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ABSTRACT: The results of a search for pair production of supersymmetric partners of the
Standard Model third-generation quarks are reported. This search uses 20.1 fb~! of pp
collisions at /s = 8 TeV collected by the ATLAS experiment at the Large Hadron Collider.
The lightest bottom and top squarks (131 and #; respectively) are searched for in a final
state with large missing transverse momentum and two jets identified as originating from
b-quarks. No excess of events above the expected level of Standard Model background is
found. The results are used to set upper limits on the visible cross section for processes
beyond the Standard Model. Exclusion limits at the 95% confidence level on the masses
of the third-generation squarks are derived in phenomenological supersymmetric R-parity-
conservmg models in which either the bottom or the top squark is the lightest squark. The
b, is assumed to decay via b, — bX1 and the , via f; — bY7", with undetectable products
of the subsequent decay of the X1 due to the small mass splitting between the X1 and
the xJ.
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1 Introduction

Supersymmetry (SUSY) [1-9] provides an extension of the Standard Model (SM) that
solves the hierarchy problem [10-13] by introducing supersymmetric partners of the known
bosons and fermions. In the framework of the R-parity-conserving minimal supersymmet-
ric extension of the SM (MSSM) [14-18], SUSY particles are produced in pairs and the
lightest supersymmetric particle (LSP) is stable, providing a possible candidate for dark
matter. In a large variety of models, the LSP is the lightest neutralino (¥}). The coloured
superpartners of quarks and gluons, the squarks (¢) and the gluinos (g), if not too heavy,
would be produced in strong interaction processes at the Large Hadron Collider (LHC) [19]
and decay via cascades ending with the LSP. The undetected LSP would result in missing
transverse momentum while the rest of the cascade would yield final states with multiple
jets and possibly leptons.

A study of the expected SUSY particle spectrum derived from naturalness considera-
tions [20, 21] suggests that the supersymmetric partners of the third-generation SM quarks
are the lightest coloured supersymmetric particles. This may lead to the lightest bottom
squark (sbottom, Bl) and top squark (stop, ;) mass eigenstates being significantly lighter
than the other squarks and the gluinos. As a consequence, 51 and ¢, could be pair-produced
with relatively large cross sections at the LHC.



Two possible sets of SUSY mass spectra are considered in this paper. In the first
set of scenarios, the lightest sbottom is the only coloured sparticle contributing to the
production processes and it only decays via l~)1 — b)Z?. In the second set, the lightest stop
is the only coloured sparticle allowed in the production processes and it decays exclusively
via t; — b)ﬁc, where the lightest chargino ()Zic) decays via a virtual W boson into the
three-body final state x{ff’. This article considers scenarios in the context of natural
SUSY [20-22], which are characterised by a small value for Am = Mgk — M. As a
consequence the fermions f and f’ may have transverse momenta below the reconstruction
thresholds applied in the analysis.

In both scenarios, events are characterised by the presence of two jets originating
from the hadronisation of the b-quarks and large missing transverse momentum. Results
of searches for direct sbottom and stop production have been previously reported by the
ATLAS [23-28] and CMS [29-31] experiments at the LHC, and by the Tevatron [32, 33]
and LEP [34-36] experiments.

2 The ATLAS detector and data samples

The ATLAS detector [37] consists of inner tracking devices surrounded by a superconduct-
ing solenoid, electromagnetic and hadronic calorimeters and a muon spectrometer with a
magnetic field produced by a set of toroids. The inner detector (ID), in combination with
a superconducting solenoid magnet with a central field of 2 T, provides precision tracking
and momentum measurement of charged particles in a pseudorapidity® range |n| < 2.5
and allows efficient identification of jets originating from b-hadron decays using impact
parameter measurements and reconstructed secondary decay vertices. The ID consists of a
silicon pixel detector, a silicon microstrip detector and a straw tube tracker (|n| < 2.0) that
also provides transition radiation measurements for electron identification. The calorimeter
system covers the pseudorapidity range |n| < 4.9. It is composed of sampling calorimeters
with either liquid argon or scintillating tiles as the active medium. The muon spectrome-
ter has separate trigger and high-precision tracking chambers, the latter providing muon
identification and momentum measurement for |n| < 2.7.

The data sample used in this analysis was taken during the period from March to
December 2012 with the LHC operating at a pp centre-of-mass energy of /s = 8TeV.
Candidate signal events are selected using a trigger based on a missing transverse mo-
mentum selection (EX%) which is found to be 99% efficient for events passing the offline
selection of E%ﬁss > 150 GeV. The trigger efficiency variations over data-taking periods
are measured to be less than 1% after the offline requirements. After the application of
beam, detector, and data-quality requirements, the total integrated luminosity considered
is 20.1 fb~!. The uncertainty on the integrated luminosity is £2.8%. It is derived, following
the same methodology as that detailed in ref. [38], from a preliminary calibration of the

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (7, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is defined in terms of the
polar angle # as n = —Intan(0/2). The distance AR in the n—¢ space is defined as AR = /(An)? + (A¢)?2.



luminosity scale using beam-separation scans performed in November 2012. Events with
final-state electrons or muons that satisfy single-lepton or dilepton triggers are used to
define control regions in a total data sample of 20.3 fb~!. A requirement on the transverse
momentum pp > 25 GeV is applied to the highest-pt electron or muon to ensure the trigger
selection is fully efficient.

3 Simulated event samples

Simulated Monte Carlo (MC) event samples are used to aid in the description of the
background and to model the SUSY signal. All SM MC samples utilised in the analysis are
produced using the ATLAS Underlying Event Tune 2B [39] and are processed through the
ATLAS detector simulation [40] based on GEANT4 [41] or passed through a fast simulation
using a parameterisation of the performance of the ATLAS electromagnetic and hadronic
calorimeters [42]. The effect of multiple pp interactions per bunch crossing (pile-up) is also
taken into account.

The top-quark pair (¢t) background is simulated with POWHEG-1.0 [43] interfaced
to PYTHIA-6.426 [44] for the fragmentation and hadronisation processes. The top-quark
mass is fixed at 172.5 GeV, and the next-to-leading-order (NLO) parton distribution func-
tion (PDF) set CT10 [45] is used. Samples from ALPGEN-2.14 [46] and POWHEG each
interfaced to HERW1G-6.520 for the fragmentation and hadronisation processes, including
JimMy-4.31 [47] for the underlying event description, are used to estimate the gener-
ator and fragmentation systematic uncertainties, while ACERMC-3.8 [48] interfaced to
PyTHIA samples are used to estimate the showering uncertainties. Single top-quark pro-
duction for the s-channel and Wt processes is simulated with MC@QNL0-4.06 interfaced
to HERWIG+JIMMY, while the ¢-channel process is simulated with ACERMC interfaced to
PyTHIA and using the CTEQ6L1 [45] PDF set. Samples of tt+W /Z events are generated
using the leading-order generator MADGRAPH-5.1.4.8 [49] interfaced to PYTHIA for the
fragmentation and hadronisation processes. Samples of Z/v* or W production, both in
association with up to five jets, are produced with SHERPA-1.4.1 [50]. MC samples of
dibosons (ZZ, WZ and WW) are generated using SHERPA.

The background predictions are normalised to theoretical cross sections, calculated
including higher-order QCD corrections where available, and are compared to data in
appropriate control regions. The inclusive cross sections for Z4jets and W+jets processes
are calculated with DYNNLO [51] with the MSTW 2008 next-to-next-to-leading-order PDF
set [52]. Approximate NLO+NNLL (next-to-next-to-leading-logarithm) cross sections are
used in the normalisation of the ¢t [53] and Wt [54] samples. Cross sections calculated at
NLO are used for the tt + W and tt + Z samples [55] and for the diboson samples [56].

The SUSY signal samples are generated using MADGRAPH interfaced to PYTHIA (with
PDF set CTEQG6L1) to ensure an accurate treatment of the initial-state radiation (ISR).
Additional samples with different ISR parameter values are generated to evaluate the ISR
systematic uncertainty. Polarisation effects due to the choice of left- and right-handed
scalar sbottom or stop mixing were found to have a negligible impact on the analysis. Sig-
nal cross sections are calculated to next-to-leading-order in the strong coupling constant,
adding the resummation of soft gluon emission at next-to-leading-logarithmic accuracy



(NLO+NLL) [57-59]. The nominal cross section and its uncertainty are taken from an
envelope of cross-section predictions using different PDF sets and factorisation and renor-
malisation scales, as described in ref. [60].

4 Physics object reconstruction

Jets are reconstructed from three-dimensional cell-energy clusters in the calorimeter using
the anti-k; jet algorithm [61, 62] with a radius parameter of 0.4. The measured jet energy
is corrected for inhomogeneities and for the non-compensating nature of the calorimeter by
weighting energy deposits arising from electromagnetic and hadronic showers by correction
factors derived from MC simulations and validated with data. An additional calibration is
subsequently applied to the corrected jet energies, relating the response of the calorimeter
to the true jet energy [63]. The impact of additional collisions in the same or neighbouring
bunch crossings is accounted for using corrections derived as a function of the average
number of interactions per event and of the number of reconstructed primary vertices.
Jets are required to have py > 20 GeV, and are reconstructed in the range |n| < 4.9.

Events are rejected if they include jets failing the quality criteria described in ref. [63].
To further reject spurious jet signals originating from cosmic rays or detector malfunctions,
additional criteria are applied to the charged pr fraction (f.), defined as the sum of the
pr of all tracks associated with the jet divided by the jet pr, and to the fraction of the
jet energy contained in the electromagnetic layers of the calorimeter (fen,). Events are
rejected if any of the two leading jets with pp > 100 GeV and |n| < 2.0 satisfies either
fen < 0.02 or both fo, < 0.05 and for, > 0.9. To remove jets from additional pp collisions,
all jets with pp < 50 GeV and |n| < 2.5 are required to have at least one track identified
as coming from the primary vertex. The primary vertex itself is defined as the vertex with
the highest summed track pgf.

Jets within the nominal acceptance of the ID (|n| < 2.5) and with pr > 20 GeV, are
selected as originating from a b-quark (b-tagged) if they satisfy requirements on the impact
parameter of the ID tracks, the secondary vertex reconstruction and the topology of b- and
c-hadron decays inside the jet. The b-tagging algorithm [64] uses a multivariate technique
and, for this analysis, is configured to achieve an efficiency of 60% for tagging b-jets in a
MC sample of tt events with corresponding rejection factors of 580, 8 and 23 against jets
originating from light quarks, c-quarks and 7-leptons, respectively.

Electrons are reconstructed from cell-energy clusters in the electromagnetic calorimeter
matched to a track in the ID. Electron candidates are required to have pp > 7 GeV and
In| < 2.47 and must satisfy the “medium” selection criteria described in ref. [65] and
reoptimized for 2012 data. Electrons used to define the control regions are selected using
the “tight” criteria, pr > 20 GeV, and with an additional isolation requirement that the
total transverse momentum of charged tracks within a cone of AR = 0.2 around the
candidate be less than 10% of the reconstructed pr. Muon candidates are identified using
a match between an extrapolated ID track and one or more track segments in the muon
spectrometer [66], and are required to have pyr > 6 GeV and || < 2.4. Muons used to
define the control regions are also required to have pr > 20 GeV and less than 1.8 GeV
deposited in the calorimeter within a cone of AR = 0.2 around the candidate.



Following their reconstruction, candidate jets and leptons may point to the same energy
deposits in the calorimeter. These overlaps are resolved by first discarding any jet candidate
within AR = 0.2 of an electron candidate. Then, any electron or muon candidate within
AR = 0.4 of any surviving jet is discarded.

The missing transverse momentum, p?iss, with magnitude EITniSS, is constructed as
the negative of the vector sum of the transverse momentum of all muons and electrons
with pp >10GeV, jets with pp >20 GeV, and calibrated calorimeter energy clusters with

In| <4.9 not assigned to these objects [67].

5 Event selection

Two sets of signal regions are defined to provide sensitivity to the kinematic topologies as-
sociated with different mass splittings between the sbottom or the stop and the neutralino.
In all cases, the presence of at least one primary vertex (with at least five associated tracks
with pp > 0.4 GeV) is required. Events are selected with Efrniss > 150 GeV and no elec-
trons or muons identified in the final state. For the signal region selections, jets within
In| < 2.8 are ordered according to their pp, with n being their total number, and two jets
are required to be b-tagged. The following event-level variables are defined:

— A¢min is defined as the minimum azimuthal distance, A¢, between any of the three

miss

leading jets and the pt'™ vector

A¢min = mln(‘¢1 — ¢p%ﬂiss|’ |¢2 - ¢p¥iss’, ’(253 - ¢p¥iss‘).
Background multi-jet events are typically characterised by small values of A¢mpin;

— meg is defined as the scalar sum of the pp of the k leading jets and the E%liss

k

me(k) = D ()i + B,
i=1

where the index refers to the pp-ordered list of jets;

— Hrt 3 is defined as the scalar sum of the pt of the n jets, without including the three
leading jets

n

Hr g = Z( ﬁ?t)ia

i=4
where the index refers to the pp-ordered list of jets;

— myy, is defined as the invariant mass of the two b-tagged jets in the event;

— mer is the contransverse mass [68] and is a kinematic variable that can be used to
measure the masses of pair-produced semi-invisibly decaying heavy particles. For two
identical decays of heavy particles into two visible particles (or particle aggregates)
v1 and vo, and two invisible particles, mcr is defined as:

mgr(vi,v2) = [Er(v1) + Er(v2)] — [pr(v1) — pr(ve)]?,



Description Signal Regions
SRA | SRB

Event cleaning Common to all SR
Lepton veto No e/p after overlap removal with pr > 7(6) GeV for e(u)
Fpiss > 150 GeV > 250 GeV
Leading jet pr(j1) > 130 GeV > 150 GeV
Second jet pr(j2) > 50 GeV, > 30 GeV
Third jet pr(js) veto if > 50 GeV > 30 GeV
AP, j1) . > 2.5
b-tagging leading 2 jets 2nd- and 3rd-leading jets

(pr > 50 GeV, || < 2.5) (pr > 30 GeV, || < 2.5)

Nb-jets = 2

Admin > 0.4 > 04
EX /men (k) EX Imeg(2) > 0.25 EX Imeg(3) > 0.25
mct > 150, 200, 250, 300, 350 GeV -
Hr3 — < 50 GeV
Mpb > 200 GeV —

Table 1. Summary of the event selection in each signal region.

where Er = 4/ p?r +m2. In this analysis, v; and vy are the two b-jets from the
squark decays and the invisible particles are the two ¥ particles or chargino decay
products, depending on the assumption considered. The contransverse mass is an
invariant under equal and opposite boosts of the parent particles in the transverse
plane. For parent particles produced with small transverse boosts, mcr is bounded
from above by an analytical combination of particle masses. This bound is saturated
when the two visible objects are co-linear. For ¢t events this kinematic bound is at
135 GeV. For production of sbottom pairs the bound is given by:

m%lax _ m2(6) — ?7’2(5((1)) )
' m(b)

A similar equation can be written for production of stop pairs in terms of mg and
mg=. A correction to mer for the transverse boost due to ISR is also applied [69].
1

The definition of the two signal regions is summarised in table 1. Signal region A
(SRA) targets signal events with large mass splitting between the squark and the neutralino,
identifying two b-tagged high-p leading jets as products of the two sbottom or stop decays.
Events are rejected if any other central (|n| < 2.8) jets are found with pr > 50 GeV.
Multijet background is suppressed by selecting events with large Admin and EEE“SS /Mt
The requirement my, > 200 GeV is added to reduce backgrounds from production of top-
quark (including top-quark pairs and single top-quark production processes), and Z-bosons
in association with heavy-flavour jets. As a final selection criterion, five different thresholds



on mct ranging from 150 GeV to 350 GeV are applied. For a signal point corresponding
to my, = 500 GeV and mgo =1 GeV, 3% of the simulated events are retained by the SRA
selection with mcr > 250 GeV.

Signal region B (SRB) is defined to enhance the sensitivity for a small squark-neutralino
mass difference by explicitly selecting events with a high-pt jet, which is likely to have
been produced as initial state radiation, recoiling against the squark-pair system. High
thresholds on the leading jet pr and on the missing transverse momentum, which are
required to be almost back-to-back in ¢, are imposed. The leading jet is required to be
not b-tagged, and two additional jets are required to be b-tagged. As for SRA, the multi-
jet background is suppressed with appropriate selections on A@pi, and Effniss/meﬁr. A
final upper requirement on the additional hadronic activity in the event, Hp 3 < 50 GeV
completes the selection for SRB. For a signal point corresponding to my = 300 GeV and
mge = 270 GeV, 10% of the simulated events are retained by the SRB selection.

6 Background estimate

The dominant SM background processes in the signal regions are the production of W
or Z bosons in association with heavy-flavour jets (referred to as W-hf and Z+hf) and
the production of top-quarks. Events with Z+hf production followed by Z — v decay
have the same signature as the signal and are the dominant background in SRA. Top-
quark (dominant in SRB) and W+hf production satisfy the signal region selections when
a charged lepton is produced but the event is not rejected, either because the lepton is a
hadronically decaying 7, or because the electron or muon is not reconstructed. The domi-
nant backgrounds are normalised in dedicated control regions (CRs) and then extrapolated
to the signal regions using MC simulation. The control regions, detailed below, are defined
by explicitly requiring the presence of one or two leptons (electrons or muons) in the final
state together with further selection criteria similar to those of the corresponding signal
regions. In particular, events with additional lepton candidates are vetoed applying the
same lepton requirements used to veto events in the signal regions. The single top-quark
contribution accounts for 5% to 20% of the total top-quark background contribution, de-
pending on the signal region considered, and is added to the ¢t background contribution
with a relative normalisation corresponding to that predicted by the MC simulation, as
described in section 3.

The contributions from diboson and tt + W/Z processes are sub-dominant and they
are collectively called “Others” in the following. They are estimated from MC simulation
for both the signal and the control regions.

Finally, the background from multi-jet production is estimated from data using a
procedure described in detail in ref. [70] modified to account for the flavour of the jets.
The procedure consists of smearing the jet response in low—E%1iss seed events. The Gaussian
core of the jet response function is obtained from dijet events, while the non-Gaussian tails
are obtained from three-jet events, where the Ef}“iss can be unambiguously attributed to
the mis-measurement of one of the jets. The contribution from multi-jet production in the
control regions is found to be negligible.



CRA_1L CRA_SF CRA_DF

One ¢ or ete® or ptpT etut

Veto additional lepton candidates (pr(e) >7GeV pr(u) >6 GeV)

Only two reconstructed jets with pr > 50 GeV

pr(j1) > 130 GeV pr(j1) > 50 GeV pr(j1) > 130 GeV
pT(j2) > 50 GeV pT(jQ) > 50 GeV pT(jQ) > 50 GeV
ERiss 5 100 GeV B (lepton-corrected) > 100 GeV | EFS > 100 GeV

Two reconstructed b-jets (pr > 50)

40 GeV < mT < 100 GeV 75 GeV < mye < 105 GeV mee > 50 GeV

mct > 150 GeV lepton pr > 90 GeV mcr > 75 GeV

— mpy > 200 GeV —

Table 2. Definitions of the three SRA control regions.

For SRA, the contributions from top-quark, Z+jets and W +jets production are es-
timated simultaneously with a profile likelihood fit to three control regions. For SRB it
is difficult to identify a control region that probes the W+jets background normalisation.
Therefore, this contribution is estimated purely from MC simulation as described in sec-
tion 3, and only control regions for top-quark and Z+jets are defined.

A set of same-flavour opposite-sign two-lepton control regions with dilepton invariant
mass near the Z mass (75 < my < 105GeV) provides a data sample dominated by Z
production. For these control regions, labelled in the following as CRA_SF and CRB_SF,
the pr of the leptons is added vectorially to the p%liss to mimic the expected missing
transverse momentum spectrum of Z — vv events, and is indicated in the following as
E%ﬁss (lepton corrected). In addition, the py of the leading lepton is required to be above
90 GeV in order to further enhance the Z production contribution. In the case of CRA_SF,
a myp, > 200 GeV selection is also imposed.

The set of control regions with exactly one lepton (e, ) in the final state provides
a data sample dominated by top-quark and W4jets production. A selection criterion is
applied to the tranverse mass, 40 GeV < mp < 100 GeV, where m is defined as:

mr = \/2pll'fPErTniss _ 2p’1§p . p$iss

In the following, these control regions are labelled as CRA_1L and CRB_1L. CRA_1L is
used to estimate the contribution of the W+jets background, which is enhanced by the
selection criterion mcp > 150 GeV in SRA. CRB_1L is used to estimate the top-quark
background in SRB.

To estimate top-quark production in SRA, a different-flavour opposite-sign two-lepton
control region (CRA_DF) is defined requiring one electron and one muon in the final state
with me, > 50 GeV and mct >75GeV.

The definitions of the control regions are summarised in tables 2 and 3.



CRB_1L CRB_SF

One e or p ete® or ptpu™

Veto additional lepton candidates (pr(e) >7GeV pr(u) >6 GeV)

Only three reconstructed jets with pr > 30 GeV
pr(j1) > 130 GeV pr(j1) > 50 GeV
ERiss > 120 GeV B (lepton-corrected) > 100 GeV

j1 anti b-tagged; j2 and js b-tagged

40 GeV < mT < 100 GeV 75 GeV < myp < 105 GeV

— Lepton pr > 90 GeV

HT,3 < 50 GeV

Table 3. Definitions of the two SRB control regions.
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Figure 1. Left: mcr distribution in CRA_DF omitting the requirement on the mcr variable.
Right: leading lepton pr distribution in CRA_SF with all the selections applied except the require-
ment on this variable. The red arrows indicate where a selection on the corresponding variable
is applied. The shaded band includes both the detector and theoretical systematic uncertainties.
The SM prediction is normalised according to the MC expectations. The last bin in each histogram
contains the integral of all events with values greater than the upper axis bound.

The distribution of the mcr variable in CRA_DF (before the mcr selection) and of
the leading lepton pr (before the pr selection) in CRA_SF are shown before the fit in
figure 1. Similarly, the transverse mass distribution of the leading—lep‘confE%iss system in
CRB_1L (before the mt selection) and the invariant mass distribution of the two leptons
in CRB_SF (before the my selection) are shown in figure 2. In these figures the data set
used corresponds to an integrated luminosity of 20.3 fb~! and the normalisations described
in section 3 are assumed.

The observed numbers of events in the various CRs are used to generate internally
consistent SM background estimates for each of the SRs via a profile likelihood fit. This
procedure takes into account CR correlations due to common systematic uncertainties as
well as contaminations from other SM processes and/or SUSY signal events, when a par-
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prediction is normalised according to the MC expectations.

ticular model is considered for exclusion. Systematic uncertainties, discussed in detail in
section 7, are treated as nuisance parameters in the fit and are constrained with Gaus-
sian functions taking into account correlations between sample estimates. The likelihood
function is built as the product of Poisson probability functions, describing the observed
and expected number of events in the control and (when excluding SUSY models) signal
regions, and the constraints on the nuisance parameters. As a result, the impact of some
of the systematic uncertainties that are correlated between the CRs and the corresponding
SR is reduced.

The free parameters of the fit are the overall normalisation values of the top-quark,
W +jets and Z+jets processes for SRA, and of the top-quark and Z—+jets processes for SRB.
The contributions from all other background processes are fixed at the values expected from
MC. The fit results in the control regions are summarised in tables 4 and 5 for SRA and
SRB, respectively. These results are found to be compatible with MC yields predicted
before the fit, which are also given in the tables.

The predictions from the fit are in good agreement with the MC estimates with a
maximum discrepancy of two standard deviations observed in one of the control regions.

The reliability of the MC extrapolation of the SM background estimate outside of the
control regions is evaluated in several validation regions. The first set of validation regions
is defined with the same kinematic selection as the control regions but requiring only one
jet to be b-tagged. They are used to verify the performance of the b-tagging algorithm in a
larger sample of events. A second set of validation regions is defined with the same selection
criteria as the signal regions, but with one of the requirements inverted. In all cases these
validation regions are background-dominated with a potential signal contamination of less
than 20% for the signal models considered. For SRA, two validation regions are explored by
imposing either mcr < 100 GeV or my, < 200 GeV. To validate SRB, a validation region
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Channel CRA_1L CRASF CRADF
Observed events 135 68 75

Fitted background events

Total SM 135+ 11 68 £ 8 HE9
Top-quark production 91 £ 17 100+ 1.3 HE9
Z production 0.4640.12  58+8 0.0719-59
W production 40 £+ 20 < 0.1 0.06 + 0.03
Others 3.8+£2.0 0444+0.18 0.37+0.13

MC expected events

Top-quark production 100 11.0 82
Z production 0.44 54 0.07
W production 42 < 0.1 0.07
Others 3.8 0.44 0.37

Table 4. Results of the fit for the control regions adopted for SRA. Expected yields derived from
MC simulation using theoretical cross sections are also shown. Uncertainties quoted include statis-
tical and detector-related systematic effects. The central values of the fitted sum of backgrounds in
the control regions agree with the observations by construction. The uncertainty on the total back-
ground estimate can be smaller than some of the individual uncertainties due to anticorrelations.

with the selection Ht 3 > 50 GeV is defined as well as a second validation region with two
leptons of different flavour to verify the normalisation of the top-quark background.

Good agreement is found in each case, with a difference of less than one standard
deviation between the expectations and the number of observed events.

7 Systematic uncertainties

The dominant detector-related systematic effects are due to the uncertainties on the jet
energy scale (JES) and resolution (JER), and on the b-tagging efficiency. The impact
of these uncertainties is reduced through the normalisation of the dominant backgrounds
in the control regions with kinematic selections resembling those of the corresponding
signal region.

The JES uncertainty is determined using the techniques described in refs. [63, 71],
leading to a slight dependence on pr, 1, jet flavour, number of primary vertices and prox-
imity to adjacent jets. The JER uncertainty is obtained from in-situ measurements of the
jet response asymmetry in dijet events [63]. These uncertainties on jets are propagated to
the E%liss measurement, and additional uncertainties on E%ﬁss arising from energy deposits
not associated with any reconstructed objects are also included. The relative impact on
the event yields from the JES (JER) uncertainty is between 1-5% (1-8%) in the different
SRA regions and is 3% (8%) in SRB.
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Channel CRB_1LL. CRB_SF
Observed events 437 48

Fitted background events

Total SM 437+ 21 48+ 7
Top-quark production 403 £27  16.24+2.2
Z production 0.26 £ 0.15 31+£7
W production 32+ 20 < 0.1
Others 1.4+0.5 1.0+ 0.5

MC expected events

Top-quark production 370 15
Z production 0.32 38
W production 32 < 0.1
Others 14 1.0

Table 5. Results of the fit for the control regions adopted for SRB. Expected yields as derived from
MC using theoretical cross sections are also shown. Uncertainties quoted include statistical and
detector-related systematic effects. The central values of the fitted sum of backgrounds in the control
regions agree with the observations by construction. The uncertainty on the total background
estimate can be smaller than some of the individual uncertainties due to anticorrelations. The
W production estimate is normalised using the nominal theoretical cross section and with the
associated uncertainties discussed in section 7.

The b-tagging uncertainty is evaluated by varying the pp- and flavour-dependent scale
factors applied to each jet in the simulation within a range that reflects the systematic
uncertainty on the measured tagging efficiency and rejection rates. The relative impact of
this uncertainty on the final event yield is dominated by the uncertainty in the b-tagging
efficiency. The uncertainty amounts to 2-10% in the different SRA regions and 2% in SRB.

In the case of SRB, an uncertainty is also associated with the requirement that jets
with pr < 50 GeV have at least one track originating from the primary vertex. It has a
relative impact on the final event yields of 7%. Other detector systematic uncertainties
like pile-up or trigger effects are found to have negligible impact on the analysis.

Theoretical uncertainties on the modeling of the tt+jets background are assessed. The
uncertainty due to the choice of the MC generator is estimated by comparing the predic-
tions of the POWHEG and ALPGEN generators, both interfaced to the HERWIG+JIMMY
parton shower (PS) and hadronisation (HAD) calculations. The PS/HAD uncertainty is
estimated by comparing samples generated with POWHEG interfaced to either PYTHIA or
HERWIG+JIMMY. The uncertainty due to the ambiguity in the renormalisation and fac-
torisation scales is estimated by individually doubling or halving them. The uncertainty
in the ISR and final-state radiation (FSR) is estimated by comparing ACERMC samples
generated with different amounts of ISR/FSR, as constrained by recent ATLAS measure-
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Channel SRA, mcr selection SRB
150 GeV 200 GeV 250 GeV 300 GeV 350 GeV
Observed 102 48 14 7 3 65
Total SM 94 +13 39+6 158428  59+1.1 2.54+0.6 64 + 10
Top-quark 11.1+1.8 24414 0444025 < 0.01 <0.01 4147
Z production 66 + 11 28+5 114422 47409 1.9+ 0.4 13+4
W production 13+6 4.9+2.6 2.1+ 1.1 1.0+£0.5  0.46 +0.26 8+5
Others 43415 34+1.3 1.8406 0124011 0107013 2.0+ 1.0
Multijet 0.21+£0.21 0.06+£0.06 0.02+0.02 <0.01 <0.01 0.16 +0.16

Table 6. For each signal region, the observed event yield is compared with the background predic-
tion obtained from the fit. Statistical, detector-related and theoretical systematic uncertainties are
included, taking into account correlations.

ments [72]. The PDF uncertainties are derived by varying the 52 PDF's in the CT10 NLO
error set following the Hessian method and rescaling to the 68% confidence level. Since tt
and single top-quark productions are treated together, these theoretical uncertainties are
also assigned to the single top contribution and it was checked that they account for the
difference in event kinematics between the samples. The final relative uncertainties on the
yields due to theoretical uncertainties in top-quark production modeling are less than 0.7%
in SRA and 4% in SRB, dominated mostly by PS/HAD and scale uncertainties.

Uncertainties in the W/Z+jets simulation are evaluated by comparing the predictions
of the SHERPA and ALPGEN generators and, by varying the SHERPA scales related to the
matching scheme, the strong coupling constant, and the renormalisation and factorisation
scales. The PDF uncertainties are evaluated following the same procedure as for the top-
quark background. For SRB, W+jets production is estimated from MC simulation and an
additional uncertainty of 26% due to the W+hf contribution is included [73]. The relative
uncertainties on the yields are in the range 0.3-3.1% in SRA, mostly dominated by the
difference between SHERPA and ALPGEN. For SRB, a 3% uncertainty is assigned to Z+hf
and 9% to W+hf, the latter uncertainty being dominated by the MC normalisation.

An uncertainty of 100% is derived for the multi-jet prediction by studying variations
of the resolution function. Finally, uncertainties of 30% and of 50% are assigned to the
cross sections of tt + W and of ¢t + Z production, respectively [55, 74].

8 Results and interpretation

The number of data events observed in each signal region is reported in table 6, together
with the SM background expectation after the fit. Figures 3 and 4 show the comparison
between the SM prediction and the observed data for some relevant kinematic distributions
in SRA and SRB, respectively. An example of a SUSY process with a large mass difference
between the squark and the lightest neutralino is also shown for reference in each case.
No significant excess above the SM expectation is observed in any of the signal regions.
The results are used to derive upper limits on the number of beyond the SM (BSM) events
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Figure 3. Left: mct distribution in SRA with all the selection criteria applied except the
mcr thresholds. Right: my distribution in SRA with all selection criteria applied including
mcr > 150 GeV. The shaded band includes statistical, detector-related and theoretical system-
atic uncertainties. The backgrounds are normalised to the values determined in the fit. The red
arrows indicate where a selection on the corresponding variable is applied. For illustration the dis-
tributions expected for two signal models are displayed. The models correspond to my = 500 GeV
and myo = 1GeV (orange dash-dot line) and m; = 500 GeV and mgo = 100 GeV (green dash line).
The rightmost bin in the figures includes the overflows.
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Figure 4. Left: ER distribution with all SRB selection criteria applied except the final EXiss
requirement. Right: distribution of Hr 3 with all SRB selection criteria applied except the Hr 3
requirement. Since jets have pp > 20 GeV by construction, the leftmost bin contains events where
no additional jets are present (Hr s =0GeV) while the second bin is empty. The shaded band
includes statistical, detector-related and theoretical systematic uncertainties. The backgrounds are
normalised to the values determined in the fit. The red arrows indicate where a selection on the
corresponding variable is applied. For illustration the distributions expected for two signal models
are displayed. The models correspond to my = 300 GeV and mgo = 200 GeV (purple dash-dot
line) and mi = 250 GeV and myo = 150 GeV (orange dash line). The rightmost bin in the figures
includes the overflows.

— 14 —



Signal Regions Background | Observed 95% CL upper limit on
estimate data BSM event yield ovis (fb)

exp. obs. exp. obs.

SRA (mct > 150 GeV) 94413 102 32143 38 16105 | 1.9
SRA (mcr > 200 GeV) 3946 48 1978 26 | 09479352 | 1.3
SRA (mct > 250GeV) | 15.8+2.8 14 102738 | 9.0 | 0517023 | 0.45
SRA (mct > 300GeV) | 59+1.1 7 65732 | 7.5 | 0324916 | 0.37
SRA (mcr > 350GeV) | 2.5+0.6 3 47726 | 52 | 0.23%98 | 0.26
SRB 64+ 10 65 26720 27 | 121795 | 1.3

Table 7. Expected and observed event yields with the corresponding upper limits on BSM signal
yields and oyis = 0 - A - € for all the signal regions defined.

for each signal region, assuming no systematic uncertainties for these events and neglecting
any possible contamination in the control regions. Scaling by the integrated luminosity,
these can be interpreted as a corresponding upper limit on the cross section, o;s, defined as

Ovis =0 A€

where o, A and € are, respectively, the production cross section, the acceptance and the
selection efficiency for a BSM signal. The 95% confidence level (CL) limits are computed
using the C'Ls prescription [75]. Table 7 summarises, for each signal region, the estimated
SM background yield, the observed numbers of events, and the expected and observed
upper limits on event yields from a BSM signal and on oyis.

The results are interpreted in various SUSY scenarios assuming a SUSY particle mass
hierarchy such that the lightest third-generation squark decays exclusively via 51 — bxy
or 51 — bf(li for production of sbottom or stop pairs, respectively. For the latter case, two
different values of Am between the lightest chargino and neutralino are probed to assess
the impact of the lepton and jet vetoes applied in the analysis.

Systematic uncertainties on the signal acceptance include experimental uncertainties,
mostly dominated by b-tagging (20-30% in SRA, ~ 15-30% in SRB) and JES (4-30% in
SRA, 20-40% in SRB) uncertainties. These uncertainties are assumed to be fully correlated
with those of the background.

For SRB, the uncertainties due to the modelling of ISR processes are assessed by
changing the strength of the parton shower controlled by PyTHIA and by doubling and
halving the values of the following three parameters: (i) the factorisation and renormalisa-
tion scales; (ii) the matching distance between a parton and a jet; (iii) the scale at which
ag is evaluated at every parton radiation step. The relative changes due to each of these
individual variations are assumed to be uncorrelated and are added in quadrature. The
overall uncertainty due to ISR depends on the mass difference between the squark and the
LSP, with a maximum value of 30% on the signal acceptance when the mass difference is on
the order of 10 GeV and quickly dropping down to a plateau of 7-10% for mass differences
above 25 GeV. This uncertainty has a negligible dependence on the squark mass for the
mass range considered in this analysis.

,15,



Sbottom pair production, 61 —->b )Z?

;‘ 600 | L I L I L I T T 1 . Observed Ilmlt (+1 GSUSY)
& - ATLAS | e
- [ (e— Expected limit (+16,,,)
£7500 | Ldt=20.1fo", Vs=8 TeV i
B coF 2651
All limits at 95% CL B D052
400 —— ATLAS 2.05 fb™, {s=7 TeV
«
6‘2}
3 e~
300 S = ™

200

\\|||||||||||||||||||||

100

P

IIIIIII|IIII|IIII|IE-:IEIIIIII

0
100 200 300 400 500 600 700 800
m; [GeV]

Figure 5. Expected and observed exclusion limits at 95% CL in the (mgl,mi?) mass plane for
the sbottom pair production scenario considered. The signal region providing the best expected
C'Ls exclusion limit is chosen at each point. The dashed (solid) lines show the expected (observed)
limits, including all uncertainties except for the theoretical signal cross-section uncertainty (PDF
and scale). The bands around the expected limits show the +1o uncertainties. The dotted lines
around the observed limits represent the results obtained when moving the nominal signal cross
section up or down by the +1o theoretical uncertainty. Previous limits published by ATLAS [23],
CDF [32] and DO [33] are also shown.

Figure 5 shows the observed (solid lines) and expected (dashed lines) exclusion limits
for the sbottom pair production scenario obtained by taking, for each signal mass config-
uration, the signal region with the best expected limit. These limits are obtained using a
likelihood test which compares the observed numbers of events in the signal regions with
the fitted background expectation and the ensuing signal contamination in the correspond-
ing CRs for a given model. Sensitivity to scenarios with large mass difference (> 100 GeV)
between the b, and the Y is achieved with the successive mcr thresholds used in SRA.
Sensitivity to scenarios with smaller mass differences is achieved predominantly with the
dedicated SRB selection. Sbottom masses up to 620 GeV are excluded at 95% CL for
mgo < 120 GeV. Differences in mass above 50 GeV between the b, and the X9 are excluded

up to sbottom masses of 300 GeV. If the branching ratio of 51 — by} is reduced to 60%
and assuming that the analysis is not sensitive to other possible decays, the excluded up-
per limit on the sbottom mass for mgo < 150 GeV is reduced to 520 GeV. Similarly for

my = 250 GeV, the upper limit on mgo is reduced by 30 GeV.

In the case of stop pair production with the stop decaying only into bﬁ[, the model
depends on the masses of the three SUSY particles involved in the decay, My, My and

mgo. Limits are derived using the same procedure adopted for the sbottom pair production
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Figure 6. Expected and observed exclusion limits at 95% CL for the different stop pair pro-

duction scenarios considered. Upper left: (mili,m)z?) mass plane with m; = 300GeV. Upper
right: (mg ,mygo) mass plane with mgx = 150GeV. Lower left: (mg ,mgo) mass plane with
mgx —mge = 5GeV. Lower right: (mg ,mgo) mass plane with mgx —mge = 20 GeV. The sig-

nal region providing the best expected C'Ls exclusion limit is chosen at each point. The dashed
(solid) lines show the expected (observed) limits, including all uncertainties except for the theoret-
ical signal cross-section uncertainty (PDF and scale). The bands around the expected limits show
the +£10 uncertainties. The dotted lines around the observed limits represent the results obtained
when moving the nominal signal cross section up or down by the 1o theoretical uncertainty. The
excluded regions are above (below) the curves for the upper (lower) figures. For the bottom two
figures, the lower bound of the vertical axis corresponds to the LEP limit of the lightest chargino
mass, 103.5 GeV [34-36].

scenario and are presented in figure 6 under the additional assumptions that mg =300 GeV
(upper left), mﬁ:150 GeV (upper right), or for a fixed value of the mass difference Am =
Mg =My of 5 GeV (lower left) and 20 GeV (lower right). The limits presented assume that
the chargino decays promptly at the interaction point, as it is the case for Am = 100 MeV
[76]. Stop masses up to 580 GeV (440 GeV) are excluded for Am = 5GeV (20 GeV) and for
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mgo =100 GeV. For Am = 5GeV (20 GeV), neutralino masses up to 270 GeV (220 GeV)
are excluded for mi = 420 GeV. In the Am = 20 GeV, a smaller fraction of the (m,g1 ) mfc?)
plane is excluded since this scenario has a lower efficiency given that electrons and muons

often have a pp above the reconstruction threshold.

9 Conclusions

The results of a search for third-generation squark pair production in pp collisions at
/5 = 8TeV based on 20.1 fb~! of ATLAS data are reported. Events with large Emiss and
two b-tagged jets are analysed. The results are in agreement with SM predictions for
backgrounds and translate into 95% CL. upper limits on the sbottom (stop) and neutralino
masses in a given MSSM scenario for which the exclusive decay 61 — bxYy (t; — bf(li) is
assumed. For sbottom pairs decaying exclusively to bY{, sbottom masses up to 620 GeV

are excluded at 95% CL for mgo < 150 GeV. Differences in mass above 50 GeV between

the b, and the X9 are excluded up to shottom masses of 300 GeV. These limits significantly
extend previous results.

For stop pairs decaying exclusively into bﬁ[, stop masses up to 580 GeV (440 GeV) are
excluded for Am = Mge—mgo =5 GeV (20 GeV) and for mgo = 100 GeV. For Am = 5 GeV
(20 GeV), neutralino masses up to 270 GeV (220 GeV) are excluded for m; = 420 GeV.
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