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Abstract

This thesis presents two searches for signs of R-parity-violating supersymmetry (SUSY)
through decays of the lightest supersymmetric particle (LSP) into two charged leptons
and one neutrino. The searches are performed with the ATLAS experiment at the Large
Hadron Collider (LHC) using a data set of pp collisions at /s = 8 TeV recorded during
the 2012 LHC run, corresponding to an integrated luminosity of 20.3fb™!.

As a prerequisite for these studies, which rely heavily on efficient reconstruction of
charged leptons, a tag-and-probe method based on Z — uu decays is developed to
measure the muon reconstruction efficiency of the ATLAS experiment with an accuracy
of 0.1% and validate the predictions made by the detector simulation.

If the decay of the LSP occurs with a lifetime of less than about 1 mm/c, the standard
reconstruction of leptons within ATLAS is efficient. A search for anomalous events
with at least four charged leptons is presented. Since processes with four or more
charged leptons are rare in the Standard Model, a very low level of background is
achieved. A special effort is made to provide sensitivity to decays of an LSP that is
very light compared to the initially produced supersymmetric particles. No sign of a
signal is observed, and strong exclusion limits in the parameter space defined by the
supersymmetric particle masses are derived.

A second search targets scenarios where the LSP lifetime is much greater than 1 mm/c,
using the signature of a high-mass displaced vertex with two associated charged leptons.
The reconstruction of such displaced vertices requires a non-standard event reconstruc-
tion. Signal vertices do not occur naturally in the Standard Model, leading to a negligible
level of background. A novel technique is developed to estimate the dominant residual
background from lepton tracks that randomly cross inside the tracking volume. No
signal vertices are observed, in agreement with the background prediction, and upper
limits on the number of supersymmetric particle decays in the data set and the pro-
duction cross-sections within simplified SUSY models are set as a function of the LSP
lifetime. The results of the four-lepton search are also extrapolated as a function of the
LSP lifetime and included in the study to enhance sensitivity at short LSP lifetimes.
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Chapter 1

Introduction

The predictions of the Standard Model of particle physics, developed in the second half
of the 20" century, have been successfully tested by precision measurements at several
generations of accelerator experiments. In 2012, the ATLAS and CMS experiments [1,2]
at the Large Hadron Collider (LHC) [3] at CERN announced the discovery of a scalar
boson with properties as predicted by the Higgs mechanism of the Standard Model, the
last missing piece of the theory to be discovered. This mechanism is responsible for
electroweak gauge symmetry breaking and the generation of the fundamental particle

masses in the Standard Model.

However, several compelling arguments suggest that the Standard Model is not the
tinal theory of elementary particle physics. A quantum theory of gravity is not part
of the Standard Model and, according to cosmological observations [4], the matter
described by the Standard Model only constitutes about 5% of the energy density of the
universe. About 25% is due to so-called dark matter [5], so far only recognisable through
gravitational effects, and about 70% arises from so-called dark energy [4], which is of a
completely unknown nature. In addition, the enormous difference in the energy scales
of the Standard Model (10° GeV) and of gravity (10! GeV) leads to a hierarchy problem.
The Higgs boson mass receives loop corrections from all massive particles that couple
to the Higgs field, with contributions that scale quadratically with the particle masses
and with the energy cut off scale of the theory. Consequently, validity of the Standard
Model up to very high energy scales or the existence of new massive particles beyond
the Standard Model lead to a fine-tuning problem of the observed Higgs boson mass of
my = 125.09 GeV [6].
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Supersymmetry [7], a new symmetry relating fermions and bosons, leads to a cancel-
lation of the radiative corrections to the Higgs boson mass from fermion and boson
loops. The particles of the Standard Model obtain superpartners with spins differing by
1/2, doubling the particle content of the Standard Model. As none of the superpartners
have been observed to date, they must be heavier than their Standard Model partners
and supersymmetry must be broken. In this case, the neutral and charged spin-1/2
sparticles mix to their mass eigenstates, the neutralinos and charginos, respectively.
Supersymmetry still provides a solution to the hierarchy problem if the masses of the
superpartners (at least of the ones that couple the strongest to the Higgs bosons, like the
top squark) are not larger than a few TeV.

Experiments at the Large Hadron Collider, which collides protons at centre-of-mass-
energies of up to 14 TeV, should be able to find signatures of supersymmetric particle
production if supersymmetry solves the hierarchy problem. Most searches for super-
symmetry performed at the LHC up to now assume the conservation of an additional
quantum number, R-parity, which prevents rapid proton decay via the exchange of su-
persymmetric particles. It also requires the lightest supersymmetric particle (LSP) to be
stable, making it an attractive candidate for dark matter. However, R-parity-conservation
is not required for supersymmetry, nor is it the only mechanism that can ensure the
stability of the proton. Giving up the requirement of R-parity-conservation opens up a
new class of supersymmetric extensions of the Standard Model with R-parity-violation
(RPV), which has been less extensively studied up to now. If R-parity is violated, the
LSP can decay into Standard Model particles, leading to new experimental signatures

that may have been missed in conventional supersymmetry searches.

In this thesis, a particular class of R-parity-violating models is investigated, where a
neutralino ¥} as LSP decays due to lepton-number and R-parity-violating couplings
to a pair of charged leptons and a neutrino. Constraints are set on these models using
collision data recorded by the ATLAS experiment at the LHC at +/s = 8 TeV in 2012.

As the LSP is produced in pairs at the LHC by R-parity-conserving mechanisms, the
signal events contain four charged leptons and two neutrinos. If the average decay
lengths of the LSP are small compared to the detector resolution, a search for four charged
leptons originating from the primary proton-proton interaction vertex is sensitive to
this signature, as processes producing four charged energetic leptons are rare in the
Standard Model. This background is estimated using a combination of Monte Carlo
simulation and data-driven techniques. No excess over the background prediction is

observed and upper limits are set on the magnitude of a possible signal using a set of



simplified supersymmetric models. The signal sensitivity depends on the masses of the
LSP and of the next-to-lightest supersymmetric particle, the NLSP, the type of the NLSP
and the flavours of the final state leptons.

If the LSP decay length exceeds about 1 mm, the LSP decay can be reconstructed as a
secondary vertex of two charged leptons with a high invariant mass displaced from the
primary interaction point. Such processes do not occur in the Standard Model. The only
background is due to instrumental effects or random intersections of lepton tracks and
can be suppressed considerably making use of the expected vertex properties. In order
to reconstruct the displaced decay vertices, a dedicated track and vertex reconstruction
procedure had to be used. The combinatorial background due to random crossings of
lepton tracks is estimated using a new data-driven technique. No displaced dilepton
vertices satisfying all selection criteria are observed, consistent with the expectation
from this method, and upper limits on a possible signal are derived as a function of the
LSP lifetime. This search has been performed for the first time with the ATLAS data and

considerably expands the sensitivity range of the RPV supersymmetry searches.






Chapter 2

The Supersymmetric Extension of
the Standard Model

The Standard Model of particle physics (SM) describes the known elementary particles
and their interactions. It has been remarkably successful in predicting experimental
observations with high precision. In this chapter, the main features of the Standard Model
are summarised, based on a detailed description in Ref. [8]. In spite of its successes,
there is strong evidence that the Standard Model alone is insufficient to fully explain
all phenomena. As one example, the hierarchy problem is discussed. Supersymmetry
(SUSY) is one possible approach to extend the Standard Model in order to solve some of

its insufficiencies. An overview of its principles is given.

In the following, natural units (% = ¢ = 1) are used. Fermion fields are described by
two-component Weyl spinors rather than Dirac spinors - this is useful for introducing

the supersymmetric notation used to extend the Standard Model.

2.1 The Standard Model

The Standard Model of particle physics was developed during the second half of the
20" century. In the framework of relativistic quantum field theory, it describes all of the
known elementary particles and fundamental forces, with the exception of gravity.

5
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2.1.1 Principles of the Standard Model

In the Standard Model, the matter constituents are spin-1/2 fermions.

A major achievement is the introduction of interactions between the fermions by a unify-
ing principle requiring invariance of the action under local gauge transformations [9]

which correspond to local phase transformations of the fermion fields ,
¥ — exp [ia® (x*)T ) ¢, (2.1)

with scalar phase parameters a“ (x#) corresponding to the generators 7, (a = 1,...,n) of
the Lie groups of the unitary gauge transformations which are the charge operators of
the interactions. Invariance of the action under gauge transformations is ensured by the

introduction of spin-1 vector gauge fields A, transforming as

1
AZ - AZ + Ea,ua’a(x#) + fabcAZa’c(xﬂ)a (2.2)
where g is the gauge coupling strength parameter and fu,. (a,b,¢c = 1,...,n) are the

structure constants of the group, fulfilling the commutation relation

(70, Tp] = ifabcTe.
The gauge fields A{, are introduced into the action via covariant derivatives
I a
0y — Dy =0, - ElgTuA,u (2.3)

in the kinetic terms which generate couplings between the fermion and gauge fields

mediating the interactions.

The gauge symmetry group of the Standard Model is the direct product
SUB)e xSU2)r xU(l)y

of the three simplest special unitary Lie groups. The eight charges of the SU(3)¢ sym-
metry are called colour charges and are the sources of the strong interaction described
by quantum chromodynamics (QCD) [10,11]. The electroweak interactions [12-16]
are described by the SU(2);, x U(1)y symmetry. Charges associated with the SU(2),
symmetry are described by weak isospin /. The SU(2), gauge fields couple exclusively
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to left-handed fermions, leading to maximum parity violation by the charged weak
interaction. The charge of the U(1)y group is the weak hypercharge Y, which is related
to the electric charge Q via the Gell-Mann-Nishijima relation [17] Y = 2(Q — I3), where
L5 is the third component of the weak isospin. These three local gauge symmetries
predict massless gauge fields, and the local SU(2); symmetry requires the fermions to

be massless, too.

2.1.2 Field Content

Quarks and Leptons
The Standard Model contains three generations of quarks and leptons as elementary
fermions (see Table 2.1). As quarks participate in the strong interactions, the quark fields

are colour charge triplets under the fundamental representation of SU(3)c:

qr
q9=144 |-
qb

Each fermion generation i (i = 1,2,3) contains a quark and lepton doublet Q; and L;,
respectively, of SU(2)r, where I3 = +1/2 distinguishes up- and down-type fermions.
Each SU(2);, lepton doublet contains a left-handed neutrino and an electrically charged
lepton. In addition, there are SU(2);, singlet states uj, dj, e:.r of right-handed up- and
down-type quarks and right-handed charged leptons. The Standard Model contains no
right-handed neutrinos. Leptons do not participate in the strong interaction and are

colour singlets.

Free massless fermion fields, expressed as a Weyl spinors y, are described by terms
-Lfermion =X Jfa- H aﬂ/\/

in the Lagrangian density, where * = g#*”o, = (1,-0), and ¢ are the Pauli matrices,

acting on the spinor components.

Gauge Bosons

In addition to the fermions, the Standard Model contains the spin-1 gauge fields of the
symmetry group listed in Table 2.2. The strong interaction is mediated by an octet of
gluon fields, Gy (a = 1,...,8) corresponding to the eight generators of SU(3)c. The
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Table 2.1: Matter fields of the Standard Model in the fundamental representations of
the gauge symmetries [8]. The three colour components of each quark field are not

shown.

Quarks SUB)c SUQR). Y
_fur) [ery (L 1

o) (ebGe) 22

u:.r = u%, c;r{,, t}; 3 1 —‘3—‘

di = dl, st, bl 3 1 +2

Leptons

S 91 154 B

er] \ML TL
elT = e};, yTR, TITe 1 1 +2

gluons themselves carry colour charge due to the non-Abelian nature of the SU(3)c
group. The three generators of the SU(2);, gauge symmetry correspond to three gauge
boson fields W (a = 1,2,3), which are charged under the non-Abelian SU(2).. group,
forming a triplet representation of the weak isospin, while the U(1)y symmetry produces
one singlet gauge field, B,,.

Table 2.2: Gauge boson fields of the Standard Model in the adjoint representations of
the gauge symmetries [8].

Gauge bosons SU(3)c SUQ2), Y

G4 8 10
we 1 30
B, 1 1 0

With the field strength tensor
V/?v = 8HVva - 6)/‘/; + gfabcvlubvyc, (2.4)

for a gauge boson field Vi (V = G, W, B), the free gauge field term in the Lagrangian
density is

1 y
Leauge = _ZVﬁVVf : (2.5)
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In the case of the Abelian U(1) group with f,5. = 0, the last term of Eq. (2.4) is missing,
like it is the case for the electromagnetic interaction. When present, the term leads to a
self-coupling of the gauge bosons. In the strong interaction, the gluon self-coupling is
responsible for the effect of confinement [18] of the coloured quarks and gluons inside
colour-neutral mesons and baryons. At short distances inside the hadrons, quarks and
gluons behave as free particles, an effect called asymptotic freedom [19]. One important
consequence for hadron collider experiments is that quarks or gluons produced with
high energies in the interaction hadronise and are observable as jets of mesons and

baryons.

According to Eq. (2.3), the coupling of gauge bosons to the fermions of the Standard
Model is obtained by replacing the ordinary derivative by the covariant derivative in
the Lagrangian density:

g L1 Y
Oy — Dy =0, _Elgs/laG,u —ElgW(raW;f —igy =By,

2
SU@B3)c SUQ2)L Uy
where 1, (a = 1,...,8) are the Gell-Mann matrices, the generators of SU(3), oo (@ =

1,2,3) are the Pauli matrices, the generators of SU(2), and g5,w vy are the gauge coupling
strengths of the strong, weak and hypercharge interactions.

2.1.3 Electroweak Symmetry Breaking

The gauge symmetries of the Standard Model require fermions and gauge bosons to be
massless. Particle masses are instead generated by the spontaneous breaking of the local
SUQ2)r x U(1)y symmetry [20-22]. To achieve this, an additional complex scalar SU(2).,
doublet field ¢ with I3 = £1/2and Y = 1, the Higgs field, is introduced in the Standard
Model Lagrangian density:

A
Lhiggs = (D,1¢5)T (D¥¢) - (ﬂ2¢f¢ g (¢T¢)2) . (2.6)
S——
THiggs(¢a¢T)

VHiggs (¢, ¢T)

The scalar potential VHiggs (&, ¢T) contains a quadratic mass and a quartic self-coupling
term. For 4 < 0, it has a set of degenerate minima for non-zero values of the Higgs field

o2 v
9= -2 5
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While the set of minima is still SU(2); x U(1)y invariant, the realisation of one particu-
lar vacuum expectation value spontaneously breaks the SU(2);, X U(1)y symmetry of
the electroweak vacuum. In the unitary gauge, which eliminates massless Goldstone

excitations of the vacuum, the field ¢ may be written

1 0
= V2 (u + H(x))’ @7)

where H(x) is a massive excitation, the Higgs boson with mass mpy = \/—_;12 . A candidate
for this neutral scalar Higgs boson with mass of my = 125.09 GeV [6] has been discovered
in 2012 by the ATLAS and CMS experiments at CERN [1, 2]. With Eq. (2.7), the kinetic
term Thiggs in Eq. (2.6) contains terms evaluating to

T
1 2 2 1, (W3 2 - w3
riem = b () ) g2 () (B () e
88 8 8 B, —gw gy 9y B,

which act as mass terms for the electroweak gauge bosons invariant under local SU(2);,
gauge transformations, and further terms that introduce couplings between the gauge
bosons and the Higgs boson.

The mass eigenstates of the electroweak gauge bosons, the massive, electrically charged
W boson fields Wf;, the massive, neutral Z, boson field and the massless, neutral photon

field A,, are obtained by the transformations
; 3
W;: L(W:ﬁtiWﬁ), (Z#):(CO.SGW stW)(WM)’
V2 Ay —sinfy cosOw |\ B,

with the Weinberg angle 6y defined by

cos By = L — (2.9)
V9w + 9y
The masses of the weak gauge bosons are given by

_ 9wy o = gwv
2’ 27 DcosOw

mwy

The vacuum expectation value defining the electroweak symmetry breaking scale is
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related to the weak Fermi coupling constant G by

_1
v=(V2Gr) * =246.2Gev. (2.10)

The massless photon does not couple to the Higgs field, corresponding to the unbroken
U(1)p gauge symmetry of the electromagnetic interaction.

Mass terms of the quarks and the charged leptons in the three generations i = 1,2,3
(see Table 2.1) are introduced in the Standard Model via SU (2); xU(1)y invariant Yukawa
coupling terms to the Higgs fields ¢,

Lyukawa = _y;;jejl{/ﬂﬁ - ytij”iji0—2¢* - y;jd;er‘p + h.c., (2.11)

with the Pauli matrix 0.

The Yukawa coupling matrices y;; in Eq. (2.11) are in general non-diagonal. The mass
eigenstates of the fermions are mixtures of the electroweak eigenstates. In the quark
sector, the resulting mixing matrix is known as the Cabibbo-Kobayashi-Maskawa (CKM)
Matrix [23,24].

2.1.4 Limitations of the Standard Model

The experiments at the LEP and SLC electron-positron colliders, at the Tevatron pp col-
lider and of the Large Hadron collider LHC (see Chapter 3.1) have performed precision
tests of the electroweak and strong interactions at the one-loop level in perturbation
theory leading to precise predictions for the masses of the W boson, the top quark and
Higgs bosons, which agree with direct measurement (see Figure 2.1) within two standard
deviations [25].

Figure 2.2 gives an overview of cross-section measurements of Standard Model processes
by the ATLAS experiment at the Large Hadron Collider, which are in excellent agreement
with the Standard Model predictions over 14 orders of magnitude [26]. The Standard
Model is the most precisely tested theory to date.

Nevertheless, there are strong indications that the Standard Model alone is not sufficient

to describe the fundamental particles and their interactions.

Besides the fact that gravity is not included in the Standard Model as a quantum field
theory, astrophysical observations indicate the existence of so-called dark matter [5],
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; [ T T T T ‘ T T T T | T T | T W l‘ T T | T T T T T -]
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Figure 2.1: Comparison of direct measurements of the W boson and top quark masses
with the prediction from precision measurements of the electroweak interaction LEP,
SLD, Tevatron and the LHC [25].

assumed to be a new type of weakly interacting particle not described by the Standard
Model which, so far, has only been detected by its gravitational attraction and appears to
make up for about 25% [4] of the energy density of the universe, while only 5% consist
of Standard Model particles.

Further observations of cosmological origin not explained by the Standard Model are
the remaining 70% of the energy density of the universe in the form of so-called dark
energy [4] and the apparent asymmetry between matter and anti-matter which requires
much stronger baryon number and CP violation in the early universe than predicted by
the Standard Model [27].

On the theoretical side, the Standard Model cannot explain the smallness of the Higgs
boson mass compared to the Planck scale under radiative corrections as discussed in the

next section.
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Standard Model Production Cross Section Measurements  siaius: Juiy 2014 [flidf

-1 Reference
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W L
107 1072 100 1 10' 102 10® 10* 10° 10% 10 05 1 15 2
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Figure 2.2: Overview of measured cross-sections and Standard Model predictions for
a range of physics processes observed at the LHC with the ATLAS experiment [26].

2.1.5 The Hierarchy Problem

Figure 2.3a shows the leading radiative corrections to the Higgs boson mass due to
virtual fermion loops in the Standard Model. The corrections diverge quadratically with
the cutoff scale Ayy of the virtual particles in the loops up to which the Standard Model
is valid. This kind of quadratic divergence is unique for a fundamental scalar boson.
Analogous corrections to fermion and gauge boson masses only scale logarithmically
with the cutoff energy Ayy. If the Standard Model is to be valid up to the Planck scale
mpr = VheG=1 = 10" GeV where quantum gravity effects need to be taken into account,
fermion corrections to the square of the Higgs mass

A2
m2, =~ + Amy = i — 8TU;/ DA% % (125.09 GeV)? (2.12)
f
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V V
H H
H V H
4 Auy
Am} = —Z5A2 +m2 - O (InAgy) + ... Amiy o« oy O (Infe)+...
(@) (b)
AN
;S
| |
/
\
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________ £ o e m -
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Aml = 255N —mk - O (InAgy) +. ..
(c)

Figure 2.3: Radiative corrections to the squared Higgs mass for a single fermion in
the Standard Model coupling directly to the Higgs field (a), a potential new heavy
fermion coupling indirectly via electroweak vector bosons V (b) and a scalar particle
S (0).

need to cancel with the mass parameter 4 in the Higgs potential with a precision of
m3 /A3y, = my /my ~ 1073%, implying a fine-tuning over more than thirty orders of
magnitude. The fine-tuning problem arising from the hierarchy of the electroweak
symmetry breaking scale relative to the Planck scale becomes even more apparent when
considering the effect of potential new heavy particles to the squared Higgs mass, which
scales with the square of their masses (see Figure 2.3b) even when the new particles do

not couple directly to the Higgs boson but only with mediation of gauge bosons.

2.2 Supersymmetry

A possible solution to the energy hierarchy problem for the stabilisation of the Higgs

boson mass at the electroweak scale is a cancellation of the loop corrections from fermions
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by scalar particles, as fermions and scalars lead to corrections of opposite sign to m?, (see
Figs. 2.3b, 2.3c). In order to achieve this, there must be a corresponding scalar particle

for each Standard Model fermion and the two particles should have similar masses.

Supersymmetry (SUSY) [7] provides a mechanism for this, relating fermion and boson
states. An introduction to supersymmetric extensions of the Standard Model based on
Ref. [28] is given below.

221 Concept of Supersymmetry

The SUSY Algebra
The generators Q of supersymmetry mediate a transform fermions into bosons and vice
versa:

0 |boson) = |fermion), Q |fermion) = [boson), (2.13)

changing the spin by 1/2. The SUSY the generators therefore must be spinors and obey

the anticommutation relations

{0a-04) = {QL,QL} =0, (2.14)

(0.0l } =20, Py, (2.15)

where «, B are left-handed and ¢, 3 right-handed Weyl spinor indices. According
to Eq. (2.15), there is a nontrivial connection to space-time symmetries. The SUSY

generators commute with the four-momentum, the generator of space-time translations:

e [P0l ] =0. (2.16)

The Haag-Sohnius-Lopuszanski generalisation [29] of the Coleman-Mandula theo-
rem [30] states that the SUSY algebra defined in Egs. 2.15-2.16 is the only nontrivial
extension of the Poincaré algebra in renormalisable quantum field theory with massive
particles.

Supermultiplets
In a supersymmetric theory, every particle has a superpartner under SUSY transforma-
tions in a common fundamental supermultiplet. Eq. (2.16) implies that the masses of
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the superpartners in a supermultiplet must be equal. To preserve the gauge symmetries
of the Lagrangian density, the superpartners must also have the same charge quantum

numbers [31].

Two kinds of supermultiplets are required to formulate a supersymmetric extension of
the Standard Model:

* Each Chiral supermultiplet consists of a complex scalar ¢, and a Weyl spinor .
The fermions of the Standard Model belong to chiral supermultiplets with scalar
superpartners, the sfermions. Scalar Higgs bosons form chiral supermultiplets

with spin-1/2 higgsinos as superpartners.

 Vector supermultiplets are real fields. In the Wess-Zumino gauge, which eliminates
unphysical auxiliary fields, a vector supermultiplet consists of a vector field Aj
and a Weyl spinor 1¢. The gauge boson fields of the Standard Model belong to
vector supermultiplets with their fermionic superpartners, the gauginos.

Supersymmetry Breaking

The prediction of superpartners with the same masses as the Standard Model particles
is in contradiction with the experimental observation. Therefore, supersymmetry, if
realised in nature, must be broken and the superpartners too massive to be accessible
to previous accelerator experiments. In order to provide a solution to the hierarchy
problem, the masses of the superpartners must not be too large, no more than a few TeV.
Several mechanisms of supersymmetry breaking have been proposed. Their effect is
parametrised in a set of soft supersymmetry breaking terms, which lead to corrections to
the squared Higgs mass that scale at most logarithmically with the SUSY mass scale.

2.2.2 The Minimal Supersymmetric Standard Model

The minimal supersymmetric Standard Model (MSSM) is the supersymmetric extension
of the Standard Model with minimal particle content. Each Standard Model particles
acquires a superpartner. In addition, two Higgs doublets H,, and H, are needed to give
masses to the up- and down-type fermions of the Standard Model, respectively. A single
doublet as in the Standard Model would lead to gauge anomalies due to the non-zero
hypercharge of the spin-1/2 higgsino.

Table 2.3 summarises the chiral multiplets of the MSSM with the fermions and Higgs
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Table 2.3: Chiral supermultiplets of the MSSM in the three generations i = 1,2,3 [28]
in the fundamental representations of the Standard Model gauge symmetries. The
three colour charge components of each quark supermultiplet are not shown. a = 1,2
is the index of the SU(2);, doublets.

Multiplet  Sfermions Fermions
(i=1,23) ¢ (spin-0) ¥; (spin-1/2) SUB) SUQ2)L Y
o S L AN (AN ) o _ (UL [cr) (L 1
o =g ) el o
U; 0 =i, Crl ul =ul, ch, ol 3 1 -4
i i TURCRIR i ~ YR CR/IR 3
D dt = di, 53, b df = di, st, bl 3 1 42
o G e e
i i er. Ar T i ey, ML TL
E; e = Cp. iR, T e:.r = e};, /,t;, TIT2 1 1 +2
. Higgs fields higgsino fields
Multiplet ¢ (spin-0) Y (spin-1/2)
a @ Hl-; gl [:Il-;
@ @ HO @ (o] I:IO
woomelg) e Lo

fields and their sfermion and higgsino superpartners. In Table 2.4, the vector supermulti-
plets of the MSSM containing the gauge fields of the electroweak and strong interactions

and their spin-1/2 gaugino superpartners are shown.

The Lagrangian density of the MSSM is constructed as the supersymmetric equivalent
of the Standard Model Lagrangian. This includes the kinetic part

Llinetic _ _ Z (D% Dugr) + Z (DHytiatDyyi)
$=0,L,i*,d* é*, ¥=0Q,L,uf,dt,ef,
— (DV¢TDH¢) + Z (DHIPT(_T”D,AP)
¢=Hy.Hq w=H, i (2.17)
1 1 1
— —B,B* — W, W - —G4 G

4 4 H 41

+iB'aH DB +iW "D, WP +iglot D,g
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Table 2.4: Vector supermultiplets of the MSSM in the adjoint representations of the
Standard Model gauge symmetries [28].

Multiplet Gaugino 4 Gauge Boson Ay,  SU(3)c SU@2)L Y

G* g° G4 (a=1,....8) 8 1 0
we wh W5 (b=1,2,3) 1 3 0
B B B, 1 1 0

with kinetic terms for the fermions and sfermions, the Higgs fields and higgsinos, and
the gauge fields and gauginos in the first, second, third and fourth lines, respectively.
The covariant derivative of the gaugino fields in vector supermultiplets of non-Abelian
gauge symmetries has the form

Dyl = 0uda + g fapcAb A (2.18)

required by supersymmetry. The supersymmetric version of the standard model Yukawa
coupling terms is obtained using the superpotential defined by the scalar fields of the
MSSM,

Wwissm = —y}5i1; 0T HY €ap—y i d; 0 H €ap—yf i LY HY €aptuH  H €ap (i) = 1,2.3)
(2.19)
with the Yukawa coupling parameters y*, y¢ and y¢ and the Higgs boson mass parame-

ter .

Couplings between scalars and fermions are introduced into the MSSM Lagrangian
density using the derivatives

0
W, = %% 2.20
35, MssM (2.20)
and
2
Wiy = Wnmssm (2.21)
OPudy

of the superpotential, where the indices u,v run over all the sleptons, squarks and Higgs
fields in the MSSM, in the form

1 y
LY = 5 Wby + he. = W W™, (222)

The first term in Eq. (2.22) yields the Yukawa couplings between the Standard Model

fermions and the Higgs bosons, as well as respective couplings of fermions, sfermions
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and higgsinos. It also contains a higgsino mass term u (FI,]; ﬁd) + h.c. The second
contribution in Eq. (2.22) results in mass terms for the squarks and sleptons as required
by supersymmetry, the Higgs boson mass term > (lHu 1> + |Hd|2) as well as three- and

four-scalar couplings.

Additional gauge interaction terms between fermions, sfermions and gauginos and a
quartic sfermion coupling are required by supersymmetry in correspondence to the
gauge couplings of the Standard Model fermions:

Lyreess == V2[5 (#h2a0) 3 + gw (Shoroy) WP + gy (#ly") B] + hc.

(2.23)
0:01 400" [ = 3 law ol - 5 lovolo [

1
2
where the index u runs through all chiral supermultiplets in the MSSM.

The final contribution to the MSSM Lagrangian density are additional mass terms

for the squarks, sleptons, gauginos and Higgs bosons, resulting from the breaking of

supersymmetry:
Lo - .
LsuUsy breaking = > (M3gaga + MyW, W2 + M\ BB + h.c.)
— (atd' Q' H, — afd' ' Hy - af,¢' L' Hy + h.c.)
2\ At A 2\ 77 )
—(mp)" 010; - (mi)” LIL; (2.24)

N ok~ AV N ke
- (mu) uiuj—(md) dl-dj—(me) é;é;

—m% HiH,-my H'Hy— (bH,Hq +c.c.),

where i,j are generation indices (i, j = 1,2,3). The coefficients of the terms in Eq. (2.24)
contribute a total of 105 additional free parameters due to the unknown SUSY breaking

mechanism.

Electroweak Symmetry Breaking

The supersymmetry breaking term bH, H, (see Eq. (2.24)) is necessary to guarantee
a nontrivial minimum of the scalar Higgs potential in the MSSM. Hence, electroweak
supersymmetry breaking necessarily implies that SUSY must be broken [28].

The two complex Higgs doublets in the MSSM have a total of eight degrees of freedom.
After spontaneous symmetry breaking, three are transformed into the longitudinal
polarisation states of the W and Z bosons, as in the Standard Model. The remaining five
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Table 2.5: Higgsino and gaugino states with spin-1/2 - eigenstates of the gauge
symmetries and the corresponding mass eigenstates. The gluinos do not mix with
the other gauginos due to their colour charge. The neutralino and chargino mass
eigenstates are ordered according to increasing mass.

Eigenstates of the gauge symmetries Mass eigenstates

2 neutral higgsinos A, HY

1 neutral wino Ws 4 neutralinos ¥°, ¥5, ¥3, X5
1 neutral bino B

. . 7+ ~
2 charged higgsinos 1, f; } 4 charginos ¥, 13

2 charged winos W*

8 gluinos g, 8 gluinos g,

degrees of freedom result in five massive Higgs bosons: two neutral scalars h° and H°, a
neutral pseudoscalar A and two charged scalars H*.

The couplings between the Higgs fields, the spin-1/2 higgsinos and spin-1/2 gauginos
contained in the first line of Eq. (2.23) result in a mixing between the higgsinos and
gauginos after electroweak symmetry breaking. The two neutral higgsinos mix with
the bino and the neutral wino, and the two charged winos mix with the two charged
higgsinos, resulting in four neutralinos §? (i = 1...4) and four charginos ¥* (i=1...2),
respectively (see Table 2.5). The gluinos do not mix due to their colour charges. The
couplings of the neutralinos and charginos and their mass hierarchy depend on the
parameters introduced by SUSY breaking.

2.2.3 R-Parity

The MSSM requires conservation of an additional quantum number, R-parity
Pg = (-1’02 (2.25)

with baryon number B, lepton number L and the spin s in order to prevent additional

terms in the superpotential

WAB,AL = /lijk]:?ifévzea’geij + ﬂ;ij?QfJZeaﬁ + ﬂ;;kﬁijJZEjk + KiZJ?quyﬁ, (226)
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with coupling parameters A;ji, 4 A and k;, where i, j,k € {1,2,3} are generation

ijk’ Yijk
indices and «,8 € {1,2} are SU(2); doublet indices. These terms would otherwise be
allowed by supersymmetry, renormalisability and gauge symmetry requirements, and

lead to lepton number (4;;x,4; ., ,«;) and baryon number (/l;} .) violation [32].

7’
ijk’

Sk
'SR

Figure 2.4: Proton decay process mediated by a combination of 1" and 1" couplings.

Based on the field content, the first trilinear term in Eq. (2.26) is also referred to as the LLE
term, the second as the LQD term and the third as UDD. Strong experimental bounds on
the proton decay rate [33] forbid a significant simultaneous lepton and baryon number
violation, which would result in rapid proton decay mediated by virtual sfermions as

illustrated in Figure 2.4.

All Standard Model particles have positive R-parity, while the as-yet undiscovered
superpartners have negative R-parity. R-parity-conservation (RPC) as in the MSSM has

profound consequences:

* Superpartners are produced in even numbers from Standard Model particles.

¢ The lightest superpartner (LSP) cannot decay into Standard Model particles and
thus has to be stable.

¢ Baryon and lepton number are both conserved and SUSY particles do not mediate

proton decay.

If the stable LSP is the lightest neutralino X (1), it is an excellent candidate for a cold dark
matter constituent [34].
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It should be stressed that, while R-parity-conservation is one way to prevent rapid
proton decay which also leads to an attractive dark matter candidate, proton decay can
also be suppressed by other symmetries allowing for some of the terms in Eq. (2.26).
For example, the baryon triality symmetry [35] allows for lepton number violation,
but forbids baryon number violation. In such a scenario, the lepton number violat-
ing term «; L¢ HY €qp Can generate neutrino masses through mixing of neutrinos and

neutralinos [36].

An overview of the experimental signatures of R-parity-conserving and R-parity-violating
(RPV) supersymmetry is given in Chapter 5.

2.3 Proton-Proton Interactions

As discussed in Section 2.2, in order to provide a solution to the hierarchy problem,
superpartners must not be heavier than a few TeV. The Large Hadron Collider (LHC) at
CERN, which collides protons at centre-of-mass energies of up to 14 TeV, therefore is
the ideal accelerator for searches for supersymmetry. A proton-proton interaction at the
LHC consists of several components. The hard scattering process with high momentum
transfer between colliding constituents of the protons (quarks and gluons) and possible
production of new particles can be described by perturbation theory [37]. Accompanying
lower energy interactions of the proton remnants form the so-called underlying event
that, in general, cannot be described by perturbation theory. Instead, phenomenological
models are used which need to be tuned to the collision data [38].

According to factorisation theorems [39], the proton-proton collision cross-section
p1 p2 — X can be expressed by the hard scattering cross-section ab — X of partons a, b
convoluted with the measured [40—43] parton distribution functions f, and fj in the
protons:

opip2 > X) = Z /dxadxbfa (xa,ﬂ%?) Jo (xbnu%?) “Tab—x (xa,xb’/l%e) . (2.27)
aep,bepy

Here, x, and x;, are the momentum fractions of free partons a and b in the proton. The
expression in Eq. (2.27) contains two energy scales [37] - the factorisation scale ur, which
describes the boundary between hard and soft processes, and the renormalisation scale

ug resulting from the perturbative calculation of the parton-level cross-section.

The sensitivity of the result to these scales usually decreases when higher-order correc-
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tions are included. Varying the values of ur and uf of the scales can give an estimate of

the theoretical uncertainty of the calculation.






Chapter 3

The ATLAS Detector at the Large
Hadron Collider

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [3] is a circular particle accelerator of 26.7 km cir-
cumference located at CERN, the European Centre for Particle Physics near Geneva. It
collides proton beams at centre-of-mass energies up to 14 TeV. In 2010 and 2011, the LHC
was operated at a centre-of-mass energy of /s =7 TeV, and in 2012 at +/s = 8 TeV [44].
Following a consolidation campaign in 2013-14, data-taking has recommenced in June
2015 at /s = 13 TeV.

The LHC is installed in the tunnel formerly occupied by the LEP electron-positron
collider. Experiments are located at four interaction points. There are the multi-purpose
detectors ATLAS [45] and CMS [46] measuring highest energy processes, the LHCb
B-physics experiment [47] and the ALICE heavy ion collision experiment [48]. The
LHCf [49] and TOTEM [50] experiments, dedicated to physics in forward scattering of the
protons, share the interaction regions with the ATLAS and CMS detectors, respectively.
MOoEDAL [51] will share the interaction region with LHCb. Figure 3.1 shows the layout
of the LHC ring.

At nominal operation, the LHC proton beams consist of bunches of about 1.2 - 10!!
protons [3]. Passing through a chain of pre-accelerators from the LINAC 2 linear ac-
celerator through a booster ring, the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS), the protons are accelerated to the injection energy of 450 GeV and

25
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Figure 3.1: Layout of the LHC ring [52].

injected into the LHC in opposite directions in trains of up to 72 bunches with a bunch
spacing of 25 ns, where they are accelerated to the final energy. At the design luminosity
of 103* cm™2s7!, the LHC is filled with a total of 2808 bunches per beam. Gaps between
the bunch trains to allow for beam injection and dumping by kicker magnets. The full
accelerator complex at CERN is illustrated in Figure 3.2. The operating parameters
during LHC Run 1 were different from these nominal values [54] corresponding to the
design luminosity. Apart from the lower beam energies, a bunch spacing of 50 ns in
trains of up to 36 bunches was used, and up to 1396 bunches per beam. The lower
energies and greater bunch spacing allowed for a larger bunch size of up to 1.7 - 10!
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Figure 3.2
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Figure 3.3: Integrated luminosity accumulated the ATLAS experiment in the years
2011-12 [56] as delivered by the LHC (green), recorded by the ATLAS detector
(yellow) and accepted for physics analyses with all detector components operational
(blue).

protons per bunch to increase the number of collisions per revolution. For the upcoming

LHC Run 2, operation with nominal 25 ns bunch spacing is foreseen [55].

The rate of proton-proton interactions in the experiments is determined by the collider

parameters via the instantaneous luminosity [44]

_ Nympf . Npmpfy

= = , 3.1
droioy 4nB*ep (3.1)

where N, is the number of protons per bunch, n;, the number of bunches per beam, f
the revolution frequency of the protons, o} , the transverse beam sizes at the interaction
point and F a geometrical factor determined by the crossing angle of the beams [44].
In the alternative parametrisation, €, is the normalised transverse emittance, g* the
amplitude of the transverse beam oscillations around the nominal orbit at the interaction
point, and y the relativistic gamma factor. The rate of a process with the cross-section o
is given by

dN
—r=o- L. (3.2)

The LHC is designed to deliver an instantaneous luminosity of 10** cm™2s~!. In LHC
Run 1, a peak value of 7.7 - 10°* cm~2s~! was achieved, close to the design value [44].
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The total number of expected events N of a given process in a given time interval is

determined by the integrated luminosity L over this time period
Nz(r/.ﬁdtz(r-L. (3.3)

Figure 3.3 shows the integrated luminosity delivered to and recorded by the ATLAS
experiment during the 2011 and 2012 data-taking periods. The data sets comprise
4.6 fb~!in 2011 at /s = 7 TeV and 20.3 fb~! in 2012 at /s = 8 TeV.

ATLAS Online Luminosity
B Vs=8TeV, [Ldt=208b" <u>=207
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Figure 3.4: Distribution of the mean number of inelastic proton-proton interactions
per bunch crossing for the 2011 (blue) and 2012 (green) data sets (see text) [57].

The strong focusing of the beams at the interaction point required to maximise the
instantaneous luminosity in Run 1 increased the number of inelastic proton-proton
interactions per bunch crossing u. The total inelastic proton-proton interaction cross-
section at /s = 7 TeV was measured to be 60 mb [58]. Using Eq. (3.1) and (3.2), the

expected number Nj, of inelastic interactions per bunch-crossing is given by

NI%)/

—— = Cijnel——F 34
np - f Tinel Anfren ( )

Npx = Tinel °

For the typical beam parameters of the ATLAS and CMS interaction points at the highest
luminosity during the LHC Run 1 [54] of €, ~ 2.5 um, 8* ~ 0.6 m, N, ~ 1.6 - 10!,
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y =4.3-10% and F ~ 1, one obtains from Eq. (3.4) the estimate

2
(1.6- 10“) 43103
Npx =6-10730m?2. ~ 40.
47-0.6m-2.5-10%m

The highest numbers of parasitic interactions, also called pile-up of events in the detector,
occur at the start of a data-taking run before the beams lose intensity due to collisions.
Additional pile-up activity can significantly degrade the experimental resolution. This
will be further discussed in Section 3.3. Figure 3.4 shows the distribution of the mean
number of inelastic proton-proton interactions per bunch crossing for the 2011 and 2012
LHC runs, averaged over typical data taking periods of one minute [43].

3.2 The ATLAS Detector

The ATLAS (A Toroidal LHC Apparatus) detector [45] is one of two multi-purpose
experiments at the LHC. It covers almost the entire solid angle around the interaction
point. The following overview of the detector is based on Refs. [45,59, 60].

3.2.1 Geometric Definitions

ATLAS uses a right-handed coordinate system (see Figure 3.5) with the origin of the
nominal interaction point. The z axis points along the beam line, the x axis towards the
centre of the LHC ring and the y axis upwards. For the data analysis, polar coordinates

are commonly used, with the azimuthal angle ¢, polar angle 6 and radial distance r,

defined as
¢ = arctan 2, (3.5)
X
b4
0 = arctan ——— (3.6)
x2 + y?
and
r=4/x2+ y2. (3.7)
The pseudorapidity

n=-In (tan g) (3.8)
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Figure 3.5: Left: Illustration of the ATLAS coordinate axes in relation the global
coordinates. Right: Illustration of the commonly used polar notation of momenta in
the ATLAS coordinates.

is frequently used instead of the polar angle. Forward and central refer to processes at
high and low values of the pseudorapidity, respectively. Four-momenta of particles are
described by the variables [pr,n,¢,m] or [pr,n, ¢, E] (see Figure 3.5), with the transverse

o . N 1
pr = \/Pr+py = |pl-sin6 = |p| - : 3.9)
coshn

The angular distance between two vectors from the interaction point is measured by

AR = [ (AD)? + (Ag)2. (3.10)

Charged particle tracks in the ATLAS magnetic fields are described by 5 parameters

momentum

[do,z(),e,qﬁ, 1%] [61]. The charge of the particle is ¢, and the momentum vector at the
point of closest approach is (p,6,¢). The transverse and longitudinal signed impact
parameters dy and zo describe the point of closest approach of the trajectory to the local
z axis in the given frame of reference (see Figure 3.6). Commonly, either the nominal or
the reconstructed primary interaction point (vertex) is used as reference point.

The ATLAS detector, shown in Figure 3.7, has a cylindrical geometry with a so-called
barrel region and two endcaps. Detector components in the barrel are arranged in
concentric cylinders around the beam pipe, while in the endcaps the arrangement is
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AX
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Point //

Figure 3.6: Parameters of charged particle tracks. dy and z( are the signed transverse
impact parameter and longitudinal impact parameter, respectively. g is the particle
charge and (p,0,¢) the momentum vector in polar coordinates at the point of closest
approach to the local z axis.

in circular wheels perpendicular to the beam pipe. The detector consists of three main

subdetectors: The inner tracking detector, the calorimeters and the Muon Spectrometer.

3.2.2 The Inner Tracking Detector

The first detector component traversed by particles emerging from the interaction point
is the Inner Detector (ID). It precisely measures the trajectories of charged particles
produced in the interactions and allows for the reconstruction of the primary interaction

point and possible secondary vertices from particle decays or pile-up interactions.

The ATLAS Inner Detector is surrounded by a superconducting solenoid magnet [63]
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Figure 3.7: Illustration of the ATLAS detector [62].

which provides a homogeneous magnetic field in z direction with flux density of 2T.
Charged particle tracks are bent in the plane perpendicular to the beam axis, allowing
for the measurement of the particle momentum and charge.

Several thousand particles are produced per bunch crossing in the detectors of the
LHC [45]. In order to resolve all particle tracks above typically 0.5 GeV, as well as
production and decay vertices in an event, the ATLAS Inner Detector has to provide
high granularity and spatial resolution and high rate capability. At the same time, the
amount of material traversed by the outgoing particles must be kept at a minimum
in order to prevent degradation of the spatial resolution due to multiple scattering
and radiation. This is achieved by using silicon trackers near the interaction point
surrounded by a straw drift tube detector.

Pixel Detector [64]

The layers of the Inner Detector closest to the beam pipe consist of silicon pixel sensors.
The Pixel Detector with its high granularity is crucial for the precise reconstruction of
production and decay vertices, pattern recognition and the identification of b-quark
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Figure 3.8: Layout of the ATLAS Inner Detector in the barrel region [45]. Three layers
of pixel sensors are followed by four SCT layers and 36 layers of TRT straw tubes.

jets via the relatively long B meson lifetime of about 0.5 mm/c [65]. In the barrel part
of the detector, three concentric cylindrical layers of pixel sensors are installed at radii
of approximately 50.5 mm, 88.5 mm and 122.5 mm. In the endcaps, the pixel modules
are mounted on three disks on either side of the interaction point, at z = +495 mm,
+580 mm and +650 mm. The Pixel Detector covers a pseudorapidity region of |n| < 2.5
with three layers of sensors, with a position resolution of 10 um transverse and of 115 um
longitudinal to the beam axis in the barrel. The endcap modules have comparable

resolutions in the longitudinal and radial directions, respectively.

Semiconducting Tracker (SCT)

The next layer of the tracking detector consists of four cylindrical layers of silicon
microstrip sensors [66] in the barrel and nine layers in each endcap. To obtain two-
dimensional hit position information in each layer, two sensors are mounted back-to-
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Figure 3.9: Layout of the ATLAS Inner Detector in the endcap region [45]. Three pixel
disks and nine SCT disks are mounted on either side of the barrel.

back on each module with a small stereo angle of 40 mrad. In the barrel region, the
strips point in the z direction, to measure with highest precision the r¢ coordinates
perpendicular to the magnetic field lines. The SCT layers are located at radii of 299 mm,
371 mm, 443 mm and 514 mm in the barrel. In the endcap disks, the strips are aligned
in radial direction. The z coordinate of the nine endcap modules are between +853 mm
and +2.72 m. Each particle from the interaction point hits at least four SCT sensor layers,
each with a spatial resolution of 17 um transverse and of 580 um longitudinal to the beam
axis in the barrel. The endcap modules have similar resolutions in the longitudinal and
radial directions, respectively. The SCT and the Pixel Detector cover the pseudorapidity
region |n| < 2.5.

Transition Radiation Tracker (TRT) [67]

The third component of the Inner Detector, the Transition Radiation Tracker (TRT),
uses straw drift tubes with a diameter of 3 mm filled with a Xe/CO,/0, gas mixture.
Each straw tube has a spatial resolution of 130 um in the plane perpendicular to the
magnetic field. In addition, this subdetector is capable of contributing to the electron
identification by detecting transition radiation emitted by the electrons passing through
the interleaved polypropylene radiator material between the tubes. In the barrel region,
the TRT tubes are oriented parallel to the beam line, with a length of 1.4 m. The sense
wires are split in the centre to reduce occupancy, creating a small insensitive region
of about 2 cm in length. In the endcaps, the TRT tubes are oriented radially. The TRT
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extends to a pseudorapidity of || < 2.0. The coordinate along the TRT wire direction is
not measured and therefore the TRT does not provide n-information.

3.2.3 The Calorimeter System

After passing through the Inner Detector, the particles enter the calorimeters (see Fig-
ure 3.10), which measure their energies by absorbing them (with the exception of neu-
trinos and muons). In order to accurately measure missing the transverse momentum
(see Section 3.3), maximum solid angle coverage by the calorimeters is desirable. Fur-
thermore, high energy resolution for particles and jets is required. The depth of the
calorimeters must be large enough to fully contain the showers produced by incident
particles. This is also important because particles emerging from the calorimeters
("punch-through’) can enter the Muon Spectrometer (see Section 3.2.3.1) and be misiden-
tified as muons. The calorimeters are finely segmented in three dimensions for angular
measurements of showers, for matching them to tracks in the Inner Detector, and for the
identification of electrons, photons, muons, hadrons and jets. Separate electromagnetic

Tile barrel Tile extended barrel

LAr hadronic

f— Y=
: ||
end-cap (HEC) :‘ \ | L%

LAr electromagnetic Y
end-cap (EMEC) —_—

-
s

LAr electromagnetic
barrel

Figure 3.10: Layout of the ATLAS Calorimeter system [45]. Separate electromagnetic
and hadronic calorimeters are installed, and different calorimeter technologies are
used depending on the detector region.
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and hadronic sampling calorimeters are used (see Figure 3.10). The total depth of the

calorimeter system is about 10 interaction lengths.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter measures the electromagnetic showers and the energy
of electrons and photons. It covers a pseudorapidity range of || < 3.2 and consists
of a barrel section and two endcaps. Lead is used as absorber material in the form of
accordion shaped plates. The active medium in the gaps between the lead plates is
liquid argon which is ionised by the shower particles. Electrodes in the centre of the
gaps collect the ionisation charges. The liquid argon calorimeter is housed in a cryostat
which it shares with the superconducting solenoid magnet for the Inner Detector. In the
endcaps, the cryostats are shared with the liquid argon Hadronic Calorimeter. The read-
out electrodes are segmented in the 7 and ¢ directions and there are three segments in
depth with different 7—¢-granularity in order to reconstruct the electromagnetic shower
shape [45]. A finely segmented pre-shower layer placed in front of the calorimeter is

used to correct for the energy loss of the particles in material in front of it.

The Hadronic Calorimeter

The second calorimeter layer is the Hadronic Calorimeter, which is optimised for the
precise energy measurement of strongly interacting particles that escape the Electromag-
netic Calorimeter. The segmentation is coarser than in the Electromagnetic Calorimeter.
In the barrel region, extending to |n| = 1.7, a sampling calorimeter with scintillating tiles
in a steel absorber matrix is used. The tiles are read out using optical fibres coupled
to photomultipliers. Segmentation is achieved by coupling several tiles to the same

photomultiplier.

In the forward region of the detector, the Hadronic Endcap Calorimeter (HEC) covers
the region 1.5 < [n| < 3.2. It uses liquid argon as the active material and flat copper
absorber plates oriented perpendicular to the beam line. Close to the beam line in the
region 3.2 < || < 4.9, the liquid argon forward calorimeter (FCal) completes the solid
angle coverage. Again, liquid argon is used as active material filling longitudinal holes

in a copper and tungsten absorber matrix.
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Figure 3.11: Illustration of the ATLAS Muon Spectrometer [68]. The barrel and endcap
toroid coils are shown in brown while the three layers of barrel muon chambers and
the three endcap wheels are shown in blue.

3.2.3.1 The Muon Spectrometer

Muons are the only charged particles of the Standard Model that pass through the
calorimeters without being absorbed. The Muon Spectrometer surrounding the calorime-
ters (see Figure 3.11) is used for identification of muons and the precise measurement of
their momenta in the toroidal magnetic field of a dedicated superconducting magnet

system.

Air-core toroid magnets are used, one in the barrel and two in the endcaps, consisting of
eight coils, in order to minimise multiple scattering. Each toroid consists of eight coils.
The average flux density is 0.5 T in the barrel and about 1 T in the endcaps.

Muon chambers are split into two groups, those used for precision tracking and those

used for triggering.
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Precision Tracking Chambers

Muons with 1 TeV transverse momentum have a track saggita of 0.5 mm in the toroidal
magnetic field. To measure the momentum with 10% precision, the saggita has to be
measured with an accuracy better than 50 um. Three layers of Monitored Drift Tube
(MDT) chambers are used for this purpose. These precision muon tracking chambers
provide a spatial resolution of 35 um.

Each chamber contains 2 x 3 or 2 x 4 (in the innermost chamber layer) layers of drift
tubes. The tubes are oriented tangential to the magnetic field lines, measuring the track
curvature in the bending plane containing the beam axis. In the barrel region, three
concentric cylindrical layers of chambers are mounted on the magnet coils at distances
of 5 to 10 m from the beam line. In the central pseudorapidity region || < 0.1, the
spectrometer only partially instrumented with chambers to allow for the passage of
services for the Inner Detector and the calorimeters, leading to a loss of muon acceptance
in this region. In the endcap regions at |7 2 1.05, muon chambers are mounted on three
wheels oriented perpendicular to the beam line at distances between 7.4 m and 21.5 m
from the interaction point. In the inner endcap layer close to the beam pipe at |5| > 2.0,
Cathode Strip Chambers (CSC) are used because of the higher radiation background in
this region. CSCs are multiwire proportional chambers with segmented cathode planes
providing two-dimensional coordinate measurement. The highest spatial resolution of
40 um obtained in the wire direction corresponds to the  measurement. The resolution

in the ¢ coordinate is 5 mm, sufficient for the momentum direction measurement.

Trigger Chambers

The maximum drift time of ionisation electrons in the drift tubes of the MDT chambers
is about 700 ns while the bunch crossing time interval of the LHC is 25 ns (50 ns in
Run 1). This means that an assignment of a muon to a particular bunch crossing is
not possible using the MDT chambers alone. The latter is necessary for correct event
reconstruction and drift time measurement in the MDT tubes as the LHC bunch crossing
clock provides the start signal for the drift time measurement. Fast trigger chambers
with a time resolution of a few ns but reduced spatial resolution are combined with
the MDT chambers for this purpose. Resistive Plate Chambers (RPC) with 1.5 ns time
resolution are installed on the MDT chambers in the middle and outer layers of the
barrel. A spatial resolution of about 1 cm in two coordinates is obtained using segmented
cathode planes. The RPCs provide the second (¢) coordinate of muon hits along the
MDT tubes. In the endcaps, thin gap chambers (TGC), multiwire proportional chambers
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with thin gas gaps, are used. These provide a spatial resolution of a few mm in both the
n and ¢ coordinates and a time resolution of 4 ns. Three layers of TGC chambers in the

middle endcap wheel are used for the endcap muon trigger.

3.24 Trigger and Data Acquisition

The high bunch crossing rate of 40 MHz (20 MHz in LHC Run 1), with up to 40 inelastic
interactions per bunch crossing, presents a challenge for the ATLAS data acquisition
system. A collision event contains approximately 1 MB of information. Recording every
collision would mean a data rate of several tens of Terabytes per second, while only a
small fraction of the collision events is of interest for further analysis. The processes of
interest at the LHC, for example top quark production, electroweak processes or Higgs
boson production have cross-sections many orders of magnitude smaller than the total

inelastic p—p cross-section (see Figure 3.12).

A trigger system, illustrated in Figure 3.13, is used [70] to drastically reduce the recorded
event rate. The first trigger stage, Level 1 (L1), is a hardware trigger with only 2.5 us
latency. Input to the L1 decision is provided by the muon trigger chambers with an
approximate momentum measurement, and the calorimeters, read out in trigger towers
with coarser segmentation. The Level 1 trigger accepts potentially interesting events
with highly energetic muons or calorimeter clusters. It reduces the event rate from
40 MHz to about 100 kHz.

The second trigger stage is the Level 2 (L2) trigger which runs simplified reconstruction
algorithms on a computing farm outside the detector. The reconstruction is only carried
out in n—¢ Regions of interest (Rols) selected by the Level 1 trigger. Only a small fraction
of the total event information is needed, speeding up the decision. The L2 trigger
algorithms also use Inner Detector information and combine information from different
subdetectors for particle identification. The Level 2 trigger has to make a decision within

40 ms, and reduces the event rate to a few kHz.

Finally, the Event Filter (EF) performs a full reconstruction of the events accepted by the
L2 trigger. It is run on a computing farm, similar to the L2 trigger, and has a latency
of several seconds. The EF uses reconstruction algorithms and detector calibration
constants close to the ones used in the offline reconstruction as well as the complete
event information. This allows for a further reduction of the event rate to a few hundred
Hz which is then written to disk for later analysis. The L2 and EF triggers are together
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Figure 3.12: Cross-sections of Standard Model processes in pp (LHC) and pp (Tevatron)
collisions as a function of the centre-of-mass energy +/s and corresponding event
rates at an instantaneous luminosity of 10> cm=2s~! [69].

referred to as the High Level Trigger (HLT).

The ATLAS trigger menu [70] selects a wide range of signatures of interest while staying
within the rate limits imposed by the available storage capacity and bandwidth. The
signatures include highly energetic charged leptons, jets and photons as well as large

missing transverse momentum.

3.3 Particle Reconstruction

Particle identification is an essential part of the event reconstruction. Different particles
leave different signatures in the detector referred to as physics objects, like charged leptons,



42 Chapter 3. The ATLAS Detector at the Large Hadron Collider

\ !

Calo, Muon,
Specialized
Detectors

/

L1 Front End
Fast Custom Pipelines
Electronics
£<2.5,15 ‘ <75 kHz
- Requested
12 Data in Rol Readout
500 PCs Buffers
<t>~40ms J ~3kHz
HLT << Event
Access to Builder
EF fullevent | Full Event
1800 PCs Buffers
<t>~4s
_ ~300 MB/s l, ~200 Hz

Storage &

offline
processing

Figure 3.13: Illustration of the ATLAS trigger system [70].

photons and jets.

3.3.1 Track Reconstruction

Inner Detector tracks are required for charged lepton and jet reconstruction. They
are reconstructed from the hits in the tracking detectors (silicon and TRT) with two
methods [71]. The primary approach is the so-called silicon-seeded reconstruction which
starts from space-points in the Pixel Detector and the innermost SCT layer and extends
the resulting track candidates through the remaining SCT and the TRT. The standard
implementation of the this algorithm only searches for tracks with a transverse impact
parameter |dp| of less than 10 mm.
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A second approach is used to gain efficiency for tracks that do not originate from the
primary interaction vertex. Track segments are formed from TRT hits and extended
inwards and matched to hits in the silicon detectors using only hits not already associated
to track candidates from the silicon-seeded method. A maximum transverse impact
parameter of |dy| = 100 mm is allowed in this case. While the restriction in the impact
parameter speeds up the execution and prevents misidentifications, it is a limitation to
long-lived particle searches, as will be discussed in Chapter 7. A stand-alone tracking
procedure is also performed in the Muon Spectrometer, where the hits in the chambers
are combined to form track segments. At a later stage these are combined with Inner
Detector tracks (see Section 3.3.6).

3.3.2 Vertex Finding

Reconstructed tracks are then used to locate the primary and secondary interaction
vertices. For the identification of one or more primary vertices, tracks with similar
longitudinal impact parameters are selected. For secondary vertex reconstruction, a
more complex approach described in Section 7.4.2 is used. The compatibility of the
selected tracks with the assumption of a common origin in a vertex position V [72] is
evaluated with a y? test with

tracks .. - L
=D (F - fV.p)) ¢ (% - F(V.50), (3.11)

i

where X; = [dé,zé,@i 0 .G |p" |] is the track parameter vector (see Section 3.2.1) and
C,; the associated track parameter covariance matrix. The function f(V,p) describes
the track parameter vector for a particle emerging from the vertex position V with
momentum 7. Best fit values for V and p; for all tracks in the set are determined by
minimising the y? function in Eq. (3.11) [73].

A crucial prerequisite for this procedure is accurate propagation of tracks through the
detector, to determine f(V,5). A Runge-Kutta technique is used [61] that correctly
accounts for interactions with the detector material and inhomogeneities in the magnetic
field. Under the assumptions of a homogeneous field and no material interactions, an
analytic description of the trajectory in the form of a helix is possible, which will be used
in Section 7.7.

Using tracks reconstructed in the Inner Detector and the Muon Spectrometer as well
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as energy deposits in the calorimeters, the physics objects are identified as illustrated
in Figure 3.14. The objects include electrons, photons, jets, T-jets (hadronic 7 decays) and

muons.
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Figure 3.14: Schematic illustration of particle signatures in the ATLAS detector [74].

3.3.3 Electron and Photon Identification

Electrons and photons are absorbed in the Electromagnetic Calorimeter (ECAL), leading
to the characteristic signature of electromagnetic showers in the ECAL without signifi-
cant energy deposits in the Hadronic Calorimeter (HCAL). An electron object is formed
from an ECAL cluster with a matching Inner Detector track [75]. A photon object consists
of an ECAL cluster either without a matching track or with a track that is consistent with
a photon conversion [76]. To separate electrons and photons from 7% — yy decays and
other sources of misidentification, additional requirements are made using information
such as the track quality and ECAL shower shapes [76]. Three levels of electron and
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photon identification, differing in the strictness of the requirements, are used. Loose
criteria provide the maximum efficiency, but also the highest misidentification rate. The

Medium and Tight criteria are stricter, trading efficiency against purity [75]. Figure 3.15
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Figure 3.15: Electron reconstruction and identification efficiency as a function of the
number of reconstructed pile-up vertices for the three quality levels measured in
2011 (open markers) and 2012 (filled markers) collision data [77].

shows the reconstruction and identification efficiency in collision data for the different
quality levels depending on the amount of pile-up. Efficiencies of between 70% and
97% are reached. The energy of the candidates is most precisely measured using the
calorimeter cluster. For electrons, the direction of flight is determined using the Inner
Detector track [45]. Vertex assignment is performed using the Inner Detector track
for electrons and converted photons. For non-converted photons, an estimate of the
direction of flight is obtained from the calorimeter shower direction using the radial

segmentation of the calorimeter and presampler information.
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3.3.4 Jet Reconstruction

Jets consist of energy deposits in both the ECAL and the HCAL, associated with tracks
in the Inner Detector. Different jet finding algorithms are used in the ATLAS event
reconstruction. The standard method is the anti-kt [78,79] algorithm, applied to topo-
logical clusters of n—¢ cells of the calorimeters [71]. To take into account energy losses
in insensitive material, energy deposits not included in the jet reconstruction and the
different response to electromagnetic and hadronic interactions, the measured jet energy

is corrected using a jet energy scale (JES) parameter [80] derived from simulated events.

Additional quality criteria [81] are imposed to reject backgrounds due to calorimeter
noise spikes and pile-up events. These include the distribution of the jet energy among
the different calorimeter cells, the value of the energies deposited in the HCAL and
ECAL, the association with Inner Detector tracks and the time of the energy deposit
compared to the bunch crossing time.

Jets originating from b quarks are identified based on the relatively long lifetime of B
hadrons leading to an average decay length of order c7 = 0.5 mm [65]. Dedicated b-jet
tagging algorithms [82] search for secondary vertices inside reconstructed jets.

3.3.5 Hadronic v Decays

Tau lepton production is an important signature of many new physics processes. Tau
leptons decay into final states with an odd number of charged (mostly 1 or 3) and
additional neutral hadrons with a branching ratio of 65% [65]. In this case, the signa-
ture in the detector is similar to that of a QCD jet with 1-3 tracks pointing towards
the calorimeter shower. Accordingly, the hadronic t decay identification starts from
jets reconstructed with the anti-k7 algorithm with a distance parameter R = 0.4 [83].
Multivariate algorithms [84] are used to discriminate 7-jets from QCD jets and electrons
using the kinematic properties of the t decay and the expected shower shape in the
calorimeters. Again, three different quality levels of 7 jets, Loose, Medium and Tight, with

increasing purity and decreasing efficiency, are defined.

Even at the lowest purity, hadronic r reconstruction has a lower efficiency and higher
misidentification rate than muon and electron reconstruction [85]. The reconstruction
efficiency is between 20% and 70%, depending on the number of tracks associated with
the 7 candidate and the quality level, corresponding to background rejection rates of
between 10° and 10 (see Figure 3.16).
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Figure 3.16: Measured background rejection rate versus efficiency for the identification
of hadronic 7 decays [85]. The red markers indicate the Loose, Medium and Tight
identification criteria.

By convention for the reconstructed physics objects, T lepton always refers to a hadron-
ically decaying r identified as a 7-jet. Leptonic 7 decays to an electron or muon are

classified as electron or muon objects.

3.3.6 Muon Identification

The signature of a muon in the detector is a pair of matching tracks in the Inner Detector
and in the Muon Spectrometer, with small energy deposits in the calorimeters compatible
with a minimum ionising particle. Even if one of the tracks is missing, the muon can still

be identified. Four methods [86] are used to identify muons (see Figure 3.17):

* Combined muons are formed if a track in the Inner Detector and a track in the
Muon Spectrometer are compatible. The information of both tracks is statistically
combined, enhancing the precision of the track parameter determination. This
category has the highest purity and precision, and most muons reconstructed by
ATLAS are combined muons.

* Segment-tagged muons recover low-momentum muons which do not penetrate the
whole Muon Spectrometer and thus do not leave a complete track there. In this

case, an Inner Detector track is identified as a muon if there is a track segment



438 Chapter 3. The ATLAS Detector at the Large Hadron Collider

in the Muon Spectrometer along the extrapolated track. The purity of segment-
tagged muons is reduced compared to combined muons as rejection of secondary
muons from 7*/K* — u*v decays is more difficult without an independent Muon

Spectrometer track.

* Calorimeter-tagged muons are used to recover muons in the region |n| < 0.1, where
the Muon Spectrometer is only partially instrumented. Here, Inner Detector tracks
are identified as muons if the energy deposit in the calorimeters along the projected
track is consistent with a minimum ionising particle. The purity of calorimeter-
tagged muons is reduced compared to combined muons for the same reason as in

the case of segment-tagged muons.

* Standalone muons are tracks in the Muon Spectrometer without a corresponding

Inner Detector track. They are especially useful to extend the muon reconstruction

muon tracking chambers but not the Inner Detector.

into the high-pseudorapidity region 2.5 < |5| < 2.7, which is covered by precision
(Combined Muon)
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Figure 3.17: Illustration of the different types of muon reconstruction in the ATLAS
detector. Measurements on the track used for the reconstruction are marked in red.
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3.3.7 Missing Transverse Momentum

Neutrinos and hypothetical weakly interacting new particles, for example the lightest
SUSY neutralino if R-parity is conserved (see Section 2.2), escape the detector and are not
directly reconstructed. Instead, their presence is inferred from the momentum balance
in the detector in the transverse plane. While the transverse momentum of the colliding
partons and, therefore, of their collision products, is negligible, the boost of the final
state particles in the beam direction is not known a priori and is difficult to reconstruct.
The components of the missing transverse momentum due to escaping particles are

given by the inverse of the visible transverse momenta of reconstructed objects [87]:

EMS=—| 3 Eqy+ Y Ecy+ ) Exy+ Y Ecy+ > Eqyl. (3.12)

electrons photons jets muons clusters

In addition to electrons, photons, muons and jets entering the calculation, calorimeter
deposits not associated to these objects are also taken into account. To avoid double
counting, tracks or showers reconstructed as several different objects (which is allowed)
are corrected in the so-called overlap removal. The energy deposits of reconstructed

muons in the calorimeter are removed as well.

A frequently used quantity is the scalar missing transverse energy

E_ll'piss — \/(E}niss)2 + (EIyIIiSS)Z' (3.13)

3.4 Simulation of Collision Events

For precise predictions of expected signals from new physics and the background
contributions, a detailed simulation of the different physics processes in the ATLAS
detector is used [88]. The simulation procedure, illustrated in Figure 3.18, includes
event generation and full simulation of the interactions of the particles produced in
the collision with the detector components as well as of the electronics response of the

detectors, followed by the same reconstruction algorithms used for collision data.

The first step is the generation [89] of the physics process under study. This includes the
simulation of the hard interaction, the hadronisation of final state quarks and gluons, as
well as the underlying event (Section 2.3).
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Figure 3.18: Schematic illustration of the ATLAS Simulation framework [88].

Many different event generators are used in ATLAS. PYTHIA 6/8 [90,91], SHERPA [92]
and HERWIG(++) [38,93] are multi-purpose generators at leading order in perturbation
theory which take into account all of the above processes. In addition, the specialised
leading-order generators ALPGEN [94] and MadGraph 4/5 [95,96] are used to generate
processes with additional jets, but are unable to perform hadronisation or to simulate
the underlying event. Finally, the generators POWHEG [97,98] and MC@NLO [99]
provide predictions of hard processes at next-to-leading order. Pile-up interactions
(Section 3.1) are taken into account by merging the generated events with separately
simulated inelastic proton-proton scattering events. The generated events are often
filtered in order to select the ones with the desired properties of the produced particles
(high transverse momentum leptons, for example) in order to reduce the number of
events to be processed in the following steps.

Following the generation and filtering steps, a detailed detector simulation based on the
GEANT4 package [100] is used, which propagates the final state particles through the
detector. Interactions with the detector material as well as the response of the detectors
and their electronics are simulated in detail. As this full simulation is computationally
expensive, especially for the simulation of the calorimeters, an alternative fast simu-
lation [101] based on parametrised response models [102] and a fast track simulation
in the Inner Detector and Muon Spectrometer [103] is used wherever possible to save
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processing time. In both cases, the output is passed through the same reconstruction

algorithms as used for the collision data, described in Section 3.3.






Chapter 4

Measurement of the Muon
Reconstruction Efficiency

In this thesis, searches for supersymmetric processes producing many leptons are dis-
cussed. For this purpose, a detailed understanding of the lepton reconstruction perfor-
mance both in collision data and Monte Carlo simulation is essential. In particular, the
muon reconstruction is discussed in the following. A so called tag-and-probe method has
been developed in order to measure the muon reconstruction efficiency in comparison
with the ATLAS detector simulation [86]. The results are used to derive corrections to
the simulation, which are a necessary input for the analyses discussed in Chapters 6
and 7.

4.1 The Tag-and-Probe Method

Goal of the tag-and-probe measurement is to determine the reconstruction efficiency e,
the probability that a muon in the detector is correctly reconstructed, using muon
pairs originating from Z — uu decays. The two muons in the pair are designated tag
and probe. The tag muon is a reconstructed muon physics object satisfying additional
quality criteria. The probe track is a reconstructed track in the Inner Detector, or in the
Muon Spectrometer, or both. It is not required to be a muon physics object. The muon

reconstruction efficiency is estimated as the ratio

_ Nmatch (4‘1)

M probes
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between the amount Npatch Of probe tracks matched with a nearby reconstructed muon
physics object within a cone of size AR = 0.05 (see Section 3.2.1) in the —¢ plane and the
total number of probe tracks Nprobes-

When using Inner Detector probe tracks to measure the efficiency of the combined
and segment-tagged reconstruction methods (see Section 3.3.6), the result is corrected
for the efficiency of the Inner Detector track reconstruction, obtained in an auxiliary
measurement using Muon Spectrometer tracks as probes.

4.2 Selection of Tag-and-Probe Pairs and Background Estima-

tion
4.2.1 Selection Strategy
Tag-and-probe muon pairs are selected in the data by applying a series of requirements

which discriminate between Z — uu decays and background processes.

The tag muon is required to have been reconstructed using the combined method and
to satisfy the kinematic criteria listed in Table 4.1. It must also satisfy a single muon
trigger with a momentum threshold of 24 GeV to ensure the recording of the event

independently of the probe track.
Table 4.1: Criteria for selecting tag muons in the tag-and-probe method.

Tag muon selection criteria

Transverse momentum pt > 25 GeV
Pseudorapidity Inl <2.4

Table 4.2: Criteria for the probe object selection in the tag-and-probe method.

Probe selection criteria

Transverse momentum pt > 10 GeV
Pseudorapidity In| < 2.5
Transverse opening angle with probe = A®(tag, probe) > 0.2
Invariant mass of tag-probe system |mz — mge| < 10 GeV
Opposite charge to tag Gtag * Gprobe < 0

The probe tracks need to satisfy requirements listed in Table 4.2, including a minimum

transverse momentum. Inner Detector probe tracks must additionally be identified as
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calorimeter-tagged muons in order to enhance their purity. Additional criteria on the
opening angle and the invariant mass are applied on the tag and probe pair to ensure
consistency with a Z — uu decay. Finally, the tag and probe tracks are required to have

opposite charges.

4.2.2 Backgrounds

While tag-and-probe pairs in the collision data predominantly arise from Z — upu
decays, a small fraction of the pairs originates from background processes in which the
probe track is not necessarily a muon, causing a deviation of the efficiency estimated
according to Eq. (4.1) from the actual muon reconstruction efficiency. This is corrected
by subtracting the estimated background contributions Bmatches and Bprobes from the
respective numbers of probes in the data in the numerator and denominator of Eq. (4.1).

_ Nmatches - Bmatches (4 2)

Nprobes — Dprobes

Irreducible backgrounds with two leptons from the hard interaction include top quark
pair production, diboson production and Z — 771 decays and are predicted using
Monte Carlo simulation. Top quark pair production is simulated using the MC@NLO
generator [99], while POWHEG [97,98] interfaced to PYTHIA 8 [91] and HERWIG [93]
are used to simulate Z boson decays to leptons and diboson production, respectively.

The reducible background comprises probe tracks that do not originate from the hard
interaction. These can be secondary leptons from decays of b-mesons, in-flight decays of
pions or kaons or hadrons misidentified as calorimeter tagged muons. As the charge
of probe tracks from reducible sources is not correlated with the tag muon charge, this
contribution is estimated using a data-driven method based on a control sample of probe

tracks that have the same charge as the tag muon.

After subtracting residual contributions from irreducible backgrounds and Z — uu

SC
probes/matches

charge (SC) control sample are scaled to yield an estimate of the reducible background

red.
probes/matches

decays using Monte Carlo simulation, the numbers B of probes in this same-

in the opposite charge sample,

pred: = B “(1+86), (4.3)

probes/matches probes/matches
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using the transfer factor

OC SC
Bprobes /matches (MC) - Bprobes /matches (MC)
probes/matches
: : OoC SC
obtained from the predicted amounts Bprobes /matcheS(MC) and BPrObeS /matches(MC) of

opposite- and same-charge tag-and-probe pairs according to the Monte Carlo simulation
of the reducible background processes. The processes considered when determining the
transfer factor include bb and c¢ pair production simulated using PYTHIA 6 [90] and W
boson production simulated using POWHEG [97, 98] interfaced to PYTHIA 8 [91].

4.2.3 Data Sample for the 2012 LHC Run

Figure 4.1 shows the pseudorapidity distribution of the probe tracks in the 2012 LHC data
set taken at /s = 8 TeV. The expected contribution from the process of interest Z — uu
is indicated in red. A green contribution shows the estimated reducible background,
while the irreducible background processes of diboson, top quark pair and Z — 77
production are indicated in blue, orange and grey, respectively.

The purity of the selected probes is observed to be very high, with a signal to background
ratio of more than 100 : 1, stronger in the case of Muon Spectrometer probe tracks due
to the lower misidentification rate of these objects. The sample amounts to more than
5 million recorded Z boson decays, allowing for an efficiency measurement with high

statistical precision.

4.2.4 Systematic Uncertainties

Several systematic error sources affect the precision of the efficiency determination.

The transfer factor 6 in Eq. (4.4) used to estimate the reducible background contribution
is a obtained using Monte Carlo simulation and assigned a 100% uncertainty to account
for potential inaccuracies in the description of soft processes by the simulation. This
results in an error on the measured efficiencies of less than 0.5 permill for most of the
phase space - only at very low and very high muon momenta, values of up to 3 permill

are attained.

The size of the angular cone used to determine if a probe is matched to a muon physics
object is chosen based on Monte Carlo simulation of the Z — uu process. The result of a
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Figure 4.1: Pseudorapidity distribution of the Inner Detector (a) or Muon Spectrome-
ter (b) probe tracks used in the tag-and-probe analysis. The bottom panel shows the
ratio between observed and expected counts.
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cone size variation by 50% in both directions is propagated to the efficiency results to
account for inaccuracies in the simulated AR distributions, resulting in an error on the

efficiency of about 1 permill which increases to up to 0.8% for pr < 15 GeV.

The measured efficiency can deviate from the real muon reconstruction efficiency if the
selection criteria of the analysis affect the probability for a probe track to be matched,
for example through the selection of a particular phase-space region or through probe
quality criteria. The resulting systematic error on the efficiency measurement is esti-
mated by comparing the outcome of the Tag&Probe measurement in the Monte Carlo
simulation to the reconstruction efficiency in the same sample determined as the fraction
of event-generator-level muons reconstructed by the detector, resulting in an error on the
efficiency on an order of 1 permill. In the central pseudorapidity region |n| =~ 0, larger
values of up to 1% are observed.

As the differential distributions of probes observed in the data show small deviations
from the prediction (see Figure 4.1), a further systematic error is obtained by comparing
the nominal result of the efficiency measurement to a result obtained if the probe
distribution in the simulation is weighted to match the one in the data. This results in a

negligible additional error on the efficiencies of less than 0.1 permill.

Finally, a small fraction of muons with high momenta has a significant energy loss in the
calorimeters, which leads to a mismatch between the momentum measurements in the
Inner Detector and the Muon Spectrometer, causing the combined muon reconstruction
to fail. Based on a Monte Carlo simulation of high momentum single muons, an energy
dependent systematic uncertainty of 0.42% per TeV of muon momentum is applied.

Figure 4.2 depicts the systematic uncertainty on the measured efficiency as a function of
the pseudorapidity and the transverse momentum for the combination of combined and
segment-tagged reconstruction methods. The total error is smaller than three permill
with the exception of the central pseudorapidity region and dominated by the choice
of the AR matching cone size illustrated in dark green and possible biases of the tag-
and-probe measurement drawn in blue. The uncertainty on the background estimation
is marked in red and only contributes significantly at low momenta. Due to the fine
axis binning permitted by the number of recorded Z bosons, the uncertainty due to the

differential kinematic distribution of probe muons (light green) is negligible.

In addition to the systematic error sources, the statistical precision in the efficiency
determination is limited by the number of Z bosons in the data set. However, in most
of the kinematic phase space, the corresponding error is smaller than one permill and
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Figure 4.2: Systematic uncertainties on the efficiency measurement using the tag-and-
probe method as a function of the pseudorapidity (a) and the muon transverse
momentum (b). The overall uncertainty is indicated as a thick black line.
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the systematic uncertainty dominates. Only at high transverse momenta pr > 80 GeV,
the limited number of available probe tracks from Z boson decays results in a statistical

error on the efficiency of up to 1%.

4.3 Results for the 2012 Data Set

Figure 4.3 shows the reconstruction efficiency for combined (CB) muons (red, black) and
the combination of combined and segment-tagged (CB+ST) muons (blue) as a function
of the pseudorapidity. Solid dots indicate the efficiency obtained in collision data, while
open circles indicate the efficiency predicted by the simulation. The ratio between the
observation and prediction is shown in the bottom panel.
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Figure 4.3: Muon reconstruction efficiency as a function of the pseudorapidity for
combined muons (red /black) and the combination of combined and segment-tagged
muons (blue). For the central pseudorapidity region, the efficiency of Calorimeter-
tagged muons is shown in green.

For the combined muon reconstruction, high efficiencies beyond 95% are observed. The
efficiency is reduced in the region of the transition between barrel and endcap muon
spectrometer near || = 1, in the forward region of || > 2 and in the central detector
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region around |5| = 0, where the muon spectrometer is only partially instrumented
(see Section 3.3.6). The simulation predicts the combined muon reconstruction efficiency
measured in the data to within 1% with the exception of the transition region, where the
agreement is at a level of about 2%. Combining combined with segment-tagged muons
enhances the efficiency to above 99%, and recovers all inefficiencies apart from the
central detector region. The agreement between simulation and real data also improves,
and is generally better than 1%. The remaining inefficiency in the central region can be
recovered using calorimeter-tagged muons, indicated by green dots, at the price of a
reduced purity.

In the following, the efficiencies for the combination of combined and segment-tagged
muons, as commonly used in ATLAS analyses, are further explored.

Figure 4.4 shows the efficiency for this combination as a function of the transverse
muon momentum and the mean number < u > of inelastic proton-proton interactions
per bunch-crossing. To be sensitive to transverse momenta below 10 GeV, an auxiliary
measurement using J/¥ — uu decays described in Ref. [86] is included. After reaching
a plateau value for transverse momenta above 5 GeV, the reconstruction efficiency is
observed to be uniform at a high value of about 99% and independent of the transverse
momentum. The simulation predicts this result correctly to within one permill. In
addition, the efficiency is observed to be nearly independent of the level of pile-up. A
slight inefficiency for very high values of < u > is caused by the layer of endcap MDT
chambers closest to the beam pipe, which is affected by a high rate of background hits.

The large number of recorded Z — uu decays allows a study of the efficiency within
the n—¢ plane with a very fine granularity. Figure 4.5 illustrates the high level of
precision achieved. The inefficiency in the central pseudorapidity region observed
earlier is now resolved to be periodic in the ¢ coordinate, consistent with the locations
of uninstrumented sectors in the muon spectrometer. Deviations of the efficiency in the
real data from the prediction can be finely localised. In the example shown, an inactive
portion of an MDT chamber at (17,¢) ~ (0.4,-1.2) can be identified. Inoperable sensors
in the pixel detector cause a less significant disagreement at (17,¢) =~ (1.8,2.4).

The precise determination of the efficiency in data and simulation allows for a correction
of the simulation by weighting simulated reconstructed muons with the ratio between
observed and predicted efficiencies as depicted in Figure 4.5b, also referred to as the
efficiency scale factor. This correction is used in the searches for supersymmetry discussed
in Chapters 6 and 7.
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Figure 4.4: Reconstruction efficiency for the combination of combined and segment-
tagged muons as a function of the transverse momentum (a) and the mean number
of inelastic proton-proton interactions per bunch-crossing (b).
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Figure 4.5: Muon reconstruction efficiency measured in the data (a) and ratio between
the efficiency results in data and simulation (b) from the tag-and-probe method
within the n—¢ plane.






Chapter 5

Signatures of Supersymmetry at the
Large Hadron Collider

As preparation for the searches for Supersymmetry described in Chapters 6 and 7
of this thesis, experimental signatures of supersymmetric particle production both
in the case of R-parity-conservation (RPC) and -violation (RPV) are discussed in this
chapter. A simplified SUSY model used for the development and interpretation of the
measurements in this thesis is described. The shorthand /; = L? and v; = Lll. (i=1,2,3)is
used to refer to left-handed charged leptons and neutrinos, while 7 (i = 1,2,3) is used
to refer to charged lepton flavours regardless of helicity ((] = e*, (5 = u*, {5 = 7).

5.1 R-Parity-Conserving-Supersymmetry

If R-parity is conserved, superpartners are only produced at the LHC in even numbers
from incoming quarks and gluons. The production cross-sections depend on the masses
of the superpartners and in the case of electroweak neutralinos and charginos also on the
mixing parameters (see Section 2.2.2). Example cross-sections dependent on the average
mass of the produced SUSY particles, calculated at next-to-leading order precision using
the PROSPINO [104-107] program, are given in Figure 5.1.

If the mass of the squarks and gluinos is below about 1.5 TeV for a centre-of-mass energy
of Vs = 8 TeV, they are produced at significant rates via the strong interaction, due to
the coloured initial state. Figure 5.2 shows examples of this strong production of squarks

and gluinos.
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Figure 5.1: Predicted production cross-sections for supersymmetric particles as a
function of their average mass [104-107].

Sleptons, sneutrinos, neutralinos and charginos can be directly produced via electroweak
interactions (see Figure 5.3). The chargino and neutralino production mechanisms
depend on the gaugino and higgsino content of the mass eigenstates, which determines
their couplings.

The superpartners that are produced decay in cascades, with branching fractions deter-
mined by the mixing parameters and the mass hierarchy. The cascades end when only

the lightest supersymmetric particle (LSP) and particles of the Standard Model remain.

In R-parity-conserving scenarios, the LSP does not decay and escapes the detector. This
leads to the signature of highly energetic Standard Model particles (leptons, photons or
jets) and large missing transverse momentum due to the escaping LSP in the final state.
Figure 5.4 shows some examples of such cascade decay signatures. In Figure 5.4a, a pair
of strongly-produced gluinos decays via intermediate squarks, yielding a four-jet final

state with large missing transverse momentum. A search for this signature is described
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(a) (b) (c)

Figure 5.2: Examples of squark and gluino production via the strong interaction at a
hadron collider.
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Figure 5.3: Examples of slepton, neutralino and chargino production via the elec-
troweak interaction at a hadron collider.

in Ref. [108]. Figure 5.4b shows electroweak production of two charginos, which decay
via intermediate sleptons. The final state contains two charged leptons and missing
transverse momentum [109]. Figure 5.4c shows the production of two top squarks,
each of which decays into a top quark and a neutralino LSP. This channel is of great
interest due to the high top Yukawa coupling - if supersymmetry is to solve the hierarchy
problem, this coupling hints that the top squark should be relatively light (m; < 1 TeV).
An experimental search for this signature is outlined in Ref. [110]. The common feature of
the searches for R-parity-conserving supersymmetry is the requirement of large missing

transverse momentum in the final state.
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(a) (b) (c)

Figure 5.4: Examples for R-parity-conserving cascade decays of pair produced super-
symmetric particles in pp collisions: Gluinos decaying into two jets and the LSP [108]
(a), charginos decaying into a charged lepton, a neutrino and the LSP [109] (b) and
top squarks decaying into a top quark and the LSP (c), with two possible top quark
decay modes [110].

5.2 R-Parity-Violating-Supersymmetry

Allowing R-parity-violating terms in the MSSM Lagrangian has profound consequences
for the expected experimental signatures. Inserting the contents of Eq. (2.26) into the term
W"y iy + h.c of the MSSM Lagrangian (see Eq. (2.22)) yields new couplings, including
ones between a slepton, a lepton and a neutrino or two leptons and a sneutrino:

Lite = Aijk (éltL;’Lf + Z,;.’Lfe}: + Z,fL;.’elt) €ap€ij + h.c., (5.1)
Ligo = Ay, (L3 Q5 + L2 QP d] + 0P L2 d}) €ap + hc., (5.2)
Lupp = Ay (druld +azdlal + duldl) eji +hoc., (5.3)
Lbilinear = KiL?FIfeaﬁ + h.c., (5.4)

where i, j,k € {1,2,3} are generation indices and a, 8 € {1,2} doublet indices of SU(2);..
Examples of vertices resulting from the LLE couplings are shown in Figure 5.5. Analo-
gous vertices result from the two other trilinear RPV superpotential terms (LQD, UDD),
while the bilinear term introduces a coupling between left-handed leptons or neutrinos
and the A, higgsino which can introduce neutrino masses through mixing with the
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(a) (b) (c)

Figure 5.5: Examples of lepton-flavour- and lepton-number-violating couplings due
to an R-parity-violating LLE term in the superpotential. The conjugate processes are
also possible. The indices i, j, k indicate lepton flavours. The charged left handed
leptons are denoted as /; = L?, the neutrinos as v; = L].

neutralinos.

Figure 5.6 shows examples of decays of SUSY particles mediated by such RPV couplings.
Figure 5.6a shows the same gluino pair production process as Figure 5.4a, but with
an additional R-parity-violating decay of the neutralino LSP into three quarks via
intermediate squarks under a UDD coupling, resulting in a ten-jet final state without
missing transverse momentum. This topology is not covered by searches for 4-jet
final states with large missing transverse momentum produced in the case of R-parity-
conservation. A dedicated search for events with high jet multiplicities [111] is sensitive
to such a process. Figure 5.6b shows the RPV equivalent to the RPC process in Figure 5.4c
with pair production of top squarks. A non-zero UDD coupling lets the top squark
decay into two quark jets, leading to a four-jet final state without leptons or missing
transverse momentum, which is again not covered by searches for the corresponding
R-parity-conserving process. In the case of a non-zero LQD coupling, the two stops
would each decay into a lepton or neutrino and a quark instead, leading to a final
state with jets, between zero and two charged leptons and possibly missing transverse
energy [112].

R-parity-violation also gives rise to new sparticle production processes not present in
the MSSM. Figure 5.6¢c shows resonant sneutrino production from initial-state quarks via
the LQD term with a subsequent decay of the sneutrino into charged leptons via the LLE
term as an example where both the production and decay of the superpartners proceeds

via R-parity-violating processes. The signature in this case is a dilepton resonance with
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Figure 5.6: Examples of R-parity-violating decays of supersymmetric particles: A
gluino decaying via an intermediate squark (not shown) and UDD couplings [111]
(a), a top squark pair decaying into quark pairs via UDD couplings leading to a 4-jet
final state (b) and flavour violating dilepton resonance from sneutrino decay with
non-zero LQD and LLE couplings [113] (c).

different lepton flavours [113].

Such RPV signatures require dedicated searches. In this thesis, RPV processes with a

non-zero LLE coupling are studied.

5.3 The LLE Coupling with Neutralino LSP

5.3.1 Simplified Models

For the study of supersymmetric LLE couplings simplified models are used that allow
only one particular RPV process with 100% branching fraction. For this purpose, two
superpartners, the next-to-lightest supersymmetric particle (NLSP) and the LSP are
assigned masses within reach of the LHC with /s = 8 TeV. All other superpartners
are effectively decoupled with high masses of 4.5 TeV. The LSP is always a bino-like
neutralino X (1), ensuring flavour-independent coupling to leptons of both helicities,
whereas a higgsino would preferentially couple to 7 leptons and a wino only to left-
(right)-handed (anti)leptons. The NLSP may be a wino-like chargino X7, a slepton, a
sneutrino or, to explore strong production processes, a gluino. In the cases of a slepton
or a sneutrino NLSP, all three flavour states are assumed to be degenerate in mass, and
L-slepton L? and R-slepton & NLSPs are considered separately due to their different
coupling behaviour. Only one particular LLE coupling parameter A;;; takes a non-zero
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(c)

Figure 5.7: Decays of a neutralino LSP into two charged leptons and a neutrino via
the R-parity-violating LLE coupling A;j. i, j,k are generation indices. The decay
is mediated either by a virtual sneutrino (a), a virtual L-slepton (b) or a virtual
R-slepton (c). The conjugate of every process is also possible.

value at a time. No assumption is made on the exact value, instead the decay width of
the LSP is set by hand. The LLE coupling does not affect the dominant SUSY production
processes at the LHC for the NLSP choices under study. Therefore, the first step of each
process is always pair production of the NLSP, with cross-sections as predicted with
R-parity-conservation (see Table A.2). In the cases of a wino, sneutrino or slepton NLSP,
weak production as illustrated in Figs. 5.3a and 5.3c dominates, while the gluino NLSP
is produced via the strong process illustrated in Figure 5.2a or a t-channel process with a

virtual gluino.

The NLSP pairs undergo cascade decays until the LSP is reached. In contrast to RPC
SUSY, the RPV LLE coupling causes the LSP to decay into Standard Model charged
leptons and neutrinos via an intermediate virtual slepton or sneutrino as illustrated
in Figure 5.7. Ignoring helicity, lepton charge and the neutrino flavour, two different
charged lepton flavour final states are possible: )?(1) — (v and X (1) — {;trv (with
{1 = e,{r = u,03 = 7). For a single active coupling and mass-degenerate sleptons, as
assumed in the models, these occur with a branching fraction of 50% each. Figure 5.8
shows the resulting signatures for different NLSP choices considered in the simplified

models.

The choice of non-zero 4, coupling determines the lepton flavour configurations in the
final state. Table 5.1 lists the LSP decay modes for the different choices. There are nine
variations, as antisymmetry in the left-handed lepton indices in the superpotential [28]
requires A;jx = —4;;x. The four coupling parameters 1121, 4122, 4133 and 1233 marked in
red in Table 5.1 are studied in the simplified models. These correspond to the extreme

cases in terms of 7 lepton multiplicity - the 1121 and A2, couplings lead to final states
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Figure 5.8: NLSP choices considered in the simplified models with an LLE RPV cou-
pling: wino NLSP (a), gluino NLSP (b), slepton NLSP (c) and sneutrino NLSP (d).
Both R-slepton and L-slepton NLSPs, corresponding to left- and right-handed Stan-

dard Model leptons, are considered. The LSP is always a bino-like neutralino X (1)

Table 5.1: Possible decay modes for a X T LsP decaying via a single, R-parity-violating
LLE coupling. i, j,k are the flavour indices defined by the choice of the non-zero
Aijx coupling. The cases marked red are studied here.

lij=12  |ij=13 |ij=23
eevyleuv, | eeve/etve | euve/etvy
UV Ve | eV [ UTVe | puve [TV,
eTVy[UTVe | €TV [TTVe | UTV/[TTV

EanliE i
Il
W N =

Table 5.2: Final-state charged lepton flavour configurations for a pair of ¥ ! LSP
decaying via a single, R-parity-violating LLE coupling for the coupling choices
studied in this thesis.

Active Coupling ‘ Charged lepton flavour configurations
A1 eeee  (25%) eeeu (50%) eeuu (25%)
122 eepp (25%)  eppp  (50%)  pupp (25%)
A133 eett  (25%) ettt (50%) trrr (25%)

A233 uurt  (25%) urtr (50%) ottt (25%)
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without any 7 leptons, while the 133 and 1233 couplings lead to at least one 7 lepton
per LSP decay. Because of their decays (see Section 3.3.5), 7 leptons are reconstructed
with lower efficiency and purity than muons or electrons. Therefore, the sensitivity of

searches decreases with increasing numbers of 7 leptons in the final state.

Since the NLSP and hence LSP are pair produced, two neutralino decays occur in every
event, resulting in final states with four charged leptons and two neutrinos from the
LSP decays and additional particles from the NLSP decay. Table 5.2 lists the possible
flavour configurations of the four leptons from the LSP decays for the different choices
of non-zero A, coupling investigated here.

For one choice of 1;jx coupling and NLSP type, the only free parameters within the
simplified models are the masses of the NLSP and the LSP and the lifetime of the LSP
decay. For fixed lifetime, this results in a two-dimensional parameter space defined
by the two masses. A systematic investigation of this parameter space is performed
by simulating a grid of mass combinations, the so-called mass points, in the plane and

interpolating between them.

5.3.2 Existing Experimental Constraints before the LHC

The parameter space of the models has been constrained by previous experiments. At
the LEP electron-positron collider, lower limits for the slepton and sneutrino masses of
about 90 — 100 GeV were obtained [114-118], depending on the LSP mass and the active
R-parity-violating LLE coupling and with a small variation between the experiments
(see Figure 5.9). The DO experiment reported a lower limit of about 200 — 220 GeV
(150 — 180 GeV) [119] on the mass of a Wino-like chargino decaying via a 1121/122 (1133)
LLE coupling similar to the scenario considered in this study, depending on the LSP

mass and the active R-parity-violating LLE coupling (see Figure 5.10).

100 GeV]
mery |’

shown in Table 5.3, follow from precision measurements of the leptonic partial decay

Limits on the strength of a single active A;x coupling on the order of 0.03 — 0.05 - [

widths of the 7 lepton, CKM mixing parameters and atomic parity-violation in caesium-
133 [120] (see Table 5.3). However, these have little impact on this work, as couplings
below these limits still allow the LSP decay under study to take place both promptly or
with a measurable lifetime for all considered NLSP-LSP mass combinations.
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Figure 5.9: Region of the selectron-neutralino (a) and sneutrino-neutralino (b) mass
planes excluded by the LEP2 experiments for R-parity-violating decays via an LLE
coupling [114-118].

Table 5.3: Upper limits on the magnitude of the R-parity-violating LLE couplings from
precision measurements of muon and r decay widths, CKM mixing parameters and
atomic parity-violation [120]. For each coupling, the most stringent limit is given.

Coupling 20 upper limit on |A;| % [120] source
A2k 0.03 CKM parameter V, 4
A13k 0.05 7 decay
/123]( 0.05 T decay

5.3.3 Effect of the NLSP and LSP Masses

Besides the determination of the production cross-sections, the NLSP and LSP mass
combination also influence the final state kinematics. Figure 5.11 shows the relativistic
By factor of the LSP for the example of the RPV model with a gluino NLSP. Figure 5.11a
gives the dependence of the mean value on the NLSP-LSP mass combinations. An LSP
that is light compared to the NLSP is produced with high boost. This is further illustrated
in Figure 5.11b for the three cases of myo = 10,200 and 1090 GeV for mz = 1.1 TeV. While
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Figure 5.10: Region of the wino-neutralino mass plane excluded by the DO experiment
at the Tevatron pp collider for R-parity-violating decays via an LLE coupling [119].

the By factor for the case m o~ Mg is small for kinematic reasons, it reaches up to 200
for a very light LSP.

In the R-parity-violating model with LLE coupling studied, the LSP decays into two
charged leptons and a neutrino. Figure 5.12 shows the mean separation AR (see Sec-
tion 3.2.1) between the pair of charged leptons from an LSP decay as a function of the
NLSP-LSP mass combinations in the gluino model and the AR distributions for three LSP
masses in the mass grid for mgz = 1.1 TeV. For a very light LSP the angular separation of
the leptons is small due to the boost of the decaying particle, while the angular spread
becomes wider for a heavy LSP. The strong collimation is challenging for the lepton
reconstruction, as signatures can overlap. For example, if two electrons are very close,
the calorimeter clusters can merge such that one or even both of the electrons fail the

reconstruction.

In addition to the direction, also the momentum value of the final state leptons is affected
by the different mass combinations. Figure 5.13 shows the final state lepton momenta
for the example of a gluino NLSP. For a light LSP, the subleading lepton has on average

small transverse momentum, and the pr distribution favours very low momenta.
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Figure 5.11: Relativistic Sy factor of the neutralino LSP for the simplified LLE RPV
model with gluino LSP. Mean value as a function of NLSP-LSP mass combinations
(a) and differential distributions for the cases of m 0 = 10, 200 and 1090 GeV and a

gluino mass of mz = 1.1 TeV (b) are shown.
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Figure 5.12: Separation AR in the n—¢ plane between pairs of charged final state leptons
in the simplified RPV LLE model with a gluino NLSP. Mean value depending on
the NLSP-LSP mass combination (a) and distributions for the cases of myo = =10, 200

and 1090 GeV and a gluino mass of m; = 1.1 TeV (b) are shown. The dlstr1but1ons

form_ 0 = 200 GeV

and m 0 = 1090 GeV are scaled by a factor of 10.
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The conclusion of these studies is that the final state kinematics are strongly affected by
the NLSP-LSP mass ratio. With decreasing ratio and LSP mass, the final state lepton
momenta decrease and become more collimated around the LSP direction of flight. At
the same time, the momenta of particles emitted in the cascade decay increase. Therefore,
the region of low LSP masses is more difficult to probe experimentally, reducing the
sensitivity to the model compared to the region of comparable NLSP and LSP masses.

5.3.4 Effect of the LSP Lifetime

The lifetime of the LSP is a further free parameter of the simplified models. For the case
of a neutralino decaying via an RPV LLE coupling A;;x with an intermediate virtual
sfermion f (see Figure 5.7), the lifetime is given by [121]

5

1 mg \* [1GeV

~ 10 ps - ( ) . 55

TIPS 100 Gev ( "o ) (5:5)
ijk X1

Three cases can be distinguished:

cT < 1mm

For very short lifetimes, the decay vertices of the LSP can not be resolved from the
primary vertex (Section 3.3). The experimental signature then consists of four charged
leptons from the primary vertex in addition to particles from the cascade, also referred

to as the prompt decay scenario.

Imm<cer<1m

With increasing LSP lifetimes, the LSP decay vertex becomes more separated from the
primary vertex, but is still within the detector. The signature consists of cascade particles
from the primary vertex and secondary dilepton decay vertices of the two LSPs. If these
secondary vertices are located within the Inner Detector (Section 3.2.2), they can be
reconstructed. This reconstruction is also possible for decays beyond the Inner Tracker,
if both charged leptons leave tracks in the Muon Spectrometer.

ct>1m
For very large LSP lifetimes, the decay takes place outside the detector. For a neutral LSP,
the resulting signature is identical to the one for R-parity-conserving supersymmetry,
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Figure 5.13: Transverse momentum of the charged leptons for the simplified RPV

LLE model with
combinations (a)

a gluino NLSP. Mean value depending on the NLSP-LSP mass
and distributions for the cases of Mo = 10, 200 and 1090 GeV and

a gluino mass of m; = 1.1 TeV (b) are shown.
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with cascade particles and significant missing transverse momentum due to the escaping
LSPs. If the LSP is charged, it can be reconstructed in the Inner Detector and, if it is not
absorbed in the calorimeters, in the Muon Spectrometer [122] and identified through its
slow speed compared to Standard Model particles.

As the last scenario is already covered by already performed searches for R-parity-
conserving supersymmetry, the emphasis of this thesis is on dedicated search for the
first two scenarios.
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Figure 5.14: Region (yellow) in the my sp — A plane where prompt decays (with lifetimes
less than 1 ps) of the LSP are possible for an RPV LLE coupling [123]. The blue solid
line corresponds to the LEP lower bounds on the slepton and sneutrino masses. The
green line indicates existing upper limits on the magnitude of the A coupling. The
red solid line marks the border to the region where the slepton or sneutrino mass
would have to be below the LSP mass to yield prompt decays according to Eq. (5.5).

Figure 5.14 shows the region in the m; sp — A plane where Eq. (5.5) yields a valid result
with 7 < 1 ps [123]. Its boundaries are defined by constraints on the slepton or sneutrino
mass (blue line) and the A parameter (green line) described in Section 5.3.2 and by the
requirement that the sleptons and sneutrinos must not be lighter than the LSP (red line).
For small LSP masses below about 50 GeV, short-lived decays are only possible in a
small interval of the A coupling. As the LSP mass increases, a wider range of coupling



5.3. The LLE Coupling with Neutralino LSP 81

parameters spanning more than four orders of magnitude can generate prompt decays.
Therefore, both the short and the medium lifetime scenarios are interesting for RPV
SUSY searches, as both are possible for all LSP masses above 10 GeV.

If the LSP lifetime is negligible, a search for events with four charged leptons is effective,
as such a high lepton multiplicity is rare in Standard Model processes. This search is
described in Chapter 6.

A dedicated search for displaced decay vertices of high-mass charged lepton pairs
targeting medium LSP lifetimes is discussed in Chapter 7. Such vertices do not occur in
Standard Model processes, leading to very low expected background.






Chapter 6

RPV Decays of a Short-Lived LSP in
Events with Four Leptons

As discussed in Section 5.3, decays of a short-lived neutralino via an R-parity-violating
(RPV) LLE coupling result in a signature of four charged leptons emerging from the
primary vertex location. In the following, a search [124] exploiting this signature is
presented.

6.1 Analysis Strategy

To search for events with decays of supersymmetric particles, the number of events
passing certain requirements on discriminating variables is compared to the number of
Standard Model events expected to pass those selection criteria. These criteria are also
called signal regions in the discriminating variable space, and are optimised for maximum

sensitivity to the new processes.

In the search for prompt neutralino LSP decays via LLE couplings, the main selection
requirement is the presence of four charged leptons. Electrons and muons are in the
following referred to as light leptons, to distinguish them from hadronic r decays. Final
states with more than two hadronic v decays are not considered because of the less

efficient T reconstruction (Section 3.3.5).

Final state leptons are classified into two categories, depending on their origin. Leptons

originating from a hard interaction, including the signal process, are referred to as prompt

83
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leptons. On the other hand, leptons from secondary Standard Model particle decays
(b = cuv,, for example) or misidentified leptons (a converted photon misidentified as

an electron, for example), are designated as fake leptons.

Standard Model processes with four prompt leptons in the final state are rare. They
include ZZ®/Zy* diboson production, various different Higgs boson production and
decay processes, top quark pair production in association with vector bosons and
triple gauge boson production (ZWW, ZZZ). These backgrounds are called irreducible,
because they do not involve fake leptons. The small numbers of expected events and the
similarity to the signal prohibit purely data-driven techniques for background estimation,
therefore Monte Carlo simulation are used to predict the irreducible background.

Processes with fewer than four prompt leptons in the final state and additional fake
leptons contribute to the reducible background. Fake leptons can be rejected by lepton
identification criteria. Contributions to this source of background are WZ — 3{1v
diboson production as well as Z — ¢¢ and top quark pair production. The reducible

background is estimated using a data-driven technique.

Reducible background is rejected by requirements on the four final state leptons. Further
event-level selection criteria suppress the irreducible background as well as remaining
reducible contributions. These requirements include moderate missing transverse mo-
mentum, because of neutrinos in the final state for the signal (see Section 5.3), and large
effective mass, defined as the scalar sum of the momenta of all leptons and jets in the
event passing certain selection criteria. The effective mass is sensitive to the masses of
the initially produced particles. Finally, on-shell leptonic Z boson decays are rejected.

The charged lepton and signal region selection criteria are explained in Section 6.2. In
Section 6.3 the resulting expected signal yields are discussed. The estimation of the
Standard Model background is described in Section 6.4. Systematic uncertainties in the
signal prediction and background estimate are summarised in Section 6.5. In Section 6.6
the statistical methods for the interpretation of the analysis result are discussed. These

are applied to the four-lepton search in Section 6.7.
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6.2 Event Selection

6.2.1 Trigger and Preselection

Only data taken with fully operational detector is used. A well-reconstructed primary
vertex with at least 5 associated tracks to which the leptons can be associated is required.
Every recorded event has to satisfy at least one trigger condition. The lepton triggers
used for the four-lepton analysis are listed in Table 6.1. At least one of these eight triggers
is required to have accepted the event. The combination of single and dilepton triggers
is expected to be highly efficient in four-lepton events.

Table 6.1: Trigger requirements of the four-lepton analysis at event-filter level. At
least one of the listed trigger conditions has to be satisfied. Additional isolation and
reconstruction quality requirements on the trigger objects are not listed.

Trigger Momentum thresholds
Single muon 24 GeV
Single electron 24 GeV

Symmetric dielectron 12 GeV, 12 GeV
Asymmetric dielectron 24 GeV, 7 GeV

Symmetric dimuon 13 GeV, 13 GeV
Asymmetric dimuon 18 GeV, 8 GeV
Electron+muon 12 GeV(e), 8 GeV(u)
Muon+electron 18 GeV(u), 7 GeV(e)

6.2.2 Lepton and Jet Selection

The first step of the event selection is the collection of all leptons and jets to be considered.
To facilitate the data-driven background estimation, the selection of leptons and jets

consists of two stages.

Baseline Selection

Electrons and muons with transverse energy or momentum above 10 GeV within the
acceptance of the Inner Detector are used (see Table 6.2), ensuring reliable reconstruction
and low fake rates. Table 6.3 lists the selection criteria for baseline 7 leptons.
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Table 6.2: Baseline selection criteria for electrons and muons in the four-lepton analysis.

Baseline muon requirements Baseline electron requirements
bined e . .
Muon type Combined or Identification criteria ~Medium
segment-tagged
Transverse momentum pt > 10 GeV Transverse energy Er > 10 GeV
Pseudorapidity Inl < 2.5 Pseudorapidity Inl < 2.47

Table 6.3: Baseline selection criteria for r leptons in the four-lepton analysis. The
pseudorapidity requirement is applied to both the calorimeter cluster and the inner
detector track with the highest momentum.

Baseline 7 lepton requirements

Transverse momentum pt > 20 GeV
Pseudorapidity ] <2.47
Number of charged tracks 1or3

Total charge +1

Table 6.4: Baseline selection criteria for jets in the four-lepton analysis.

Baseline jet requirements

Algorithm Anti-kp, AR =04
Transverse momentum pr > 20 GeV
Pseudorapidity n] <4.5
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Table 6.4 lists the baseline jet selection criteria for jets to be considered in the following

analysis steps, including the effective mass calculation.

Removal of Overlaps

At this stage, there are still ambiguities in the object reconstruction. For example, elec-
trons and 7 leptons passing the kinematic criteria of the jet reconstruction are in general
also reconstructed as baseline jets. Electrons and muons may additionally be recon-
structed as baseline 7 leptons. Leptons within jets are regarded as fakes. Bremsstrahlung

from a muon can result in an additional reconstructed electron.

For this reason, an iterative overlap removal procedure is applied to close-by baseline
objects, resolving ambiguities and removing secondary objects. In each step, combina-
tions of different close-by objects (electrons, muons, 7 leptons or jets) are considered. If
two objects are closer than a certain minimum separation ARmin, one of the two objects,
or both, are discarded according to the rules listed in Table 6.5. The final step is applied
to 7 leptons passing the additional Medium quality requirements, as otherwise genuine
jets misidentified as 7 leptons would be removed.

Table 6.5: Overlap removal procedure of baseline objects in the four-lepton analysis.

Step Close-by objects Maximum separation ARmin Object removed

1 Two electrons 0.05 lower energy electron
2 Electron and jet 0.2 jet

3 Electron and t 0.2 T

4 Muon and 7 0.2 T

5 Jet and muon 0.4 muon

6 Jet and electron 04 electron

7 Muon and electron 0.01 both

8 Two muons 0.05 both

9 Jet and Medium quality T 0.2 jet

While this procedure is useful in removing misidentified or doubly identified objects, it
can also harm the sensitivity to signals with strongly collimated leptons for neutralinos
lighter than 50 GeV (see Figure 5.12b). Therefore, the minimum separation values ARmin
used for the overlap removal between lepton pairs were optimised compared to the
value of 0.1 applied in previous iterations of the search [125], significantly improving
the acceptance of collimated lepton pairs (see Figure 6.1).
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Figure 6.1: Separation AR in the n—¢ plane between pairs of charged final state leptons
in the simplified RPV LLE model with a gluino NLSP with m; = 1.1 TeV decaying
into a neutralino with m 0 = 10GeV and fraction of lepton pairs with pr > 10 GeV

passing overlap removal criteria of ARmin = 0.1 as used in Ref. [125] and ARmin = 0.01
and 0.05 as used in this search.

Table 6.6: Additional selection criteria for signal muons in the four-lepton analysis.
Corrected isolation variables are used (see text).

Signal muon requirements

Track isolation p%""e’w <0.12- pr

Transverse impact parameter significance Ulfdo(l)) <3

Longitudinal impact parameter |zosinf] < 1 mm
Signal Leptons and Jets

After overlap removal, further selection criteria are applied to eliminate fake leptons
almost completely, using requirements on track or calorimeter activity and the impact
parameters as well as further object quality criteria. Leptons fulfilling these cuts are
signal leptons, while those failing them are called loose. Loose leptons are used for the

background estimation.
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Table 6.7: Additional selection criteria for signal electrons in the four-lepton analysis.
Corrected isolation variables are used (see text).

Signal electron requirements

Track isolation p%one"m <0.16 - Et
Calorimeter isolation E;°ne’30 <0.18- Er
Transverse impact parameter significance U'fgol) <5
Longitudinal impact parameter |zo sinf| < 0.4 mm
Quality Tight

Table 6.8: Additional selection criteria for signal jets in the four-lepton analysis.

Signal jet requirements

Pseudorapidity Inl <2.5
Fraction of tracks coming from primary vertex > 0.5 if pr < 50 GeV and || < 2.4

The additional requirements applied to electrons, muons and jets are listed in Tables 6.6—
6.8, respectively. For  leptons, only Medium quality criteria including an electron and
muon veto are applied in addition. As this search is for prompt neutralino decays, the
impact parameters of muons and electrons with relation to the primary vertex location

are required to be small, rejecting fake leptons from B meson decays.

Isolation of the signal objects from close-by tracks and calorimeter clusters is required.
The track and calorimeter isolation variables are defined as the sum of momenta or
energies of inner detector tracks or calorimeter clusters within an —¢ cone around the

lepton track,

30
pf}one = Z DT and

Tracks
AR<0.3

cone, 30
BN = ), En

CaloClusters
AR<0.3

respectively. The isolation requirements are very effective in removing fake leptons

produced in jets.

Correction to Lepton Isolation
For the four-lepton analysis, the standard definition of isolation variables as above is
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not optimal, especially in the case of boosted decaying particles. If a lepton pair is
sufficiently collimated that one of the four final state leptons enters the isolation cone of
another (AR < 0.3), the isolation for each lepton includes the energy or momentum of
its neighbour. As a consequence, both would be regarded as non-isolated and rejected.
This is expected to occur frequently for neutralino masses below about 50 GeV (see
Section 5.3).

This effect is taken into account in the isolation variables used in the four-lepton search
by subtracting the contribution of leptons in the isolation cone that pass the signal re-
quirements apart from the isolation criteria. Figure 6.2 shows the effect of this correction
for the example of electron track isolation in 1.1 TeV gluino NLSP pair production with
a 10 GeV neutralino. The distribution of the default track isolation variables shows a
long tail caused by close-by leptons. After the correction, the tail is mostly removed.
For an electron track isolation requirement of 0.16, as applied in the event selection,
the isolation efficiency for each electron improves from 35% to more than 80% after
the correction. The effect on the event selection efficiency is illustrated in Figure 6.3,
which shows the number of signal leptons identified in events with four baseline leptons
surviving the overlap removal for the same decay scenario. Using corrected isolation
variables enhances the fraction of such events in which all four leptons pass the signal
lepton criteria by more than three orders of magnitude. This demonstrates that only the
use of corrected isolation variables allows the search to be sensitive to LSP masses below
50 GeV.

o L I/ e o e AR - . T T o 3
£ 1% pp- GG Godax; K- S8 1oL PP-0G G-qUK: K IV E
2 [ m@) =1.1TeV, m&f) =10 GeV ] 9::’ F m@)=11TeV, m&pl) =10 GeV 1
= 1:7 " P cone30 3 g 1= 41’ —
2 B Final bin includes Py /E;>5 3 @ F '//—f
« = ] s L ]
1oL —— Default isolation N S o8 3
E 3 e L .
C & ] L i
r —— Corrected isolation H S 0.6 =
107 i F ]
F 0.4~ —— Default isolation 7
E E er —— Corrected isolation
_47 . i Al de
107, 1 2 3 4 5 =0 0.2 04 06 0.8 1

30 H 30
electron p?”e 1E; Requirement on electron p?”e 1E;

(a) (b)

Figure 6.2: Distribution of the electron track isolation variable with (red) and with-
out (blue) correction for nearby leptons (a) and efficiency of the isolation require-
ments as a function of the cut value (b).
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Figure 6.3: Distribution of the number of final state signal leptons using uncorrected
(red) and corrected (blue) isolation variables for events with four baseline leptons
and a gluino NLSP with m; = 1.1 TeV decaying to a neutralino with m o = 10 GeV

and jets, where the neutralino subsequently decays via the RPV 1, LLE couphng

6.2.3 Signal Regions

Once the signal leptons and jets have been identified, the effective mass can be computed:

Meff = Z pr+ Z pr+ Errrniss‘ (61)
Signal leptons Signal jets
p1>40 GeV

All signal regions require at least four signal leptons in the final state, which leads to
a major suppression of reducible backgrounds. As 7 leptons are reconstructed with a
lower efficiency and higher background contamination than the lighter leptons, different
signal regions are defined for events with 2, 3 and at least 4 light leptons (e,u). The
irreducible background is not expected to be affected by the requirement of four signal

leptons. Therefore, additional criteria are used to suppress this contribution.
Two approaches are used, optimised for different signal topologies.

The first aims at cases where the effective mass is not an efficient discriminant. This
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occurs for a low NLSP mass or scenarios with a lack of visible cascade particles. One
example are sneutrino NLSPs, which decay into the LSP and produce only neutrinos as
cascade particles. In this approach, discrimination against irreducible backgrounds is
achieved by requiring a moderate amount of missing transverse energy. Such a signal
region is defined for each light lepton multiplicity.

The second approach, complementary to the first, exploits the effective mass, which is
especially effective for heavy NLSPs and visible cascade particles. One example is gluino
NLSP production where the NLSP masses can reach beyond 1 TeV and the cascade
includes several jets. For each light lepton multiplicity, one such signal region is defined,
requiring high effective mass or large missing transverse energy.

Common to all signal regions is the veto against Z boson decays into same-flavour,
opposite sign (SFOS) lepton pairs. In addition, three-lepton combinations of an SFOS
pair and a further lepton as well as four-lepton combinations of two SFOS pairs are
vetoed to take into account final state radiation and resonant Z — 4¢ production via
internal conversion [126]. Events containing such signal lepton combinations with an

invariant mass within 10 GeV of the Z boson mass (91.2 GeV) [65] are rejected.

The three light lepton multiplicity categories and two irreducible background suppres-
sion approaches lead to a total of six signal regions which are summarised in Table 6.9.

Reference [124] takes into account three additional signal regions with inverted Z veto.
These target scenarios with conserved R-parity, where an on-shell Z boson is part of the
signal signature. They are not relevant when searching for R-parity-violating decays.

Table 6.9: Signal regions for the four-lepton search. All veto Z boson decays ('noZ’).
The analysis in Ref. [124] includes further signal regions optimised to detect R-parity-
conserving signatures.

Signal region Light leptons (e,u) 7 leptons E%’iss [GeV] meg [GeV]
SROnoZa >4 >0 > 50

SR1noZa 3 >1 > 50

SR2noZa 2 >2 > 75

SROnoZb >4 >0 > 75 or > 600
SR1noZb 3 >1 > 100 or > 400

SR2noZb 2 >2 > 100 or > 600
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6.3 Signal Expectation

6.3.1 Signal Simulation

Signal simulation grids generated according to the simplified models described in
Section 5.3, covering a wide range of the NLSP-LSP mass combinations, are used to
optimise the selection criteria and interpret the results. Five NLSP candidates are
considered, the gluino, a wino-like chargino, an R- or L-slepton or a sneutrino. In the
slepton and sneutrino cases, all flavours are degenerate in mass. The decay width of
the bino-like neutralino LSP is fixed to 0.1 GeV, corresponding to a decay length of
fic/T ~ 2 - 10712 mm which is far below the detector resolution and therefore leads to the
considered prompt neutralino decay. Four choices for the RPV A parameter, 1121, 4122,
A133 and 4233, are considered in the analysis as discussed before (Section 5.3). Events are
generated using the HERWIG++ generator [38,93]. The number of generated events
is determined based on the kinematic considerations discussed in Section 5.3, with the
goal of obtaining a Monte Carlo statistical precision on the signal yields of better than
10%. For neutralino masses greater than 50 GeV, typically 5000 events are generated. For
lower neutralino masses, up to 3 - 10 events are required to obtain a reliable efficiency

estimate.

6.3.2 Signal Yields

The probability for a signal event to be accepted by the selection is determined by two
factors, the acceptance and the efficiency.

The acceptance A is defined as the fraction of signal events accepted by an ideal detector,
i.e. events with four leptons fulfilling the kinematic requirements applied in the analysis

and passing the EI*, Z-veto and effective mass cuts.

The efficiency e is the ratio between the number of events Nsg actually selected in the
signal region after full detector simulation and reconstruction and the number of events
which satisfy the kinematic and signal region criteria at generator level. Using the
acceptance A, the efficiency takes the form

Nsg
oLA’

with the integrated luminosity L and the production cross-section . It includes fi-
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nal state object identification and reconstruction efficiencies, energy and momentum

resolutions.

Figure 6.4 shows the acceptance and efficiency of the SROnoZb signal region with four
light leptons as a function of the chargino NLSP and neutralino LSP mass for the case
of a wino-like NLSP and non-zero 11,; coupling (see also Section A.2). The acceptance
is high in the top right corner of the signal grid, corresponding to high NLSP and
neutralino masses. In this parameter space region, the final state leptons are mostly
well separated and highly energetic. The acceptance decreases with the neutralino
mass (see Section 5.3, Figs. 5.12 and 5.13) since the cascade particles carry away more
momentum, leading to reduced final state lepton momenta. In addition, for very small
neutralino masses, collimated lepton pairs are rejected by the overlap removal. There
is an especially pronounced acceptance drop for LSP masses of 10 GeV. Furthermore,
the acceptance increases with the NLSP mass because the effective mass scales with the
mass of the initially produced NLSPs. The efficiency, on the other hand, is constant at
about 70% across most of the grid. There is only a decrease for very light neutralinos as

a consequence of the difficult reconstruction of close-by leptons.

As another extreme case, Figure 6.5 shows the acceptance and efficiency of the SR2noZb
signal region with two hadronically decaying 7 leptons for the model with a gluino NLSP
and a LSP decaying via the 133 coupling (see also Section A.2). For this 7-rich signal
region, the acceptance is far lower than for the SROnoZb case, only between 5% and
30%, in spite of the high gluino masses under study which make the effective mass cut
highly efficient across the entire grid. One important reason for this low acceptance is the
requirement of two light leptons and two hadronic r decays in the final state. The LSP
decay branching ratios in Table 5.2 for a 1133 coupling and the 65% hadronic branching
fraction of the 7 lepton [65] lead to an overall branching fraction of 41% of the neutralino
decays into the selected final state with two light leptons and two hadronic v decays
which gives an upper limit on the acceptance. In addition, the minimum transverse
momentum requirement for 7 leptons is 20 GeVcompared to 10 GeV for the light leptons
resulting in a more pronounced acceptance loss with a decreasing neutralino mass than
in the case of four light leptons. Also, the signal loss due to lepton collimation in the
overlap removal procedure sets in earlier than for light leptons. The efficiency is also
far below the one in the four light lepton case due to the rather low t reconstruction
efficiency and overlapping decays at low neutralino masses.

Figure 6.6 shows an intermediate case, SRInoZb with three light leptons and one

hadronic 7 lepton decay for the same model as in the SR2noZb example (see also
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Section A.2). As only approximately 26% of the neutralino decays via the 1,33 coupling
lead to final states with three light leptons and one hadronic 7 decay, the acceptance
with values between 1% and 15% is lower than in SR2noZb. The kinematic effects are
similar to the ones discussed for SR2noZb. The efficiency is slightly higher than for
the SR2noZb signal region (about 10-15% compared to 7-12%), as only one hadronic 7

decay has to be reconstructed.

The total fraction of the selected signal events over most of the mass plane is 10% to 50%
for the SROnoZ regions and A12x couplings, i.e. final states with only light leptons, while
it drops below 10% for small neutralino masses. For the slepton model with additional

cascade leptons, the overall signal acceptance and efficiency reaches up to 70%.

For the SR1InoZb and SR2noZb signal regions with 7-rich final states due to Ax33 cou-
plings, the selection efficiencies are lower, peaking at values of approximately 10% and
reaching down below 1% especially for sneutrino and gluino NLSPs, where there are no

additional light leptons from the cascade.

The expected signal yield for a process with production cross-section o (see Table A.2)
at integrated luminosity L is given by:
exp.

NSignal =A-€e-0-L. (6.2)
Figures 6.7 and 6.8 show the expected signal yields for a wino and a gluino NLSP. For
each case, results for a signal region with four light leptons and a 1,x coupling and
for a 7-rich signal region assuming a Ax33 coupling are shown. The r-enriched signal
regions have a much smaller signal yield as expected, and, therefore, lower NLSP mass
reach. For example, in SR2noZb for a gluino NLSP and a 433 coupling, the line of 10

expected events occurs at a gluino mass more than 300 GeV lower than for SROnoZb and

A121 coupling.

A severe reduction of the expected yield for very low LSP masses below 50 GeV is also
observed, consistent with the behaviour of the acceptance and efficiency. Therefore, the

NLSP mass reach of the analysis is reduced for a very light LSP.
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6.4 Background Estimation

To estimate the remaining background of Standard Model processes in the signal regions,
different methods are applied for the irreducible and for the reducible contributions,

Monte Carlo simulation and a data-driven approach, respectively.

6.4.1 Irreducible Backgrounds

Background Processes

Irreducible backgrounds are estimated by means of Monte Carlo simulation. Figure 6.9
shows some of the dominant processes, all of which are rare. The four signal leptons in
the final state are from decays of heavy particles produced in the hard interaction, which
is reliably described by the Monte Carlo generators (see Table A.1).

(a) (b) (0

Figure 6.9: Examples for irreducible background processes with ZZ diboson produc-
tion (a), t7 + Z production (b) and ZH — ZWW, ZH — ZZZ (c) with leptonic gauge
boson decays.

The background in Figure 6.9 with the highest cross-section is ZZ — 4¢ production.
This process is generated to next-to-leading order precision using the POWHEG [97,98]
generator, interfaced to PYTHIA 8 [91] for parton shower simulation. The product
of production cross-section and leptonic Z decay branching ratios is about 0.8 pb (see
Table A.1). However, no missing transverse momentum is expected from the process
and there is only small effective mass compared to the signal processes, since apart from
the four leptons there are no other final state particles. Therefore, this background is
efficiently suppressed by the Ef"S and me cuts, as well as the Z veto which rejects decays
with on-shell Z bosons. In addition to diboson events, triple gauge boson production
(ZWW, ZZZ) has to be considered as irreducible background. The MadGraph [95, 96]
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generator is used to generate these processes at leading order perturbation theory, using
again PYTHIA 8 for parton showering. Like the signal, these processes lead to final states
with four charged leptons and additional neutrinos from leptonic W boson decays or
jets from W or Z boson decays. While the product of production cross-section and decay
branching ratios for these processes is very small, on the order of 1 fb (see Table A.1),
the similarity of the signature to the signal enhances the probability that they pass the

signal region requirements.

The third important irreducible background is the production of semileptonically decay-
ing top quark pairs in association with a leptonically decaying Z boson, leading to a final
state with four charged leptons, two neutrinos and two b-jets. ALPGEN [94] interfaced
to HERWIG [38,93] is used to generate this process. While the production cross-section
times branching ratio for the decays into the final state is only about 3 fb (see Table A.1)
for this process, it passes the signal region criteria with significantly higher probability
than ZZ®)/Zy*events, for the same reasons as the triple gauge boson processes.

Finally, also Standard Model Higgs boson decays with four final state leptons are
considered for my = 125 GeV, namely H — ZZ* in all Higgs production modes, gluon
fusion, vector boson fusion, Higgs radiation of W or Z bosons and associated production
with top quark pairs,and H - WW*and H — 77 in the t7H and ZH production channels.
The production processes in association with gauge bosons or top quarks have smaller
cross-sections (see Table A.1), but the probability to be accepted by the signal region
criteria is higher because of additional missing transverse energy and jets. Gluon fusion
and vector boson fusion are generated using POWHEG interfaced with PYTHIA 6 [90],
while all other processes are generated by PYTHIA 6.

Efficiency of Sgnal Region Requirements
Table 6.10 summarises the efficiencies of the Z veto and of the full signal region criteria

for the four main irreducible backgrounds.

Due to the presence of one or two on-shell Z bosons in the final state, the ZZ )/ Zy* con-
tribution is strongly suppressed by the Z veto. Higgs boson decays like ZH — WW*/tt
pass the Z veto with higher probability as at most one final state Z boson can be on
shell. In the ZWW and 7 + Z processes, the single Z boson is either on-shell or off-shell,
leading to the highest probability of passing the Z veto.

In the case with fewer than four light leptons, the rejection power of the Z veto decreases
since at most one on-shell Z decays to two light leptons and processes without on-shell
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Table 6.10: Efficiencies of the signal region cuts of the four-lepton analysis after the
four-signal-lepton criterion for the irreducible backgrounds. The given errors are
due to Monte Carlo statistics. The efficiency of the Z veto is shown separately.

Signal region requirement ~ ZZ"/Zy* 1H+Z Tri-boson Higgs

4 light leptons

Z Veto 2.16+0.0H)% (129+£1.0% ((79+£04)% (6.5+0.4)%
SROnoZa (0.15+0.0D)% (10.5+£09% (4.4+£03)% (3.8+£0.3)%
SROnoZb (0.12+£0.0H)% (8.8+0.8)% (4.1+03)% (3.1+£0.3)%
3 light leptons, > It

Z Veto (154+03)% (224+£1.6)% (26.7+£1.3)% (40.0+1.2)%
SR1noZa B0£02)% (163x£14)% ((154£1.1)% ((220+£1.2)%
SR1noZb 1.5+0.1)% (17.4+£1.4)% ((103+09% (17.2+1.2)%
2 light leptons, > 27

Z Veto (17.0+£04)% (554+£39)% (479+25)% (369+1.2)%
SR2noZa 1.3+£0.1)% (229+£33)% (16.6+1.9% (13.4+1.1)%
SR2noZb (1.0£0.DH)% (20.6£3.2)% ((128+£1.7)% (9.9+£1.0)%

Z — ee/up decays are also possible.

The lack of additional neutrinos and jets in the ZZ*)/Zy*process in combination with the
suppression by the Z veto leads to a very small efficiency for the ZZ — 4¢ background.
The other processes are accepted by the four light-lepton signal regions with higher
probabilities between 3 and 11%.

As a consequence, the ZZ*) /Zy*process does not dominate the irreducible background,

in spite of a relatively high cross-section (see Table 6.12).

6.4.2 Reducible Backgrounds

The reducible background consists of processes with fewer than four prompt leptons
in the final state and additional fake leptons passing the signal lepton selection criteria
defined in Section 6.2.2. As these criteria have been optimised to reject fake leptons, this
happens with a low probability which strongly depends on the details of the events and
their reconstruction in the detector. Also, simulation of these backgrounds with high

statistical precision would require a very large number of simulated events.

For these reasons, backgrounds with fake leptons are estimated by reweighting collision
data events in two control regions CR1 and CR2 defined for each of the six signal regions,
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which apply the same cuts on effective mass, missing transverse energy and the same Z
veto as the signal regions, but require the presence of only three or two signal leptons,

and one or two loose leptons, respectively (see Table 6.11).

Table 6.11: Lepton multiplicity requirements of the signal regions and the control
regions used to estimate the reducible background.

Region Signal leptons  Loose leptons  Weight
Signal Region (SR) >4 >0
CR1 3 > 1 W(CR1)
CR2 2 >2 W(CR2)

The probability of a fake lepton to pass the signal lepton criteria is called the fake rate
f, which depends on the control region, the lepton flavour and track multiplicity (e, &,
1-track-t, 3-track-7), the transverse momentum pr and, for electrons and 7 leptons, on
the pseudorapidity 5. The rejection rate f = 1 — f describes the probability that a fake
lepton is properly rejected by the signal criteria and therefore categorised as a loose

lepton.

The signal lepton efficiency € is the probability of a prompt lepton to pass the signal lepton
criteria, and the signal lepton inefficiency € = 1 — € the probability that a prompt lepton
fails to satisfy the signal lepton cuts and is classified as a loose lepton. The rejection rate
f and signal lepton efficiency € are assumed to be large compared to the fake rate and

signal inefficiencies, respectively.

For a reducible background event with three prompt leptons (P) and one fake lepton (F),

P3PIF of passing the signal region (SR) requirement of four signal leptons

the probability
is

PFIF(SR) = eprepaeps fris

where €p; (i = 1,2,3) and fF; are the signal lepton efficiencies for the three prompt
leptons and the appropriate fake rate for the fake lepton, respectively. For the same
event, the probability of obtaining three signal leptons and one loose lepton, leading to
an observed event in the CR1 control region, is

PPIE(CR1) = epreprepsfri + O(E - f).

Thus, for a process with three prompt leptons P;, P> and P; and one fake lepton Fj, the
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rate of events in one of the signal regions is related via the fake ratio

P3PIF(SR) fr1
Rr1 = o3pF ~
P (CR1) 1 - fri

(6.3)

to the rate of events in the respective CR1 region with the same lepton flavours and
kinematics.

For events with two prompt leptons P; and P, and two fake leptons F; and F3, the
probabilities P?P?F of observing an event in a signal region with four signal leptons, the
respective CR1 control region with three signal leptons or the CR2 control region with
two signal leptons (see Table 6.11) are given by

P?P(SR) = eprepafrifra,
P?PF(CR1) = eprepn (fFlsz + fFlsz) +O(E- [ and
PPP(CR2) = eprepafrifra+ OE- f),

respectively. Accordingly, the rate of events with two prompt leptons in the CR1 control
region is related to the rate in the CR2 region by the factor

PPF(CRY)  fri fr2

~ = Rpi + Rpa, 6.4
PPH(CR2)  1—fr1  1—fpp  FITEF2 (6.4)

and the rate of signal region (SR) events from this source scales with the ratio

PPFESR) fr fr2

~ . =Rri-R 6.5
PPE(CR2) 1 fp 1= fp 72 (6.5)

compared to the rate in the CR2 region.

Hence, the reducible background in each of the signal regions can be estimated by
weighting collision data events observed in the respective CR1 and CR2 control regions
using the fake ratios. Events in the CR1 region are weighted by the fake ratio R of the
loose lepton (see Eq. (6.3)),

W(CR1) = R. (6.6)

Events with more than one loose lepton (meaning more than four total leptons) are
counted several times, once for each loose lepton. This correctly predicts the signal
region contribution from processes with three prompt leptons.

For events from processes with only two prompt leptons and at least two fake leptons
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Fi and F>, applying this weight in the CR1 region is, according to Eq. (6.4), equivalent to

scaling the rate of events in the CR2 region with

P?P2F(CR1)

————— - W(CR1) = 2RFr; - Rp2,
PP (CRD) (CRD) F1 - Rp2

which is twice the ratio of signal region and CR2 rates determined for these processes
in Eq. (6.5). This is corrected by assigning a negative weight

W(CR2) = —R|R,, (6.7)

compromised of the fake ratios R; and R, of the two loose leptons to events in the CR2
control region. Events with more than two loose leptons are again counted several times,

once for every pair of loose leptons.

As the fake rates are small, especially for electrons and muons, the estimate neglects

events with more than two fake leptons.

Events in the control regions can also come from the irreducible background or from
a signal, if prompt leptons fail the signal lepton cuts. The estimate is corrected for this
contamination by applying the same weighting technique on simulated control region
events in the Monte Carlo simulation of the signal (Section 6.3) and the irreducible
background (see Section 6.4.1) and subtracting the resulting yields from the result
obtained using the data (see Figure 6.10).

Fake leptons can have several origins — light and heavy flavour jets and conversions
(for electrons) are considered, as well as gluon jets for 7 leptons. These may occur in
different physics processes — Z — ¢¢ production and t7 production with two prompt
leptons as well as WZ and ##W production with three prompt leptons are the dominant

contributors. To account for this, the fake ratios Rgf r for each lepton flavour £ = e, u, 7

14

in a given control region X R are determined as the average of the fake ratios R

p fora
specific fake lepton origin and physics process obtained in Monte Carlo simulation,

Fake lepton Physics
types  processes

Rip = Z Z waRRf;psﬁ, (6.8)
P

o

where the weight w)X is the fraction of fake leptons in the given control region XR
with origin o from the physics process p. Inaccuracies in the detector simulation are

corrected by a scale factor s¢, obtained by comparing data and simulation in an auxiliary
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Figure 6.10: Illustration of the weighting technique used to estimate the reducible
background in the four-lepton search.

measurement. W boson production in association with jet activity is used to obtain the
correction for fakes from light flavour jets, bb pair production for heavy flavour jets and

Z/y* — uu for conversion electrons from final state radiation.

The resulting average fake ratios RS, are a function of the transverse momentum and,
for electrons and 7 leptons, of the pseudorapidity. Typical values range between 1% and
15%.

6.4.3 Background Prediction in the Signal Regions

Table 6.12 summarises the estimated number of background events in the signal regions.
Given the challenging nature of 7 lepton reconstruction, the reducible background from
fake 7 leptons plays a major role in the SRInoZ and SR2noZ signal regions, while the
SROnoZ regions with four light leptons are dominated by irreducible background, with
a negligible reducible contribution. A high signal region acceptance makes 7 + Z the
most important individual process, in spite of a low production cross-section compared
to ZZ™ /Zy*. The background estimation is tested using validation regions enriched in
backgrounds (see A.4).
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Table 6.12: Number of predicted background events in the signal regions of the
four-lepton analysis.

YAV A 1H+7 44 Higgs  Reducible Exp.SM
SROnoZa 0.29+0.08 0.8+04  0.19+0.09 0.27+0.23 0.006*)1% 1.6+0.5
SROnoZb 0.19+0.05 0.68+0.34 0.18+0.07 022+020 0.0670° 1.4+04
SRInoZa 0.52+0.07 0.21+0.08 0.14+£0.07 040+0.33  3.3%3 4.6*13
SRlnoZb 0.219%0:9% 0.17+0.07 0.09+0.04 030+£026  2.1*)0 29709
SR2noZa 0.15+0.04 0.13+£0.10 0.051+0.024 020+0.16 34+12  4.0*]3
SR2noZb  0.1127003%  0.27*033  0.040+0.018 0.13+£0.12 250  3.0+1.0

6.5 Systematic Uncertainties

6.5.1 Signal Prediction

A major source of systematic uncertainty in the expected signal yield is the theoretical
prediction of the production cross-section, which is computed at next-to-leading order
precision in the strong coupling constant and, for strong production, includes next-to-
leading logarithmic accuracy in the resummation of soft gluon emission [104-107]. For
electroweak processes, the uncertainty in this prediction ranges between 5% and 10%,
increasing with the NLSP mass. If the NLSP is produced via the strong interaction, as in
the gluino model, this uncertainty assumes values between 15% and 60%, again growing
with the NLSP mass.

For the 7-rich signal regions SR1noZa/b and SR2noZa/b, the Monte Carlo statistical pre-
cision of the acceptance and efficiency determination is severely limited with the relative
error in the signal yield reaching up to 25%. For the SROnoZa /b regions, which show
higher acceptances and efficiencies, this systematic error is below 5% (see Section A.3).

While these two systematic uncertainties dominate, additional smaller effects have also

been considered:

The acceptance and efficiency is affected by theoretical uncertainties in the description
of the kinematics of the processes due to the modelling of initial and final state radia-
tion as well as the parton density functions and the choice of the renormalisation and

factorisation scales. These errors are small compared to the cross-section uncertainty.
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Typical values are between 2% and 5%, reaching up to 10% when the neutralino mass
approaches the NLSP mass (see Section A.3).

Finally, there are systematic errors due to detector effects, the energy calibration and
resolution for electrons, muons, 7 leptons and jets, which affect the efficiency of the
lepton selection requirements and also the missing transverse energy and the effective
mass determination. The simulated reconstruction and identification efficiencies of
muons, electrons and 7 leptons, as well as the trigger efficiency are a further source of
uncertainty. Together, these contributions contribute less than 10% to the total systematic
error (see Section A.3).

6.5.2 Background Estimation

As the irreducible background component is determined using Monte Carlo simulation,
the systematic error of the prediction is dominated by the uncertainties in the event
generation with two main contributions. First, the background normalisation depends
on the total cross-section calculation with uncertainties dominantly from the strong
interaction. In addition, predictions of the distributions of discriminating variables
are important for the background estimate in the signal region. For 7 + Z production,
the theoretical uncertainty on the production cross-section is on the order of 30% [127].
The electroweak ZZ™ /Zy*diboson production cross-section is predicted with higher
precision of about 5% [128], while the small triple gauge boson cross-sections have a
high theoretical uncertainty of 50%. For Higgs boson production, the uncertainty on the
production cross-section ranges between about 3% for the vector boson fusion process
and 15% for gluon fusion [129].

For the 17 + Z and ZZ™ /Zy* processes, uncertainties in the differential cross-sections are
studied by comparing different event generators. A comparison of the 7 + Z prediction
with the MadGraph [95,96] generator yields a 30 —40% uncertainty depending on the sig-
nal region. For ZZ®*)/Zy* production, a comparison with the generator aMC@NLO [99]
yields an uncertainty between 5 and 20%, which is smaller as the ZZ ) ) Zy* process in
both cases is computed to next-to-leading order in perturbation theory, while 77 + Z is
only known at leading order. Uncertainties on the signal region efficiency for Higgs
boson production due to prediction of differential distributions are conservatively esti-
mated to 20% for the electroweak WH/ZH and vector boson fusion processes, and 100%
for gluon fusion process and associated production with top quark pairs by the strong

interaction.
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A further systematic uncertainty on the irreducible background prediction is the Monte
Carlo statistical error in the prediction of the selection efficiency, in particular when the
background rejection is strong. Especially for 7 rich signal regions, the statistical error
on the background prediction is up to 30%.

Uncertainties in the simulation of the detector response and the reconstruction, as
discussed for the signal yields as well as in Section A.3, together contribute a systematic
error in the background estimate of less than 10%.

The main uncertainties on the reducible background consist of limited statistics in the
control regions and uncertainties on the average fake ratios. The total impact is up to
100% of the estimate for the case of four light leptons, and up to 50% for signal regions
with at least one 7 lepton.

6.6 Statistical Methods

For the statistical evaluation of the potential presence or the absence of a signal excess
above the estimated background in the signal regions a frequentist profile likelihood
ratio technique [130] is used. The predicted number of events np..q in a signal region
consists of the Standard Model background estimation of » events and an additional
signal contribution of u - s events,

npred(,u) =b+p-s, (6.9)

with the signal strength u as free parameter scaling the nominal number of signal events
predicted by the SUSY signal model. The Standard Model hypothesis of no signal
corresponds to a signal strength u = 0, while u = 1 corresponds to the nominal signal
hypothesis.

It is important to note that in the four-lepton analysis the reducible background estimate
receives a correction for all contributions with four prompt leptons including a potential
signal contribution. For this reason, the background yield b = b(u) in signal regions
with a non-negligible reducible background depends on the signal strength :

b(1) = birged + b?:dsignal - biie%nal, (6.10)
—_————
Table 6.12

where biyeq is the estimated irreducible background from Monte Carlo simulation
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and b?:;ignal the estimated reducible background as listed in Table 6.12. biieanal is the

result of obtaining the weighting technique described in Section 6.4.2 to the predicted
signal events in the control regions. This is relevant for the SRInoZ and SR2noZ signal
regions with one or two hadronically decaying r leptons. The resulting variation of
the background yield with the signal strength is however within 1o of the background
estimate. For the SROnoZ signal regions, the reducible background is negligible and set

to zero with an uncertainty corresponding to the value estimated for zero signal.

Systematic uncertainties affecting the signal and background predictions are incorpo-
rated into the likelihood function as nuisance parameters 6 = (0;,6,,...) assumed to
follow a normal distribution with width one and mean zero. Non-zero values of the
nuisance parameters cause variations of the signal or background yields x = s, b within

Y

the systematic uncertainties a‘j s using a linear approximation:

X(6) = Xnominar - | | (1+6: - ) (x = 5.b).
Applying this parametrisation, the likelihood function of observing n,s events in a
single signal region is given by

Jsingle (Mobs|11,0) = P (nobs|A = b(,0) + - 5(0)) - ng (Oile =0,00=1), (6.11)

where
n

A
P (nld) = " exp(-1)

is the Poisson distribution with mean value A and

G (Ola,o) =

is the normal distribution with mean « and width o.

1 2
obs’ nobs’ :

ground yields s (6), bk (u,0) are combined in a product of likelihoods with the same

Several signal regions with yields n’gbs =(n ..) and predicted signal and back-

signal strength parameter u:

Feomb (Motslp1,0) = | | 2 (nly, 4 = bi(uu,0) + - 5x®)) - [ [ G Gila =0,0=1). (612)
k i

When combining signal regions, the nuisance parameters representing instrumental ef-
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fects and the theoretical description of the processes are common to all signal regions and
are only included once in the likelihood of Eq. (6.12), while the Monte Carlo statistical

uncertainties enter with an independent nuisance parameter for each signal region.

In the four-lepton analysis, the event yields in the two signal regions for each light lepton
multiplicity SRXnoZa and -noZb (X = 0,1,2) are not statistically independent, as events
can pass the selection criteria for both regions noZa and noZb simultaneously. Therefore,
only one of the two signal regions noZa or noZb is included in the likelihood for each
model, one SRO, one SR1 and one SR2 region. The choice between the regions is made

separately for each mass point based on the expected sensitivity.

To obtain a test statistic for hypothesis testing, a profile likelihood ratio is defined using
the likelihoods in Eq. (6.11) or (6.12):

f(nobslﬂaé(,u)) P 1> 0
f(n(ybslﬁsé) ’ or /l -

A= £ (nows 12,640 ’ (6.13)

—, forg<0
£ (nons10.60))

where § and fi are the unconditional maximum likelihood estimators for the nuisance
parameters and the signal strength. This means that for positive /i, the denominator
is the global maximum of the likelihood function. 5(;1) is the conditional maximum
likelihood estimator for the nuisance parameters if the signal strength is fixed to the
value p. By construction, 1, is always less or equal to 1. The signal strength is truncated
at zero, as no negative signals (e.g. due to destructive interference) are expected in the
SUSY models under investigation.

From this likelihood ratio, a test statistic ¢ is derived. When testing the Standard Model
(i.e. background only, u = 0) hypothesis in order to search for a positive signal, it is
defined as

o= {—ZIn Ao, fora=0 ‘ (6.14)

0, fora<0

As negative signals are not considered in this analysis, the cut off of negative /i ensures
that a fluctuation of the background contribution in the data to lower values is not
misinterpreted as a signal. Since the denominator of the likelihood ratio 4, is the
global maximum of the likelihood function for positive £, this test statistic is positive
definite, and small values indicate a good compatibility of the observation with the
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background-only hypothesis.

When testing a signal hypothesis u > 0 in order to exclude a signal (signal plus back-

ground hypothesis, ;1 > 0), the test statistic is defined by,
-2Ind,, forj<

G = { a H=H (6.15)

0, for i > pu

A cut off for g above the hypothesised signal strength is applied to ensure a stronger
than predicted signal contribution in the data does not disfavour the signal hypothesis.
Similar to go, this test statistic is positive definite and small values of g, indicate good
compatibility of the observation with the signal hypothesis.

The probability density function f(g) of the test statistic is obtained by so-called toy
Monte Carlo pseudo-experiments where the nuisance parameters are fixed to their con-
ditional maximum likelihood estimates from data for a given signal strength parameter
assumption. Random event yields npg are generated according to the likelihood function
f (ngps|p1,0) defined in this way. The resulting distribution approximates the probability
density function p(g) for sufficient toy Monte Carlo statistics.

For testing the background-only hypothesis when searching for a signal and calculating
its significance, the p-value p of the test statistic g

Po = /f(QO)dQOa (6.16)

obs

EN)

where ngs is the measured value of ¢y, describes the probability of obtaining the ob-

served event yield ngp,s in the signal region in the absence of a signal. Large p-values
indicate good agreement of the data with the background hypothesis, while small values

signal an excess of events above the background prediction.

The significance Zj of the p-value py is defined as the one-sided quantile of a normal
distribution of unit width corresponding to py (see Figure 6.11). A p-value of 0.05
corresponds a significance of Zy = 1.645 standard deviations. For claiming a signal,
the background hypothesis is commonly required to be excluded with a probability
po =2.9- 1077, corresponding to a signal significance of Zj = 5 standard deviations.



114 Chapter 6. RPV Decays of a Short-Lived LSP in Events with Four Leptons

Af(x):\%nexp [X—z]

2

Figure 6.11: Definition of the py-value and significance Z, [131].

When attempting to exclude the signal hypothesis, the p-value p, of the test statistic g,

P = / F(@)dd (6.17)

obs

du

is used, describing the probability of obtaining at most the observed event yield nypg in
the signal region in the presence of a signal of strength p > 0. It is important to note that
for pu = 0, the p-values py and p,—g are not the same, due to the difference between the
test statistics.

To derive exclusion limits, the CLg definition [132]

Pu

Pu=0

CLs (p) =

(6.18)

is used. Compared to the direct use of the p,-value, this adds an additional protec-
tion against false exclusion of a small signal in case of a downward fluctuation of the
background, where p,-o (unlike py) decreases, increasing the CL; probability. This
conservative definition approaches the result with directly using p,, for large signals.

Analogously to the pp-value, a significance Zcy is assigned to the CL, value. CLy =
0.05 corresponds to a 95% confidence level exclusion of the signal hypothesis, and is
equivalent to a CL; significance Zcy = 1.645.
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In both cases, determining signal significance or exclusion limits, the sensitivity of
the analysis is estimated using toy Monte Carlo experiments. In each toy experiment,
the number of observed events is randomly chosen around the predicted background
yield according to the likelihood function in Eq. (6.11) or (6.12) and the po-value (for
discovery potential) or the CL; value (for expected exclusion limits) determined. In
this way, a probability density function of py or CL; is obtained. The median of the
distribution gives the expected py or CL, value while the 68% CL band gives the error

on the expected result.

6.7 Results and Interpretation

6.7.1 Observations in the Signal Regions

Table 6.13 lists the number of data events observed in each signal region in comparison
with the Standard Model (SM) expectation. In all signal regions, the observations are
close to the expected values and show no signs of a significant excess in any region.
The distributions of the missing transverse energy and effective mass are shown in
Figures 6.12-6.14 together with an example for a potential signal. No sign of a signal is
seen, especially at large missing transverse energy or effective mass. This is reflected
in the corresponding observed py-values and significances Zy. The smallest p-value is
observed in signal region SR2noZb, with a significance of only one standard deviation.
A model-independent upper limit Npais on the number of expected events from an
arbitrary signal is derived individually for each signal region by inserting the most
general signal model possible, s(6) = 1 with no systematic uncertainties, leading to the

Table 6.13: Expected and observed number of events in the signal regions of the
four-lepton analysis. py is truncated at 0.5.

Exp. SM Data po Zy N% o 2%[fb]

BSM vis
SROnoZa 1.6+0.5 3 015 1.02 59 0.29
SROnoZb 14+04 1 050 - 3.7 0.18
SRlnoZa 4.6*13 4 050 - 5.7 0.28
SRlnoZb 2.9%) 1 050 - 3.5 0.17
SR2noZa 4.0*;3 7 013 114 92 0.45
SR2noZb 3.0+1.0 6 010 130 87 0.43
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form
Mpred = M + b(0) (6.19)

for the event yield in the signal region, while no signal contribution is subtracted from
the reducible background estimate. The CL, value is computed for different values of
u and interpolated between these values. The signal strength 1% with CL, (1) = 0.05
is interpreted as the 95% confidence level upper limit Np3y; on the number of expected
signal events consistent with the observation in the signal region. Using the integrated
luminosity L = 20.3fb™!, this upper limit is translated into an upper limit on the visible
cross-section

o = N (6.20)
This corresponds to a limit on the product of production cross-section o, decay branching
ration BR, signal region acceptance A and efficiency e for a signal,

Ovis=0+-BR-A-e. (6.21)

It allows arbitrary signal models to be tested against the analysis results by estimating
the signal region acceptance and efficiency and comparing the resulting visible cross-
section to the model-independent upper limit (see Table 6.13). Signal contributions
between 3.7 and 9.2 expected events are excluded at 95% confidence level, depending

on the signal region, corresponding to visible cross-sections of less than 0.5 fb.
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Figure 6.12: Predicted and observed distribution of the missing transverse energy in
SROnoZa (a) and the effective mass in SROnoZb (b). The dashed line indicates an
example signal of R-parity-conserving neutralino pair production [124] (a) or the
simplified RPV model with a wino NLSP and a 12; LLE coupling (b).
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Figure 6.13: Predicted and observed distribution of the missing transverse energy in
SR1noZa (a) and the effective mass in SR1noZb (b). The dashed line indicates an
example signal from the simplified RPV model with an L-slepton NLSP and a 133
LLE coupling (a) or the RPV simplified model with a gluino NLSP and a 133 LLE

coupling (b).
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Figure 6.14: Predicted and observed distribution of the missing transverse energy in
SR2noZa (a) and the effective mass in SR2noZb (b). The dashed line indicates an
example signal of R-parity-conserving neutralino pair production [124] (a) or the
RPV simplified model with an L-slepton NLSP and a 4133 LLE coupling (b).
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6.7.2 Exclusion Limits for the Simplified Models

The parameter space of the NLSP and neutralino masses of the RPV SUSY models is
constrained by testing the u = 1 hypothesis of each simulated mass configuration using
the CL; definition. Contours of constant CLy(u = 1) = 0.05 (see Section 6.6) in the
NLSP-LSP mass plane are determined by linear interpolation of the CL; significance
Zc1s between the simulated points. This procedure is illustrated in Figure 6.15 for the
wino and gluino models with 115, # 0. Mass points to the left of the contour Zcp ¢ = 1.645,
equivalent to CL; < 0.05, are excluded at 95% CL.

For these limits, the theoretical uncertainty on the signal production cross-section is
not treated as a nuisance parameter. Instead, the exclusion contours determined for
the nominal cross-section as well as for its +10- upper and lower values leading to an

exclusion band indicating the current theoretical uncertainty.

The signal regions SROnoZb, SR1InoZb and SR2noZb are combined to set the limit
for NLSP masses above 300 GeV, while for lower masses, the noZa regions relying

on missing transverse energy become relevant as the effective mass is reduced (see
Section 6.3.2).

Figures 6.17-6.16 show the resulting exclusion contours for the different models for all
Aijk coupling parameters studied (see Table 5.1). For the wino model (see Figure 6.17a),
chargino masses up to 750 GeV are excluded for neutralino masses above 50 GeV and
A12x couplings leading to final states consisting exclusively of light leptons. For Ax33 # 0
with 7 leptons in the final state, the highest chargino mass that can be excluded is 550 GeV
for a neutralino mass of 300 GeV. The excluded gluino NLSP mass (see Figure 6.17b) is
about twice as high as in the wino case due to the high strong production cross-sections.
For LSP decays to light leptons, the exclusion reaches up to gluino masses of 1.35 TeV
for a neutralino mass above 50 GeV, while in the 7-rich case masses up to about 1 TeV
are excluded for neutralino masses above 200 GeV. For the L- and R-slepton NLSP
production (see Figure 6.18), the mass limit for LSP decays into light leptons ranges
between 400 GeV and 500 GeV for neutralino masses above 50 GeV. The limit is stronger
for L- compared to R-sleptons due to the higher production cross-section enhanced
by the SU(2)r coupling of the L-sleptons. For r-rich decays, slepton masses between
300 GeV and 400 GeV are excluded for neutralino masses above 50 GeV. This exclusion
is closer to the four light lepton case than for the other models as two additional leptons
from the cascade enhance the acceptance, and populate the four-light-lepton signal
regions even for r-rich LSP decays. Sneutrino NLSP masses (see Figure 6.16) below
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Figure 6.15: Interpolated significance Zcr g of CL, and resulting 95% exclusion con-
tour (see text) in the NLSP-neutralino mass plane for the wino (a) and gluino (b)
simplified model with 1»; # 0. The black dots indicate the mass combinations for
which CL; values have been computed.
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400 GeV are excluded for an LSP mass above 50 GeV if the LSP decays to light leptons.
For t-rich decays, only a small region of the sneutrino-LSP mass parameter space near
my = 75 GeV and Mgy = 65 GeV is excluded. The lack of visible cascade particles is

responsible for this comparatively weak exclusion.

In general, the excluded NLSP mass is reduced by about 100 GeV in the challenging re-
gion of LSP masses below 50 GeV for LSP decays to light leptons, since the signal region
acceptance and efficiency decrease with increasing LSP boost (see Section 6.3.2). The
drop for 7-rich LSP decays is even more pronounced. Compared to previous iterations
of the analysis [133], the correction of the electron and muon isolation variables (see Sec-
tion 6.2.2) and the optimised overlap removal procedure yield a dramatic improvement
of the analysis sensitivity in this region of the NLSP-LSP mass plane.
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Figure 6.16: Exclusion contours in the NLSP-neutralino mass plane for the simplified
RPV model with a sneutrino NLSP. The expected exclusion obtained from inserting
the background prediction as observed yield is shown as shaded band with dashed
median value. The solid lines are the observed limit contours. The light dashed lines
indicate the uncertainties on the signal production cross-sections. Results are shown
for the four benchmark couplings in Table 5.1, 1121 (dark red), 112, (light blue), 133
(orange) and 1,33 (dark blue). The kinematic limit mnisp > mysp is indicated as
dashed-dotted line.
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6.7.3 Validity of the Resulting Limits

The simplified models discussed in Section 5.3 and used for deriving exclusion limits
make a specific set of assumptions on the nature of the LSP as a bino-like neutralino,
the presence of a single dominant LLE coupling and on the (SUSY) particle masses.
It is useful to also consider deviations from these assumptions, and their effect on
the experimental sensitivity. For example, if the LSP is not a neutralino, the final
state can be dramatically altered. In the case of a chargino LSP, either one or three
charged leptons (X7 — (*vv/t*¢7(*) are produced in decays via virtual sleptons or
sneutrinos, respectively, leading to a four-lepton final state only in a fraction of all
events. The analysis is therefore still expected to be sensitive, to a degree depending
on the decay branching ratios. If the LSP is a slepton, a direct £ — {v decay takes place
if allowed by the generation indices of the active 4;;x couplings, resulting in a final
state with two charged leptons and missing transverse energy. Searches for slepton
and stau pair production in R-parity-conserving SUSY [134,135] target this final state.
If the R-parity-violating coupling does not allow a direct decay, indirect decays via
intermediate neutralinos ({ — ¢¢¢v) or charginos (f — ¢{{v/€vvv) lead to final state
with between two and six charged leptons. The four-lepton analysis is highly sensitive
to such scenarios [136]. A squark or gluino LSP must decay indirectly via a virtual
neutralino (§ — gtlv, § — qqtlv) or chargino (§ — qtttv/qtvvv, § — qqlttv/qqlvvvy),
leading again to final states with between two and six charged leptons, such that the

four-lepton search is again expected to be sensitive to at least a fraction of the decays.

Constraints from proton decay allow other lepton number violating RPV couplings
as well as LLE (see Eq. (2.26)). If LQD couplings are present and non-negligible, they
compete with the LLE coupling, allowing a neutralino LSP to decay into a pair of quarks
and either a charged lepton or neutrino (X ! tqq/vqq). If either of the two neutralino
LSP decays takes place via this coupling, the event is lost to the four-lepton analysis.
Therefore, the analysis acceptance is reduced by the square of the branching ratio to the
tlv final state.

Finally, the analysis assumes the neutralinos to have a negligible lifetime. If the neu-
tralino decay length exceeds about 0.1 mm (see Section 5.3.4), the impact parameter
requirements of the signal lepton selection start becoming inefficient. For even longer
lifetimes, the track reconstruction efficiency of the Inner Detector will start to degrade.
In the next chapter, this will be studied in more detail and a complementary analysis is

performed for the case of longer neutralino lifetimes.
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dashed-dotted line.
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Figure 6.18: Exclusion contours in the NLSP-neutralino mass plane for the simplified
RPV model with an L-slepton (a) or R-slepton (b) gluino NLSP. The expected exclu-
sion obtained from inserting the background prediction as observed yield is shown
as shaded band with dashed median value. The solid lines are the observed limit
contours. The light dashed lines indicate the uncertainties on the signal production
cross-sections. Results are shown for the four benchmark couplings in Table 5.1, 112,
(dark red), 12> (light blue), 1133 (orange) and 133 (dark blue). The kinematic limit
mnisp = mysp is indicated as dashed-dotted line.






Chapter 7

RPV Decays of Long-Lived
Neutralinos into Lepton Pairs

7.1 Analysis Strategy

In the previous chapter, strong limits have been established on prompt R-parity-violating
neutralino LSP decays into four-lepton final states. The event selection for this analysis
relies on the assumption that all four leptons originate from the primary vertex. If the

lifetime of the neutralino reaches about 1 ps, this assumption is no longer valid.

Figure 7.1 illustrates the two main challenges imposed by decays of a long-lived LSP.
First, final state leptons produced at displaced decay vertices can have large transverse
impact parameters |dy|. For high neutralino masses, large |dy| are preferred, while the
effect is weakened due to the smaller decay opening angle for a light boosted LSP. The
impact parameter criteria in the signal lepton selection of the four-lepton search are thus
inefficient for displaced decays. In addition, even if these criteria were modified, the
reconstruction itself limits the achievable analysis sensitivity as the standard ATLAS
track reconstruction algorithms do not reconstruct Inner Detector tracks with transverse
impact parameters above |dp| = 10 mm. Also, the LSP decays occur at larger radii as
the lifetime increases. This reduces the number of tracking detector layers traversed
by the decay leptons, deteriorating the reconstruction efficiency. This deterioration is
exacerbated for a light LSP as the laboratory frame decay length c1,, = Byct is enhanced
by the boost of the decaying particle.

At the same time, a powerful new approach for signal selection becomes available. The

127
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Figure 7.1: Transverse impact parameter |dy| of final state leptons vs. the radial
location of the neutralino decay vertex for the simplified RPV model with a gluino
NLSP, et = 300 mm, mz = 600 GeV and a neutralino mass of myo = 50 GeV (a) or

mgo =400 GeV (b).

individual neutralino decays can be resolved as separate displaced vertices with two
emerging leptons (see Figure 7.2). The analysis [137] described in the following detects
such vertices inside the detector volume up to the radius of the first layer of the SCT
tracker, forming a cylinder around the beam line with length z = £300 mm and radius
r = 300 mm (see Figure 7.3). The vertices are required to be highly displaced, with a
separation of at least 4 mm from the beam line.

One important conceptual difference to the four-lepton analysis described in Chapter 6
is that the search is for displaced dilepton vertices, instead of four-lepton events with
two LSP decays. This greatly enhances the generality of the results, as no requirements
are made on the number of displaced vertices in a single event or additional cascade
particles. Any signal leading to at least one high mass displaced dilepton vertex is
covered by the analysis, whether or not those signals have a supersymmetric origin. To
achieve this generality, event-level observables like the effective mass or the missing
transverse energy, which take into account features apart from the displaced vertex,
cannot be used in the signal selection.

As the default ATLAS track reconstruction does not reconstruct tracks with |dg| > 10 mm,
it was necessary to rerun track reconstruction with loosened requirements. In order to
perform this re-tracking procedure, additional information about Inner Detector hits was
required which could only be kept accessible for analysis for about 1% of all events due

to limitations in processing time and storage capacity. A filtering procedure based on
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Figure 7.2: Simulated event in the simplified RPV model with a gluino NLSP, A12; # 0
and a neutralino decay length ¢t = 30 mm, with a reconstructed displaced secondary
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detector.

calorimeter deposits and Muon Spectrometer tracks described in Section 7.3 was applied

for this purpose.

After reconstruction of the displaced vertex candidates from this filtered sample, a

simple signal selection procedure is employed. The main requirement is the association

of two charged leptons with a vertex candidate of high invariant mass.

No Standard Model particle has the right properties to produce such vertices with-

out some sort of misreconstruction. However, a variety of background processes are

considered as possible sources of high-mass displaced dilepton vertices.

* A cosmic ray passing through the detector can be reconstructed as a pair of collinear

muons, with opposite charges as the reconstruction assumes that particles are

travelling away from the interaction point. Due to the high transverse momenta of

cosmic rays and the flat distribution of their transverse impact parameter, high-

mass displaced vertices similar to the signal can occur.

* Misreconstructed prompt decays like Z — ¢¢ can lead to displaced vertices if both

leptons appear to be displaced due to limited impact parameter resolution.
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Figure 7.3: Detector volume considered for the search for displaced dilepton vertices.

* Lepton tracks can randomly cross within the tracking volume and form a displaced
vertex, which can have high invariant mass due to the random dilepton opening
angle.

As these sources are challenging to estimate with high precision and there is no precedent
in ATLAS for their estimation, the selection strategy explicitly aims to suppress the
backgrounds to negligible levels. The residual background components are estimated
using dedicated data sets.

7.2 Signal Models

To guide the development of the search strategy and to provide a model for interpreting
the results, four NLSP-LSP mass combinations (see Figure 7.4) from the simplified RPV
gluino NLSP model with 22 and 212, couplings discussed in Section 5.3 are used. In
this first iteration of the analysis, no couplings leading to 7 leptons in the final state are
considered.

Two mass points are placed in the region of the mass plane at (mg,m o) = (600,400) and
(1300, 1000) GeV, where the decaying neutralino is not significantly boosted. The other
two points are have a relatively light neutralino, which gets a large boost: (mg;,m o) =
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(600,50) and (1300,50) GeV. In this way, the sensitivity of the analysis to the mass of
the initially produced NLSP and to the boost of the decaying LSP is explored. As the
search strategy is independent of the cascade particles, other NLSP choices need not be

investigated.

For each of the four mass combinations, four lifetime values of the neutralino are
simulated, 70 = 10 ps, 100 ps, 1 ns and 10 ns, corresponding to decay lengths of

between 3 mm and 3 m.
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Figure 7.4: NLSP-LSP mass combinations in the simplified gluino NLSP model con-
sidered for the displaced dilepton vertex search (red dots) in the gluino-neutralino
mass plane with the exclusion limits of the prompt four-lepton analysis for the same
model overlaid (from Section 6.7.2).

7.3 Filtering of the Data for Re-Tracking

The track and vertex reconstruction of the ATLAS experiment (Section 3.3.1) is not
optimised for the reconstruction of highly displaced decay vertices and of the associ-
ated tracks. To save processing time and storage capacity, tracks in the Inner Detector
are only reconstructed if their transverse impact parameter is less than 10 mm. How-

ever, leptons from long-lived signal decays can have much larger impact parameters
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such that their Inner Detector tracks are not reconstructed by the standard tracking

software (see Figure 7.1).

For this reason, the track reconstruction is repeated with modified algorithms optimised
for the detection of tracks from a displaced vertex in addition to the tracks already
reconstructed by the standard tracking. Then, lepton and vertex reconstruction are
repeated using the extended set of tracks.

The information necessary to carry out this procedure is not stored in the standard
ATLAS event data format. Therefore, input data sets had to be generated from the raw
data in a first step. The information content of the input data is significantly larger
than the one of ordinary ATLAS data. Due to limited disk space, only about 1% of
the triggered data could be stored in this way. Thus the data used in this search were

preselected by a filter algorithm before the re-tracking procedure was performed.

The filtering procedure attempts to maximise the acceptance for events containing signal
decays while reducing the number of background events by two orders of magnitude.
As the filtering is performed before the re-tracking, Inner Detector tracks of leptons from
highly displaced vertices may not be available for the preselection. Therefore, the single-
and dilepton triggers described in the four-lepton analysis (Section 6.2) are not used.
The decay leptons can only be reliably detected by exploiting their interactions with the
detector components outside the Inner Detector. In the case of muons, a track in the
Muon Spectrometer, providing a full momentum measurement, can be used. Energy
deposits in the Electromagnetic Calorimeter caused by electrons can be reconstructed as
photon candidates if no associated track is reconstructed. Figure 7.5 shows the electron
and muon reconstruction efficiencies for leptonic neutralino decays from Monte Carlo
simulation as a function of the transverse impact parameter |dy| of the simulated particle

trajectories.

The efficiency for combined muon and for electron reconstruction shows a rapid decline
with increasing |dy|. Standalone muons (see Section 3.3.6) and photons however have
high reconstruction efficiencies even for large |dy|. The |dy|-dependence of the electron
and photon efficiencies is complementary, leading to a high efficiency above 50% if both
are considered. Therefore, the filtering strategy relies on a combination of standalone

muons, electrons and photons.

Only three triggers are available that are independent of the Inner Detector track re-
construction (see Table 7.1). A single standalone muon trigger requires one standalone
muon in the barrel region of the detector with a high transverse momentum. The single
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Table 7.1: Triggers used for the displaced dilepton vertex search. No Inner Detector
information is used by any of the triggers.

Trigger Requirement

Single muon  Standalone muon with pr > 50 GeV in || < 1.05
Single photon Photon with Er > 120 GeV
Diphoton At least two photons with Et > 40 GeV each

photon trigger searches for one highly energetic photon candidate. As the Inner Detector
is not considered by this trigger, there is no efficiency degradation at low transverse
impact parameters as observed for the offline photon reconstruction in Figure 7.5, and
no separate electron trigger is necessary. Finally, a diphoton trigger requires two photons
(again without considering Inner Detector tracks) with a more moderate minimum trans-
verse energy requirement. Standalone muons and photons reconstructed without Inner
Detector information are affected by a higher rate of secondary decays and misidenti-
fications than electrons and combined muons. Therefore, the kinematic requirements
of all three triggers are more severe than the ones applied to the high-quality lepton
candidates in the four-lepton search.

Table 7.2: Offline filter requirements for the displaced dilepton vertex search. The
trigger associated with each filter is also indicated (see Table 7.1). At least one
combination of trigger and filter requirements has to be satisfied in order to accept
an event for the re-tracking procedure.

Trigger Filter Requirements
. . >
Single photon Single photon Photon with Et > 130 GeV
Single electron Electron with |dp| > 2.0 mm and Et > 120 GeV
Two photons At least two photons with Ep > 48 GeV each
Two electrons At least two electrons, with Er > 43 GeV
Diphoton and |dy| > 2.5 mm each

Electron+photon1  Electron with Et > 39 GeV
and photon with Et > 48 GeV

Electron+photon 2 Electron with Et > 38 GeV and |dp| > 2.0 mm
and photon with Et > 39 GeV

Combined or standalone muon in || < 1.07

Single muon  Single muon with pr > 50 GeV and |dy| > 1.5 mm
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Events fulfilling one of the three trigger conditions are subjected to offline filtering criteria
to further reduce the number of events. Table 7.2 lists the offline filter requirements.
Three types of criteria are used, corresponding to the three triggers. Events passing the
single photon trigger are required to contain at least one energetic reconstructed photon
or electron. For electrons, it is necessary to additionally require a large transverse impact
parameter to reduce the number of events with prompt leptons (e.g. W — {v). If an
event is accepted by the diphoton trigger, the presence of at least two reconstructed
photons, at least two electrons or at least one photon and at least one electron is required.
This combination of trigger and offline filters is used to recover acceptance to dielectron
decays where no single highly-energetic object is present. Finally, events accepted by
the single muon trigger are required to contain a reconstructed combined or standalone
muon with high impact parameter and momentum matching the single muon trigger
threshold.

Figure 7.6 shows the trigger and filter efficiency for individual neutralino decays into
two electrons. For a small neutralino mass (m 0= 50 GeV), the single electron, single
photon and two-object filters all have similar efficiency which is nearly constant for rpy >
40 mm. At lower radii, the transverse impact parameter requirements and inefficiency
of the offline photon selection (see Figure 7.5b) reduce the filter efficiency. For a
larger neutralino mass (m 0 =400 GeV), the final state leptons have higher momenta (see
Section 5.3 and 6.3) and are less collimated with the neutralino direction than for the small
neutralino mass, and therefore can have relatively large transverse impact parameters
up to the radius of the neutralino decay (see Figure 7.1). Both features increase the
filter acceptance, leading to high efficiency of more than 60% for small radial vertex
displacements where lepton tracks are successfully reconstructed by the default tracking
algorithm but impact parameters are sufficiently large to be accepted by the electron
filters. At larger radii the inclusion of offline photons in the filter selection increases
the efficiency from below 10% to about 30%. In Figure 7.7, results for decays into one
electron and one muon are shown. As the single muon filter transverse momentum
requirement is much less stringent than for the single electron or photon filters, its
efficiency is higher, which also increases the overall electron-muon selection efficiency
compared to displaced decays into two electrons. Finally, Figure 7.8 shows the result
for LSP decays into two muons, which are only selected by the single muon filter. Peak
efficiencies are about 35% and 75% for low and high neutralino masses, respectively.

The data passing the filtering procedure are stored on disk and used as input to the
re-tracking, described next.
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Figure 7.6: Combined and individual trigger and filter efficiencies for individual

X = eev decays with ¢t = 300 mm in the gluino model for mz; = 600 GeV and
myo = 50 GeV (a) or myo = 400 GeV (b) as a function of the radial location of the

neutralino decay. Statistical errors are given.
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Figure 7.7: Combined and individual trigger and filter efficiencies for individual

X = euv decays with ¢t = 300 mm in the gluino model for m; = 600 GeV and
myo = 50 GeV (a) or myo = 400 GeV (b) as a function of the radial location of the
neutralino decay. Statistical errors are given.
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Figure 7.8: Combined and individual trigger and filter efficiencies for individual

X = v decays with ¢t = 300 mm in the gluino model for m; = 600 GeV and
myo = 50 GeV (a) or myo = 400 GeV (b) as a function of the radial location of the

neutralino decay. Statistical errors are given.
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7.4 Reconstruction of Displaced Vertices

7.4.1 Track and Lepton Reconstruction

Reconstruction of Inner Detector tracks with high impact parameters is carried out for the
events accepted by the filtering procedure described above using a technique originally
developed for other displaced vertex searches in ATLAS [137,138]. The silicon-seeded
track reconstruction (Section 3.3.1) is repeated using hits not yet associated with existing
tracks. While the standard silicon-seeded reconstruction only searches for tracks with
transverse impact parameters below 10 mm, the modified algorithm used for recovering
highly displaced tracks extends coverage up to 300 mm. This includes all lepton tracks

originating from decays within the fiducial tracking volume considered.

Subsequently, the lepton reconstruction is repeated. The new tracks are associated with
Muon Spectrometer tracks and clusters in the electromagnetic calorimeter, promoting
standalone muons and photons to combined muons and electrons, respectively. Fig-
ure 7.9 shows the vast increase in the signal lepton reconstruction efficiency due to the
re-tracking procedure. The efficiencies are above 80% up to an impact parameter of 30
and 50 mm for electrons and muons, respectively, and even for the maximum considered

value of |dy| = 300 mm an efficiency of about 10% is retained.
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Figure 7.9: Reconstruction efficiency of combined muons (a) and Loose electrons
(b) from neutralino decays via 1121/122 couplings for the gluino model with m;
600 GeV and m o0 =400 GeV as a function of the transverse impact parameter |do|
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Figure 7.10: Flow diagram of the displaced vertex reconstruction procedure. The boxes
indicate input and output data, the text in between the application of algorithms.

7.4.2 Displaced Vertex Reconstruction

After the new track and lepton reconstruction, displaced vertices are identified using
Inner Detector tracks fulfilling the seed track requirements listed in Table 7.3. A flow dia-
gram of the procedure is shown in Figure 7.10. These cuts, in particular the requirement
of high transverse impact parameter, separate tracks from displaced decays from those
originating from primary vertices [137,138]. The contribution of tracks from pile-up
interaction vertices and soft hadronic processes (the underlying event) is further reduced
by a transverse momentum cut. To ensure a precise measurement of the impact parame-
ter, a minimum number of hits in the silicon tracking detectors is required. Tracks with
only SCT hits are rejected to suppress track misidentifications in the forward direction.

From the seed tracks, pairs are identified which can form common vertices. First, a

two-track vertex fit is performed for every possible track pair, using the standard ATLAS
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Table 7.3: Seed Track requirements used for the displaced vertex reconstruction [138].

Seed track requirements

Transverse momentum pr > 1 GeV
Impact parameter |do| > 2 mm
SCT hits on track >2

Pixel and TRT hits on track at least one TRT hit or two pixel hits

Table 7.4: Requirements on two-track displaced vertices (DV) used as seed ver-
tices [138].

Seed vertex requirements

. . X fit
Fit qual.lty Nt < 5 '
Inner hit veto No silicon hits on tracks at r < rpy
. . - - ﬁ
Back pointing momentum veto  (Fpy —7'py) - Iﬁg §| > —20 mm

vertex fitter (Section 3.3.1). Two tracks are considered compatible with a common vertex
if the fit yields a seed vertex, a valid solution that passes additional requirements listed
in Table 7.4 [138]. The inner hit veto rejects pairs where one of the tracks contains hits
at radial locations r closer to the interaction point than the fitted radial vertex location
rpy, assuming that particles produced in the decay travel outward in the detector from
their origin. The back-pointing momentum veto rejects vertex candidates where the track

momentum sum points inwards to the interaction point.

The compatibility information obtained this way is translated into an incompatibility
map listing pairs of incompatible tracks. This is used as input to the so called Incom-
patibility Graph algorithm [139], which finds sets of tracks mutually compatible with
a common vertex. For each such track combination resulting from the Incompatibility
Graph algorithm, a multi-track vertex fit is performed. Vertex candidates resulting from
this procedure may still have tracks in common. Therefore, a post-processing step is
carried out. If a track is associated to more than one displaced vertex candidate and the
locations of the candidates are compatible with one another within 30~ and the track is
well compatible with all vertex candidates ( ¥*/N4of < 6), the candidates are merged
into one and refit. Otherwise, the common track is removed from all vertices except the
one with which it has the smallest y? of the fit. Finally, also vertices closer than 1 mm

are merged and refit. The resulting displaced vertices are used for further analysis.

While the displaced dilepton vertex signal is expected to yield vertices with only two
tracks, performing the full multi-track reconstruction procedure ensures consistency
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with other displaced vertex search channels [137] and correct reconstruction of potential
signal vertices with higher track multiplicities from other sources than the RPV SUSY

models studied in this thesis.

Figure 7.11 shows the efficiency of the displaced vertex reconstruction and its individual
steps for signal LSP decays into two light leptons with c¢7 = 300 mm in the gluino NLSP
model. To obtain a displaced vertex, the two decay leptons have to be reconstructed in
the Inner Tracker by the standard reconstruction or the re-tracking. The corresponding
efficiency is high but slowly decreases with increasing radius of the neutralino decay
vertex. The seed track criteria reject a large fraction of signal decays with small radii
in particular through the requirement of a large transverse impact parameter. This is
especially pronounced for a light neutralino. For decay radii between 50 and 300 mm,
these cuts show efficiencies between 40% and 50%. Between 50% and 80% of the decays
with two identified seed tracks also have a successfully reconstructed displaced vertex.
The efficiency of the displaced vertex reconstruction is rather stable with respect to the
radial vertex displacement. For small neutralino mass, it is slightly higher than for higher
mass, due to the smaller lepton track opening angle. The overall vertex reconstruction

efficiency reaches a maximum value of about 40%.
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Figure 7.11: Efficiencies of the different steps of the displaced vertex reconstruction,
the identification of two lepton tracks (orange), seed track selection requirements
(red) and vertex finding (blue), as a function of the radial neutralino decay location
for an active 1;»; coupling in the gluino model with m; = 600 GeV, ¢t = 300 mm
and m 0= 50 GeV (a) or Mo = 400 GeV (b). Relative efficiencies are with respect to
the previous step in the vertex reconstruction procedure.
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7.5 Vertex Selection Criteria

Once displaced vertices have been reconstructed, further selection criteria are applied to
reduce the backgrounds to negligible levels. The rarity of the displaced vertex signature

allows to achieve a vanishing background.

7.5.1 Background Sources

Displaced vertices occur in Standard Model decay processes, in particular two-body
meson and baryon decays like K§ — 7*7~ with a decay length of ¢t = 2.7 cm [65], and
can be strongly suppressed since the masses of the resulting vertices are small, below
about 5 GeV (i.e. B* — J/yn* — uun*), and because only a small fraction of the decays

lead to two final state leptons.
Other backgrounds are due to detector effects.

Cosmic ray muons traversing the detector are reconstructed as a pair of oppositely
charged muon tracks pointing in exactly opposite directions from an, in general dis-
placed, vertex which can be reconstructed by the vertex finding algorithm. The signature
of two muon trajectories pointing in exactly opposite directions makes it possible to

distinguish cosmic muons from the signal.

Displaced vertices can also originate from particle interactions with detector material.
Such vertices can be recognised by their location in detector regions with material.

The dominant background source are random crossings of two lepton tracks in the
detector satisfying the seed track and vertex requirements of the displaced vertex search,
which too are rare but show no single specific signature which could distinguish them

from the signal as effectively as the other backgrounds.

7.5.2 Vertex Selection

In the search for displaced dilepton vertices, three signal regions are defined depending
on the flavours of the leptons, requiring at least two electrons (ee), at least one electron
and at least one muon (eu) or at least two muons (uu) associated to the vertex. These
may overlap, for example if a vertex has more than two associated leptons. Apart from
the lepton flavour composition, the requirements for all signal regions are identical. For
certain results like model-dependent cross-section limits, the three regions are combined
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into one flavour-independent signal region which accepts displaced vertices with at least
two light leptons (e, 1) of any flavour combination, the union of the three flavour-specific

regions.

To ensure that a hard interaction took place, displaced vertex candidates are only con-
sidered if there is at least one primary vertex candidate with more than five associated

tracks in the same event.

Displaced vertex candidates are restricted to the fiducial region in the Inner Detector
with 0 < rpy < 300 mm and —300 mm < zpy < 300 mm with respect to centre of the

detector. In addition, displaced vertices are required to have a transverse distance

Acy = \/(XDV —xpv)? + (ypv — ypv)?

of at least 4 mm to each reconstructed primary vertex with coordinates (xpy, ypy) in the
transverse plane, selecting only long-lived particle decays while strongly suppressing
short-lived hadron decays with typical decay lengths of several hundred micrometers
and misreconstructed prompt decays. To ensure a well-reconstructed vertex, the y? of
the final vertex fit for the displaced vertex candidate is restricted to less than five times

the number of degrees of freedom in the vertex fit.

After these requirements, there is still a significant contribution from interactions of
particles with the detector material. Figure 7.12a shows the locations of vertices identified
by the procedure outlined in Section 7.4.2, after the above requirements. No requirements
are made on the number of tracks associated with the vertex or their identification as
leptons. The beam pipe (r = 29-36 mm), the three concentric layers of the pixel detector
(r = 51,89,122 mm) and several layers of pixel detector support material (r = 75 mm,
110 mm, 190-210 mm, 230 mm and 260 mm) stand out with enhanced concentrations of
identified vertices.

A material veto against vertices reconstructed in this detector material is constructed
based on a three-dimensional map of the known locations of detector material includ-
ing support structures, the beam pipe and the measured locations of individual pixel
modules. Approximately 42% of the fiducial volume is discarded in this way, mostly at

r > 180 mm. Surviving vertices are shown in Figure 7.12a.

The remaining displaced vertices are required to contain at least two light charged
leptons, electrons or muons. For the ee, ey and upu signal regions, at least two electrons,

one electron and one muon or two muons, respectively, are required to be associated
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Figure 7.12: Location of displaced vertices in the tracker fiducial volume reconstructed
in the 2012 data set (a) and accepted by the material veto (b). No requirements are
made on the composition of the vertices or the invariant mass of the associated
tracks and, especially, the presence of leptons.
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to the vertex. Additional leptons of arbitrary flavour as well as non-lepton tracks are
allowed to be associated to the vertex, in order to provide sensitivity to as wide a range
of models as possible.

For leptons emerging from the vertex, a minimum transverse momentum of 10 GeV is
required to suppress hadron decays and misidentified leptons. Muons are required to be
reconstructed by the combined method (see Section 3.3.6), while electrons need to satisfy
the Loose identification criteria, adapted for displaced decays by removing requirements
on the number of silicon sensors crossed by the track and requesting instead a minimum
number of high-threshold hits (see Section 3.2.2) in the TRT for tracks with |p| < 2.0
within the TRT acceptance [138]. An overlap removal procedure following Table 7.5
is applied to resolve cases where a track at a vertex is associated with two different
reconstructed leptons.

Table 7.5: Overlap removal procedure for leptons sharing an Inner Detector track.

Overlap removal procedure

Step Objects sharing a track Action

1 Two electrons Remove lower Et electron
2 Two muons Remove lower pr muon
3 Electron and muon Remove both

Cosmic rays are suppressed by rejecting vertices containing a pair of leptons 1,2 pointing
in exactly opposite directions. The variable

AR = \[(Ag = 1) + (71 + 7)? 7.1)

is used to quantify the deviation in the n—¢ plane from the topology expected for cosmic
rays, i.e. 71 = -1z and A¢ = 7, requiring AR®™¢ > (.04 to reject cosmic ray muons. As
muons could also be misreconstructed as electrons, the cosmic veto takes into account
combinations of electron and muon tracks or two electron tracks, and not only muon

pairs.

Finally, to allow interpretation at the level of observed vertices, two leptons at the vertex

must to satisfy one of the trigger and offline filter requirements of Section 7.3.

To suppress hadron decays with displacements sufficient to pass the A, cut, an invariant
mass of the tracks at the vertex of mpy > 10 GeV is required. As the LSP decays into two
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leptons of opposite charge in the models under consideration, the displaced vertices are
also required to contain at least one lepton of each charge. The background of random
track crossings is independent of charge and, therefore, reduced by a factor of two by

this requirement. Table 7.6 summarises the selection criteria.

Table 7.6: Selection criteria of displaced dilepton vertices (DV).

Primary vertex ATracks >

Cosmic muon veto ARS™¢ > (.04 for all lepton pairs

Fiducial volume |rpv| < 300 mm, |zpy| < 300 mm

Distance to any PV Axy >4 mm

Vertex fit quality Y% /Ngos <5

Material veto Reject vertices in regions with known material
Dilepton decay > 2 leptons at the vertex

Lepton transverse momentum  pi° > 10 GeV for both leptons
measured in the Inner Detector (ID)

Trigger and filter Leptons at the vertex fulfil trigger and offline filter criteria
Dilepton charge At least one lepton of each charge
Invariant vertex mass mpy > 10 GeV

Tables 7.7 to 7.9 show the expected number of LSP decay vertices accepted after each
of the analysis selection requirements for an example signal model with m; = 600 GeV,
mg = 400 GeV and ctisp = 300 mm. The first major efficiency loss is due to the re-
construction of a displaced vertex candidate. The material veto and the offline filter
requirements are further causes for inefficiency. Apart from these unavoidable losses, all
requirements applied in the analysis to suppress backgrounds are highly efficient on
the signal. Therefore, no dedicated optimisation of the selection criteria (for example
based on S/B) is performed. The total signal efficiency is close to 5% for decays into two

electrons, 6% for decays into an electron and a muon and 8% for dimuon final states.
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Table 7.7: Expected number N, of displaced vertices of LSP decays into electron
pairs and total (e.ns) and relative (e.1) efficiencies at different stages of the vertex
selection for my = 600 GeV and m ;0 = 400 GeV. The neutralino decay is assumed to

1
occur via a 412 coupling with a decay length of ¢7 = 300 mm.

Requirement Nyix €rel [%] €aps [%]
LSP decays (2.604+0.022) - 10* 0+0 100+0
Primary vertex (2.520+0.022) - 10* 96.78+0.08 96.78+0.08
Reconstructed DV (4.00+0.08) - 103 15.87+0.30 15.36+0.29
Fiducial volume (3.87+0.08) - 10°  96.68+0.35 14.85+0.29
Axy >4 mm (3.79+0.08) - 10> 98.02+0.29 14.55+0.29
X*/Ngog <5 (3.79+0.08) - 10° 1000 14.55+0.29
Material veto (2.67+0.07) - 103 70.5+1.0  10.26+0.25
Two associated leptons (2.38+0.06) - 10° 89.2+0.8 9.16+0.23
Lepton 5, pr requirements (2.28+0.06) - 10° 95.7+0.6 8.76+0.23
Lepton quality criteria (2.11+0.06) - 10° 92.3+0.8 8.09+0.22
Cosmics veto (2.10£0.06) - 10> 99.53+0.20  8.05+0.22
Trigger and filter requirement  (1.30+0.05) - 10° 61.8+1.3 4.98+0.18
DV mass (1.29+0.05) - 10> 99.90+0.10  4.97+0.17
Opposite di-lepton charge (1.29+0.05) - 10> 99.38+0.20  4.94+0.17
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Table 7.8: Expected number N, of displaced vertices of LSP decays into an electron
and a muon and total (eas) and relative (er) efficiencies at different stages of the
vertex selection for my = 600 GeV and m 0 = 400 GeV. The neutralino decay is

1
assumed to occur via a 421 coupling with a decay length of c¢7 = 300 mm.

Requirement Nyix €rel [%] €abs [ %]
LSP decays (2.604+0.022) - 10* 0+0 100+0
Primary vertex (2.500+0.022) - 10*  96.02+0.06 96.02+0.06
Reconstructed DV (4.88+0.09) - 10> 19.51+0.34 18.73+0.32
Fiducial volume (4.66+0.09) - 103 95.5+0.4  17.89+0.32
Ayy >4 mm (4.59+0.09) - 10> 98.62+0.23 17.64+0.31
X*/Ngog <5 (4.59+0.09) - 103 100+0 17.64+0.31
Material veto (3.21+0.08) - 103 69.9+0.9  12.33+0.27
Two associated leptons (2.92+0.07) - 10° 90.9+0.6  11.21+0.26
Lepton 7, pr requirements (2.83+0.07) - 103 96.8+0.4 10.86+0.26
Lepton quality criteria (2.64+0.07) - 10 93.5+0.7  10.15+0.25
Cosmics veto (2.62+0.07) - 10> 98.96+0.30 10.04+0.25
Trigger and filter requirement  (1.63+0.05) - 10° 62.2+1.3 6.25+0.20
DV mass (1.63+0.05) - 10> 99.91+0.09  6.24+0.20
Opposite di-lepton charge (1.62+0.05) - 10 99.72+0.12  6.23+0.20
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Table 7.9: Expected number N, of displaced vertices of LSP decays into a pair of
muons and total (eas) and relative () efficiencies at different stages of the vertex
selection for my = 600 GeV and m ;0 = 400 GeV. The neutralino decay is assumed to

1
occur via a 412, coupling with a decay length of ¢7 = 300 mm.

Requirement Nyix €rel [%] €aps [%]
LSP decays (2.594+0.022) - 10* 0+0 100+0
Primary vertex (2.489+0.022) - 10*  95.94+0.07 95.94+0.07
Reconstructed DV (5.50+0.09) - 103> 22.10+0.34 21.21+0.33
Fiducial volume (5.27+0.09) - 10> 95.78+0.32 20.31+0.32
Axy >4 mm (5.19+0.09) - 10> 98.62+0.21 20.03+0.32
X*/Ngog <5 (5.19+0.09) - 103 100+0 20.03+0.32
Material veto (3.66+0.08) - 103 70.5+0.8  14.12+0.28
Two associated leptons (3.27+0.07) - 10° 89.3+£0.6  12.61+0.27
Lepton 5, pr requirements (3.22+0.07) - 10> 98.59+0.25 12.43+0.27
Lepton quality criteria (3.14%0.07) - 10° 97.3+0.4  12.10+0.26
Cosmics veto (3.09+0.07) - 10> 98.54+0.24 11.92+0.26
Trigger and filter requirement ~ (2.18+0.06) - 10 70.5+1.1 8.41+0.22
DV mass (2.18+0.06) - 10> 99.94+0.06  8.40+0.22
Opposite di-lepton charge (2.18+0.06) - 103 100+0 8.40+0.22
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7.6 Signal Predictions

7.6.1 Lifetime Reweighting

Four discrete values of the neutralino decay length have been simulated (see Section 7.2).
Signal predictions for arbitrary decay lengths are obtained by interpolation. For a given
LSP mean lifetime 7, the proper decay time  follows an exponential distribution

Flr) = —exp( ;) (7.2)

This is used to reweight the simulated samples, produced with a specific lifetime 7y, to

obtain predictions for a new lifetime 7 with a weight factor

w(t) = Sl = Tsﬂexp [—t (l _ )] (7.3)

S (tl7sim) T T  Tsim

for each decay in the simulated sample.

Figure 7.13 illustrates the effect of the reweighting procedure for a Monte Carlo sample
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Figure 7.13: Proper decay time distributions of a neutralino LSP with simulated
lifetime of 100 ps corresponding to a decay length of 30 mm and after reweighting
to decay lengths of 15 mm and 150 mm. The dashed lines represent the ideal
distributions predicted by Eq. (7.2).
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of 4 - 10* LSP decays with a lifetime of 100 ps corresponding to a decay length of
30 mm. The reweighted distributions reproduce the desired target lifetime spectra in
each case. Reweighting to target lifetimes significantly above or below the simulated
lifetime increases the statistical uncertainty in the signal prediction, as a small subset
of the simulated events is assigned high weights. This is especially problematic when
reweighting to higher lifetimes. The example of a 150 mm target lifetime in Figure 7.13
illustrates how individual simulated decays are weighted by factors of 10* and more.

Therefore, the four simulated lifetime values of 3 mm/c, 30 mm/c, 300 mm/c and
3000 mm/c were chosen to avoid downward reweighting by more than a factor 10.
Reweighting the highest lifetime sample upwards is unproblematic, as the decays that
would receive high weights occur outside the fiducial volume and hence do not enter
the signal yield.

7.6.2 Systematic Uncertainties

Systematic uncertainties in the calculation of the production cross-sections are the same
as for the four-lepton analysis (see Section 6.5) and dominate the error on the signal
prediction. In addition, several further uncertainties have been taken into account. The
finite number of simulated events results in a statistical uncertainty in the predicted
signal efficiency, which is below 7% for most of the lifetime reach with the exception of
very short lifetimes (7 < 1 mm/c), where a small number of events are assigned large

weights via Eq. (7.3) and the statistical uncertainty in the signal yield can reach 50%.

To take into account a possible dependence of the displaced vertex reconstruction effi-
ciency on the number of pile-up interactions, the simulated events are reweighted based
on the mean number of proton-proton interactions per bunch crossing u to reproduce
the mean number of pile-up interaction as found in the data [138]. Uncertainties in
the weight factors and the description of the pile-up interactions in the Monte Carlo
simulation contribute less than 6% to the overall uncertainty and are never statistically

significant.

The lepton trigger efficiencies are determined from data using a tag-and-probe method
similar to the technique discussed in Section 4.1 [138]. Scale factors are applied to correct
the simulation to reproduce the data. The uncertainties in these scale factors, between
0.8% and 2.1%, result in an uncertainty of less than 5% in the signal prediction for all

final states.
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Finally, there are uncertainties in the reconstruction and identification efficiencies of
leptons from displaced vertices. Cosmic ray muons are used to measure the muon
reconstruction efficiency as a function of the transverse impact parameter [138]. The
resulting scale factor applied to simulated events has an uncertainty of up to 4%. In the
case of electrons, a direct efficiency measurement as a function of |dy| is not possible
due to a lack of processes producing electrons with large transverse impact parameters.
Instead, the efficiency is studied as a function of the longitudinal impact parameter z
and found to be consistent between data and Monte Carlo simulation. The simulation is
assumed to also describe high-|dy| electrons well, and a conservative uncertainty of 10%
is assigned to cover differences in the efficiency as a function of dy between different
signal samples [138]. The identification of displaced leptons is therefore a dominant
source of uncertainty in the signal prediction (see Figure 7.14). For dimuon decays, it
is typically around 7%, for decays to one electron and one muon approximately 11%
and for decays to two electrons 21%. Tables 7.10 to 7.12 summarise the systematic
uncertainties obtained for crisp = 300 mm for all LSP decay final states for the four
gluino-neutralino mass points studied.

Table 7.10: Systematic uncertainties (in percent) associated with the X 5 eev signal
yield prediction in the gluino model with different NLSP-LSP mass combinations
for 300 mm decay length.

mg[GeV] / o [GeV], ctisp = 300 mm
Uncertainty [%] 600 /50 600 /400 1300 /50 1300 / 1000

MC Statistics 12 4 10 3
Pile-up 5 2 5 1
Trigger 4 3 2 2

Electron identification 21 21 21 21
Overall 25 22 24 21

7.6.3 Signal Predictions

Figures 7.15 to 7.17 show the product of acceptance and efficiency of the LSP decay
vertex selection for the three flavour final states as a function of ¢r. Peak efficiencies
of approximately 3—-6% for decay lengths ¢t ~ 10 mm are reached for boosted light
neutralino decays, while around 15% maximum efficiency is obtained for c7 = 30-60 mm

for heavy neutralinos. Towards smaller lifetimes, the selection efficiency decreases due
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Table 7.11: Systematic uncertainties (in percent) associated with the X (1) — ey signal
yield prediction in the gluino model with different NLSP-LSP mass combinations
for 300 mm decay length.

mg [GeV] / m 0 [GeV], ctisp = 300 mm
Uncertainty [%] 600 /50 600 /400 1300 /50 1300 /1000

MC Statistics 7 2 7 2
Pile-up 2 1 1 2
Trigger 1 1 1 1

Electron identification 10 10 10 10
Muon identification 3 3 3 3
Overall 13 11 13 11

Table 7.12: Systematic uncertainties (in percent) associated with the X (1) — puv signal
yield prediction in the gluino model with different NLSP-LSP mass combinations
for 300 mm decay length.

mg [GeV] / g [GeV], ctisp = 300 mm
Uncertainty [%] 600 /50 600 /400 1300 /50 1300 /1000

MC Statistics 8 3 8 2
Pile-up 2 3 3 2
Trigger 2 2 2 2

Muon identification 7 7 7 7
Overall 11 8 11 8

to the |dy| and minimum vertex displacement requirements. Towards higher lifetimes,
the efficiency drops again because an increasing number of decays tend to occur outside
the fiducial volume of rpy < 300 mm. Model-dependent event selection efficiencies for
different couplings are shown in Figure 7.18. They give the probabilities of reconstructing
at least one displaced decay in an event where two X ? decays occur. The event efficiencies
€. are related to the vertex efficiencies €, by €, = 1 — (1 - €,)%. Peak values of €, are up
to 30% for a heavy neutralino and up to 10% for a light neutralino. The gluino mass
plays a relatively minor role. The efficiencies for the heavy gluino are slightly above the
ones for the lighter gluino due to the higher energies of the final-state particles, which
lead to an enhances trigger and offline filter efficiency.
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Figure 7.14: Systematic uncertainties in the predicted yields of reconstructed displaced
vertices from ee (a) and uu (b) LSP decays in the gluino model with m; = 600 GeV
and myo = 50 GeV.
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Figure 7.15: Displaced dilepton vertex acceptance times efficiency for X 15 eev decays
as a function of the mean neutralino decay length ¢ for the four NLSP-LSP mass
combinations studied. The systematic uncertainties are indicated as coloured bands.
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Figure 7.16: Displaced dilepton vertex acceptance times efficiency for X - euv
decays as a function of the mean neutralino decay length ct for the four NLSP-LSP
mass combinations studied. The systematic uncertainties are indicated as coloured
bands
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Figure 7.17: Displaced dilepton vertex acceptance times efficiency for X (1) - uuy
decays as a function of the mean neutralino decay length ¢t for the four NLSP-LSP
mass combinations studied. The systematic uncertainties are indicated as coloured
bands.
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Figure 7.18: Acceptance times efficiency for pair production of LSPs decaying via
)?(1) — (v with nonzero 121 (a) and A2, (b) couplings as a function of the mean
neutralino decay length c7 for the four NLSP-LSP mass combinations studied. The
systematic uncertainties are indicated as coloured bands.
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7.7 Random Crossing Background Estimation

7.7.1 Estimation Method

The dominant background contribution from randomly crossing lepton tracks is esti-
mated by a fully data-driven method. The expected number of displaced vertices Npy
resulting from random crossings of lepton track pairs is given by

Npv = fov - Nee, (7.4)

where N¢p (6,87 = e, ) is the number of so-called seed lepton pairs, uncorrelated pairs
of leptons in an event which fulfil the lepton selection criteria (see Section 7.5) and
the requirements for the displaced vertex reconstruction algorithm (see Section 7.4.2).
fov is the so-called crossing probability, the probability for an uncorrelated lepton pair
to form a displaced vertex passing the signal requirements. To estimate this random
crossing probability, lepton tracks from different events are randomly combined to pairs
and fitted to a common vertex. The crossing fraction is the fraction of fits resulting in
vertices fulfilling all signal criteria. The use of individual vertex fits allows the prediction
of differential distributions of vertex properties in addition to the overall number of
vertices.

As the leptons in a pair are uncorrelated, azimuthal symmetry is exploited to maximise
the statistical precision of the estimate by assuming that every angular separation A¢
between the two leptons in the transverse plane occurs with the same probability. One
of the leptons of a random pair is, therefore, rotated through all possible values of
the track azimuthal angle parameter ¢ in steps of 6¢ = 1073, increasing the number of
independent track pairs by a factor of 27/5¢ ~ 6 - 10°.

7.7.2 Vertexing Procedure

The vertices and tracks resulting from the re-tracking procedure and displaced vertex

formation are stored in a format with a reduced information content.

The nominal ATLAS vertex reconstruction algorithms cannot process this format and can
therefore not be used for performing the vertex fits of the random crossing background
estimation. For the same reason, the standard magnetic field maps and detector geometry

required to account for material interactions in the track propagation are not available.
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A simplified custom vertexing algorithm has therefore been implemented to perform the
two-track vertex fit for the random crossing background estimate using the information
that is available. Track propagation (see Section 3.3.1) is performed by approximating
particle trajectories analytically by helices and assuming a homogeneous magnetic field
of 2T along the beam direction in the Inner Detector. This approach ignores material
interactions and magnetic field inhomogeneities.

The Billoir fast vertexing algorithm [72] is used to fit vertices by means of an iterative
procedure. For a start vertex location #, an associated y? value according to Eq. (3.11)
as well as an improved estimate of the vertex location v = ¢ + §v are determined.
Linear approximations of the trajectories with respect to the estimated vertex location
are used in the fit. The track momenta (6, ¢, q/p) are kept unchanged, reducing the free
parameters of the fit to dy and zy. In the local coordinate system with the origin at the
estimated vertex location v, Eq. (3.11) becomes [72]

X = (B = 0" Wi (5i - 67) (7.5)

where 60 = 0" — U is the refinement in the vertex position, p; the point of closest approach
of the i-th track to the local z axis and W; the inverse of the associated covariance matrix
of dy and zj transformed into Cartesian coordinates. Minimising y? yields the vertex

57 = (Z W,-)_l (Z W; ﬁ,-) (7.6)

i

refinement 6v [72]

used for the next iteration. The iteration starts with the primary vertex location. The
algorithm either converges with a maximum A y? = 0.01 per iteration or is stopped after
50 iterations. A fit is considered successful if y?>/Ngof < 5.

The performance of this approach has been tested using displaced vertices reconstructed
in collision data. Tracks associated to displaced vertices identified by the standard
displaced vertex reconstruction software (see Section 7.4.2) are used as input to the
vertex fitter used for the background estimation. Pairs of non-lepton tracks are used in
order to have a signal-free validation sample to test the random crossing background
estimate. The results of the fast vertex fitter are compared to the displaced vertex
reconstruction in Figure 7.19. In almost 90% of the cases, the fast and standard vertex
reconstruction agree within 1 cm and 92% of all tested vertices result in a successful fit
by the Billoir fast vertex fitter.
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Figure 7.19: Comparison of the helical track propagation and Billoir fast vertex fitting
with the displaced vertex reconstruction using the ATLAS software using non-lepton
track pairs in the collision data, for the x coordinates (a) and the 3-dimensional
locations (b) of the reconstructed vertices.

7.7.3 Irreducible Background Normalisation

For the normalisation of the random crossing background estimate, the number of
dilepton pairs N is needed (see Eq. (7.4)). This is obtained by counting the number
of seed lepton pairs in the data (see Section 7.7.1) assuming that the two seed leptons
are uncorrelated. The validity of this assumption is tested using the distribution of the
azimuthal angle separation A¢ of the two tracks in the seed pair, which should be flat
for uncorrelated pairs (see Figure 7.20).

For all track combinations, enhancements at small and large A¢ are observed which
indicate correlations between the crossing tracks. To account for this effect, a systematic
uncertainty is assigned to N, obtained by comparing the nominal value including all
pairs with the number of pairs with A¢ > 0.5 rescaled with factor %= and with the

number of pairs with A¢ < 7 - 0.5, rescaled with — which exp11c1tly exclude the

=03
regions where correlated tracks are seen.
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Figure 7.20: Distributions of the azimuthal opening angle A¢ between the two tracks
of seed track pairs used to normalise the combinatorial background estimate for
combinations of two electrons (a), electron and muon (b), two muons (c), non-lepton
track and electron (d), non-lepton track and muon (e) or two non-lepton tracks (f).

7.7.4 Validation of the Estimate

The background estimation technique just described can be tested using collision data
by determining the numbers of displaced vertices of two tracks not identified as leptons,
of an electron and a non-lepton track and of a muon and a non-lepton track. To enhance
statistics, vertex selection requirements are relaxed, removing the opposite charge re-
quirement and the matching to the offline filters and trigger requirements. The minimum
transverse momentum requirement on the tracks is also varied (see Table 7.21). Data
and prediction agree within 10%. The excellent agreement between data and prediction
is also shown in the distributions of the transverse opening angle and the transverse

vertex displacement of pairs of non-lepton tracks with pr > 10 GeV in Figure 7.21.

Table 7.14 shows the numbers of displaced vertices with one identified lepton and one
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Table 7.13: Numbers of observed and predicted displaced vertices of two non-lepton
tracks with relaxed selection criteria in the 2012 data for the validation of the random
crossing background estimation. The indicated errors include statistical uncertain-
ties on the crossing probabilities and the systematic error on the number of track
pairs discussed in Section 7.7.3.

2 tracks (pt > 5 GeV) 2 tracks (pr > 10 GeV) 2 tracks (pr > 15 GeV)

Ny (2.29j8.06) - 107 (4.40f8.07) - 10° (1.809f8'020) - 10°

Crossing prob. fpy  (3.74 +0.06) - 10~ (4.40 £0.06) - 10~ (4.39 £0.06) - 10~
; ; 0.14 3 0.03 3 2

Predicted vertices (8.59*0-37) - 10 (1.93*0:03) - 10 795* 12

Observed vertices 8742 1845 726

Data / Prediction 1.02 0.95 0.91

non-lepton track with and without requiring the lepton to satisfy the single lepton trigger
and offline filter requirements. In both cases, the prediction agrees well with the obser-
vation. Based on the most significant difference between prediction and observation
in these tests, a conservative systematic uncertainty of 15% is applied to the crossing
probabilities. Crossing probabilities fpy are found to be on the order of 4 - 1074, i.e.
two uncorrelated tracks intersect only rarely in the tracker. Nevertheless, these random
crossings constitute the dominant source of background in the displaced vertex search

in the mass region mpy > 10 GeV.

7.7.5 Background Estimate in the Signal Regions

Table 7.15 lists the predicted numbers of displaced random vertices, i.e. the estimated
background contributions, in the signal regions. The background is estimated separately
for each of the three lepton flavour combinations. As only crossings of two tracks are
estimated, there is no overlap between the estimates for the three regions. The result
for the flavour-inclusive signal region, therefore, is simply the sum of the individual
estimates, taking into account correlated and uncorrelated error contributions. The
dominant systematic error is the uncertainty in Ny due to the correlations with tracks
of small and large opening angles. In all regions, the expected background from random
crossings is very small, O(1073). In the analysed data set, no displaced vertices from
randomly-crossing lepton tracks are expected.
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Table 7.14: Numbers of displaced vertices with one lepton and one non-lepton track
in the 2012 data with relaxed selection criteria for the validation of the random
crossing background estimation. In the second table, the lepton in the vertex is also
required to fulfil the offline filter and trigger criteria. The indicated errors include
statistical uncertainties on the crossing probabilities and the systematic error on the
number of track pairs discussed in Section 7.7.3.

pr > 10 GeV
electron + track muon + track
Nep (4.1’:8.4) -10* (8.6f8.8 -10%)
Crossing prob. fpy  (4.86£0.07) - 107 (3.90 + 0.06) - 10~
Predicted vertices 19.8+0-03 3.3470-97
Observed vertices 23 2

pr > 10 GeV + trigger and filter criteria

electron + track muon + track
Nev (2.09% ) - 10* (3.03%) ,,) - 10°
Crossing prob. fpy  (4.32£0.06) - 107*  (4.44 +0.07) - 1074
Predicted vertices 9.03*0-44 1.34%093
Observed vertices 11 0

Table 7.15: Predicted numbers of displaced random vertices in the signal regions for
the three lepton flavour combinations and their sum in the 2012 data (20.3 fb™!) with
combined statistical and systematic errors. The uncertainty on the final prediction
includes the statistical uncertainty of Nge.

ee eu Uy Flavour-inclusive
Nee 43 %, 7.0 *S 18 19 n.A.
Crossing probability/10™*  0.23+0.04 3.4+0.5 1.11£0.17 n.A.

Random vertices/1073 1.0 %03 2442 20 106 54 713
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Figure 7.21: Comparison of data and background estimate for vertices of two non-
lepton tracks with pr > 10 GeV in distributions of the azimuthal angle A¢ between
the tracks (a) and the transverse vertex position (b). Statistical errors are indicated.

7.8 Minor Backgrounds

In addition to the random crossing background, other contributions listed in Section 7.5.1
have been taken into account.

7.8.1 Cosmic Muons

The AR™¢ variable defined in Eq. (7.1) is used to identify pairs of reconstructed muon
tracks pointing in exactly opposite directions as expected from passing cosmic ray muons
(see Table 7.6). Dilepton vertices with AR®™M¢ < (.04 are rejected. The cosmic muon
background is, therefore, studied by requiring ARS™ < 0.04.

A fraction of the muon pairs selected in this way was found to be inconsistent with the
assumption of a single passing cosmic ray muon, due to the impact parameters of the
leptons, which should be of identical absolute value for two muons reconstructed from
the same cosmic ray. On closer examination, such events were found contain multiple
cosmic muons from the same shower traversing the detector simultaneously. As these
tracks are parallel, they are not expected to cross in the detector. This was confirmed by
the estimation technique for the random crossing background, adapted to this specific
situation. The multi-cosmic events are therefore removed from the study presented here,

which is intended to investigate the case of a single traversing cosmic muon.
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In total 5348 cosmic muon pair candidates are found in the data set, of which 356 form
a displaced vertex. Figure 7.22 shows the AR*™¢ distributions for the pairs in both
cases, scaled to the same integral. Both distributions agree very well, indicating that the
probability of identifying a displaced vertex is not strongly dependent on AR®™¢ for
ARS™¢ < 0.01.

ATLAS 1
{s=8TeV, 20.3 fb™*
Cosmic rays control region

- All dimuon pairs (scaled)

—*— DV matched dimuon pairs

Dimuon pairs

—»

0.02 0.03 0.04 0.05 0.06
AR

cosmic

Figure 7.22: Distributions of the AR®™¢ variable for events rejected by the cosmic
muon veto. Dots: muon pairs forming a displaced vertex. Histogram: all muon pairs,
rescaled to the number of reconstructed displaced vertices. The signal requirement
ARCMC > 0.04 is indicated.

The distributions fall steeply. No pairs with AR®™¢ > (0.013 are observed. Extrapolation
of the falling distributions indicates that the residual contribution from cosmic muons
above with AR*™M¢ > (.04 is negligible.

7.8.2 Hadron Decays

To suppress semileptonic hadron decays, the invariant mass mpy of the tracks at the
displaced vertices is used as discriminating variable, requiring mpy > 10 GeV. Fig-
ures 7.23 and 7.24 show the invariant mass distribution for vertices with two non-lepton
tracks, with a lepton and a non-lepton track and with two muon tracks. The final bin
in each distribution includes all vertices found at masses above the range covered by
the x axis. No vertices with two electron tracks or with an electron and a muon track

with mpy < 10 GeV are observed. In the four cases shown, contributions at low masses
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Figure 7.23: Invariant mass distributions for displaced vertices with two non-lepton
tracks (a) and with an electron and a non-lepton track (b), without trigger or offline
requirements. The estimated random crossing background component is indicated
by the shaded histogram, while the data are shown as black dots. The signal
requirement mpy > 10 GeV is indicated. The final bin of the histograms indicates the
sum of all vertices with masses beyond the range depicted.

not described by the random crossing background estimate are observed which are
attributed to hadron decays. In the case of two non-lepton tracks, the random crossing
component becomes dominant and fully describes the data above mpy = 7 GeV, such
that a contribution from hadron decays becomes negligible in the signal region. In
the other cases, no vertices are observed above mpy = 6 GeV and the random crossing
background expectation is very small and in agreement with the data for mpy > 10 GeV,
indicating that the contribution from hadron decays disappears well before the signal
region and is negligible.

7.8.3 Misreconstructed Prompt Decays

Displaced vertices resulting from misreconstructed prompt decays are strongly sup-
pressed by the minimum impact parameter requirements of the vertex reconstruction,
the requirement on the vertex fit quality and the minimum separation to primary ver-
tices. The most important candidate process is Z — ¢¢, due to the large product of
cross-section and decay branching ratio of about 1.2 nb per lepton flavour [65,128]. The

number of residual vertices from this source Nprompt 18 estimated as

Nprompt =L -0 -BR-a - € - € - €py, (7.7)
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Figure 7.24: Invariant mass distributions for displaced vertices with a non-lepton
track and a muon (a) and with two muons (b), without trigger or offline filter
requirements. The estimated random crossing background component is indicated
by the shaded histogram, while the data are shown as black dots. The signal
requirement mpy > 10 GeV is indicated. The final bin of the histograms indicates the
sum of all vertices with masses beyond the range depicted.

where L = 20.3fb~! is the integrated luminosity, o the Z boson production cross-section,
BR the dilepton decay branching ratio of the Z boson, a the kinematic acceptance of
the trigger and offline filters for Z — ¢¢ decays, €; (i = 1,2) the probabilities for the two
leptons from a Z — ¢¢ decay to pass the track selection criteria of the displaced vertex
reconstruction, especially the transverse impact parameter requirement, and epy the
probability for two tracks with high transverse impact parameters originating from a
Z — ¢ decay to result in a successful vertex fit.

Using Monte Carlo simulation, the acceptance « is estimated to be about 7% for Z — uu
and around 5% for Z — ee decays. The probabilities of leptons from Z decays to pass
the impact parameter criteria are estimated using the transverse impact parameter
distributions of leptons in Monte Carlo simulated Z — ee/uu events. As a cross-check,
they are also measured in the data and found to agree within the statistical uncertainties,
with values on the order of 107> — 107 (see Figure 7.25). The vertex reconstruction
efficiency for misreconstructed tracks is obtained by inserting track pairs from Z — ¢¢
decays into the fast vertex fitter used for the random crossing background estimation
(see Section 7.7.2) and measuring the fraction of successful vertex fits as a function of
the transverse impact parameters of the leptons, resulting in a value of about 10%. The
resulting estimate using Eq. (7.7) is Nprompt ~ 2 - 107 for Z — uu and Nprompt = 1.7 - 1074
for Z — ee decays, an order of magnitude below the random crossing background, and
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hence considered to be negligible.
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Figure 7.25: Fraction of leptons in Z — ee/uu decays passing the |dg| > 2 mm require-
ment of the displaced vertex track selection for Monte Carlo simulation and data.

7.9 Signal Region Observations and Statistical Interpretation

7.9.1 Signal region Observations

As the background contributions are found to be negligible, only displaced vertices
from a signal are expected in the signal regions. Figure 7.26 shows the distribution
of observed displaced vertices in the data in comparison with the signal Monte Carlo
predictions as a function of the vertex mass and the number of leptons associated with
the vertex. The signal regions, corresponding to two reconstructed leptons at the vertex

and mpy > 10 GeV, are indicated.

For vertices with no associated leptons, three main contributions are distinguished. At a
vertex mass of approximately 400 MeV, the KJ — ¥ 7~ resonance is observed. The shift
compared to the measured mass value mgo = 497.6 MeV [65] is due to the assumption
of massless particles made in the vertex mass calculation — applying a pion hypothesis
for the tracks shifts the value to 498 MeV, in agreement with the literature. At high
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displaced vertex masses above about 5 GeV, the effect of the particle mass hypothesis
becomes negligible. The second contribution is the hadron decay mass spectrum shown
in Figure 7.23, which reaches up to about 6 GeV. Finally, at higher masses, the contri-
bution from random crossings is visible, shaped mainly by the transverse momentum
requirement of pr > 10 GeV on the tracks.

In the cases where one lepton is associated with the vertex, there is again the contribution
from hadron decays at mpy < 10 GeV. An enhancement at the location of the K§ — ¥~
resonance indicates misidentified leptons. In the region mpy > 10 GeV, only few vertices
are observed with an associated electron, and none with an associated muon, consistent

with the random crossing background estimate (see Table 7.14).

No dielectron or electron-muon vertices are found. Four dimuon vertices are observed
at vertex masses below 6 GeV outside the signal region, also seen in Figure 7.24. All
are close to b-tagged jets and consistent with hadron decays. In the signal regions, no

displaced vertices are observed, consistent with the background expectation.

7.9.2 Statistical Interpretation

The above results are summarised in Table 7.16 and analysed using the same statistical
methods as the four-lepton search (see Section 6.6). Without the observation of displaced

signal vertices, exclusion limits are placed on the signal models.

With negligible expected background, the model independent 95%CL upper limit Ny3

(see Section 6.7.1) is on the order of 3 events, corresponding to a visible cross-section
95%

o> of about 0.15 fb for all signal channels.

Table 7.16: Observed and expected numbers of displaced signal vertices in the differ-
ent dilepton channels.

Exp. SM Data N2X%  o®%[fb]

BSM vis
ee (10793).10% 0 29 0.15
en (24 712).10° 0 29 0.14
pp (2.0 296) 103 0 3.0 0.15

Model-dependent limits are obtained using the signal efficiency measurements discussed
in Section 7.6. Upper limits on the number of R-parity-violating neutralino decays in
each dilepton final state are shown in Figure 7.27 for the four NLSP-LSP mass combina-



172 Chapter 7. RPV Decays of Long-Lived Neutralinos into Lepton Pairs

tions studied. These results can be interpreted in other R-parity-violating models with

different production cross-sections and neutralino dilepton branching ratios.

For a light neutralino with m 0 =50 GeV, the strongest limit is placed for a decay length
of about 10 mm. The limits become stronger with increasing number of muons in the
final state because of the relatively low momentum threshold of the single muon offline
filter which enhances the signal efficiency. For m; = 600 GeV, the upper limit is on the
order of 100 decays to two electrons or one electron and a muon or about 70 decays to
two muons, while for m; = 1300 GeV, models with more than 60 decays are excluded

for all flavour combinations.

For smaller NLSP-LSP mass differences, the strongest limits are reached at higher LSP
lifetimes as expected from the lifetime-dependence of the signal efficiency in Figs. 7.15-
7.17. The strongest upper limit of 20 decays is obtained for ¢t = 50 mm. The gluino
mass has little influence on this limit. In all cases, the limit becomes weaker towards

higher and lower lifetimes as the signal acceptance decreases (see Section 7.6.3).

Equivalent upper limits on the cross-section times LSP decay branching ratio for simpli-
fied gluino models with 1121 # 0 and 4122 # 0 are shown in Figure 7.28. The results for
the two coupling choices are comparable with the exception of the limit for m; = 600 GeV
and m 0 =50 GeV, where the limit for a 112 coupling is slightly stronger since all decays
for this model profit from the higher acceptance of the single muon trigger and offline
filter, whereas the dielectron decays in the A1»; case do not. For a gluino mass of 600 GeV,
decay lengths between 0.5 mm and 40 m are excluded at 95% confidence level for
mgo =50 GeV assuming a 100% neutralino dilepton branching ratio. For m 0 = 400 GeV,
longer lifetimes up to 400 m can be excluded. The lowest excluded c7 in the latter case

is 1 mm.

For higher gluino mass of mz = 1300 GeV, the excluded lifetime range shrinks due to the
reduced gluino pair production cross-section. The models with small neutralino mass
of Mgy = 50 GeV can not be excluded, the strongest limit of about 1.5 fb is attained for
¢t ~ 1.5 cm. For a neutralino mass of m o = 1TeV, LSP decay lengths between 1 cm and

4.5 cm are excluded.
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cross-section predictions depending on the gluino mass with their uncertainties are
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710 Comparison with the Prompt Four-Lepton Search

The simplified model of gluino production was used in the interpretation of both searches
described in this thesis. Here, the constraints set by each are compared as a function of
the LSP lifetime. The reweighting procedure described in Section 7.6.1 is used to predict
the expected signal yield in the four-lepton SROnoZb signal region as a function of the
neutralino lifetime for the four NLSP-LSP mass combinations studied in the displaced
dilepton vertex search in Figure 7.29. Statistical uncertainties on the acceptance and
efficiency are large due to the reweighting with limited Monte Carlo statistics, especially
for the light neutralino mass mgo = 50 GeV. Using the background prediction and
number of observed events in the SROnoZb signal region (see Table 6.13), upper limits
on the gluino pair production cross-section as a function of the LSP lifetime are derived.
Figures 7.30 and 7.31 show these limits in comparison with the limits derived in the
displaced dilepton vertex search. Only small differences are observed between the
results for an active 121 or 4122 coupling. The sensitivity of the four-lepton analysis
decreases with increasing neutralino lifetime. The dedicated search for long-lived LSP
decays becomes more sensitive for decay lengths longer than 1-2 mm for a light LSP with
mgo = 50 GeV or 3-8 mm for a heavy LSP. If the gluino mass is 600 GeV, the two searches
exclude all LSP decay lengths below 400 m (40 m) for neutralino masses of 400 GeV
(50 GeV) (see Figure 7.28). For the heavier gluino with m; = 1.3 TeV, the excluded decay
length regions of the two analyses are disjoint. The prompt four-lepton search is able
to exclude decay lengths below about 1.5 mm for m o = 1TeV, while the displaced
dilepton vertex search excludes decay lengths between 1 cm and 4.5 cm. For a light LSP
with m 0 =50 GeV, the exclusion by the prompt four-lepton search does not extend into
the lifetime range accessible to the reweighting procedure. The strongest limit of the
displaced vertex search is a cross-section of 1.5 fb at ¢t = 1.5 cm, not quite sufficient for

an exclusion.
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Chapter 8
Summary

Supersymmetry (SUSY) is a compelling solution to the hierarchy problem of the Standard
Model of particle physics. It predicts a superpartner for each Standard Model particle
with equal quantum numbers apart from the spin, leading to scalar sfermion partners of
the Standard Model fermions and spin-1/2 gaugino and higgsino partners of the gauge
and Higgs bosons of the Standard Model, respectively.

As no superpartners with the same masses as the Standard Model particles have been
observed, supersymmetry must be broken. In order to provide a solution to the hierar-
chy problem, masses of the superpartners not larger than about a few TeV are required,
motivating searches for supersymmetric particle production at the Large Hadron Col-
lider (LHC), which collides protons at centre-of-mass-energies up to 14 TeV. These
searches usually assume the conservation of an additional quantum number, R-parity,
which forbids proton decay and requires the lightest supersymmetric particle (LSP) to
be stable. However, proton stability can be achieved also by other symmetries than
R-parity-conservation. R-parity-violating couplings allow the LSP to decay to Standard
Model particles and give rise to signatures not covered by conventional searches for

R-parity-conserving supersymmetry.

In this thesis, searches for R-parity-violating decays of the lightest neutralino into two
charged leptons and a neutrino are performed using data of the ATLAS experiment
taken at /s = 8 TeV in 2012. As the neutralinos are produced in pairs at the LHC via R-
parity-conserving processes, at least four leptons are produced in such events. Efficient
lepton reconstruction, therefore, is vital to these searches. The muon reconstruction

efficiency is measured in the data to be greater than 95% with permill precision using
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more than 5 million recorded Z — uu decays.

If the LSP decays are prompt, a search for events with four charged leptons originating
from the primary proton-proton interaction vertex is very effective. The Standard Model
background is suppressed by requiring large missing transverse momentum or a large
effective mass. The residual background is small, compromised of ZZ®*)/Zy*diboson
production, top quark pair production in association with a Z boson, triple gauge
boson production and Higgs boson production. For final states with hadronically
decaying 7 leptons, there is an additional background from jets that are misidentified
as 7 leptons. The number of observed signal events is consistent with the background.
Strong exclusion limits on gluino, wino, slepton and sneutrino pair production are
derived in the framework of simplified SUSY models. The most challenging scenario is
the production of a heavy SUSY particle decaying into a very light LSP, as the boost of
the LSP results in soft and/or collimated leptons. The analysis has been improved such
that it has become sensitive to LSP masses as low as 10 GeV.

Finite LSP lifetimes have not been considered before in the studied SUSY models. If the
LSP decay length exceeds about 1 mm, the final state leptons can no longer be assigned
to the primary vertex and the four-lepton search loses sensitivity. A dedicated search for
displaced dilepton decay vertices has been developed for such scenarios, which requires
reconstruction of the LSP decay vertices in the ATLAS inner tracker. As the standard
ATLAS track and vertex reconstruction algorithms are not capable of identifying highly
displaced tracks and vertices, the track, lepton and vertex reconstruction had to be
repeated using optimised algorithms on a preselected data set. Vertex selection criteria
completely suppress backgrounds from cosmic ray muons, semileptonic hadron decays
and charged particle interactions with Inner Detector material. The residual background
from randomly crossing lepton tracks is estimated from the data using a novel technique
and found to be negligible as well. No displaced signal vertices are observed in the
data, consistent with this estimation. LSP decays to charged lepton pairs have been
excluded for the first time by ATLAS for a wide range of LSP lifetimes in benchmark
signal models, considerably strengthening constraints on models of R-parity-violating
SUSY.



Appendix A

Supplementary Information to the
Four-Lepton Search

A.1 Cross-Sections of Signal and Background Processes

Table A.1 lists the production cross-sections of the irreducible background processes.
Higgs boson production cross-sections and decay branching ratios are calculated at
NNLO QCD and NLO EW precision with the exception of 17H, which is known at NLO
QCD precision [129].

Table A.2 shows the NLSP pair production cross-sections for the simplified RPV models
used in the four-lepton and displaced vertex searches obtained using the programs
PROSPINO and NLL-Fast [104-107] with associated errors for electroweak and strong
production, respectively. Since the simplified models assume mass-degenerate sleptons
and sneutrinos, the flavour-inclusive cross-section is given for these models (see Sec-
tion 5.3).
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Table A.1: Production cross-sections and decay branching ratios for the irreducible
background in the four-lepton search.

Process o - BR [pb]
ZZ%) — 4¢ (7.6+0.4) - 107!
ttZ — 4€2vbb (3.4+1.0) - 1073

ZWW® = 402y (2.3x1.2)-1073
ZZ7Z% — 402y (5.0+£2.5) - 1074

(ggF) H — 4¢ (5.3+0.8) - 1073
(VBF) H — 4¢ (4.4+0.2) - 1074
(WH) H — 4¢ (1.9+0.1) - 107*
(ZH) H — 4¢ (1.2+0.1) - 1074
(ttH) H — 4¢ (3.6+0.5) - 1073

(ZH) H — t*t7qg (1.5+0.1) - 1073
(ttH) H — (*(7qg (4.8+0.6) - 107*

(ZH) H — t=tFvv  (9.7£0.7) - 1073
(ttH) H — £5¢Fvv  (3.0+£0.4) - 1073

(ZH) H —» %77 (2.6+0.2) - 1072
(ttH) H — %77 (8.2+1.1) - 1073
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Table A.2: NLSP pair production cross-sections in the simplified RPV models as a
function of the NLSP mass. For the slepton and sneutrino models, the sum over all
(mass-degenerate) lepton flavours is given.

NLSP choice mnisp [ GeV] o [pb]
200 (3.8+0.2) - 107!
300 (6.8+0.5) - 1072
400 (1.8+0.1) - 1072
Wino 500 (5.4+0.4) - 1073
600 (1.9+0.2) - 1073
800 (2.8+0.3) - 1074
1000 (4.7+0.5) - 107
500 4.5+0.7
600 1.320.2
800 (1.5+0.3) - 107!
1000 (2.3+0.6) - 1072
Gluino 1100 (9.3+2.9) - 1073
1200 (3.9+1.4)-1073
1300 (1.7£0.7) - 1073
1400 (7.4+3.2) - 1074
1700 (6.6+3.8) - 107
75 1.18+0.05
150 (8.6+0.5) - 1072
225 (1.60.1) - 1072
L-Slepton 300 (4.5+0.4) - 1073
400 (1.1+0.1) - 1073
500 (3.3+0.3) - 1074
600 (1.1+£0.1) - 1074
75 (4.2+0.2) - 107!
150 (3.2+0.2) - 1072
225 (6.3+0.4) - 1073
r-Slepton 300 (1.8+0.1) - 1073
400 (4.4+0.4) - 1074
500 (1.320.1) - 107*
600 (4.5+0.5) - 107
75 1.36+0.05
150 (8.4+0.5) - 1072
200 (2.6+0.2) - 1072
Sneutrino 300 (4.2+0.3) - 1073
400 (1.0+0.1) - 1073
500 (2.9+0.3) - 1074
600 (9.7+0.9) - 107
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A.2 Typical Signal Region Efficiencies and Acceptances

Tables A.3-A.6 list the acceptances, efficiencies and the product of acceptance and
efficiency of the most important 0-, 1- and 2-7 signal regions for one typical NLSP mass
value for each of the simplified RPV models. As the R-slepton model uses the same

simulated events as the L-slepton model, the results are identical between the cases and

no separate table is provided.

Table A.3: Acceptances and Efficiencies of the four-lepton signal regions for the

simplified RPV model with a wino NLSP with m g+ = 1.1 TeV.

Wino NLSP, m = 600 GeV

10 GeV 50 GeV

200 GeV 400 GeV 590 GeV

m/\;(l)
oiso A 21% 46% 53% 64% 76%
SRlé;()Zb € 35% 65% 66% 71% 58%
A-e  7.1% 30% 35% 45% 45%
rezo A 2.5% 9.4% 14% 17% 15%
SRli;oZb € 2.2% 14% 29% 26% 26%
A-e  0.06% 1.3% 4.2% 4.6% 3.8%
reso A 4.2% 7.5% 14% 19% 21%
SR‘;; 7, € <0.01% 6.5% 24% 21% 20%
© A-e <001% 049%  3.3% 4.0% 4.1%

Table A.4: Acceptances and Efficiencies of the four-lepton signal regions for the

simplified RPV model with a gluino NLSP with m; = 1.1 TeV.

Gluino NLSP, m; = 1.1 TeV

my  10GeV 50GeV 200GeV 400 GeV 800 GeV 1090 GeV

oso A 13% 38% 43% 53% 62% 78%
SRI(Z)LoZb € 34% 38% 51% 57% 62% 69%
A-e  43% 15% 22% 30% 38% 54%

reso A 0.41%  3.2% 6.8% 10% 14% 18%
SR‘;; 7, € 0.98%  5.9% 13% 11% 14% 17%
© A-e 0004% 0.19%  0.89% 1.1% 1.9% 3.0%
w0 A 1.9%  3.5% 11% 17% 24% 27%
SRg;oZb € 0.19% 0.69%  8.8% 9.9% 8.3% 12%
A-e 0004% 0.02%  0.99% 1.7% 2.0% 3.4%
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Table A.5: Acceptances and Efficiencies of the four-lepton signal regions for the
simplified RPV model with an L-slepton NLSP with m; = 500 GeV.

L-slepton NLSP, m; = 500 GeV
10GeV 50GeV 100 GeV 200 GeV 300 GeV 490 GeV

m/‘?(l)
Loiso A 46% 66% 60% 66% 73% 66%
SRI(Z); b € 47% 1% 81% 85% 83% 76%
A-e 2% 46% 48% 57% 61% 51%
Lewo A 15% 22% 25% 26% 25% 21%
SRli;()Zb € 2.9% 23% 45% 58% 63% 34%
A-e 043%  5.1% 11% 15% 16% 7.0%
Lewo A 8.2% 10% 9.7% 11% 11% 18%
SRI; € 2.0% 19% 44% 64% 72% 26%
A-e 0.16% 1.9% 4.3% 7.1% 7.6% 4.5%

Table A.6: Acceptances and Efficiencies of the four-lepton signal regions for the
simplified RPV model with a sneutrino NLSP with m; = 400 GeV.

Sneutrino NLSP, my = 400 GeV
10GeV  50GeV 100GeV 200GeV 300 GeV 390 GeV

m/\;(l)
w0 A 11% 36% 38% 50% 61% 66%
SRlélnoza € 37% 43% 51% 59% 61% 63%
A€  3.9% 15% 19% 28% 38% 2%
Lezo A 0.09%  2.3% 4.0% 5.9% 8.5% 10%
SRli;()Za € 1.5% 9.3% 22% 19% 21% 21%
A-€ 0001% 021% 087% 1.1% 1.8% 2.1%
rezo A 0.88%  2.8% 5.4% 9.5% 13% 18%
SR‘;; g, € 0.04% 3.6% 11% 20% 17% 18%
© A-e 0.0003% 0.10%  0.58% 1.9% 2.3% 3.2%
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A.3 Systematic Uncertainties on the Signal Prediction

Tables A.7 and A.8 summarise the systematic uncertainties in the signal prediction for a
selection of typical mass combinations and NLSP choices (see Section 6.5.1).

The experimental systematics are also considered for the irreducible background and
treated using a common nuisance parameter.

The simulated reconstruction efficiencies for electrons are corrected using efficiency scale
factors (see Section 4). Uncertainties on the scale factor result in a small error of about 3%
on the signal region yields. Uncertainties in the calibration constants used to measure

electron energies affect the yield at a similar magnitude.

The uncertainties on the muon reconstruction efficiency scale factors are also small (see
Section 4) and result in a negligible error of less than one percent on the signal region
yield. In addition to the reconstruction efficiency, the resolution of the muon momentum
measurement is corrected in the simulation. The correction is accurately determined
using Z boson, J/y and T decays into muon pairs, and residual uncertainties on the

muon momentum resolution affect the yields with less than 1%.

The energy calibration and resolution for calorimeter clusters not associated to photons,
electrons or jets when calculating the missing transverse energy (see Section 3.3.7) is a
further source of a small systematic uncertainty.

Especially in the noZb signal regions relying on a high effective mass, the energy
calibration and resolution for jets is one of the more significant experimental systematic

uncertainties, resulting in an error of up to 7% on the total yields.

The efficiency of the simulated trigger decision in the signal and irreducible background
is assigned a conservative uncertainty of 5%, which directly affects the signal region
yields.

The luminosity delivered by the LHC, measured using the technique described in [140],
is known at 2.8% accuracy.

Theoretical uncertainties in production cross-sections depend on the production mecha-
nism, ranging from about 5% for electroweak processes up to 100% for strong production.
In addition, uncertainties in the prediction of kinematic distributions due to initial state
and final state radiation as well as the choice of renormalisation and factorisation scales
are estimated at event generator level by simulating large samples of signal decays with

variations in the corresponding event generator parameters and comparing the signal
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region acceptances. The resulting systematic uncertainty is found to be small, below 5%.

The uncertainty in the parton distribution functions is taken into account by varying the
parton distribution functions within their uncertainties and evaluating the effect on the

predicted yields. resulting in an error of less than 5%.

Table A.7: Relative Monte Carlo statistical and systematic uncertainties in the yields
of the SROnoZa /b signal regions of the four-lepton search for selected signal mass
combinations.

Sneutrino NLSP  Gluino NLSP

A122, SROnoZa A121, SROnoZb
my = 300 GeV mg = 1400 GeV
myo = 100 GeV myo = 400 GeV

Monte Carlo statistics 3.8% 3.3%
Electron reconstruction efficiency 1.8% 3.4%
Electron energy calibration and resolution 0.4% 0.4%
Muon reconstruction efficiency 1.0% 0.4%
Muon momentum calibration 0.4% 0.0%
Missing transverse energy (clusters) 0.6% <0.1%
Jet energy scale and resolution 3.8% 1.7%
Trigger 47 g%
PDF "% 3%
ISR 2.2% 1.6%
FSR 1.9% 1.0%
Renormalisation / factorisation scale 1.6% 1.1%
Luminosity 2.8% 2.8%
Cross section 7.2% 43.3%

Total 11.3% 43.9%
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Table A.8: Relative Monte Carlo statistical and systematic uncertainties in the yields
of the SR1InoZb and SR2noZb signal regions of the four-lepton search for selected
signal mass combinations.

L-slepton NLSP  Wino NLSP

/1133, SR1noZb /1133, SR2noZb
my = 225 GeV myp= =300 GeV
myo = 100 GeV myo = 100 GeV

X
MC statistics 5.7% 22.6%
Electron reconstruction efficiency 3.5% 2.6%
Electron energy calibration and resolution 1.6% <4.8%
Muon reconstruction efficiency 0.4% 0.1%
Muon momentum calibration <0.3% < 4.8%
Missing transverse energy (clusters) 0.6% 6.8%
Jet energy scale and resolution 4.8% 7.0%
T energy calibration 0.5% <4.8%
Tau identification efficiency 4.1% 6.3%
Trigger L% 3%
PDF *07% 6%
ISR 1.6% 2.3%
FSR 2.7% 2.1%
Renormalisation / factorisation scale 1.7% 2.4%
Luminosity 2.8% 2.8%
Cross section 6.7% 6.6%

Total 13.6% 27.9%
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A.4 Validation of Background Modelling

Table A.9: Validation regions defined for the four-lepton search. Three regions veto
the presence of a Z boson candidate, similar to the signal regions, while three regions
explicitly require the presence of an SFOS lepton pair compatible with a Z boson
decay signature. The requirements on missing transverse energy and effective mass
are inverted compared to the signal region to enrich backgrounds and suppress a
signal.

Validation Region Light leptons (e,) Tauleptons Z boson E;“i“ [GeV]  mer [GeV]

VROnoZ >4 >0 Veto <50 < 400
VR1noZ 3 >1 Veto <50 <400
VR2noZ 2 >2 Veto <50 < 400
VR0Z >4 >0 Request <50
VR1Z 3 > 1 Request <50
VR2Z 2 >2 Request <50

The background estimation procedure is tested using dedicated validation regions
defined by inverting the effective mass and missing transverse energy cuts of the signal
regions, suppressing the contribution of a potential signal and enriching the backgrounds.
In addition, three validation regions additionally invert the Z veto (see Table A.9).

% 10°E ATLAS T Data 2012 3 10'F ATLAS s paazoe
S E . VROZ  Z<Total SM O] E 4 VR2Z  ZiTotalSM I
3 [ (s=8Tev _I-Ldt=20.3fb Reducible Q a3l Vfs=8Tev _I-Ldt=20.3fb Reducible |
2 L 22 L 107 ¢ 2z E
£ E -?V\%Z 2 F =?V\%Z 3
& F B higgs & 100 Higgs 3
4 10 wv o E wWv 3
F 10 =
g~ -‘#‘"—\..,_ 1 =
, E % A 7
10° 10" F—‘—\_- /%
__wws E . .
s 2F e s 2
w o + k| )
§1W*v++ﬁ’” e g Dty
S 07960 200 300 400 500 600 700 800 900 8 O 160 200 300 400 500 600
m,, [GeV] m,, [GeV]
(a) (b)

Figure A.1: Examples of effective mass distributions in the VR0Z (a) and VR2Z (b)
validation regions of the four-lepton analysis (see Table A.9).

Figure A.1 shows the effective mass distributions for two well-populated validation
regions, VROZ and VR2Z, which are compatible with the predictions for both overall
event counts and differential shapes. In Table A.10, the number of predicted background
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Table A.10: Background prediction and observation for the six validation regions used
in the four-lepton analysis.

77X | Zy* tH+27Z vvv Higgs Reducible Exp. SM Data

0.036 0.032 0.4
VROnoZ  3.6+0.7 0034003 0090%9932  0.18+0.13 0.5 4409 3

VRInoZ 1.43+0.27 0.033+0.022 0.071+0.029 0.28 +0.19 71E{~)§ 8918 7
VR2noZ  1.53*0-18  0.025*0-031  0.051+£0.020 029+0.13  332%33 35.1f§:j 32

-0.17 -0.025
VR0Z 184+29 12+0.6 2.13+0.33 47+3.4 0.5%3-1 19313 216
VRIZ  88+09  028+0.11  0.19+£008 063016  21+4 31£4 32
VR2Z 8.2*19 0.09%0:12 00690013 061014  90%3, 998, 101

and observed events is listed for all validation regions. As expected given the challenging
nature of 7 lepton reconstruction, the reducible background plays a major role for all
validation regions with 7 leptons, while the regions with four light leptons are dominated
by irreducible background. In the irreducible case, the only relevant contribution in the
validation regions is from the ZZ®*)/Zy* process — inverted requirements on effective
mass and missing transverse energy suppress sensitivity to the rare VVV, tf + Z and
Higgs boson processes. Therefore, the estimation of these processes is not stringently
tested by the validation regions. While for statistical reasons it is not possible to develop
dedicated validation regions for such rare contributions using only the data set collected
during the 2012 LHC run, future data-taking may allow for the implementation of such

regions in upcoming repetitions of the analysis using a larger data set.

However, the observed agreement between observation on collision data and Standard
Model expectation in all validation regions does confirm a correct modelling of the
ZZ® /Zy* and reducible background components.
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