of all three generations are produced in association; and

3. Gluino NLSP, where the produced gluinos decay to the LSP while emitting a
quark-antiquark pair each.

These scenarios, as diagrammatically shown in Figure 3.6, result typically in signa-
tures with high lepton multiplicities and substantially high values of the the effective
mass observable, meff. These features of the final state can be used to select signal events
while suppressing the SM background drastically.
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(a) L1L2Ēk (k = 1, 2) decays involving elec-
trons, muons and neutrinos.

(b) LiL3Ē3 (i = 1, 2) decays involving at least
two taus and any other lepton.

Figure 3.5: Decay modes and branching ratios for the χ̃0
1 LSP in the RPV models, where

ν denotes neutrinos or antineutrinos of any lepton generation.
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Figure 3.6: Diagrams of the processes in the SUSY RPV models considered in the
analysis: 3.6a and 3.6b a wino, 3.6c a slepton and 3.6d gluino NLSP, followed by the
RPV decay of the χ̃0

1 LSP with a BR(χ̃0
1 → ``ν) of 100%.
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R-Parity Conserving Processes

This analysis is also optimized to search RPC scenarios with light χ̃0
1 χ̃

0
2 χ̃
±
1 higgsino

triplet states in the context of GGM, which predicts the gravitino (G̃, the fermionic
superpartner of the graviton) nearly massless giving the opportunity to study light hig-
gsinos (shown in Figure 3.7). Light higgsinos are well motivated by naturalness [58, 59],
as discussed in Section 1.4.

Figure 3.7: Diagrams of the processes in the GGM higgsino models considered in the
analysis.

Typically, the members of the higgsino triplet are close in mass its decays result
in low-momentum decay products that are difficult to reconstruct efficiently. However,
the decays of the higgsinos themselves to the LSP gravitino, G̃, would lead to on-shell
Z/h, and the decay products can be therefore efficiently reconstructed, as illustrated
in Figure 3.8. In this search, simplified RPC models inspired by GGM are considered,
where the only SUSY particles within reach of the LHC are an almost mass-degenerate
higgsino triplet χ̃0

1 χ̃
0
2 χ̃
±
1 and a massless G̃. Finally, the χ̃0

1 → ZG̃ branching ratio is a
free parameter of the GGM higgsino scenarios, and so offers an opportunity to study
four-lepton signatures with one or more Z-boson candidates.



3.2. SEARCH FOR SUSY IN MULTILEPTONIC FINAL STATES 35

Figure 3.8: Chart illustrating the decay chain of the higgsino triplet χ̃0
1, χ̃0

2, χ̃±1 to a
nearly massless gravitino, G̃, LSP. The decays of the higgsinos to the LSP would lead
to on-shell Z/h, and the decay products can be thus reconstructed.

3.2.3 Methodology

Event categorization strategy

Events are selected using single-lepton or dilepton triggers, where the trigger efficiencies
are in the plateau region above the offline pT thresholds. The latter are typically a bit
higher than the online ones. Dilepton triggers are used only when the leptons in the
event fail pT-threshold requirements for the single-lepton triggers.

Events with four or more signal leptons (` = e, µ and hadronically decaying τhad−vis)
are selected and are classified according to the number of light signal leptons (L = e,
µ) and signal taus (T): at least four light leptons and exactly zero taus 4L0T, exactly
three light leptons and at least one tau 3L1T, or exactly two light leptons and at least
two taus 2L2T .

Events are further classified according to whether they are consistent with a leptonic
Z boson decay or not. The Z-boson requirement selects events where any same-flavor
LL pair combination with opposite electric charge (SFOS) has an invariant mass close
to the Z-boson mass, in the range 81.2−101.2 GeV. A second Z boson candidate may be
identified if a second SFOS LL pair is present and satisfies 61.2 < m(LL) < 101.2 GeV.
To suppress radiative Z boson decays into four leptons (where a photon radiated from
a Z → `` decay converts to a second SFOS lepton pair) the Z veto also considers
combinations of any SFOS LL pair with an additional lepton (SFOS+L), or with a
second SFOS LL pair (SFOS+SFOS), and rejects events where either the SFOS+L or
SFOS+SFOS invariant mass lies in the range 81.2− 101.2 GeV.

In order to separate the SM background from SUSY signal, the Emiss
T and the effective

mass of the event, meff , are both used. More precisely, the meff is constructed as the
scalar sum of the Emiss

T , the pT of signal leptons and the pT of all jets above 40 GeV (in
order to suppress jets stemming from pileup events and the underlying event).
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Figure 3.9: Illustration of the event selection strategy in terms of light lepton multiplicity
and the number of hadronically decaying tau leptons associated to the final state event,
the reconstructed transverse missing energy, Emiss

T , and the effective mass, meff .

The event selection strategy is depicted in Figure 3.9. GGM Higgsino event selection
targets events with at least four light leptons, relatively low meff and low or high recon-
structed Emiss

T in the event. The selection targeting RPV multilepton SUSY scenarios is
optimized according to the number of additional hadronically decaying tau leptons and
the reconstructed meff that characterizes the event.

Trigger Strategy

The data used for the four-lepton search are selected with triggers that require the
presence of isolated electrons and muons. Events are selected using single-lepton or
dilepton triggers, where the trigger efficiencies are in the plateau region above the offline
pT thresholds indicated in Table 3.1. Dilepton triggers are used only when the leptons
in the event fail the pT-threshold requirements for the single-lepton triggers.

Leptons triggering the event are required to pass signal lepton requirements, be
within ∆R < 0.1 from the relevant trigger object and pass offline pT thresholds that
ensure the lepton is sufficiently far away from the turn-on of the trigger efficiency. For
electron triggers, the offline pT threshold is 1 GeV higher than the trigger threshold.
For single muon triggers, the offline pT threshold is 1.05× the trigger threshold, and
+1, 2 GeV for dimuon triggers.

The triggers are exclusively applied to different phase-space regions, typically defined
by the transverse momentum of the analysis’ lepton candidates. An example of a trigger
combination is diagrammatically shown in Figure 3.10. The offline signal lepton candi-
dates showing up in this trigger scheme must be fulfill the trigger matching requirements
and a pass a certain offline pT threshold based on the trigger efficiency turn-on curve,
in order to apply the appropriate trigger efficiency correction to the simulated event.

Since multiple leptons may trigger the event, the triggering scheme is simplified
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Figure 3.10: Example of combining single- and double-lepton triggers for data collected
in a sub-period of year 2017. The horizontal axis represents the reconstructed transverse
momentum of the leading signal lepton in the final state. The vertical axis corresponds
to the possible sub-leading signal lepton in the event that may cause the di-lepton trigger
to fire the event. The kinematic area marked with orange color is covered by a logical OR
between single trigger with various pT thresholds, e26, e60 and e120 (values expressed in
GeV), each having different online identification and isolation requirements. The green
area represents multilepton events selected by a dielectron trigger with a symmetric
pT threshold at 24 GeV. The gray area represents the kinematic phase space covered
by a trigger with lower pT thresholds (2e17) in precedent data LHC runs with lower
instantaneous luminosity. As the instantaneous luminosity increases in time, the trigger
thresholds increase dynamically in order to cope with the highest collision rates.
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Trigger Offline pT threshold [GeV]
2015 2016

Single isolated e 25 27
Single non-isolated e 61 61
Single isolated µ 21 25 or 27
Single non-isolated µ 41 41 or 51
Double e 13, 13 18, 18
Double µ ( symmetric) – 11, 11 or 15, 15

( asymmetric) 19, 9 21, 9 or 23, 9
Combined eµ 8(e), 25(µ) 8(e), 25(µ)

Table 3.1: The triggers used in the analysis of 2015 and 2016 data. The offline pT

thresholds are required only for reconstructed charged leptons which match to the trigger
signatures. Trigger thresholds for data recorded in 2016 are higher than in 2015 due to
the increase in beam luminosity, and “or” denotes a move to a higher-threshold trigger
during data-taking.

according to the following priority:

1. If a single or di-electron trigger fires, then apply the e/γ-related trigger scale factors
and associated trigger efficiency uncertainties;

2. Else, if a single or di-muon trigger fires, then apply the muon-related trigger scale
factors and associated trigger efficiency uncertainties;

3. Else, if a combined electron+muon trigger fires, then apply product of the e/γ- and
muon-related trigger scale factors and corresponding uncertainties to the respective
trigger signature of the trigger item;

4. The event fails the trigger requirements and is rejected from the analysis.

Trigger efficiencies are measured in data and simulation, and scale factors are applied
to MC simulated events to correct the MC trigger simulation to that in data. The applied
scale factors are typically parameterized in the pT and η of the reconstructed electron
and muon candidates that match to the trigger signature used to select the event. The
triggering efficiency for events with four, three and two electrons/muons in signal SUSY
scenarios is typically >99%, 96% and 90%, respectively.

Signal regions

Two signal regions (SR) are defined with 4L0T and a Z-boson veto: a general, model-
independent signal region (SR0A) with meff > 600 GeV, and a tighter signal region
(SR0B) with meff > 1.1 TeV, optimized for the RPV LLĒ12k scenarios. Two further
SRs are defined with 4L0T, a first and second Z requirement and different selections on
Emiss

T : a loose signal region (SR0C) with Emiss
T > 40 GeV, and a tighter signal region

(SR0D) with Emiss
T > 100 GeV, optimized for the low-mass and high-mass higgsino GGM

scenarios, respectively. Finally, two SRs are optimized for the tau-rich RPV LLĒi33
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Figure 3.11: Signal regions targeting RPV and RPC SUSY signal events. SR0A, SR0B,
SR1 and SR2 target SUSY events in RPV scenarios, while SR0C and SR0D are designed
to be sensitive to GGM higgsino SUSY events.

scenarios: one with 3L1T where the tau has pT > 30 GeV, a Z veto and meff > 700 GeV
(SR1), and a second with 2L2T where the taus have pT > 30 GeV, a Z veto and
meff > 650 GeV (SR2). All signal regions deployed in the search are diagrammatically
shown by Figure 3.11.

Background processes

In general, the search of SUSY processes with four leptons in the final state suffers less
by background processes as the known SM four-lepton processes are few with very low
production cross-section. Nevertheless, several SM processes can result in signatures
resembling SUSY signals with four reconstructed charged leptons, including both the
“real” and “fake” lepton contributions. In this search, a real charged lepton is defined to
be a prompt (i.e. not stemming from a secondary particle decay) and genuinely isolated
lepton (i.e. no track activity in the nearby phase-space of ∆R < 0.2). A fake charged
lepton is defined to be a non-prompt or non-isolated lepton that could originate from
any of the following:

• semileptonic decays of b- and c-hadrons,

• in-flight decays of light mesons,

• misidentification of particles within light-flavor,

• gluon-initiated jets, or

• photon conversions.

The main background processes of this search are thus classified into two categories
(Figure 3.12):

1. irreducible background consisting of hard-scattering processes giving rise to events
with four or more real leptons (e.g. ZZ and tt̄Z); and
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2. reducible background consisting of processes leading to events with at least one
fake lepton (e.g. tt̄, Z+jets and WW).

Backgrounds with three or more fake leptons (e.g. W+jets) are found to have a negligible
contribution to this analysis. The systematic uncertainty on the reducible background
is increased in order to cover any effect from such type of background sources.

The irreducible backgrounds are estimated from Monte Carlo (MC) simulation, while
the reducible backgrounds are derived from data with the so-called fake-factor method,
which is subject of the next section.

(a) ZZ decay to leptons (b) tt̄ decay to leptons

Figure 3.12: Example processes for irreducible (left) and reducible (right) backgrounds
of the four-lepton SUSY search.

Reducible background estimate

As mention before, the definition of reducible background in this analysis is any signal-
like event that includes at least one lepton that does not arise from the prompt decay of
a W± boson, Z boson, top quark or a Higgs boson, or, of course, a SUSY particle. The
dominant reducible backgrounds in the signal regions are tt̄ and Z+jets processes.

The technique for estimating the reducible background relies on the introduction of
control regions for each signal region that have identical kinematic selection criteria, but
inverted selection criteria on one or two of the reconstructed leptons:

SR: Four or more signal leptons, any number of loose leptons,

CR1: Exactly three signal leptons, at least one loose lepton,

CR2: Exactly two signal leptons, at least two loose leptons,

where the reducible background composition is calculated for each region separately.
Specifically, “loose” leptons are leptons surviving the geometrical overlap removal with
respect to other reconstructed particles in the event, but do not satisfy signal lepton
criteria.
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Subsequently, in the fake-factor method, the number of reducible background events
in a given region is estimated from data using probabilities for a fake charged lepton (e,
µ and hadronically decaying tau leptons) to pass or fail the signal lepton selection. The
ratio

F =
f

f̄
(3.1)

for fake leptons is the ”fake factor”, where f (f̄) is the probability that a fake lepton
is misidentified as a signal (”loose”) lepton. The probabilities used in the fake-factor
calculations are based on simulation and corrected to data where possible.

In practice, F is seen to vary with physics process, the source of the fake lepton
(heavy/light flavour decay, conversion), lepton flavour, pT, and η, and possibly other
variables. The fake factors for each lepton source i and MC process j are calculated
from MC events with 1–2 leptons, and the overall fake factor for region XR is weighted
according to the expected fractional contribution f from each SM process and lepton
source

F `XR(pT, η) =
∑
i,j

(
f ijXR(pT) · sf i(pT) · F ij(pT, η)

)
(3.2)

where, the fake factor for each fake lepton source is corrected to data using sf
Once F has been calculated appropriately for the given signal region, the control

region events are weighted according to the loose leptons that they contain to estimate
the total number of events in the signal region. In general,

NSM
SR = NSM,irreducible

SR (3.3)

+
(
Ndata

CR1 −N
SM,irreducible
CR1

)
· F (3.4)

−
(
Ndata

CR2 −N
SM,irreducible
CR2

)
· F1F2 (3.5)

+
(
Ndata

CR3 −N
SM,irreducible
CR3

)
· F1F2F3 (3.6)

−
(
Ndata

CR4 −N
SM,irreducible
CR4

)
· F1F2F3F4, (3.7)

where,

• Ndata
CRX represents the control region events in data with X loose leptons,

• NSM,irreducible
CRX represents the estimated number of irreducible events in the control

region (e.g. from tt̄Z and ZZ processes), and

• F and Fi represent the fake factor from the loose lepton(s) in the event.

Furthermore, the third term removes the double counting of events with two fake leptons
in the second term. The fourth and fifth terms in Equation (3.3) are not used in the
analysis, as the contribution from processes with three and four fake leptons in MC
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simulation is negligible. However, a systematic uncertainty is included to account for
neglected higher order terms. In the analysis, the control regions for LLLL events are
indicated as CR1 LLLl and CR2 LLll, where L and l refer to signal and loose light
leptons, respectively. Similarly, “4L” indicates a signal region selection with four light
signal leptons.

The reducible background prediction is thereby extracted by applying fake factors to
control regions (CR) in data. The CR definition only differs from that of the associated
SR in the quality of the required leptons. The fake factors are applied on an event-
by-event basis rather than as an average. Finally, the predictions for irreducible and
reducible backgrounds are tested in validation regions (VR).

In practice, fake electrons, muons and taus arise from following main sources:

Heavy flavour (HF) leptons arise from the semileptonic decays of hadrons that con-
tain b or c quarks. These are the dominant source of fake leptons in tt̄ events.

Light flavour (LF) electrons and muons arise from other hadronic processes. For
electrons, this usually involves a single hadron being misidentified as an electron.
Various processes can produce LF muons, including in-flight pion decays.

Conversion (CO) electrons arise from interactions of photons with material in the
ATLAS detector. This process is negligible for muons.

Quark Jet (QJ) taus arise from the misidentification of a hadronic jet as a hadronic
tau. The jet is initiated by a quark/hadron and the presence of charged particles
results in a higher fake rate than from gluon-initiated jets.

Gluon Jet (GJ) taus again arise from the misidentification of a hadronic jet as a
hadronic tau. However, the gluon-initiated jet results in few charged particles and
a in a lower fake rate than from quark-initiated jets.

Unknown (UN) sources are the small fraction of fake leptons that cannot be clas-
sified as any of the above sources. Such cases originate predominantly from sec-
ondary interactions other than the hard interaction of the collision event, such as
pile-up or underlying events.

The fake factors are calculated for each MC process (tt̄, Z+jets, ...) and lepton source
are calculated from MC events with 1–2 leptons. Figures 3.13 and 3.14 show the fake
factors obtained from simulated tt̄ events for light charged leptons and hadronically 1-
prong taus, respectively. The fake factor is estimated for different types of fake leptons
and binned according to pT and η of the reconstructed particle.

Systematic uncertainties

Several sources of systematic uncertainty are considered for the SM background estimates
and signal yield predictions. The systematic uncertainties affecting the simulation-based
estimate can be divided into three components: MC statistical uncertainty, sources of
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Figure 3.13: Fake factors for electrons and muons in simulated tt̄ events as function of
their reconstructed pT and η. The binning is chosen to give roughly equal statistics
in each bin. The muon HF fake factor is larger in the pT = 10 − 15 GeV bin than
surrounding bins due to the isolation requirement for signal muons.
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Figure 3.14: Fake factors for 1-prong hadronically decaying taus in simulated tt̄ events.
The binning is chosen to give roughly equal statistics in each bin.
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experimental uncertainty (from identified physics objects e, µ, τ and jets, and also Emiss
T ),

and sources of theoretical uncertainty. The reducible background is affected by different
sources of uncertainty associated with data counts in control regions and uncertainties
in the weighted fake factors. The MC statistical uncertainty for the simulation-based
background estimate is small and less than 7% of the total background estimate in all
signal regions. Systematic uncertainties in the SUSY signal yields from experimental
and theoretical sources are typically of the order of 10% each.

3.2.4 Results

In general, the observed yields in each signal region are found to be consistent with the
SM expectations within a local significance of at most ∼ 1σ.

In order to quantify the probability for the background-only hypothesis to fluctuate to
the observed number of events or higher, a one-sided p0-value is calculated using pseudo-
experiments, where the profile likelihood ratio is used as a test statistic to exclude the
signal-plus-background hypothesis. A signal model can be excluded at 95% confidence
level (CL) if the CLs of the signal-plus-background hypothesis is below 0.05. The 95%
CL upper limits on the signal cross section times efficiency and the CLb value for the
background-only hypothesis are also calculated for each signal region.

The number of observed events in each signal region is used to set exclusion limits
in the SUSY models, where the statistical combination of all disjoint signal regions is
used. Since SR0A and SR0B are overlapping signal regions, the one with the better
expected exclusion is used in the combination. For the exclusion limits, the observed
and expected 95% CL limits are calculated by performing pseudo-experiments for each
SUSY model point, taking into account the theoretical and experimental uncertainties
in the SM background and the experimental uncertainties in the signal. For all expected
and observed exclusion limit contours, the ±1 σexp uncertainty band indicates the impact
on the expected limit of the systematic and statistical uncertainties included in the fit.
The ±1 σSUSY

theory uncertainty lines around the observed limit illustrate the change in the
observed limit as the nominal signal cross section is scaled up and down by the theoretical
cross section uncertainty.

Figure 3.15 shows the exclusion contours for the RPV models considered in the
search. The exclusion limits in the RPV models extend to high masses due to the high
lepton multiplicity in these scenarios and the high efficiency of the meff selections. Wino-
like χ̃±1 /χ̃

0
2, slepton/sneutrino and gluino masses up to 1.46 TeV, 1.06 TeV, and 2.25 TeV

are excluded, respectively.
The results are also interpreted in simplified higgsino GGM models, where higgsino-

like χ̃±1 /χ̃
0
2/χ̃

0
1 masses up to 295 GeV are excluded in scenarios with a 100% branching

ratio for χ̃0
1 decay to a Z boson and a gravitino (Figure 3.16).

Searches for higgsinos within gauge-mediated scenarios can be performed in final
states with different decay products as well, such as b-flavor jets, as illustrated in Fig-
ure 3.17. ATLAS performed such kind of search in events containing missing transverse
momentum and several energetic jets, at least three of which must be identified as b-
quark jets [60]. As no significant excess is found above the predicted background, limits
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Figure 3.15: Expected (dashed) and observed (solid) 95% CL exclusion limits on the
SUSY RPV models considered in the analysis. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclu-
sive, the observed CLs value is taken from the signal region with the better expected
CLs value [22].

on the cross-section are set as a function of the mass of the higgsino in simplified models
assuming production via mass-degenerate higgsinos decaying to a Higgs boson and a
gravitino. Higgsinos with masses between 130 and 230 GeV and between 290 and 880
GeV are excluded at the 95% confidence level. Interpretations of the limits in terms of
the branching ratio of the higgsino to a Z boson or a Higgs boson are also presented,
and a 45% branching ratio to a Higgs boson is excluded for higgsino masses of about
400 GeV.

The limit results of the two higgsinos searches in final states with multiple charged
leptons or b-flavor jets are combined in the contour plot shown in Figure 3.18. As seen,
the multi-lepton analysis has more sensitivity to higgsino decays via the Z-boson, while
the multi-b-jet search shows more sensitivity to higgsino decays occurring via the Higgs
boson emission expanding to considerably higher higgsino masses.
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Figure 3.16: Expected (dashed) and observed (solid) 95% CL exclusion limits on the
GGM higgsino model considered in the analysis. The limits are set using the statistical
combination of disjoint signal regions. Where the signal regions are not mutually exclu-
sive, the observed CLs value is taken from the signal region with the better expected
CLs value [22].
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Figure 3.17: Diagram for the higgsino (H̃) production and decay. The production occurs
via mass-degenerate pairs of charginos or neutralinos, which decay to the χ̃0

1 and typically
low-momentum b-quarks.

3.2.5 Comparison with CMS

The CMS collaboration also presented in Ref. [62] a search for higgsinos in events with
missing transverse momentum greater than 150 GeV and at least three jets identified as
originating from b-quark hadronization. In each event, two Higgs boson candidates are
reconstructed with each one decaying as H → bb. Search regions within a Higgs boson
mass window are defined in order to be sensitive to final states with 2 pairs of b-tagged
jets associated with substantially large missing transverse momentum.

The CMS data sample corresponds to an integrated luminosity of 35.9 fb−1 at
√
s =

13 TeV, similar to the ATLAS analysis. Because the signal has four b-quarks, while the
background is dominated by tt̄ events containing only two bottom quarks from the top
quark decays, CMS binned the analysis according to the number of b-tagged jets. In
each event, the mass difference between the two Higgs boson candidates is required to
be small, and the average mass of the two candidates is used in conjunction with the
number of observed b-quark tags to define signal and sideband regions. The observed
event yields in these regions are used to obtain estimates for the SM background in the
signal regions without input from simulated event samples. The data are also binned in
regions of missing transverse momentum to enhance the sensitivity to the signal. The
observed event yields in the signal regions are consistent with the background predictions.

These results are interpreted in the context of a model in which each higgsino de-
cays into a Higgs boson and a nearly massless LSP, which is weakly interacting. Such a
scenario is compatible with gauge-mediated supersymmetry breaking models, in which
the LSP is a goldstino. The cross-section calculation assumes that the higgsino sector
is mass degenerate and sums over the cross sections for the pair production of all rel-
evant combinations of higgsinos, but all decays are assumed to be prompt. With the
CMS analysis, higgsinos with masses in the range 230 to 770 GeV are excluded at 95%
confidence level.

The corresponding ATLAS analysis [63], excludes Higgsinos with masses between
130 and 230 GeV and between 290 and 880 GeV at the 95% confidence level. ATLAS
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Figure 3.18: The 95% CL exclusion limits on the GGM model involving higgsino
triplets [61]. The model assumes a pure higgsino NLSP that promptly decays to either Z
+ gravitino or Higgs + gravitino, and subsequently decaying into charged leptons or b-
quarks. The limits are displayed as a function of the mass of the nearly mass-degenerate
higgsino triplet and the branching fraction of lightest higgsino to Higgs gravitino. This
contour plot combines the limit results from the four-lepton [22] and multi-b-jet [60]
searches. In the range 200 GeV < mhiggsino < 300 GeV, the observed limit is 1 − 2 σ
weaker than expected due to the data exceeding the background in several bins with
Emiss
T > 100 GeV in the low-mass regions of the analysis.
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Figure 3.19: Expected (dashed black line) and observed (solid black line) excluded cross
sections at 95% CL as a function of the higgsino mass. The theoretical cross section
for the higgsino simplified model is shown as the red solid line. Adapted from the CMS
analysis of Ref. [62].

performs two complementary analyses, targeting high- and low-mass signals to max-
imize sensitivity. For the analysis targeting high-mass higgsinos, events are selected
using missing transverse energy triggers. Events with at least three b-jets are further
analyzed, and jet pairs are assigned to two Higgs candidates. For the low-mass analy-
sis, events are selected with a combination of b-jet triggers, and events with four b-jets
are further analyzed by grouping the jets into Higgs candidates. On the other hand,
the CMS analysis defines multiple signal regions in order to optimize signal efficiency
and background rejection. In particular, the CMS analysis defines mutually exclusive
categories based on the number of b-tagged jets with varying thresholds on the missing
transverse momentum.

3.2.6 Conclusions

Results are reported from a search for new physics in the final state with four or more
leptons (electrons,muons or taus), using pp collision data at

√
s = 13 TeV collected by

the ATLAS detector at the LHC in 2015 and 2016. Signal regions are defined with up
to two hadronically decaying taus, and target lepton-rich RPV SUSY signals with selec-
tions requiring large effective mass or missing transverse momentum, and the absence
of reconstructed Z-boson candidates. The results are interpreted in simplified models
of NLSP pair production with RPV LSP decay and in simplified higgsino GGM mod-
els. Data yields in the signal regions are consistent with SM expectations and therefore
exclusion limits are set at the 95% confidence level.

In RPV simplified models with decays of the LSP to charged leptons, lower limits
of 1.4 TeV, 1.06 TeV, and 2.25 TeV are placed on wino, slepton and gluino masses,
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respectively. In simplified models of GGM SUSY, higgsino masses are excluded up to
295 GeV.

No signs of SUSY are found in this search targeting multi-lepton events. These
results place strong constraints on important RPV and RPC supersymmetric scenarios
both in the strong and electroweak sector of supersymmetric processes.

3.3 Search for direct stau production in events with two
hadronic tau leptons

3.3.1 Motivation

SUSY predicts the existence of sleptons as the superpartners of the SM leptons. Al-
though experimentally challenging, final states with tau leptons originating from stau
(the supersymmetric partner of the tau lepton), τ̃ , decays are of particular interest for
supersymmetric searches. In SUSY models with R-parity conservation, the LSP is stable
and could be a DM candidate [64]. Such supersymmetric scenarios in which the τ̃ is light
lead to the possibility of τ lepton rich final states [65, 66].

Coannihilation scenarios involving a light τ̃ that has a small mass splitting with an
LSP that is almost purely bino lead to a DM relic density consistent with cosmological
observations [67–70], making the search for new physics in these final states particularly
interesting. In addition, searches for the direct production of charginos and neutralinos
in final states with tau leptons are also motivated as they can affect the Higgs decay
rate into di-photons and provide a reasonable explanation for the anomalous magnetic
moment of the muon, g − 2, discrepancy between experiment the SM theory [66, 71].

Figure 3.20: Diagram for the direct stau pair production followed by each τ̃ decaying to
a τ lepton and χ̃0

1.

Until recently, the most sensitive searches for direct τ̃ pair production were performed
at the CERN LEP collider [72]. As shown in Figure 3.21, LEP limits were set up to stau
masses of about 90 GeV, while none of the LHC experiments had sensitivity at higher
stau mass regimes.

At the CERN LHC, the ATLAS [73, 74] and CMS [75–77] collaborations have both
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Figure 3.21: Expected and observed exclusion limits in the stau mass - neutralino mass
plane. The branching ratio for right-handed stau decaying to tau lepton + χ̃0

1 is included.
The results were obtained by combining LEP data collected at center-of-mass energies
ranging from 183 GeV to 208 GeV [72]. Stau particles have to be searched for beyond the
exclusion limit of around 90 GeV found at the LHC’s predecessor at CERN, the Large
Electron-Positron collider. A light stau, if it exists, could play a fundamental role in
neutralino coannihilation, moderating the amount of Dark Matter in the visible universe,
which would otherwise be too abundant to explain the astrophysical measurements.
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performed searches for direct and indirect stau production with 8 TeV and 13 TeV
center-of-mass energy LHC data. At 8 TeV center-of-mass energy, ATLAS had no sen-
sitivity to the direct stau-pair production due to the very low low cross-section of the
process. At 13 TeV center-of-mass energy, the CMS collaboration has reported for a de-
generate production scenario, in which both left- and right-handed τ̃ pairs are produced,
exclusions of τ̃ masses up to 150 GeV when assuming a nearly massless neutralino [78].
The ATLAS collaboration has shown results of a search for SUSY in final states with
τ leptons, probing indirect τ̃ production in models of chargino-neutralino and chargino
pair production, using data collected at

√
s = 13 TeV [79]. Finally, ATLAS released in

2019 results of the indirect stau search analysis showing the first results on upper limits
on the τ̃ production cross-section excluding stau masses from 120 GeV to 390 GeV and
a massless lightest neutralino [80].

The search for stau-pairs is very challenging predominantly due to the low production
cross section as an electroweak process in hadron collisions (see Figure 1.5). Despite this
fact, complex cut-and-count and machine learning techniques are developed to maximize
the sensitivity for scenarios involving the direct production of stau pairs, as well as their
indirect production via the decays of charginos and neutralinos. In this thesis, simplified
SUSY models [81–83] are examined, in which the τ̃ can be produced directly through
pair production, as shown in Figure 3.20. The lightest neutralino is the LSP and purely
bino, and the two charged staus are assumed to be mass-degenerated. The left- and
right-handed staus are assumed to decay with a 100% branching fraction to a bino-like
neutralino, τ̃±L, R → τ± χ̃0

1, whereas all sparticles other than those explicitly mentioned
here are assumed to be inaccessible at the LHC energy.

3.3.2 Methodology

This first ATLAS stau search with LHC Run2 data targets the direct production of a
pair of staus, each decaying into one tau lepton and one invisible LSP. Each tau lepton
stemming from the τ̃ decay undergoes a subsequent decay into hadrons (τ → hadrons ντ )
and an invisible neutrino. Signal events would thus be characterized by the presence of
two sets of close-by hadrons and substantial missing transverse energy. The presence of
missing transverse energy, which can originate from escaping stable neutralinos as well as
neutrinos from tau lepton decays, provides an important source of discriminating power
between signal and background events. The event classification strongly depends on the
amount of missing transverse energy subsequent as well as on the decay mode of the tau
lepton stemming from the stau decay. The possible search channels are therefore:

• fully-leptonic channel – both tau lepton leptons undergo weak decays to either
electrons or muons, and the associated neutrinos (BR ' 13%);

• fully-hadronic channel – both tau leptons decay weakly to hadrons (BR ' 42%);

• lepton-hadron channel – one tau decays leptonically and the other hadronically
(BR ' 45%).
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The ATLAS analysis explores only the fully-handronic and lepton-hadron channel, with
first results being officially released only for the former accounting to approximately the
42% of the stau events.

Figure 3.22: The analysis exploits the missing transverse energy, Emiss
T , and stransverse

mass observable, mT2, to optimize the sensitivity to staus. The search is divided into
signal regions with low or high Emiss

T , targeting therefore scenarios with low or high stau
mass.

The analysis predominantly exploits the missing transverse energy, Emiss
T , to bet-

ter optimize the sensitivity to staus (Figure 3.22). Orthogonal signal regions (SR) are
optimized for stau discovery by varying the kinematic selection criteria, including the
particle transverse momentum, pT, and the stransverse mass, mT2, observable. More
specifically, the analysis defines two signal regions, SR-lowMass and SR-highMass. The
former targets low-mass stau-pair events with missing transverse energy in the window
75−150 GeV, while the latter selects high-mass stau-pair events with Emiss

T > 150 GeV.
Events are required to have have exactly two tau candidates with opposite-sign electric
charge (OS). They are selected by the asymmetric di-tau trigger to cover the low stau
mass region (75 GeV < Emiss

T < 150 GeV) and by the di-tau +Emiss
T trigger to cover the

high stau mass region (Emiss
T > 150 GeV).

3.3.3 Backgrounds

The main background contributing to the selected final states are SM processes from
QCD multijet, W+jets and diboson production. Background events may contain a
combination of ‘real’ tau leptons, defined as correctly identified prompt tau leptons,
or ‘fake’ tau leptons, which can originate from a misidentified quark or gluon jet, an
electron, or a muon. Smaller SM backgrounds arise from Z+jets production, or events
that contain a top quark or a top-quark pair in association with jets or additional W or Z
bosons. To estimate these irreducible background contributions, MC simulated samples
are used and validated in dedicated validation regions. Other SM backgrounds are found
to be negligible.
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One of the dominant backgrounds in the SRs originates from jets misidentified as tau
leptons in multijet production, where nearly all hadronically decaying tau candidates are
misidentified jets. The multijet contribution in the SRs is estimated from data using
the so-called ABCD method. This method defines various non-overlapping regions in a
two-dimensional plane, as a function of two (or more) discriminating variables that are
largely uncorrelated. More specifically, events are classified in regions differing by the
product of electric charge of the tau-pair and the identification requirements of the tau
candidates, either loose or tight. These regions are also constructing for varying cuts
on the discriminating observables Emiss

T or mT2 (see definition in Equation 1.5). The
number of multijet events in the search region with OS tau-lepton pairs can therefore be
calculated from multijet events in regions identified with tau-lepton pairs having same
sign of electric charge (SS) and passing the tight requirements of the tau identification.
Afterwards, a transfer factor, which is extracted in regions where the tau candidates pass
only the loose identification requirements, is used to provide the correct normalization
of the multijet estimate. This transfer factor is defined as the ratio between the number
of events with OS tau pairs to the number of events with SS tau-pair candidates.

The multijet background estimation is also validated using a different method, the
fake-factor method. Fake factors (FF) are derived for each of the two tau candidates
with the same electric charge in a multijet enriched region. They are computed as the
ratio of the number of leading or subleading tau candidates passing all of the nominal
signal identification criteria over the number of tau candidates failing the requirement
on the tau identification, and are parameterized with respect to the pT , η and number of
tracks of the tau candidates. The expected number of multijet events entering a selection
is computed by applying the fake factors to the yields in a set of sideband regions where
either the leading, subleading or both tau candidates fail the identification requirements.
Agreement of the predicted multijet event yields from the ABCD method and the FF
method is observed within the statistical and systematic uncertainties.

The production of W+jets events with at least one misidentified tau lepton is an
important background, accounting for about 25% of the expected SM background in the
two SRs. It is estimated from MC simulation and normalized to data in a dedicated
control region.

3.3.4 Systematic uncertainties

Systematic uncertainties have an impact on the estimates of the background and signal
event yields in the signal regions. Uncertainties arising from experimental and theoret-
ical sources are estimated in the analysis and considered in the statistical analysis to
interpret the results. The main sources of experimental systematic uncertainty in the SM
background estimates include tau lepton and jet energy scale and resolution, tau lepton
identification, pile-up, and uncertainties related to the modelling of Emiss

T in the simula-
tion. Uncertainties arising from ABCD method to determine the QCD multijet events
are also considered, dominated by the the correlation between the tau identification, the
charge requirement, and the kinematic variable mT2. Finally, theoretical uncertainties
affecting the MC event generator predictions, for the W+jets, Z+jets and multi-boson



56 CHAPTER 3. SEARCHES AND METHODOLOGY

samples, are estimated by varying the renormalization and factorization scale as well as
PDF uncertainties. The dominant uncertainties in the SRs are tau identification and
energy scale (14 - 29%) and the statistical uncertainty of the signal MC predictions (6 -
10%). The multijet normalization with respect to the prediction from the ABCD method
in the SR has an uncertainty of around 30%, due to the small number of observed events
in the multijet regions. The cross-section uncertainty is taken into account as main
source of signal modelling theoretical uncertainty, and it varies from 3% to 7% for the
considered SUSY models.

3.3.5 Results

Selected events are distributed according to the mT2 observable for data, expected SM
backgrounds, and the SUSY signal models. In both signal regions of the analysis, SR-
lowMass and SR-highMass, observations and background predictions are found to be
compatible within uncertainties. The mT2 distributions are shown in Figure 3.23 for
data, expected SM backgrounds, and two SUSY scenarios with different stau masses. In
both signal regions, observations and background predictions are found to be compatible
within uncertainties.

In the absence of a significant excess over the expected SM background, the observed
and expected numbers of events in the signal regions are used to place exclusion limits
at 95% CL using the model-dependent limit fit. The exclusion limits for the combined
low-mass and high-mass SRs for the simplified models described previously are shown in
Figure 3.24a. While the left-handed stau pair production has a higher production cross
section, the right-handed stau pair production has a higher efficiency times acceptance
due to kinematic differences in the resulting decay products. Stau masses from 120
GeV to 390 GeV are excluded for a massless lightest neutralino in the scenario of the
combined left- and right-handed stau-pair production. These limits significantly extend
previous results [74, 77, 84] in the high τ̃ mass region. The exclusion limits from the
stau analysis can be compared to other SUSY electroweak searches involving two light
charged leptons (` = e, µ) in the final state. Figure 3.24b shows the exclusion limits
at 95% CL for the 2` compressed, 2`, 2τ and results from LHC with

√
s = 8 TeV data

and LEP. The exclusion limits are shown in the plane of the lightest supersymmetric
neutralino χ̃0

1 and the invariant mass of the produced and decaying slepton.

3.3.6 Comparison with CMS

In Ref. [86], CMS presents a search for direct tau slepton pair production using data
from proton-proton collisions at a center-of-mass energy of 13 TeV. Events are selected by
requiring a tau lepton pair and significant missing transverse momentum. CMS defines
search regions using various kinematic observables that exploit expected differences in
discriminants between signal and background. The data used for this search correspond
to an integrated luminosity of 77.2 fb−1 collected in 2016 and 2017, which amount about
the half of the data that ATLAS uses for the respective analysis.
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CMS observes no excess above the expected SM background and thus sets upper
limits on the cross section for direct stau pair production for simplified models, in which
each τ̃ decays to a tau lepton and the lightest neutralino, with the latter being assumed to
be the lightest supersymmetric particle (Figure 3.25). Assuming a mass-degenerate stau
production model, in which both left- and right-handed helicity stau pairs are produced,
CMS excludes stau masses up to 150 GeV, under the assumption of a nearly massless
neutralino.

Compared to the ATLAS analysis, CMS considers both the hadronic and leptonic
decay modes of the tau lepton. In the additional lepton-hadron ditau channel, one
tau can decay to one or more hadrons and a neutrino, and the other to an electron or
muon and two neutrinos. Moreover, CMS uses dedicated machine learning techniques to
enhance the search sensitivity. These include the incorporation of an improved hadronic
tau selection method that makes use of a deep neural network for the fully-hadronic ditau
analysis, and of a boosted decision tree (BDT) for event selection in the lepton-hadron
analyses.

3.3.7 Conclusions

Searches for the direct production of light stau pairs at the hadron colliders are motivated
by both experimental and theoretical considerations. Being an electroweak process, the
stau production at LHC has a lower cross-section compared to SUSY processes involving
the production of sparticles via strong interactions. In addition, hadronically decaying
taus can be easily mimicked QCD jets and electrons making thus the tau reconstruction
and identification more challenging.

Prior to the Run2 ATLAS analysis, the most stringent exclusion limits are from
LEP, making the search for direct staus crucial in the hunt for SUSY at the LHC. Staus
are expected to be the lightest slepton flavor in models of GUT scale unification and
the lighter stau is favoured to be mostly right-handed. Furthermore, in models with a
light stau and lightest neutralino χ̃0

1 with a small mass difference, stau co-annihilation
processes in the early universe can reduce the χ̃0

1 relic density and make it consistent
with observations from cosmological measurements.

Searches for stau-pair production in events with at least two hadronically decaying
τ -leptons and missing transverse momentum were performed using 139 fb−1 of pp col-
lision data at

√
s = 13 TeV recorded with the ATLAS detector at the LHC [80, 85].

Search regions are defined using kinematic observables that exploit expected differences
in discriminants between signal and background. Agreement between data and SM pre-
dictions is observed in all optimized signal regions. The results are, therefore, used to
set upper limits on the visible cross section for events beyond the SM in each signal re-
gion. Exclusion limits are placed on parameters of simplified electroweak supersymmetry
models in scenarios of stau-pair production. Stau masses from 120 GeV to 390 GeV are
excluded for a massless lightest neutralino in the scenario of direct production of stau
pairs, with each stau decaying into the lightest neutralino χ̃0

1 and one τ -lepton. These
limits extend significantly beyond previous results by the ATLAS and CMS experiments
in the high stau mass region.
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(a) SR-lowMass

(b) SR-highMass

Figure 3.23: The post-fit mT2 distribution for SR-lowMass (3.23b) and SR-highMass
(3.23b). The stacked histograms show the expected SM backgrounds. The hatched
bands represent the sum in quadrature of systematic and statistical uncertainties of the
total SM background. For illustration, the distributions from SUSY reference points
differing by stau mass are also shown as dashed lines. The last bin includes the overflow
events. Adapted from Ref. [80].
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(a) Stau exlcusion limits

(b) Slepton exlcusion limits

Figure 3.24: Plot 3.24a: The 95% CL exclusion contours for the combined fit of low-mass
and high-mass signal regions for simplified models with combined production. The solid
(dashed) lines show the observed (expected) exclusion contours. The band around the
expected limit shows the ±1 σ variations, including all uncertainties except theoretical
uncertainties in the signal cross section. The dotted lines around the observed limit
indicate the sensitivity to ±1 σ variations of the theoretical uncertainties in the signal
cross section [80, 85]. Plot 3.24b: Exclusion limits at 95% CL based on 13 TeV data
in the (slepton, lightest neutralino) mass plane for different analyses probing the direct
production of sleptons with decays to lepton neutralino. The types of sleptons (flavor
and coupling) included in each search is specified in the legend [61].
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Figure 3.25: Upper limit on the cross section of stau-pair production excluded at 95%
CL as a function of the stau mass in degenerate stau models for a χ̃0

1 mass of 1 GeV.
The results shown are for the statistical combination of the 2016 and 2017 CMS data in
the lepton-hadron and hadron-hadron ditau final states [86].



Chapter 4

Synopsis

4.1 Summary

The search of SUSY is an important part of the physics program at CERN’s LHC. The
large amount of data successfully collected by the experiments so far, provide a unique
opportunity to explore SUSY with novel analysis techniques.

If particles predicted by SUSY exist and are not extremely massive, they must be
produced at LHC collision events and could be hiding in data collected by the ATLAS
and CMS detectors. However, unlike most processes at the LHC, which are governed by
strong force interactions, electroweak superpartners would be created through the much
weaker electroweak interaction, thus lowering their production rates. Further, most of
these new SUSY particles are expected to be unstable and can be searched by tracing
their decay products – typically into a known SM particle and a LSP, which could be
stable and non-interacting, thus forming a natural dark matter candidate.

Despite the low production cross-section of electroweak SUSY processes, events with
many leptons in the final state are very interesting since SM processes mimicking them
are very rare. ATLAS searched for such multi-lepton events and presented the results in
terms of the number of events from new physics processes with a four-lepton signature,
and also in terms of RPV and RPC SUSY models. All data yields are found to be
consistent with SM expectations and results are thus used to set upper limits on the
event yields from processes beyond the SM. Stringent exclusion limits are set in simplified
models of GGM SUSY with higgsino particles, which are assumed to decay into either
Higgs or Z bosons. In RPV simplified models with decays of the LSP to charged leptons,
exclusions are placed on the mass of wino, slepton and gluino masses up to the TeV scale,
extending significantly the lower limit results set by previous ATLAS searches.

Until recently, an important superpartner of the tau slepton, the ”stau”, had yet to be
searched for beyond the exclusion limit of around 90 GeV found at the LHC’s predecessor
at CERN, the LEP collider. A light stau, if it exists, could play a role in neutralino
co-annihilation, moderating the amount of dark matter in the visible universe, which
otherwise would be too abundant to explain astrophysical measurements. The search
for a light stau is experimentally challenging due to its extremely low production rate

61
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in LHC pp collisions, requiring advanced techniques to reconstruct the SM tau leptons
it can decay into. In fact, during the LHC Run 1 data taking period, only a narrow
parameter region around a stau mass of 109 GeV and a massless lightest neutralino
could be excluded by LHC experiments [74]. In LHC Run 2, ATLAS search efforts
target the direct production of a pair of staus, each decaying into one tau lepton and
one invisible LSP. The ATLAS data do not reveal hints for stau pair production and
thus new exclusion limits are set on the mass of staus using different assumptions on the
presence of both possible stau types (left and right, referring to the two different spin
states of the tau partner lepton). The limits obtained supersede significantly the LEP
results and are in fact the strongest obtained so far in collider experiments.

Overall, both sets of results place strong constraints on important supersymmetric
scenarios, which will guide future ATLAS searches. Further, they illustrate the benefits
brought by advanced analysis techniques, which help improve the sensitivity to new
physics phenomena at colliders in the future.

4.2 Prospects

4.2.1 Ditau Reconstruction for Four-lepton Searches

Due to the low SM background, the search for four-lepton final states provides excellent
sensitivity to R-parity violating SUSY models, where the LSP, produced in pairs, decays
into final states with at least two charged leptons. For LSP decays into hadronically de-
caying τ lepton pairs, however, the current analysis is not sensitive if the mass difference
between LSP and the next heavier NLSP is large. This is because the τ jets become
highly collimated and the standard τ reconstruction algorithm is not able to resolve
them. An example of collimated hadronic di-tau decays is shown in Figure 4.1, which
presents the ∆R distribution of the the two taus at truth level. As a consequence, the
sensitivity for low χ̃0

1 masses is significantly lowered, as it can be seen in Figure 3.15d.

A new specialized high-pT τ jet pair reconstruction method has been developed,
in parallel to the four-lepton SUSY analysis, that exploits the LHC Run-2 dataset at
13 TeV center-of-mass energy [87]. The di-tau reconstruction uses jets with a large
distance parameter ∆R = 1.0 and attempts to reconstruct two hadronically decaying
taus into a single jet. It requires a minimum pT of 50 GeV for the di-tau object within
the barrel region of the detector, |η| < 2.5. At least two subjects with R = 0.2 with
minimum one associated track is required in order to avoid picking up objects which
are not hadronically decaying taus. To further improve the performance of the ditau
reconstruction, a BDT algorithm is trained using tracking and calorimeter information
associated to the subjets. As signal objects, truth-matched tau-lepton pairs from SUSY
RPV gluino processes are used, trained against di-tau candidates from QCD jet data, tt̄
and Z → e+e−+jets (Figure 4.2). By selecting reconstructed di-tau candidates with a
minimum BDT score at 0.5, the di-tau algorithm achieves a flat identification efficiency
of 60% for ditau objects with pT > 150 GeV containing subjets with distance 0.2 <
∆R < 0.4, i.e. in the proximity zone where the standard ATLAS tau reconstruction fails
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Figure 4.1: ∆R distribution between the the members of the tau-pair, as measured in
RPV gluino events of diagram 3.6d. The standard reconstruction fails for ∆R < 0.4, as
the overlap between the two tau jet cones is very high.

Figure 4.2: Di-tau BDT score distributions for signal (blue) and background (red) di-tau
objects.
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to reconstruct any tau candidate.
Finally, the results of the di-tau reconstruction algorithm are tested in an RPV gluino

scenario with mg̃ = 1500 GeV and mχ̃0
1

= 50 GeV, where the sensitivity of the current
SUSY four-lepton search is very limited. A significant improvement in the sensitivity is
observed for a signal region region defined with two light charged leptons and a least
one reconstructed di-tau, as shown in Figure 4.3.

The di-tau algorithm shows very promising capabilities by recovering low-pT tau
pairs, which are otherwise lost when using the current tau reconstruction of ATLAS.
This technique is currently integrated in the entire SUSY four-lepton analysis.

4.2.2 Multivariate Analysis for Stau Searches

As discussed in Section 3.3.2, the lepton-hadron final state decay of the tau pair has a
branching ratio of 45%, resulting thus to a significant fraction of stau events decaying to
taus. Carrying out an analysis targeting the lepton-hadron (τ`τh) final states with one
tau decaying hadronically and the other to either an electron or muon, is expected to
bring additional sensitivity to the current search of staus with two hadronic taus only
(τhτh) .

As in the case of the fully-hadronic ditau channel, the presence of missing transverse
momentum can originate from stable neutralinos as well as neutrinos from τ lepton
decays, providing thus an important source of discriminating power between signal and
background. Although the search strategy in the τhτh final state can rely on a cut-and-
count-based analysis to reject backgrounds and select signal events, it is definitely not
going to be sufficient for the τ`τh final states. The reason behind this, is the overwhelming
W → `ν+jets SM process which makes it the dominant background for the τ`τh search.
W bosons can decay into a charged light lepton and neutrino with the emission of QCD
jets that can confuse the reconstruction and identification of hadronically decaying taus.
Therefore, more advanced analysis techniques must be deployed in order to efficiently
reject backgrounds and select as much signal events as possible.

To achieve the desired discrimination between signal and background, a multivariate
analysis was developed in parallel to the efforts of the ATLAS stau analysis with two
hadronically decaying taus (Figure 4.6). The data used in this search are selected through
triggers that require the presence of isolated electrons and muons. For the τµτh final
state, the trigger is based on the presence of an isolated muon with pT > 20 GeV in
2015, pT > 24 GeV in early 2016 and pT > 26 GeV for the rest of the data taking period.
For electrons, a combination of triggers with pT > 24, 26, 60, 140 GeV is used across
the entire 2015-2018 dataset.

The τ`τh search initially analyzes the τeτh and τµτh channels separately and combines
them statistically in a combined maximum-likelihood fit afterwards. To better optimize
the sensitivity of the search, the events are split into two big categories according to
the presence of a high-pT jet in the event or not: 0-jet and 1-jet signal regions. While
W → `ν+jets is a dominant background in the lepton-hadron channels, the relative
contributions from other backgrounds from top-quark, Z → `` and other vector-boson
decays, as well as from misidentified leptonic or hadronic τ decays, contribute consid-
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Figure 4.3: Top: distribution of the meff observable in a signal region with two charged
light leptons and a hadronic di-tau candidate with pT > 150 GeV and BDT score greater
than 0.5. The results are shown for an RPV gluino model with mg̃ = 1500 GeV and
mχ̃0

1
= 50 GeV. Bottom: expected sensitivity contours for the same SUSY model and

signal region. With the meff > 1500 GeV requirement, the di-tau method helps to
increase the sensitivity in the low LSP mass range.
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Figure 4.4: Feynman diagram for the main background process of the lepton-hadron
ditau final state. The outgoing quark from the W → `ν process can lead to a jet that
can fake a hadronically decaying tau.

erably. Therefore, dedicated control regions are developed to understand the physics
modelling of each of these background processes compared to real data. During the
statistical fit, each of the normalization of the W+jets, top-quark and the Drell-Yan
Z → ``+jets backgrounds is constrained via adjacent control regions which are depleted
of these background processes. A summary of the statistical model is diagrammatically
shown in Figure 4.5.

In view of the signal-to-background conditions, and in order to exploit correlations
between final-state observables, a multivariate analysis technique, based on boosted
decision trees (BDTs), is used to extract the final results. Boosted decision trees are
used in each category, 0-jet and 1-jet, to extract the stau signal from the large number of
background events. Decision trees recursively partition the parameter space into multiple
regions where signal or background purities are enhanced. Boosting is a method which
improves the performance and stability of decision trees and involves the combination of
many trees into a single final discriminant. After boosting, the final score undergoes a
transformation to map the scores in the bin range 0-9. The most signal-like events have
high BDT scores, while the most background-like events accumulate on the left-hand
side of the BDT score distribution. Separate BDTs are trained for each decay channel
with the corresponding signal and background samples. The separate training naturally
exploits differences in event kinematics between different stau production modes. It also
allows different discriminating variables to be used to address the different background
compositions in each channel.

A large set of potential variables was investigated, in each channel separately, and
only those variables which led to an improved discrimination performance of the BDT
were kept. The most discriminating variables are found the be the pseudorapidity dis-
tance between the light charged lepton and the tau ∆η(`, τh), the significance of the
missing transverse energy SEmiss

T
, the transverse mass defined with the lepton mT (`) =√

2Emiss
T p`T (1− cos θ) (where θ is the angle between the Emiss

T and the lepton in the

transverse plane), the tau pT and the BDT score of the tau candidate against QCD jets.
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Figure 4.5: Summary of the lepton-hadron statistical model. The stau final states are
categorized according to the leptonic decay of one of the taus: electron-hadron and
muon-hadron channels. The analysis is performed separately in each channel using
different observables and selection cuts in order to mitigate the different composition of
background events. The events in each channel are split into 0-jet and 1-jet based on
the presence of a high-pT in the event. The results from the electron-hadron and the
muon-hadron channels are statistically combined in a combined maximum-likelihood fit.
The main backgrounds are constrained via a normalization factor which is connected to
adjacent control regions which are rich for each of these backgrounds. All experimental
and theoretical uncertainties count for nuisance parameters in the fit.
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(a) BDT scores

(b) ROC curves

Figure 4.6: Distribution of the BDT classifier scores (4.6a) and the corresponding ROC
curve (4.6b) for a BDT algorithm trained in 0-jet category of the electron-hadron channel.
A perfect classification would correspond to a rectangular ROC curve, while a completely
random classification, namely a random selection of background and signal events, would
correspond to a straight diagonal line. To describe the training quality, the area under
the ROC curve (ROC-AUC) is used. The ROC curves in the training and testing datasets
are shown for the nominal (solid line) and for the cross-validation (dashed lines) training
sessions. The number in brackets indicate the ROC-AUC. The distribution of events
(4.6a) from the training sample for background and signal processes are shown as blue
and red hatched areas, respectively. The test samples are shown as data points. The
χ2 test serves as a similarity test between the training and testing datasets during the
BDT training session and helps to control possible overfitting effects.
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After training the classification algorithm, the BDT output in the two analysis cat-
egories provides the final discrimination. Figure 4.7 shows the distribution of the BDT
output for signal and background events, as well as for data. The BDT score distri-
butions for signal and background events are used to build a statistical model for each
channel and category. A maximum-likelihood fit is performed on all categories simulta-
neously assuming Asimov statistics, i.e. the observed data are set to the total measured
background. The signal strength, µ, defined as the ratio of the measured signal yield
to the Standard Model expectation is conditionally set to 1, allowing to measure the
expected significance of the search. The statistical analysis of the data employs a binned
likelihood function L(µ, ~θ), constructed as the product of Poisson probability terms.
The impact of systematic uncertainties on the signal and background expectations is
described by nuisance parameters, ~θ, which are each parameterized by a Gaussian or
log-normal constraint. The expected numbers of signal and background events in each
bin are functions of ~θ. The test statistic qµ is then constructed according to the profile
likelihood ratio:

qµ = −2 ln
L(µ,

ˆ̂
~θ)

L(µ̂, ~̂θ)

where µ̂ and ~̂θ are the parameters that maximize the likelihood and
ˆ̂
~θ are the nuisance

parameter values that maximize the likelihood for a given µ (µ = 1 in the case of an
Asimov model). With the Asimov asymptotic testing, the expected significance for the
benchmark direct stau scenario with mτ̃ = 200 GeV and mχ̃0

1
= 1 GeV is found to be

1.0 σ including all systematic uncertainties, 2.0 σ without any uncertainties and 1.6 σ
with all uncertainties but excluding the so-called γ statistical factors which parameterize
the statistical uncertainty per BDT bin in the statistical model.

Despite the low significance of the lepton-hadron channel alone, it is expected that
the statistical combination of the lepton-hadron and hadron-hadron channels together
will further extend the analysis sensitivity particularly in the compressed zone (small
mass differences between the LSP and the stau masses). The hadron-hadron channels is
currently insensitive in the compressed area mainly due to the high pT cuts on the the
tau candidates, as the di-tau triggers used by the analysis have relatively high online pT

thresholds.

4.2.3 Stau Searches at HL-LHC

The search for weak-scale SUSY is one of the highest physics priorities for the current and
future LHC runs. In the Run-2 data-taking period (2015-2018), the ATLAS experiment
collected 149 fb−1 of proton-proton collisions from the LHC at centre-of-mass energies
of 13 TeV, with an average number of collisions per bunch crossing of 〈µ〉 = 34. During
the second long shutdown (LS2) of the LHC program (2019-2021), the injection chain is
foreseen to be modified and the accelerator will be able to achieve centre-of-mass-energies
of 14 TeV. During LS3 (2025-2027), the accelerator is foreseen to be upgraded to the
high luminosity LHC (HL-LHC), which is expected to deliver an integrated luminosity
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Figure 4.7: Preliminary results on the distributions of the BDT discriminant for signal
(mτ̃ = 200 GeV and mχ̃0

1
= 1 GeV) and background events in the 0-jet category. The

post-fit error includes all statistical and statistical uncertainties. The W+jets and top-
related background events are simultaneously constrained though their normalization
factors connected to the respective control regions. The excess of events, above the
background, shown by a solid red area corresponds to stau-pair signal events.
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of about 3000 fb−1, with an average number of pileup interactions per bunch crossing of
〈µ〉 = 200. The large dataset expected at the end of HL-LHC offers an unprecedented
discovery potential for heavy SUSY particles in the electroweak sector, of masses around
or above a TeV.

ATLAS has recently studied the physics sensitivity at the end of HL-LHC to direct
production of various SUSY partners in the electroweak sector including staus. Searches
for the direct production of light stau pairs at the HL-LHC are motivated by both
experimental and theoretical considerations. As of today the most stringent exclusion
limits exclude stau masses up to 350 GeV assuming a nearly massless LSP, making
the search for direct staus a crucial “unturned stone” in the hunt for SUSY at the
LHC program. As discussed in Section 3.3.1, staus are expected to be the lightest
slepton flavor in models of GUT scale unification and the lighter stau is favoured to be
mostly right-handed. Furthermore, in models with a light stau and lightest neutralino
χ̃0

1 with a small mass difference, stau co-annihilation processes in the early universe can
reduce the χ̃0

1 relic density and make it consistent with observations from cosmological
measurements.

To study the sensitivity to stau-pair production, ATLAS performed a search in which
final states with two hadronically decaying tau leptons are considered. Two simplified
models describing the direct production of stau-pairs were used: one considered stau
partners of the left-handed tau lepton (τ̃L), and a second considers stau partners of the
right-handed tau lepton (τ̃R). In both models, the stau is assumed to decay with a
branching fraction of 100% to the SM tau-lepton and the LSP.

The signature considered is two hadronically decaying taus, low jet activity because
of the electroweak nature of the process, and large missing transverse momentum from
the undetected χ̃0

1 and neutrinos. Like in the ATLAS analysis with LHC Run2 data,
the SM background is dominated by W/Z+jets, multi-boson, multi-jet, and top pair
production. Also, the stransverse mass mT2 is used to further discriminate SUSY events
from SM processes. In this analysis, three signal regions are defined to maximize model-
independent discovery sensitivity based on the optimization for scenarios with low (SR-
low), medium (SR-med) and high (SR-high) mass differences between the τ̃ and χ̃0

1.
Each SR is identified by the range of the mT2 considering both hadronically decaying
taus in the event.

Figure 4.8 shows the 95% CL exclusion limits and discovery potentials calculated for
τ̃Lτ̃L and τ̃Rτ̃R production, either alone or in combination, assuming a massless χ̃0

1. The
exclusion limit reaches 730 GeV in stau mass for the combined τ̃Lτ̃L and τ̃Rτ̃R, and 680
GeV (420 GeV) for pure τ̃Lτ̃L (pure τ̃Rτ̃R) production with a massless χ̃0

1. The discovery
sensitivity reaches 110-530 GeV (110-500 GeV) in stau mass for the combined τ̃Lτ̃L and
τ̃Rτ̃R, (pure τ̃Lτ̃L) production with a massless χ̃0

1.

Based on the search channels and methods considered in this ATLAS analysis, the
HL-LHC is not expected to have discovery potential for the stau co-annihilation scenario
or for the production of light right-handed stau pairs τ̃Rτ̃R (as the cross-section is very
small), making these scenarios excellent benchmarks for further study at HL-LHC as
well as for future collider-based experiments.
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Figure 4.8: The 95% CL exclusion and discovery potential for direct stau production at
the HL-LHC (3000 fb−1 at

√
s = 14 TeV), assuming τ̃Lτ̃L, τ̃Lτ̃R and τ̃Rτ̃R production [88].

4.3 Outlook

The absence of any observation of new phenomena at the first run of the LHC at
7, 8, 13 TeV place significant constraints on SUSY parameter space. As displayed in
Figure 4.9, inclusive searches probe production of gluinos at about 2.2 TeV, first and
second generation squarks in the range of about 1 to 1.8 TeV, third generation squarks
at scales around 600 GeV to 1 TeV, electroweak gauginos at scales around 300 to 800
GeV, and sleptons up to 800 GeV. However, depending on the assumptions made on the
underlying SUSY spectrum these limits can also weaken considerably.

With the LHC having reached almost its maximum energy of
√
s = 14 TeV, future

sensitivity increase in searching for SUSY will have to originate from higher data statis-
tics, the evolution of the trigger and improvement of experimental analysis techniques,
since there will be no significant proton beam energy increase anymore. Therefore, it
is expected that the current landscape of SUSY searches and corresponding exclusion
limits at the LHC, as that shown in Figure 4.9 from the ATLAS experiment [61], will
not change as rapidly anymore as it did in the past, when the LHC underwent several
successive increases of collision energy.

The ongoing LHC run at
√
s = 13 TeV, and future runs at 14 TeV with significantly

larger integrated luminosities (Run 3, and the High-Luminosity LHC), will provide a
large data sample for future SUSY searches. Although the sensitivity for colored spar-
ticles is expected to increase, the expanded data set will be particularly beneficial for
electroweak gaugino searches, and for the more difficult final states presented by com-
pressed particle spectra, long-lived sparticles, and RPV scenarios.
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Contributions to the four-lepton SUSY analysis:

• Analysis contact person and co-convener of the SUSY multi-lepton analysis group

• Editor of the paper, the conference note and the technical supporting document

• Simulation and production of the RPV models (wino, slepton, sneutrino, gluino)

• Development and optimization of the trigger strategy

• Implementation of the trigger selection and the trigger correction factors in the
analysis datasets

• Estimate of the reducible background using the fake factor method (fake factors,
scale factor, origin fractions)

• Data processing and data preparation for the analysis

• Responsible for the data production and lifecycle

• Derivation and implementation of the tau-related analysis recommendations

• Derivation and implementation of the muon-related analysis recommendations
(with Johannes Junggeburth)

• Development of the di-tau reconstruction algorithm (with Marian Rendel)

Contributions to the electroweak stau SUSY analysis:

• Responsible for the data format for the analysis (data derivations)

• Simulation of the electroweak stau models

• Kinematic studies of stau samples with different helicity configurations

• Data processing and data preparation for the analysis
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• Development of the fake factor method for estimating the reducible background in
the lepton-hadron channel

• Development of the multivariate analysis using Boosted Decision Trees

• Development of the statistical framework used for the statistical analysis of the
search

• Design and optimization of the lepton-hadron analysis

• Development of the multivariate analysis and statistical framework for the lepton-
hadron channel (with Johannes Junggeburth)

• Development and optimization of the trigger strategy for the lepton-hadron anal-
ysis

• Derivation and implementation of the tau-related analysis recommendations
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Appendix B

Papers published at scientific journals, including the work of this thesis, are accumulated
in this section.
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