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Figure 40: Cross—section upper limits as a function of the mass of the lightest stau
for the GMSB models with tanf = 10,20 (upper first row) 30,40 (middle row) and
50 (bottom row). The expected limit is drawn as a dashed black line with +1c and
+2c uncertainty bands drawn in green and yellow, respectively. The observed limit
1s shown as solid black line with markers. The theoretical cross—section prediction
is shown as a solid blue line with a shaded *1o uncertainty band..................... 109
Figure 41: Cross—section upper limits as a function of the 71 mass for direct 71
production and three values of tanf. The expected limit for tanf = 10 is drawn
as a dashed line with t1lc and t2c uncertainty bands drawn in green and yellow,
respectively. The observed limit for the three values of tanf are shown as solid
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Figure 42: 95% CL excluded regions for directly produced sleptons in the plane
ml —mtlvs. mrl. The excluded region is shown in blue. The expected limit is
drawn as a solid black line with a +1o uncertainty band drawn in dashed black
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Figure 43: 95% CL excluded regions for squark and gluino mass in the LeptoSUSY
models. The excluded region is shown in blue. The expected limit is drawn as a
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Figure 45: Cross—section upper limits as a function of the LLP mass for the R-
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Abstract

Searches for heavy charged long-lived particles (LLPs) were performed under
the Supersymmetry (SUSY) theory using data sample of 19.1 fb™! from proton-—
proton collisions at center—of-mass energy vs = 8 TeV collected by the ATLAS
detector at the Large—Hadron—-Collider (LHC).

When traveling with a speed measurably lower than the speed of light, charged
particles can be identified and their mass (m) determined from their measured

speed (B and momentum (p), using the relation: m= % , where the momentum p

can be deduced from the particle’s track in the detector, yis the Lorenz factor,

and the velocity g can be estimated from the measured Time-of-Flight (ToF) and
from specific ionization energy loss Z—i that measures fy.

The searches are based almost entirely on the characteristics of the LLP itself,
but are further optimized for the different experimental signatures of sleptons,
charginos and composite colorless states of a squark or gluino together with light
Standard Model (SM) quarks or gluons, called R-hadrons.

No excess was observed above the estimated background and limits were placed
on the mass of long-lived particles in various supersymmetric models. Long-lived
tau sleptons in models with gauge—-mediated SUSY breaking are excluded up to
masses between 440 and 385 GeV for tan  between 10 and 50, with a 290 GeV
limit in the case where only direct tau slepton production is considered. In the
context of LeptoSUSY models, where sleptons are stable and have a mass of 300
GeV, squark and gluino masses are excluded up to a mass of 1500 and 1360 GeV,
respectively. Directly produced stable charginos, that are nearly degenerate to
the lightest neutralino, are excluded up to a mass of 620 GeV. R-hadrons,
composites containing a gluino, bottom squark and top squark, are excluded up to

a mass of 1270, 845 and 900 GeV, respectively, using the full detector.
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I. Introduction

Heavy long-lived particles (LLPs) are predicted in many extensions to the
Standard Model (SM) [1]. R-parity conserving supersymmetry (SUSY) models,
such as split SUSY [2] [3], gauge-mediated SUSY breaking (GMSB) [4] [5] [6]
[7]1 [8] [9] [10] [11] and LeptoSUSY [12] [13], as well as other scenarios allow
for a variety of LLP states stable enough to be directly identified by the ATLAS
detector. These states include long-lived super—-partners of the leptons, quarks
and gluons: sleptons (I), squarks (§) and gluinos (§), respectively; as well as
charginos (’i(fz), which together with neutralinos (¥?_,) are a mixture of super—
partners of the Higgs and y/W/Z bosons, known as Higgsinos, winos and binos.
This research focuses on the search for charged LLPs at the reach of the Large—
Hadron Collider (LHC) and under the Supersymmetry (SUSY) theory.

When traveling with a speed measurably lower than the speed of light, charged
particles can be identified and their mass (m) determined from their measured

speed (B) and momentum (p), using the relation: m= % , where the momentum p

can be deduced from the particle’s track in the detector, y is the Lorenz factor,

and the velocity B can be estimated from the measured Time-of-Flight (ToF) and
from specific ionization energy loss Z—i that measure Py.

The searches are based almost entirely on the characteristics of the LLP itself,
but are further optimized for the different experimental signatures of sleptons,
charginos and composite colorless states of a squark or gluino together with light
SM quarks or gluons, called R—hadrons.

Long-lived charged sleptons would interact like muons, releasing energy by
lonization as they pass through the ATLAS detector. A search for long-lived
sleptons identified in both the inner detector (ID) and in the muon spectrometer

(MS) is therefore performed (“slepton search). The search is optimized for GMSB

4



and LeptoSUSY models. In the former, the Gravitino is the lightest supersymmetric
particle (LSP) and the light tau slepton (77) is the long-lived (long enough to be
measured by all the ATLAS detector layers), next—to-lightest supersymmetric
particle (NLSP). The 73, the lightest ¥ mass eigenstate resulting from the mixture
of the right—handed and left—-handed leptons super—partners of the t lepton, is
predominantly the partner of the right—-handed lepton in all models considered
here. In addition to GMSB production, results are also interpreted for the case of
direct production of charged sleptons, independently of the mass spectrum of
other SUSY particles. The recent discovery of the Higgs boson with a mass of
about 125 GeV [14] [15] disfavors minimal GMSB within reach of the LHC. For
Higgs boson to have such mass, the top squark mass would have to be several
TeV, and in GMSB the slepton masses are strictly related to the squark masses.
However, modifications to minimal GMSB can easily accommodate the observed
Higgs mass without changing the stau masses [16] [17] [18]. The LeptoSUSY
models, characterized by final states with high multiplicity of leptons and jets, are
studied in the context of a simplified model, where all the neutralinos and
charginos are decoupled with the exception of the ¥, and the sleptons are long-
lived and degenerate, with a mass set to 300 GeV, a value motivated by exclusion
limits of previous searches [19]. In these models a substantial fraction of the
events would contain two LLP candidates, a feature also used to discriminate
signal from background.

Charginos can be long-lived in scenarios where the LSP is a nearly pure wino and
1s mass—degenerate with the charged wino. The chargino signature in the detector
would be the same as for a slepton, but the dominant production is in chargino—
neutralino (7%7(?) pairs, where the neutralino leaves the apparatus undetected.

As a result, the event would have one LLP and significant missing transvers



momentum (BT with magnitude denoted by EF¥SS). This signature is used in a
pPr T

dedicated “chargino search”.

Colored LLPs (g and §) would hadronise forming R-hadrons, bound states
composed of the LLP and light SM quarks or gluons. They may emerge as charged
or neutral states from the pp collisions and be converted to a state with a different
charge by interactions with the detector material, and thus arrive as neutral,
charged or doubly charged particles in the MS. Searches for R-hadrons are
performed using all available detector information (“full detector R-hadrons
search”). In the R-hadron search the LLPs considered are either gluino, stop or
sbottom.

In all searches the relatively massive LLPs are distinguishable from SM relativistic
particles by their lower velocity (8 < 1), and the expected background for these

physical scenarios is mainly boosted muons with miss—measured S.



IL.

Motivation for physics beyond the Standard Model

The theory of the Standard Model (SM) of high—energy physics describes the

current understanding of interactions of fermionic particles — the compositors of

all matter as we know today, mediated by gauge bosons — the force carriers of the

interaction itself. The lagrangian density is used to describe the dynamics and

kinematics of the system and requires its terms to be invariant under both global

and local transformations SU(3)xSU(2)xU(1). Spontaneous symmetry breaking via

the Higgs mechanism generates masses for fermions and gauge bosons.

The SM was experimentally tested at the ranges of eV and up to the 100 GeV

scale, yet other experimental evidences and theoretical studies show the SM is

an incomplete theory:

The fundamental force of Gravitation is not taken into consideration in the
SM. Although there is an assumption that this force is mediated by a gauge
boson called ‘graviton’, quantum field theories break down before reaching
the Plank scale (Mp~2.4 X 10*8GeV) where quantum gravitational effects can
no longer be neglected.

The SM considers neutrinos to be massless, yet there are experimental
evidence that suggest otherwise.

Astronomical and cosmological observations indicate the existence of dark—
matter and that it accounts for most of the matter in the universe, however
no candidate is considered in the SM for it.

High-order loop corrections of off—shell particles coupling to the Higgs field
result in the higgs mass correction dependence in the momentum cut—off,
Ayy?® (at the order of the Plank scale). This results in enormous quantum

corrections to the Higgs mass, much higher than the Higgs mass itself [20].



e Extensions to the SM such as the ‘Grand Unification Theory’ (GUT) and the
“Theory of everything' attempts to bring all forces of interaction (strong,
electromagnetic and weak) together into a framework of a single field where

all the coupling constants of the SM come to a single coupling point.

The above strengthen the need for an extension to the SM, one which will satisfy
physics at higher energy scales and include new variables to cancel the diverging

corrections to the Higgs mass.

One of the more elegant solutions 1s offered by the theory of Supersymmetry

(SUSY).

m. Supersymmetry [20] [21]

Supersymmetry (SUSY) is a well-motivated theoretical framework extending the
SM. SUSY suggest an elegant solution to the ‘hierarchy probleni, potential
candidate for dark—matter and in some versions of it also the possibility of gauge

coupling unification.

SUSY suggests symmetric relations between fermions and bosons l.e. every

fundamental SM particle have a superpartner identical in every aspect but differ
by % spin unit from its own spin. Hence every SM fermionic degree of freedom

have a superpartner with bosonic degree of freedom, and ‘Supermultiplets’ (a term
defined to describe the SM particle and its super—partner states) that represent
the superpartner of a SM particle state. Particles from the same supermultiplet
will go through the same gauge transformations, same couplings and have the

same electric charge, weak 1sospin and color charge.



SM fermions will have a spin—0 bosonic superpartners, named ‘sfermions’ scalar
. . . 1 .
fermions. SM vector bosons will have a spin— fermion superpartner named as

‘gaugino’ . The addition of these particles will cancel the loop corrections applied

to the Higgs mass by contributing opposite sign terms to the equation.

Although SUSY implies that all particles of the same supermultiplet are degenerate
in mass, the fact that no super—particle has been observed in none of the
experiments conducted so far, suggest that SUSY, if it exists, is a broken

symmetry.

i. Minimal Supersymmetric Standard Model (MSSM)

The MSSM is the simplest SUSY model available as an extension to the SM. It

suggests the existence of a superpartner to each and every SM particle with a
spin differing by a % unit. As a result, the total number of particles predicted is

doubled, since every SM fermion (lepton or quark) have two chirality states (left-
handed and right-handed), will have two superpartners called ‘sfermion’'s (slepton,
and squark), one for each chiral state. The mass eigenstate of the scalar partners
are a mixture of the /eft and right sfermions. Mixing between the lepton Yukawa’'s
are approximate slepton mass eigenstate. However, in general, the right—handed
sleptons are lighter. For the t—sleptons the mixing between the two chiral slepton

states can be larger, hence the mass eigen states are usually called 7, and 7;.

Each SM gauge boson have a fermionic superpartner called ‘gaugino’. There are
8 color—-charge carriers gluinos, one for each of the SM gluons. The
supersymmetric partners of the SU(2),: W and Z gauge bosons are fermions called
‘Wino's and ‘Zino' ,respectively, and the supersymmetric partner of the U(1)y

gauge boson: y is a fermion called ‘Bino’ (‘ Photino).



In order to maintain the electroweak gauge symmetry, and hence give mass to the

up—type and down-type fermions, SUSY requires the existence of two Higgs

doublets. A Higgs with hypercharge Y = % and the other Higgs with hypercharge

Y = —%I (H;,H)) and (H],H;) respectively, while a linear combination of the two
neutral Higgs 1s the SM Higgs itself. Each Higgs doublet has its own Vacuum
Expectation Value (VEV), and the ratio between the two VEVs is called tanB. The
superpartners of these Higgs field are fermions and are called ‘Higgsinos'. Table

1 specifies the different SM particles and their superpartners according to the

MSSM.

As SUSY is expected to be a broken symmetry, the lagrangian will be the sum of
two lagrangian terms: L = Lgysy + Lsope, the SUSY term which contains all the
gauge and Yukawa couplings — Lgysy, and another for the soft breaking of the

symmetry and will include only the mass terms and the coupling parameters -

Lsoft-

The two types of symmetry breaking: the electroweak symmetry breaking and the
SUSY breaking, can cause mixing between the electroweak gauginos and the
Higgsinos. The resulting mass states are four neutral particles called: ‘neutralinos’
and two charged particles called ‘charginos’. Table 2 specifies the resulting mixed

states.

In some SUSY models the lightest—supersymmetric particle (LSP) is assumed to
be the Gravitino (the superpartner of the presumably gravitational force carrier
the ‘graviton G), and in others the lightest Neutralino (out of the four) that are

potential candidates for a cold dark—matter.
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SM particle Spin SUSY partner Spin

Lepton 1 1 Slepton [ 0
2

Quark q 1 Squark § 0
2

Higgs H 0 Higgsino 1

(H., HY), (Hg Hg) 2

Gluon g 1 Gluino g 1

2

w+ 1 Wino W+ 1

2

Z 1 Zino Z 1

2

Photon y 1 Photino ¥ (Bino) 1

2

Table 1. List of SM particles and their superpartners according to the MSSM.

Mixing mass SUSY particle
states
Neutralinos Zino Z
%% %0, %3 Photino ¥ (Bino)
Neutral Higgsino
H), Hg
Charginos ¥3,%; Wino W+
Charged Higgsino
Hi, Hg

Table 2. List of mixed mass states in the MSSM.

11



ii. R-parity

In the total MSSM lagrangian density all the SUSY terms are required to be gauge-—
invariant under transformations, yet there appear terms that violate the leptonic
(L) and baryonic number (B) conservations, which is highly constrained
experimentally. The MSSM solves this problem by introducing a new symmetry

called R-parity, which forbids all L and B violating terms in the lagrangian.
R-parity symmetry associate to each particle the parameter:

Equation 1. Py = (—1)3E-D+251
Where SM particles have P = 1 and SUSY particles P = —1.
The conservation of R—parity imply that the LSP will be stable (will not decay, as
there is no SUSY particle lighter than it). All other SUSY particles will eventually
decay into the LSP. And in case of collision experiments the SUSY particles will

be produced in pairs.

iii. SUSY breaking

As SUSY expected to be a broken symmetry, the masses of the sparticles are
assumed to be much higher than those of their SM partners. Most of the SUSY
breaking models predict the sparticles to have a mass at the scale of ~1TeV. If
that is indeed the case, there is a good chance to discover these particles at the
collision experiments conducted in the Large—-Hadron Collider (LHC) at CERN,
where the center of mass energy can reach 14 TeV. Yet, this study was done

based on 8 TeV collisions.

!'B - baryonic number, L- leptonic number, S — the spin of the particle

12



There are many SUSY models currently available, all differ in the way the
symmetry is broken. Among them are the Gauge Mediated SUSY Breaking (GMSB)
and SplitSUSY, which will be discussed in this work. Simplified predictions, in the
sense of less restriction and less variables that are considered here are: the
LeptoSUSY and Stable Charginos models. Details on these models will be specified

in the next sections.

(1) Gauge Mediated SUSY Breaking (GMSB)

In GSMB, the symmetry breaking is mediated by gauge interactions at the scale
of VF (the fundamental SUSY breaking scale, i.e. the total contribution of the SUSY
breaking VEV of the superfields). Three sectors are defined: the observable
sector (refers to all SM fermions, two Higgs doublets and their superpartners),
the secluded sector (refers to the SUSY breaking hidden sector) and the
messenger sector (new superfields that transform under gauge group and couple
to the tree—level secluded sector. These messengers are taken to be a complete
representations of SU(5)). The coupling between the secluded sector and the
messenger sector generates a supersymmetric mass term: Mmessenger 10 the
messenger fields, and a squared term for the mass splitting between the
messenger fields Am?, at the order of VF. One loop diagrams involving the
messenger fields give mass to the gauginos and two-loop diagrams to the

sfermions.

The LSP in the GMSB models is the Gravitino (G) while the next—to-lightest—
SUSY - particle (NLSP) can be either the lightest neutralino or a charged slepton.
The é and fi; sleptons are nearly mass degenerate, while the t Yukawa coupling
lowers the lightest ¥ mass through renormalization group evolution and left—right

mixing. The NLSP in this case is the lightest 7, i.e. ;.

13



In general 6 main parameters characterize the GSMB models:

e A=—2"  the SUSY breaking mass scale

Mmessenger

®  Mpessenger — the messenger superfields mass

e N; — the number of messengers

e tanpf — the ratio between the two Higgs doublets VEVs

e sign(u) — the sign of the pu term (the Higgsino mass parameter)

® Cyrqv — the scale factor of the Gravitino mass

GMSB is an R—-parity conserving model, hence whatever SUSY particle produced
at the collision, it will eventually decay into the NLSP and then to the LSP (if these
are not being directly produced). In these models, the NLSP life-time is
proportional to cZrq,. Hence, if cjrqy is at the order of o(~10%), the NLSP is
relatively long-lived and has a decay length larger than the size of the detector.
As a result, the signature left in the detector will be affected by the features of
the NLSP. The NLSP scenario considered in this study is of a long-lived charged
7,, which is expected to interact in the detector like a heavy muon , losing energy

through ionization as it passes through the detector.

(i) Split-Supersymmetry (SplitSUSY)

SplitSUSY suggests that at high energies such as the Grand-Unification energy
scale (Agyr~101GeV) new particles exist and SUSY at low energies is not
probable. The superpartners of the SM gauge bosons (the gluino g, wino W, bino
B and Higgsino doublets H, and H;) are predicted at the ~TeV scale, while all
other SUSY particles are expected to have much higher masses, closer to the GUT
scale. The possible LSP candidate in these models is the neutralino (a mixture of

the Higgsino and Gaugino-Wino).
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A striking feature of the SplitSUSY prediction is that the gluino is considered as
stable particle and long-lived. Since the squarks in this model assume to have
much higher masses, considering color charge constraints and R-parity
conservation the gluino cannot decay to squarks and hence is the long-lived

particle in this scenario.

The proton—proton collisions at the LHC give rise to the possibility of a strongly
produced events to occur, and if SplitSUSY indeed exist it is likely that two gluinos
will be produced at these collisions. The gluino is then expected to bind with SM
colored particles through hardronization processes into a color-singlet state
called R-hadron (R — refers to their non-trivial R-parity) at a mass of

approximately the LLP (i.e. the gluino).
The type of hadron resulted depends on the other binding particles:

e R-baryon: a gluino bounding with 3 quarks: qqqg
e R-meson: a gluino bounding with a quark and an anti—quark: qgqg

e R-ball (gluino ball): a gluino bounding with a gluon: gg

This study also consider cases of third generation squarks (stop and sbottom) as
LLP in similar compositions. The difference between such scenarios and a gluino—

based R-hadron scenario will be detailed in the next sections.

Scattering of R-hadrons in the detector [22] [23]

The way the R—hadron scatter in the detector, and especially in the calorimeter

can affect the detector signature left by the passing particle.

Both charged and neutral heavy hadrons loss energy through scattering—off a
nuclei. Yet the probability that a parton such as the massive LLP will strongly
interact with quarks in the target nucleon is small. Such interactions are

suppressed by R-parity conservation as well as the invers squared mass of the
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parton. Hence the massive R-hadron is a composition of non-interacting heavy
stable LLP and colored hadronic cloud of light constituents responsible for the
interaction. Since the kinetic energy carried by the light quarks is very small, the
energy scale of the heavy hadron scattering processes off nucleons is low. The
total cross—section scattering of such R—hadron in the detector will be roughly

the same as regular hadron—hadron scattering carrying similar quark composition.

In gluino-based R-hadrons models, the scattering of the R—hadron is assumed to
follow the generic—scattering model, 1.e. does not depend on the energy carried
by the R—-hadron and the scattering rate is estimated with a constant geometric

cross—section (12 mbarn for light quarks and 6 mbarn for s—quarks).

Exotic scenarios of long-lived stop or sbottom squarks are also considered. Here
a light-squark (stop or sbottom) based R-hadrons scattering follows the triple-
Regge model that was originally developed for exotic hadrons scattering [24].
Since these R-hadrons contain a light—-quark system at low energies, it can be
treated with the phenomenology describing a low energy hadron—hadron
scattering. This is done in the triple Regge formalism where the scattering cross-—

section depends on the kinetic energy carried by the hadron.

The scattering of the R-hadron in the detector can change the electrical charge
state formed by the R—hadron at the production and result in flip—charge cases.
For example, if the initial electrical state of the R-hadron is charged, a track can
be detected in the layers of the inner—detector. However, the scattering of the R-
hadron within the calorimeter layers might result in a new hardronization state,
which might be electrically neutral state or doubly charged. If the R—hadron will
exit from the calorimeters as neutral, only a half-track (ID+ Calo information only)
will be detected by the ATLAS detector. An opposite scenario where the R—hadron

1s produced neutral but turns into electrically charged in the calorimeters is also
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possible. The best case scenario will be an R—hadron that is charged in all layers
and will allow for a full track detection. Yet a worst case scenario where the R-
hadron 1s neutral in all detector layers is another possibility and there is no way

to predict which will be the case.

Since the net-charge of the R-baryon state is given by the total quark
composition, the scattering in the calorimeters is expected to result in equal
number of charged and neutral gluino—based R-hadrons. Yet, for stop—based R-
hadrons twice as much will be charged while for the sbottom—-based R-hadrons
twice as much will be neutral, due to the electrical charge carried by these

squarks.

R-hadron signature in the ATLAS detector [22]

Depending on the topology of the event, missing energy in neutral compositions

can be indirectly measured at the reconstruction stage.

The measured ionization energy loss in the ID tracker is expected to be large with

respect to SM relativistic particles due to the small velocity of the R—hadron.

The amount of energy deposited in the calorimeters divided by the momentum of
the track, will be considerably smaller than that of light hadrons (that usually carry
smaller momentum), but a bit larger than that of high—-momentum muons. Hence

also the shape of the shower in the calorimeter layers will be different (narrower).

The slow velocities will result in large measured ToF by the calorimeter and muon

chambers.

(iii) Simplified Models

In the MSSM there are more than 100 free parameters influencing the signature

of the long-lived particles via the appearance of intermediate sparticles cascade.
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As a result a very large SUSY parameters space is created and the study is then

done for very constrained models.

Lately it has become favored to use a more ‘simplified’ study, an approach of
model-independent study, which reduces the parameter space by identifying the
most important parameters that parametrize the mass spectrum, determines the
sparticle signature in the detector but does not make assumptions about the origin

of the sparticles.

In this study, three different simplified models are being considered: a stable
slepton model — LeptoSUSY, stable charginos and R—hadrons with either stop or
shottom as the long-live particles. Details on these models are specified in the

next sections.

Leptogenic Supersymmetry (LeptoSUSY )

Leptogenic Supersymmetry (LeptoSUSY) refers to a kinematic decay
characterized by cascade decays with copious lepton production. The production
of new particles is assumed to be dominated by QCD (Quantum Chromo Dynamic)
production of squarks and gluinos, which are assumed to be at the top of the mass
spectrum. Colored particles decay into lighter charginos and neutralinos that are
predicted to be heavier than the sleptons and therefore decay into leptons and
sleptons. All the sleptons decay into the lightest slepton - the NLSP, a collider
stable particle that will eventually decay into the Gravitino outside of the detector

range.

LeptoSUSY models usually considers the squark masses to be at the ~TeV scale,
nearly mass degenerate and the gluino to be either lighter or heavier than the
squarks. Thus all three generations of squarks can be produced at the LHC. The
Gravitino, the LSP, is assumed to be lighter than ~1GeV, and the %; the NLSP, to
have a very long life—time, exiting the detector without decaying. The other right-
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handed sleptons (&g and jig) have a very short decay length and will decay to the
7, . The Higgsinos and gauginos must decay to the lightest collider-stable
sparticle, i.e the #; and hence produce leptons. The lightest neutralino ) can be
either Higgsino-like or Bino-like, and the number of resulting leptons depend on
whether the neutralino went through a short (¥ - ;) or long (¥ —» [, - ;) decay

chain.

In this work the LeptoSUSY models are focused on the production of colored
particle, decaying through a cascade to a final state with two LLP candidate per
event. The third generation squarks are assumed to be very heavy (~10 TeV),
and the mass of the first two squark generations are varied in order to exclude
models in a region of (mq,mg) for a fixed mass of J? at 400 GeV. The sleptons are
long-lived and set to be degenerate with mass of 300GeV, a value that was already
excluded by previous searches [25]. Last the Gravitino is the LSP in these

scenarios.

Stable Charginos

In this model a production of either ¥ 7P or ¥{7# with no other supersymmetric
particles accompanying the event is considered, where the lightest chargino and
the lightest neutralino are nearly degenerate in their mass, therefore both are

long-lived.

In this study, the chargino mass was moved up and down in a range from 100 to

800 GeV, keeping the mass splitting between the chargino and neutralino constant.

The chargino (essentially ~100% wino-like) was forced to be stable and the other

sparticle masses were set to very high masses, outside of the LHC at VS = 8 TeV

reach.
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The total cross—section 1s mostly composed of lightest—-chargino-lightest—
chargino (~33%) and lightest—-chargino-lightest—neutralino (~67%) direct

production.

Squark R-hadrons

A simplified model considering the third generation squarks: either stop (£) or
sbottom (b) as the long-lived particles forming an R-hadron bound state. These
two scenarios assume the scattering of these R-hadrons in the calorimeters
follows the Regge scattering model as default, where the cross—section is derived
from low-energy hadron scattering and considers calculations of energy loss

using the triple Regge formalism [24].
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Iv. The LHC and the ATLAS detector

This analysis is based on pp collision experiments conducted at the Large Hadron

Collider (LHC) and measured by the ATLAS detector, located at CERN.

i. The LHC

The LHC is a ring shaped tunnel collider, of 27 km circumference, comprising two
adjacent-parallel beam pipes intersecting at four points. Each beam pipe contains
a proton beam, with the two beams traveling in opposite directions. The circular
path of the beam is maintained by an up to ~8 Tesla of magnetic fields, generated
by superconducting magnets immersed in liquid helium, maintaining their

temperature at their superconducting phase.

A series of accelerating systems accelerate the protons as they reach to a 450GeV/
when injected into the collider, and continuing accelerating till reaches an energy
of 4 TeV (as to 2012). The traveling protons are accumulated into ~2.8k bunches,
each containing ~115 G protons, maintaining 50 ns interval between the two beam

collisions.

There are seven detection systems located along the collider ring, conducting
several different experiment studies: ATLAS and CMS, located in opposite sides
of the LHC ring, both studying high-energy phenomena involving massive
particles as well as a search for physics beyond the SM, LHCb (B-physics
experiments), ALICE (Study of heavy lon collisions), LHCf (astro—particle
experiments), MoEDAL (magnetic monopole research), and TOTEM
(measurements of total cross—section, elastic scattering and diffraction

dissociation at the LHC).
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This study 1s focused on the search for heavy long-lived particles, based on

experimental data collected by the ATLAS detector.

ii. The ATLAS detector

The ATLAS detector is a particle detection apparatus constructed at the Large
Hadron Collider (LHC) [26] and is located at one of its four intersecting points. It
1s 44 meters long and 25 meters in diameter with a forward—-backward symmetric

cylindrical geometry and nearly 4m coverage in solid angle (Figure 1).

25m

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Plxel detector !

LAr electromagnetic calorimeters

Torold magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Figure 1: Cut—-away view of the ATLAS detector [26]
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The Interaction—Point (IP) is defined as the origin of the coordinate system. The

beam travels along the z—axis line and the x-y plane is transverse to the beam

axis. The azimuthal angel ¢ is measured around the z-axis, and the polar angle 6

1s the angle between the beam axis and the x—y plane. The transverse momentum

pr, the transverse energy Etand the missing transverse energy (MET) EFS are

all x—y plane parameters. The pseudo-rapidity is defined as:

Equation 2° n = —In ltangl

The ATLAS detector 1s composed out of three main types of sub—detectors, each

play a different role in the particle detection process:

The Inner Detector (ID) — the closest detector to the IP, includes three sub-
systems: a Pixel silicon detector, a silicon micro-strip detector (SCT) and
a transition radiation tracker (TRT). All combined they operate to detect
tracks of charged particles. The ID is immersed in magnetic field of 2T and
is surrounded by the EM calorimeter.

The calorimetric system — the middle layer of the detector, includes the
Electromagnetic Calorimeter — a high—granularity liquid—argon sampling
calorimeter and a hadronic calorimeter with an iron scintillator tile
calorimeter in the barrel, liquid Argon calorimeter in the end-cap (HEC) and
a forward calorimeter (FCal).

The Muon Spectrometer (MS) — the outer most layer of the detector includes
two systems of precision tracking chambers (The MDT and the CSC),
providing momentum measurements of muons and muon-like particles. As
well as two trigger chamber systems, the RPC in the barrel and the TGC in

the end—caps.
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ATLAS is composed of two main regions: the barrel region, includes all the sub-
detector systems constructed as concentric cylindrical layers surrounding the
beam axis. And the end-cap region, completes the coverage of detection by sub—
detector systems mounted as disks from both sides of the barrel region, in
perpendicular to the beam axis.

Following is a brief summary of the main sub—detector systems this analysis relies on:

(1) The Pixel sub—detector

The Pixel detector is the innermost sub—detector in ATLAS, i.e. the closest to the
IP, providing at least three precision measurements for each track in the region

Inl < 2.5 at radial distances from the beam line R < 15cm.

Energy loss measurements of charged particles are performed by the Pixel

detector, enabling mass calculations via the following steps:

e [onization measurements (dE/dx): A charge threshold is set for each pixel.

Once the signal is above the set threshold, the Time above the Threshold
(ToT) is measured. There is a good linear relation between the ToT and
the charge deposition in each pixel, enabling high quality measurements of
energy loss.

Once the ionization energy of the passing particle is released and deposited
in the pixels, it is reconstructed by joining all relevant pixels to form a
cluster and the sum of all the charge is calculated (after calibration is
applied). Then the average energy loss dE/dx can be estimated for each
cluster associated with the track.

e Mass measurements: Once dE/dx is estimated and the momentum has been

reconstructed, particles can be identified by fitting the values to a Bethe-

Bloch distribution function, and the mass can be deduced. Mass estimation
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for negative charged particles and positive ones is done separately, as well

as for different numbers of good clusters (nGC).

(i) The calorimetric system

The Calorimetric system surrounding the ID, measures the energy deposited by

the particle. Two types of calorimeters constructed in the ATLAS detector:

e The Electromagnetic (EM) Calorimeter — measures the energy of electrons

and photons passing through, designed in accordion shape, allowing full ¢
symmetry coverage in both the barrel and end-cap regions.

e The Hadronic calorimeters — refer to both the Tile and the HEC (Hadronic

end-cap) calorimeters. Both measure the energy absorbed when strongly
interacting particles (mainly hadrons) lose their energy in nuclear
interactions with the calorimeter material. The calorimeter has full ¢—
symmetry coverage around the beam axis. The Tile covers the barrel region

while the HEC the end-cap region.

The Tile contains steel absorbers and scintillators as active medium, while both
the EM and HEC calorimeter use Liquid Argon (LAr) as the active medium (hence
referred to as the ‘Lar’ calorimeters). The Lar and the Tile calorimeters have
sufficiently accurate timing to distinguish between highly relativistic SM particles
and slower LLPs of interest to the searches considered in this work, and hence

will be used to measure the time of flight of the candidates.

(iii) The Muon Spectrometer

The Muon Spectrometer 1s the most outer part of the ATLAS detector and is

designed to detect charged particles exiting the Hadronic calorimeters. In the
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barrel region, tracks are measured in chambers arranged in three cylindrical
layers around the beam axis. In the transition and end-caps regions, the chambers
are installed in planes perpendicular to the beam, also in three layers. The

conceptual layout of the muon spectrometer is shown in Figure 2.

Thin-gap chambers (TGC)
b B Cathode strip chambers (CSC)

Barrel toroid

Resisfive-plate
chambers (RPC)

End-cap foroid
Monitored drift tubes (MDT)

Figure 2: Cut—away view of the ATLAS muon system.

The MS is composed of 2 main systems:

1. The precision tracking chambers — measure the momentum of the particle.

Monitored Drift Tube chambers (MDTs) and cover the entire |[nl|<2.7
region (except in the innermost end—cap layer where their coverage is
limited to |n|<2.0). Cathode Strip Chambers (CSC) cover the inner forward
region: 2<|n[<2.7.
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2. The Trigger chambers — delivering track information from the collision BC

every 25 ns. They measure the coordinates of the track in both ¢ and n
planes. The two trigger systems are: the Resistive Plate Chambers (RPC)
covering the range |n| < 1.05, and the Thin Gap Chambers (TGC) at 1.05
< Inl < 2.4.

The MDTs - are precision tracking chambers measuring the momentum of a
charged particle passing in the region |n| < 2.7. They consist of drift tubes filled
with Ar/COz gas composition layers.

A charged particle passing through one of the tubes ionizes the gas which cause
the electrons to drift towards a W47/ Re wire held in ~3kV (Figure 3). The hit
position is obtained from the particle drift time measured with 0.8 ns granularity,
while R = R(tarif¢) represents the radius obtained from the hit position and the
wire (Figure 3). Collecting hit radii from different layers and applying a tangent
line between them enables reconstruction of a segment of the particle’s track.
Assuming a relativistic particle (8 = 1), the drift time can be estimated by
subtracting the expected ToF t,, from the measured signal time. Since LLP are
expected to be slower, the measured radius will be mismeasured as larger. Larger
radii can result in a badly measured segment or wrong segment direction. Further

information on the MDT B estimation can be found in chapter VII.
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Cathode tube

— 20970 mnr——

Figure 3° Cross—section of MDT tube [26].

The RPCs - are triggering the system in response to a charged particle passing
through in the barrel region (In| < 1.05). Track information is delivered within 25
ns once the trigger was set on. It is constructed as three concentric cylindrical
layers around the beam axis, each layer is referred to as an RPC station. The time
granularity of the RPC is 3.125 ns, permitting accurate ToF measurements. Two
signals are generated upon a charge particle passing through: one measures the
time and position in ¢ direction and the other in the n direction. The time measured
includes both the ToF and the propagation time along the strip (the time from the
point the particle passed by till the signal reached the readout electronics). Once
the hit position is known in both directions, the propagation time can be subtracted

and the ToF extracted.
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V. Measurement Strategy

This analysis studies two cases of LLP interactions: strongly interacting LLPs and
weakly interacting LLPs. There can be a difference between the two cases in

terms of the detector signature such a particle would leave.

Heavy charged weakly interacting LLPs, such as charginos and sleptons are
expected to interact with the detector just like heavy muons. Hence, a full track
should be reconstructed all the way from the ID through the calorimeters and into

to the muon spectrometer.

R-hadron LLP’s detector signature cannot be anticipated in advance due to
possible charge flip. Colored LLPs bound together with light quarks or gluons and
then travel as a neutral color composition through the detector. While crossing
the hadronic calorimeter layers, hadronic interactions of the SM particles with the
calorimeter medium can change the hadronic state of the R-hadron, leading to
either neutral or electrically charged states. Nuclear interactions of partons with
nuclei are suppressed by the squared inverse of the mass of the parton, hence R-
hadrons are modeled as a spectator accompanied by interacting light quarks
and/or gluons. Therefore the expected cross-section for the interaction of R-
hadrons with the detector is of the order of the ones of light quark bound states.
In ATLAS, the energy loss during these interactions is expected to be small
because the amount of kinetic energy available in the interacting system is small

as can be seen in Figure 7.
This study considers two possible detector signatures:

1. “Combined candidates” — candidates that reconstruct to a full-track based
on information from the ID, calorimeters and MS. The B of the candidate will

be estimated from measured ToF of hits in all available technologies:
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Calorimeters, RPC and MDT and will be combined into a combined B by a
weighted average. By deduced from the Pixel Z—f{ measurements will be used

for consistency check between B from the ID and the combined B from the
other technologies. The momentum will be evaluated from the candidate
track in the ID only. The momentum measurement of the candidate from the
MS is not exploited in this analysis. It was found to reduce the signal
efficiency and give inaccurate measurements in the case of R-hadrons that
reach the MS as doubly charged.

. “ID+Calo candidates” -information based only on the ID and the

calorimeters is used. The momentum is deduced from the ID track and B is
estimated from either pixel Z—i (By) or ToF measurements from the

calorimeters.

Requiring consistency of the p measurements within each technology and between

the different technologies will allow for an optimized combined B resolution.

Although noisy measurements are rejected when internal consistency is required,

it is of high importance to ensure the measured B was indeed of a slow particle

and not an artifact of the technology measuring it. Hence a consistency between

the different technologies is required as well.

Once the combined B is estimated and the momentum reconstructed, the mass of

the candidate can be calculated:

Equation 3° m = £,
quation 3° m By

The massive LLPs are expected to travel slower than SM relativistic particles,

hence cutting on B<1 will allow for background to be reduced.

As a result, the expected remaining background should be composed mainly of

high momentum muons with B from the tails of the distribution.
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Three factors set the quality of this search:

1. B _resolution: high B resolution will result in a narrow distribution with

reduced tails. If such resolution will be achieved, the background at the high
mass region will be reduced as well as ensure that anomalies at high masses
will be spotted easily. This is performed by applying a good calibration to
the measured ToF measurements to account for time off-set of the different
detector elements. Quality cuts that require a minimum number of degrees-—
of-freedom (DoF) and consistency between hits within each ToF
measurement technology and between the different technologies play a
dominant role in achieving a good B resolution.

2. Background elimination: 1s also performed by applying quality and

consistency cuts on the estimated B. However, topological cuts on the
candidate track remove background originating from cosmic rays, muons
from Z or beam halo muons. Applying a final cut on the candidate’s combined
B to be lower than 1 will ensure a massive reduction of the background.

3. Background estimation: an accurate estimation of the background shape is

required in order to claim a new discovery or set new limits. The

background shape and normalization are estimated using only the data.

Furthermore, a detector signature prediction is not sufficient when dealing with
reconstruction of events. The different searches will not always display the
expected tracks in the events due to measurement resolutions. This was taken
into consideration by defining different signal regions (SR) to cover all possible

scenarios, as will be explained in further details in the selection chapter VIII.

All the slepton models considered here conserve R-parity, hence two charged
LLP tracks are expected to be reconstructed and are categorized in the “two-

candidate” loosely selected SR. In order not to eliminate cases where only one
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candidate was properly reconstructed, another SR i1s defined when the LLP is

tightly selected, the “one—candidate” SR.

In the stable chargino production model 33% of all events are expected to be a
¥ % direct production, while the rest 67% should be a ¥ ¥ production. Since
the mass splitting between the ¥ and the ¥ is set to be negligible, a ¥f %
event will result in one reconstructed charged LLP and a large MET. To account
for these two scenarios and the possibility of a ¥ ¥, with only one charged LLP
reconstructed properly, three SRs are defined: “two-candidate” SR for loosely
selected ¥f %7, “one-loose-candidate” SR loosely selected with a large cut on
the MET EM¥S >100GeV for the ¥ %Y production case, and last, a “one-

candidate” tightly selected for a case of only one reconstructed charged LLP.

The SRs for both sleptons and chargino searches are exclusively selected, in the
sense that only if they fail to pass the two—-candidate SR they will be tested for

the one—candidate SR.

Due to possible charge flip scenarios in the R-Hadrons case, a “full-detector”
search is defined to account for either a full detector track (ID, Calo and MS) or
half-track (ID+ Calo) information only. These options cover the two cases where
the R-hadron is produced and remained electrically charged while crossing the
detector, and the case where it becomes neutral when exiting the hadronic
calorimeter. In this SR selection the candidates are selected inclusively. First
searching for a combined track candidate and only if it was not found, an ID+ Calo
candidate 1s selected. The case where the R—hadron is produced as neutral and
becomes charged while exiting the hadronic calorimeter is not investigated in this
study, mainly due to low quality of the reconstructed tracks and lack of enough

background statistics in this case. Also, the case of neutral R—hadron in all
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detector stations is ignored. Table 3 lists the different searches included in this

study, the mass range of the LLPs and the defined SRs.

Search Mass Signal- Signature/Requirements
Range Region
(GeV)
GMSB 175- Two- Two loose combined candidates
500 candidate
One- One tight combined candidate
candidate
LeptoSUSY 600- Two- Two loose combined candidates
3000 candidate
One- One tight combined candidate
candidate
Charginos  100- Two- Two loose combined candidates
800 candidate
One- One loose combined candidate plus EF“sS
loose-
candidate
One- One tight combined candidate
candidate
R-hadrons 300- One- One preferably combined candidate. In
1700 candidate case missing, one ID_Calo candidate

selection. *In case of multi—combined
candidates, random choice of a candidate
will be taken.

Table 3. Overview of all searches, mass ranges and signal regions.

The background in all searches will be estimated for the mass distribution of the
candidates, separately for each search (sleptons, charginos and R-hadrons) and

SR and i1s completely data driven.

Simulated samples are used in this search for two main purposes: As mentioned
previously, the background for these searches is expected to be composed mainly

of high—-p muons with badly measured B. Therefore simulation of Z - uu events is

33



suitable for calibration and smearing studies as they can be easily compared with
Z - up data events collected. B measurements of the simulated events are
compared with f measurements of the data, and adjustment of the smearing of the
generated hit times according to the ones in the data sample is done in order to
account for the ToF measurement resolution. The smearing factors deduced from

this procedure are implemented on simulated signal samples.

Signal samples for the different signal searches: GMSB, LeptoSUSY, Charginos
and R-hadrons are used for signal efficiency studies, and for optimization of the
selection cuts to ensure highest signal efficiency possible with minimum

background.
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V1. Data and simulated samples

i. Data

The total integrated luminosity collected by the ATLAS detector in 2012 runs was
20.3 fb~!. The study presented here is based on data from 2012 collisions with a
total integrated luminosity of 19.1 fb™' reprocessed in ATLAS official
reprocessing. The reason for the smaller integrated luminosity considered is due
to a technical failure to run over all the events in the grid. Yet, the difference is

negligible and would not change the results reported in this study.

Another data sample of mainly Z - uu events collected in 2012 runs with a total

integrated luminosity of 19.8 fb™! is used as a control sample.

ii. Simulated Monte—Carlo (MC) Samples

Simulated samples play a crucial role in this type of search. MC samples that are
properly simulated can ensure an accurate estimation of the expected signal

efficiency in the different scenarios, and in case of no discovery setting limits.

The data taking runs in ATLAS may differ one from the other due to changes
applied in the trigger menus to account for the increase in luminosity. In order to
reflect these changes in the simulated MC, the samples are divided into sets and
each set represents a number of data taking periods. In each set the distribution
of pile—up events, the detector conditions and trigger changes, matches the
conditions in the different data taking periods. To make sure that the MC sets
represents accurately the fraction of the data collected in each run, re-weighting
1s applied using a PileupReweighting—00-02-11 ATLAS package.
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(1) Simulated Background Samples

Simulated sample of 4 million Z — uu events generated with PHYTHIAG? [27] is
used for calculating the smearing of the hit times according to what is observed
in the Z — pp data sample and by comparing time and beta distributions between
Z — uu data and MC validate the hit time smearing procedure applied to the signal

simulated samples.

(ii) Simulated Signal Samples

GMSB Simulated Samples

A range of simulated GMSB samples were generated using HERWIG+ + [28] for the
study of a ¥ NLSP in the mass range between 175-500GeV. The fixed-value
parameters of the GMSB model are the following: N5=3 the number of super-—
multiplets in the messenger sector, Mmessenger=250TeV the messenger mass scale,
sign(w=1 the sign of the Higssino mass, and Cgray=5000 the scale factor of the
Gravitino mass which determines the NLSP lifetime (it is set high enough to ensure
the NLSP will not decay within the ATLAS detector).

Other parameters that vary from one mass point to another are: tan(f), the ratio
between the vacuum expectation values of the two Higgs doublets in a range
between 10 and 50 in intervals of 10. The effective SUSY breaking scale A is
varied between 80TeV and 160TeV, in intervals of 10TeV. The variations in tan()
set the mass splitting between the 7; and the other SUSY particles. Increasing
tan(B) will reduce the ¥; mass while increasing the mass splitting between the f;

and the other s—particles. Increasing A will increase the masses of all SUSY

2 PHYTHIA6 is a program for the generation of high-energy physics events and allows for
description of collisions at high energies between elementary particles.
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particles, which will result in a decrease of the cross-section (higher mass s-—
particles, especially squarks and gluinos are pushed higher in the TeV scale and
are then less likely to be produced). The right-handed sleptons (&, i) are lighter
than the left—handed sleptons and are heavier than the 7; mass by 0.75-90GeV.
The light neutralino masses vary from 328-709GeV and the chargino masses from
540-940GeV. With these model parameters the resulted mass of the squarks and

gluinos is above 1TeV in all samples.

LeptoSUSY Simulated Samples

The LeptoSUSY samples are simulated in MADGRAPH [29] with BRIDGE [30] for

decaying the quarks, and PuytHia8 [31] for parton shower.

The sleptons are considered as long-lived within the ATLAS detector, and their

masses are fixed to 300GeV.

The masses of the neutralinos and charginos are decoupled, hence are not within
the LHC reach with the exception of the lightest neutralino ¥? that is mass is fixed

to 400GeV.

The third generation squarks (£ b) are also assumed to be too heavy to be
produced in the LHC, while the first and second generation squarks and gluinos

have mass at the range of 600-3000GeV.

Charginos Simulated Samples

Samples of long-lived charginos were generated using HERWIG+ + [28] assuming
the lightest neutralino and chargino are nearly mass degenerate. The chargino is
the NLSP and the neutralino the LSP. In case a chargino is produced it is unlikely
that 1t will decay to the neutralino, due to the small mass splitting between the
two. The mass splitting is set to 0.14GeV and is fixed for all mass points

investigated in this study.
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All other SUSY particle’s mass were set to very high mass values, beyond the
LHC production reach, to ensure scenarios of either 7(%’7(f or 7f7f production
only. The total cross-section is mostly composed of #f % (~33%) and 7 %?

(~67%) direct production.

R-hadron Simulated Samples

Simulation of pair production of gluinos, stops and sbottoms were simulated in
PruyTHia6 [27] with a full detector simulation, where the interactions with matter
are handled by GEANT4 ® [32].

The gluino R-hadron is studied under the context of the Split SUSY model where
the gluino is long-lived due to R—parity conservation and the assumption that the
other squarks mass is higher. The interactions of such R-hadron with matter is
referred to as the ‘generic model’. 10% of the events are of gluino-ball scenarios,
where a gluino and a gluon bounds together forming a neutrally electrically charge
state.

The cases of long-lived stop or sbottom interacting with matter according to a
‘triple Regge’ interaction are studied under the same conditions and the same

analysis strategy is applied as in the gluino R-hadron case.

All R-hadron scenarios considered here are studied with LLP at mass range

between 300-1700GeV.

3 GEANT4 is a tool package used for simulation of particles passage through matter. The
simulation consider variety of sources that can affect the way the particle scatters—off a nuclei
(tracking, physics models, etc:::) The physical process included in this package are:
electromagnetic, hadronic and optical for a large set of particles, materials and elements over a
wide energy scale (250 eV up to the TeV scale).
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VII. Mass reconstruction

In this study the mass is calculated by the ratio between the momentum and By:

(Equation 3) m = % where B is estimated in two ways.

B estimated from ToF measurements of available technologies with good time
resolution (Calorimeters, RPCs and MDTs) is used for the case of combined
candidates, i.e. with a full track. The mass calculations that considers a ToF
measurement based B is referred to as mg in this study and is used for the

sleptons, charginos and R-hadrons.

For the R-hadron case, where there is no guarantee for a full-track candidate but

sometimes an ID+ Calo candidate only, there is also a mass calculation based on
By calculations deduced from the Pixel Z—)E( measurements. The mass calculations

that considers the Pixel measurement based By is referred to as mg, in this study
and is used for R-hadron scenarios only. As for the ID+ Calo case, the information
comes only from the ID and the Calorimeters, hence a measurement based on just
one out of the two might not be accurate, and combining the p from the ToF Calo
measurements and By from the Pixel is not possible as one technology measures
energy loss while the other relay on timing of the hits. Hence, for the R-hadron
case, the mass is estimated twice, once for mg and once for mg, and both mass

estimations are required to be above a certain mass cut to pass into the SR.

) dE
i. Mass from — measurement

The hits from the Pixel detector contain the physical coordinate of the signal and

the time—over—threshold (ToT) associated with it. The maximum measurable ToT
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value corresponds to approximately 8.5 times the average charge released by the

minimum ionizing particle (MIP). Above this value the measurement is lost.

The energy deposit by a particle traversing the Pixel layers is rarely confined to
a single pixel, hence neighboring pixels are joint together to form clusters and the

charge of each cluster 1s calculated by summing up the charges of all pixels.

The specific energy loss Z—f{, 1s defined as an average of the individual cluster

charge measurements for the clusters associated with the track. The energy
deposited by a track in each cluster follows an asymmetric Landau distribution.
The average is composed of charge measurements from three clusters, yet in
order to avoid bias, the clusters with the highest charge are removed from the

calculation.

The mass of a slow charged particle can be measured by fitting each Z—i and

momentum measurement to an empirical Bethe-Bloch function, and from that
deduce the By value. Within the ToT and MIP boundaries, the possible range of By
1s between 0.2 and 1.5 respectively. The particle identification method described
in [33] uses five-parameter function to describe how the most probable value of

specific energy loss Mas depends on By:
dxX

Equation 4: Mae = %ln(l + (P2BY)P%) — ps
ax

Figure 4 (left) shows how Mae overlaps data for low momentum tracks. Figure 4
dx

(right) shows the simulated Pixel Z—i spectra for singly—-charged hypothetical R-

hadrons for several mass points. The most probable value of j—i for MIPs 1s about
1.2 MeVg 'cm? with a slight n dependence. By is obtained by inverting the above
equation, then for all the tracks with a reconstructed momentum p and Z—f{ above

the value of the MIP the mass mg, 1s estimated.
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Figure 4. Left: Distribution of Z—i vs. charge times momentum for minimum bias

collisions in a data sample from 2010. Right: Simulated distribution of specific
energy loss vs. momentum for singly—-charged hypothetical R—hadrons of various
masses.

ii. Mass from ToF measurements

The calorimeters (LAr as EM calorimeter, Tile and HEC as hadronic calorimeters),
RPCs and MDTs are used for the time measurement to estimate the B of a particle.
These sub—detectors have good timing resolution and allow to distinguish between
relativistic SM particles and slower LLPs. However due to differences in
performance between the different systems, a calibration of the hit times is
required 1n case of off-sets and later a combining by a weighted average of the

different B estimations into a combined B.
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(i) Measurement

Once the hits in a particle’s trajectory have been reconstructed, the location of
the hits and the ToF from each technology can be used to calculate the B of the
particle. A weighted average of the estimated B’s from the different sub-system
1s calculated. The uncertainty on the hits location is relatively negligible, yet the
errors on the ToF measurements are not and they are distributed in a Gaussian

shape, hence the B’s will be estimated in the form of g~

Equation 5° Brt, =

where the B of the corresponding ToF of hit i is divided by its distance:

Equation 6: Bt = %
i
and Op-1 1s the time resolution of hit i1 divided by its distance:

1

Equation 7 02,_1 = ——
t 1
(“B:l>

and B is calculated as the invers of B~1. The error on B is given by the error
propagation as:

Equation 8. og = 041
and of is proportional to B. As a result, for small B the error is smaller as well and

for a given resolution on the time measurement a slower particle has a better B

resolution.
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(i) ToF measurement calibration

The increase in events statistics and on—going efforts of the ATLAS collaboration
have improved the timing calibration of the sub—detectors in the 2012 data with
respect to previous years. Yet, an optimization of the timing resolutions is still
required due to sensitivity of the ToF measurement to relative offsets in the time

calibration between the different detector elements.

In a perfectly calibrated detector, relativistic particle such as energetic muon
coming from the I[P will reach the detector at t, = 0. The t, distributions of the
different sub—detectors are measured for muons from a data sample enriched with
Z - pp events. The means of these distributions are used to correct the calibration
of the timing, by performing a shift to the measured t,’s and their widths are used

as the resolution of the time measurement in the B~! average.

Smearing the Z - up simulated MC t, distribution according to the Z — uu data
to distribution will simulate the real detector conditions in the MC sample and the

resolution widths will be similar.

LHC-ATLAS phase shift correction

The shift in the mean of the t, distribution from zero in the calorimeters and RPCs
was found to be run dependent. This shift presumably comes from a misalignment

in the ATLAS and LHC clocks caused by weather influence on the fiber that

43



synchronizes between the two clocks. A correction has been applied based on the

average of the calorimeter measurements.

Figure 5 shows the calorimeter time shift average per run as a function of run

number.
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Figure 5. The relative shift of all calorimeter cell time measurements averaged
per run as a function of run—number before any calibration is performed.

Calorimeter timing calibration

The t, distribution depends strongly on the calorimeter layer and the energy
deposition on the cells. Deriving calibration constants to account for these
dependencies, the data from a control sample (Z - uu) is divided into energy-
layer bins, from which the mean and width of the t, is extracted. Calibration
correction to the data and the smearing of the MC is applied to the same energy-
layer bins. Figure 6 shows a comparison between un-—calibrated and calibrated
cell times and B, while Figure 7 exhibits a comparison of the expected energy

deposit by the different LLPs vs. muons in the calorimeters.
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Muon Spectrometer technologies timing calibration

The calibration for the RPC technology is performed by extracting 372K constants

to correct the calibration timing of the RPC strips.

For the MDT, the calibration is performed by extracting approximately 32K pairs

of constants for correction of corresponding timing reading in the readout boards.

Figure 8 shows the hit times and  measurement distributions for muons from Z -

uu events before and after calibration for the RPC and MDT technologies.

(iii) Calibration of a4 scale

Once a weighted average of B and its errors, og, have been obtained, a final
calibration of agg 1s performed. It has been investigated how well the calculated

errors describe the width of the B distribution. Histogram of pull values, i.e.

1
(1-3

FEquation 9: 0(1_%)

are filled in bins of f and n to correct for any dependence as a function of these
variables. The width values from the histograms are used directly as scaling
factors of og. Figure 8 shows the pulls of the p measurement in different sub-

detectors.

(iv) Smearing simulated MC hit time measurements

The simulation of events in MC does not describe accurately the distribution of
the real-time measurements. Hence smearing of the hit times according to the
distribution observed in the data is an important step in the analysis when a
realistic estimation of a signal within all the measured background is required.
The procedure of smearing the simulated hit times considers separate smearing

factors for the different detectors measuring the ToF and their elements.
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For the calorimeters and the MDT technologies each hit is smeared by the time

resolution observed in the detector element where it was measured.

For the RPC technology the simulation does not include an error on the
measurement, and one has to model correctly the digitization changes coming from
the time resolution. Further details on the RPC simulation constraints and

overcoming them can be found in chapters VIII (section (i)) and X (section (i)).

(v) Internal consistency of a B measurement

The p measurements within each technology are required to be consistent in order

to remove noisy measurements.

For the calorimeters, the consistency is checked by calculating the y? distribution
of the average B~1: The square sum of each individual g;! measurement relative

to the average B~! weighted with the error on the measurement Og-1. In case the

x? probability for the number of DoF is found to be below 0.001, the measurement

1s rejected.

For the MS technologies, i.e. RPC and MDT a cut is applied on the R.M.S of the

B ' measurement.
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(vi) Combining B measurements

Only B measurements that were found to be consistent in each technology and
between the different technologies are combined in a weighted average to provide
a final B measurement of the candidate, while the weights are obtained from the
calculated error of each measurement. A consistency is also required between the
combined B and Py from Pixel Z—f{ measurements. Figure 10 shows the B
measurement distribution obtained from the calorimeters only (left) and a
combined B measurement (right) for selected Z - uu events in data and smeared
MC. The combined p measurements is distributed nicely around 1 (8 = 0.999) in
both data and MC distributions, with a fine and relatively narrow distribution (O’B =
0.0232 in the data, and oz = 0.0237 in MC). The results of the smearing mechanism

can be seen in this figure, exhibiting almost equal distributions of the data and

MC.
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Figure 10. Distribution of the B from the calorimeter measurements (left) and the
combined B (right) obtained for selected Z—uu events in MC before (red) and after (blue,

the smearing procedure.
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VIII. Selection

This analysis relies on three stages of selection: An ‘on-line’ selection of events
to be kept for analysis and ‘off-line’ selection of events and the candidates within
these events. This narrows further the number of events that demonstrate a

reconstructed LLP of the SR detector signature being studied.

i. Online event selection — Triggers

All searches in this study include only events that passed either the unprescaled
single—muon or missing—transvers—-momentum trigger chains to ensure maximum

trigger efficiency possible.

(i) Single—Muon trigger

The single-muon trigger chains included require p; threshold above 24GeV, low
enough with respect to the off-line selection cut on the pr: for the full track
candidates in the R-hadrons search the cut is above 50GeV while for the other

searches the cut is above 70GeV.

Level-1 muon triggers are accepted and passed to the high-level trigger (HLT)
only if assigned to the collision bunch-crossing (BC). Later triggers due to late

arrival of the particles are lost at the HLT stage.

The majority of candidates in the data are in—time muons, hence late arrival
particles are coming mostly from miss—measurements. The trigger efficiency for
late arrival particles cannot be estimated from the data due to low statistics in this
region. Simulated signal samples are used for the trigger efficiency studies of slow
massive LLPs, yet the accuracy of this estimation depends directly on the exact
timing implementation in the simulation and needs to be compatible with what 1s

described in the data.
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The Level-1 trigger simulation is a detailed emulation of the trigger electronics
chain and would give the same result as the online electronics, given the same

input data.

The two Level-1 muon trigger systems are the RPC in the barrel and the TGC in
the end—cap regions of the ATLAS detector.

The TGC digitization of the time distribution is based on a detailed study test-—
beam, and cable delays are compensated accurately in the electronics. As a result,
the Level—-1 trigger simulation and the data were observed to correspond well to

each other.

For the RPC the measured times that go into the emulation have some difference
between the data and the MC. Cables in the hardware that transmit the signals to
the electronics are transmitting with a small delay that should be compensated by

the electronics delay taken in account, yet the compensation is not perfect.

Furthermore, in the simulation the alignment of the particle times within the BC is
shifted by bnsec compared to the data, and the electronic jitter and signal creation

jitter are underestimated.

The calibration of the hit times in the RPC considers a fix for this delay, yet the
simulation of the signal MC can be biased as a result if this imperfection, and the

signal efficiency of the trigger estimated as higher than it should be.

In order to overcome this issue, we have assessed a systematic error on the RPC
trigger efficiency, by smearing the simulated MC hit times to be distributed as un—

calibrated data, and re—estimate the trigger efficiency on the signal.

When tested on GMSB simulated samples, the single—muon trigger chains were
found to be efficient. GMSB signatures can contain two typically high—-p LLPs that

reach the MS and additional muons stemming from neutralino decays, both can
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trigger the event. Figure 11 (right) exhibits the muon trigger efficiency as a
function of the B of the particle that triggered the event. The lower—p particles
can still be found if a higher—B particle triggered the event as can be seen in

Figure 11 (left).
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data). Right. Distribution of B for trigger candidates (line) and for all candidates in
the event (points) passing the trigger. Candidates with B below the trigger
threshold are found in triggered events when there i1s another higher—-f particle
that triggered the event.

The estimated muon-—trigger efficiency for GMSB events range between 65-85%.
When tested on Chargino simulated events the efficiency was found to be between
24-67%, lower than in the slepton case. This is a result of lack of muons in the
chargino production scenario that includes either ¥{ % or ¥f %Y, and in the later
case which 1s ~67% of all the events only one candidate can trigger the event.
For lower mass charginos, the trigger efficiency is higher as they expected to
travel in higher—p with respect to the higher mass charginos. Last, for the R-

hadron simulation the efficiency is estimated to be even lower (less than 35% and

53

1 11

1.
RPC p

2



lower for higher masses) as a result the relatively low—p and flip charge scenarios

when the R-hadron reaches the MS neutral.

(ii) Missing transvers momentum trigger

Events containing LLPs sometimes contain high-p7 jets from QCD initial-state
radiation (ISR). The energy deposit of a LLP in the calorimeters is relatively
modest, at the scale of the energy deposit of a muon as can be seen in Figure 7,

as a result the EMSS can be large for that event.

In the stable chargino production scenario, the contribution to the EF¥ can result

from ISR. The long-lived neutralinos escaping detection and only later on are
reconstructed as EFMS. While in the sleptons scenario, the large EF*SS can come
from EW production of charginos or sleptons decaying to stau and a neutrino. Jets
in the final-state-radiation (FSR) are negligible in both Chargino and slepton

scenarios.

The MET trigger chains included in this analysis are of prt threshold above 60GeV

for the R—hadron search and above 70GeV for the other searches.

The MET trigger efficiency is not reduced due to slow particles late to arrive, as

in the muon trigger case.

(iii) Total trigger efficiency

For all searches a logical OR of the MET or Muon triggers is applied in the selected

events.

In the slepton search, the addition of the MET trigger to the event selection
increases the efficiency of signal events to be selected. The MET trigger includes
events of late arrival particles that did not fire the muon trigger because they did
not arrive on time with the collision BC. The total efficiency is reduced with

increasing mass of the stable slepton. This is a result of the late arrival of particles
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to the MS that the MET trigger did not manage to include due to low EX¥S in the
event. Figure 12 shows the trigger efficiency obtained for GMSB events as a

function of the stau mass.

Figure 13 shows the trigger efficiency for a stable slepton of fixed mass at
300GeV within the LeptoSUSY models as a function of the squark (left) and gluino
(right) masses. In these plots the same squark (gluino) mass can appear more than
once for different efficiencies measured. This is a result of studying models with

one squark (gluino) mass with different gluino (squrak) masses.

In the stable chargino model scenario, the trigger efficiency is demonstrated in
Figure 14 (left). The increase in the MET trigger efficiency with increase in the
chargino mass is a reflection of the increase in the neutralino mass as well (as

they are nearly mass degenerate).
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Figure 14 (right) shows the trigger efficiency for R-hadrons as a function of the
gluino mass. A decrease in the MET trigger efficiency as a function of the gluino
mass comes from changes in production mechanism and thus the ISR content in

these events (from gluon—gluon fusion to quark—-anti—quark annihilation).

In all cases a decrease in the muon trigger efficiency with the LLP mass is shown
in the plots, as a result of the increase in out—of—-time candidates due to their

higher mass.

ii. Offline event selection

Only events with a good primary vertex (PVX) are selected. I.e. at least three ID

tracks and additional requirements on the position of the reconstructed PVX.

The PVX is defined as the reconstructed vertex with the highest Y p% of

associated tracks.

In the slepton search, an additional requirement is placed on the least number of
reconstructed muons per events to be two. This is an inflection of both GMSB and
LeptoSUSY models conserving R-parity. The final state is expected to include two
stable sleptons, i.e. two charged LLPs are expected per event, and they both have
a muon-like signature. This cut was found to be very efficient in reducing the

number of background events.

For the charginos and R-hadron searches the cut on the number of reconstructed
muons is not applied, mainly because in the chargino production it is likely to have
events with chargino—neutralino, hence only one LLP can be found. For the R-
hadron scenario, cutting on the number of muons can eliminate events with an R-
hadron that was produced as electrically charged (i.e. with an ID track) but exit

the calorimeters as neutral. Hence without an MS signature.
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iii. Offline candidate selection

The candidates within each event that passed the online and offline selections are

required to pass their own set of selection cuts that are defined according to the

SR.

(i) Sleptons
Due to the similar final state (two charged stable sleptons) in both GMSB and
LeptoSUSY scenarios, the candidates are selected by the same cut flow and their

SRs are defined in the same way.

The selection of the candidates starts with relatively loose selection cuts with
high signal efficiency (with respect to the other SRs) and two candidates per
event. Vary rarely would a non-GMSB event have two high—p7muons, with poorly
measured B and large reconstructed mass. Events with 2 candidates that passed
the loose selection are categorized in the “two—candidate” SR. However, a case
when only one reconstructed candidate passed the loose selection can be a result
of a bad reconstruction of the other candidate. In order not to eliminate this event,
the single reconstructed candidate is required to pass another set of tighter
selection cuts to ensure it is not a source of background. In case the candidate

passed the tighter selection it will be categorize under the “one-candidate” SR.

Table 5 summarizes the number of events in both data and expected number of

events in examples of simulated sleptons samples.
The following cuts are applied in the loose “two-candidate” selection:

e |nl<25
e pr>70GeV
e 7/ veto: in case a candidate is combined with any other track to an invariant

mass of approximately (£10GeV) the Z boson mass are both rejected

58



The

Cosmic veto: elimination of muons originating from cosmic-ray background
by removing tracks that do not pass close to the PVX in the Z coordinate
(distance of track bigger than 10mm)and by applying a topological cut on
the combination of any two candidates with opposite n and ¢ (|n; + ;| <
0.005 and ||¢; — ¢,| — 7| < 0.005)

Two muon stations: the candidates are required to have associated hits in
at least two out of the three super-layers of precision measurement
chambers in the MS

B quality: the estimated B from each of the different technologies is required
to be consistent within that technology, as specified in section (v). A
requirement on the total number of DoF >3 (number of calorimeter cells +
MS hits — number of technologies contributing to the combined B estimation)
is also applied (example can be seen in Figure 15)

B consistency: consistency requirement between all the technologies
contributing to the combined B within a 3o agreement

B-By consistency: the combined B is also required to be consistent with 8
from Py deduced for the Pixel measurements

0.2 < B <0.95: reduction of background by applying a final cut on the

combined B to be within the specified range

“one—candidate” SR contains single candidates that passed the loose

selection without a second candidate and are required to pass a tighter selection:

B quality: the B of the candidate needs to be estimated from at least two
technologies (out of the three), and the number DoF > 6

0.2 < B <0.95: The range of 0.85 < < 0.95 is used as a control region for
systematic uncertainties studies on the background estimation method,
while a harsher cut on the combined B to be within the 0.2 < f < 0.85 range

is for a candidate in the “one-candidate” SR
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Events Data GMSB LeptoSUSY

mg = 3000GeV mg = 1600GeV

m;, = 345GeV m;, = 438GeV mg = 600GeV mgz = 1000GeV

Observed Exp. Eff. Exp. Eff. Exp. Eff. Exp. Eff.

Generated 44.6 100.0 11.1 100.0 3.9 100.0 1.05 100.0
Quality & Trigger 68958057  39.0 84.7 9.4 84.7 3.8 97.4 1.04 99.0
2 muons 32083845  37.4 83.9 8.9 80.2 3.6 92.3 1.02 97.1
Two-candidate SR 149 13.5 30.2 3.4 30.6 1.2 30.7  0.34 32.4
One-candidate SR 2254 8.6 19.3 | 2.3 20.7 0.9 23.1 0.22 20.9

Table 4. Number of events in data and expected number of events and the
efficiency in the signal simulation at each step of the events selection for several
signal models.
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Candidates Data GMSB LeptoSUSY
mg = 3000GeV myz = 1600GeV
m;, = 345GeV m;y, = 438GeV mgz = 600GeV  mgz = 1000GeV
Observed Exp. Eff. Exp. Eff. Exp. Eff. Exp. Eff.

Events at this point 32083845 37.4 8.9 3.6 1.0
trigger and 2 u's 42010563 69.2 100.0 16.6 100.0 6.5 100.0 1.9 100.0

Loose selection

Inl <2.5 41814348 69.1 99.9 16.5 99.4 6.4 98.5 1.9 100.0
pr > 70GeV 2712643  67.9 98.1 16.1 97.0 6.3 96.9 1.9 100.0
Z veto 2176494  67.7 97.8 16.1 97.0 6.3 96.9 1.8 94.7
Cosmic veto 2007530  66.6 96.2 15.8 95.2 6.1 93.8 1.8 94.7

Two muon station 1933892  65.2 94.2 154 92.8 6.0 92.3 1.8 94.7
B quality 1628357  54.1 78.2 12.9 7.7 5.1 78.5 1.5 78.9

B consistency 1582449 50.2 72.5 12.0 72.3 4.7 72.3 1.4 73.7
B—By consistency 1499033  48.6 70.2 11.6 69.9 4.5 69.2 1.4 73.7
0.2<4<0.95 114400 44 4 64.2 11.0 66.3 4.2 64.6 1.2 63.1

Tight selection
Loose selection cuts 1499033 48.6 70.2 11.6 69.9 4.5 69.2 1.4 73.7

B quality 930201 34.3 49.6 8.4 50.6 3.3 50.8 1.1 DY

B consistency 930201 34.3 49.6 8.4 50.6 3.3 50.8 1.1 57.9
B—Py consistency 930201 34.3 49.6 8.4 50.6 3.3 50.8 1.1 87.9
0.2<f<0.95 59676 32.3 46.7 8.1 48.8 3.1 47.7 0.9 47.4

Table 5° Number of candidates in data and expected number of candidates and the
efficiency in the signal simulation at each step of the candidates selection for
several signal models.

Table 5 summaries the number of candidates in the data and the expected number

of candidates for selected signal models passing the selection cuts.

In the last stage we calculate the reconstructed mass of the candidate from the
momentum of the candidate (measured from the track) and the final combined B:

(Equation 3) m = [% then a final cut is applied on the candidate’s mass. The mass

61



cut 1s chosen individually per model, 1.e. the mass of the hypothetical slepton in a
given model, so as to achieve 99% signal efficiency with respect to the earlier
selection. For the two—candidate SR both candidates are required to have higher

mass than the cut chosen.

The compatibility between the hypothetical truth mass of the slepton and its
reconstructed mass was verified as can be seen in Figure 16 (left), there is a good

agreement between the two.

The average efficiency, for all slepton scenarios (GMSB, EW production within
GMSB and LeptoSUSY) in the two SRs combined give a total of ~50% expected
efficiency. ~30% for the two—candidate SR and ~20% for the one—candidate SR.
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Figure 16. The mean value of the reconstructed mass peak as a function of the
slepton (left) and chargino (right) truth mass, for different mass hypothesis.

(i) Charginos
The basic selection of events and candidates for the charginos is the same as for
the sleptons, apart from the requirement of the event to have at least two muons.
Events from chargino—neutralino production would be lost if such cut is applied to

the events.
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The scenario of a chargino-chargino direct production should exhibit similar
detector signature as the final state of two charged sleptons and hence the
selection 1s similar. Event with two candidates passing the loose selection 1is

categorized under the “two-candidate” SR.

In the chargino—neutralino production a single LLP candidate is accompanied by
MET caused by the un—detected neutralino. As the MET is directly related to the
reconstructed LLP, we expect it to point in the opposite direction. Figure 17 shows
the MET dependence on the A between the track and the MET in both data and
MC.

In order not to eliminate chargino—chargino events, the cut on the MET is applied
only in case only one candidate in the event passed the loose selection. The event
will be tested for MET presence above 100GeV. Events passing this selection will

be categorize under “one-loose-candidate” SR.

Last, events with one candidate that fail to pass the two—candidate loose selection
and does not have a large MET, are required to pass another set of tighter
selection cuts (e.g. f < 0.85). These candidates are categorized in the “one-

candidate” SR.

Another major difference between the slepton and chargino “one-candidate”
selections is the cut applied on the n region. The charginos are expected to be
produced centrally, and it was found that requiring the chargino candidates to be
within || < 1.9 reduces the background in both one-loose—candidate and one-—
candidate signal regions. Where in the sleptons the requirement of the event to

have at least two muon—tracks per event is reducing a lot of this background.

The final stage i1s also similar between the two searches. A final cut on the

reconstructed mass is applied and also here, the cuts are individual for the

63



different chargino mass hypothesis. Figure 16 (right) shows the agreement

between the reconstructed mass with the truth mass.

The total signal efficiency is approximately 30-40%, depending on the chargino
mass. ~15-20% for the “two-candidate” SR, ~12-17% for the “one-loose-

candidate” and ~3% for the “one-candidate” SR.

Table 6 summarizes the number of events in both data and expected number of
events in examples of simulated charginos samples with mass of 300 and 700GeV.
Table 7 and Table 8 summaries the number of candidates in data and the expected
number of candidates for the same chargino models as in Table 6, passing the

candidate selection cuts.

(iii) R-hadrons
The R-hadron bound state, composed of a colored LLP and light quarks (or
gluons), can change due to nuclear interactions with the hadronic calorimeter
material. While mesons can change to other mesons or baryons, baryons can only
change to other baryonic states due to baryon number conservation (also the
probability that an R-baryon state will interact with a pion in the nucleus is
negligible). Hence the electrical charge of the hadronic composition might not be
conserved, cases of flip charge are anticipated and an electrical neutral bound

state would escape detection.

This study is based on bound states produced as electrically charged at the IP,
leaving traces in the ID and considers scenarios where it either becomes neutral
while interacting the calorimeter (ID+Calo) or remains charged (combined

candidates).

A priority is given to selection of combined candidate tracks, and only in case
there is no available information from the MS, a “half-track” (ID+ Calo) selection
1s applied. As a result an exclusive search of two signal-regions is performed that
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will later be combined (‘full-detector’ search) in the limit settings. Due to the
nature of this search to have either full or half tracks, the mass of the candidate

was estimated twice: once based on B from ToF measurements: mg and second

with By from Pixel Z—i measurements: mg,.

In approximately ~15% of the events there is more than one candidate, in such
cases a combined candidate is preferred. In case there are more candidates with

a combined track, one is chosen randomly.

The R-hadron search is divided into a search for gluinos, stops and sbottoms.
This division is driven solely by the lower cross—section of the squarks and hence
the different optimization. While stops and sbottoms have the same cross—section,
sbottoms tend to hadronise into neutral states more than stops (57% vs. 43%). In
addition, sbottom—-based R-hadrons convert more into neutral states as they
transvers material than stop-based R-hadrons do, extending the expected reach

of the stop analysis compared to the sbottom one.

Additional requirements on the momentum,  and Py are set depending on the
mass hypothesis in question. As the signal efficiency in the R—hadron case is
relatively small, (due to the all possible ‘neutral’ scenarios, about ~50% of the
events are not considered in this search), choosing individual cuts per mass value
helped increasing it. All mass and momentum requirements are the same for a
given mass value of gluinos, sbottoms and stops, while the requirements on p and
By are optimized separately to account for the lower expected cross—section in
the sbottom and stop cases. Both mass estimates are required to be larger than
the mass—peak value for the given hypothesis minus twice the width of the mass
peak, which is typically around 20% of the peak mass, leading to an efficiency of

more than 95%.
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The total signal efficiency for gluino, sbottom and stop 1s typically 8-15%, 8-11%

and 15-18%, respectively, in the full detector search, depending on the mass

hypothesis.

Table 9 and Table 10 specifies the selection cut flow applied in the R—hadron

search for combined track and ID+ Calo candidates respectively, for different LLP

masses.
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Figure 17: ET¥SS vs. A¢ between the reconstructed LLP and the E?*SS for data (left)
and for simulated chargino—-neutralino sample (right).
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Events Data Stable Charginos

My = 300GeV

Total bEws T X1
Observed  Exp. Eff.  Exp.  Eff.  Exp. Eff.
Generated 3886 100.0 2628 100.0 1258 100.0
Quality & Trigger 68958057 1878 484 1151 43.8 727 57.8
1 muon 62982159 1833 47.2 1108 42.2 726 57.7
Two—candidate SR 152 236 6.1 0 0 236 18.8
One-loose—candidate S22 464 12.0 434 16.5 30 2.4
One-candidate SR 4097 183 4.7 20 0.8 163 6.2
Events Data Stable Charginos
mys = 700GeV
Total *i i
Observed Exp. Eff. Exp. Eff. Exp. Eff.
Generated 30.7 100.0 = 20.9 100.0 9.9 100.0
Quality & Trigger 68958057 11.3 370 7.0 33.3 | 4.2 42.4
1 muon 62982159 10.7 35.1 6.6 28.6 4.2 42.4
Two-candidate SR 152 1.6 4.9 0 0 1.6 16.2
One-loose—-candidate 3312 3.3 11.0 2.9 14.3 0.5 5
One-candidate SR 4097 1.1 o2 0.3 1.4 0.8 0.8

Table 6. Number of events in data and expected signal efficiency at each step of

the event selection for the stable chargino models, for chargino—-chargino,
chargino—-neutralino and in total
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Candidates Data Stable Charginos
m.: = 300GeV
X1

Total bew4 pewet
Observed = Exp. Eff. Exp. Eff. Exp.  Eff.
Events at this point 62982159 1833 1108 726

trigger and 1 p 68839983 2703 = 100.0 1328 100.0 1374  100.0

Loose selection

In| < 2.5 68630633 2366 87.5 1064 80.1 1302 99.4

pr > 70GeV 5043056 « 2347 86.8 1055 80.1 1292 98.7

Z veto 4318342 = 2288 84.6 998 75.1 1290 98.6
Cosmic veto 4007044 2254 83.4 976 73.5 1278 97.6
Two muon station 3843444 2211 81.8 959 72.2 1252 95.7
B quality 3226478 1753 64.9 750 56.5 1002 76.6

B consistency 3136402 1649 61.0 714 53.8 935 71.4
B—By consistency 2974670 1581 58.5 648 51.5 897 68.5
0.2<<0.95 217233 1414 52.3 601 45.3 812 59.0

Loose + MET selection

Loose selection cuts 2974670 1581 58.5 684 51.5 897 68.5

Inl < 1.9 2425070 1220 33.8 513 386 707