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Abstract

The result of a search for pair production of the supersymmetric partner of the Stand-
ard Model bottom quark (b̃1) is reported. The search uses 3.2 fb−1 of pp collisions at√

s = 13 TeV collected by the ATLAS experiment at the Large Hadron Collider in 2015.
Bottom squarks are searched for in events containing large missing transverse momentum
and exactly two jets identified as originating fromb-quarks. No excess above the expected
Standard Model background yield is observed. Exclusion limits at 95% confidence level on
the mass of the bottom squark are derived in phenomenological supersymmetricR-parity-
conserving models in which thẽb1 is the lightest squark and is assumed to decay exclusively
via b̃1 → bχ̃0

1, whereχ̃0
1 is the lightest neutralino. The limits significantly extendprevious

results; bottom squark masses up to 800 (840) GeV are excluded for theχ̃0
1 mass below 360

(100) GeV whilst differences in mass above 100 GeV between theb̃1 and the ˜χ0
1 are excluded

up to ab̃1 mass of 500 GeV.
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1 Introduction

Supersymmetry (SUSY) [1–6] provides an extension of the Standard Model (SM) that solves the hier-
archy problem [7–10] by introducing supersymmetric partners of the known bosons and fermions. In the
framework of theR-parity-conserving minimal supersymmetric extension of the SM (MSSM) [11–13],
SUSY particles are produced in pairs and the lightest supersymmetric particle (LSP) is stable, providing a
possible candidate for dark matter [14,15]. In a large variety of models the LSP is the lightest neutralino
(χ̃0

1). Naturalness considerations [16,17] suggest that the supersymmetric partners of the third-generation
SM quarks are the lightest coloured supersymmetric particles. This may lead to the lightest bottom squark
(b̃1) and top squark (̃t1) mass eigenstates1 being significantly lighter than the other squarks and the glui-
nos. As a consequence,b̃1 and t̃1 could be pair-produced with relatively large cross-sections at the Large
Hadron Collider (LHC).

This paper presents a search for the pair production of bottom squarks decaying exclusively asb̃1→ bχ̃0
1

using 3.2 fb−1 of proton–proton (pp) collisions at
√

s = 13 TeV collected by the ATLAS experiment at
the LHC in 2015. Searches with the

√
s = 8 TeV LHC Run-1 dataset at ATLAS and CMS have set limits

on b̃1 masses in such scenarios. For ˜χ0
1 masses around 100 GeV, exclusion limits at 95% confidence level

(CL) up to 620 GeV and 680 GeV have been reported by the ATLAS [18] and CMS [19] collaborations,
respectively. The searches were performed in events characterized by the presence of large missing
transverse momentum and two jets identified as containingb-hadrons (b-jets). In Run 2 of the LHC the
production cross-section rises due to the increase of the centre-of-mass energy of thepp collisions. For
instance, for ãb1 with a mass of 800 GeV, the production cross-section increases by almost a factor of
ten going from

√
s = 8 TeV to

√
s = 13 TeV. In addition, the sensitivity of the analysis benefitsfrom the

improved algorithms adopted to identifyb-jets and use of information from the newly installed pixel layer
in the Run-2 ATLAS detector. The search strategy at 13 TeV closely follows the previous ATLAS studies,
with signal regions defined to provide sensitivity to the kinematic topologies arising from different mass
splittings between the bottom squark and the neutralino.

2 ATLAS detector

The ATLAS detector [20] is a multi-purpose particle physics detector with a forward-backward symmetric
cylindrical geometry and nearly 4π coverage in solid angle.2 The inner tracking detector consists of pixel
and silicon microstrip detectors covering the pseudorapidity region |η| < 2.5, surrounded by a transition
radiation tracker which enhances electron identification in the region|η| < 2.0. Between Run 1 and Run
2, a new inner pixel layer, the Insertable B-Layer (IBL) [21], was inserted at a mean sensor radius of
3.3 cm. The inner detector is surrounded by a thin superconducting solenoid providing an axial 2 T
magnetic field and by a fine-granularity lead/liquid-argon (LAr) electromagnetic calorimeter covering
|η| < 3.2. A steel/scintillator-tile calorimeter provides hadronic coverage in the central pseudorapidity

1 Scalar partners of the left-handed and right-handed chiralcomponents of the bottom quark (b̃L,R) or top quark (̃tL,R) mix to
form mass eigenstates for whichb̃1 andt̃1are defined as the lighter of the two.

2 ATLAS uses a right-handed coordinate system with its originat the nominal interaction point in the centre of the detector.
The positivex-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positivey-axis
pointing upwards, while the beam direction defines thez-axis. Cylindrical coordinates (r, φ) are used in the transverse plane,φ
being the azimuthal angle around thez-axis. The pseudorapidityη is defined in terms of the polar angleθ by η = − ln tan(θ/2).
Rapidity is defined asy = 0.5 ln[(E + pz)/(E − pz)] whereE denotes the energy andpz is the component of the momentum
along the beam direction.
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range (|η| < 1.7). The endcap and forward regions (1.5 < |η| < 4.9) of the hadronic calorimeter are
made of LAr active layers with either copper or tungsten as the absorber material. An extensive muon
spectrometer with an air-core toroid magnet system surrounds the calorimeters. Three layers of high-
precision tracking chambers provide coverage in the range|η| < 2.7, while dedicated fast chambers allow
triggering in the region|η| < 2.4. The ATLAS trigger system consists of a hardware-based level-1 trigger
followed by a software-based high-level trigger [22].

3 Data and simulated event samples

The data used in this analysis were collected by the ATLAS detector in pp collisions at the LHC with a
centre-of-mass energy of 13 TeV and 25 ns proton bunch crossing interval during 2015. After applying
beam-, data- and detector-quality criteria, the availabledataset corresponds to an integrated luminosity
of 3.2 fb−1 with an uncertainty of±5%. The uncertainty is derived from a calibration of the luminosity
scale using a pair ofx–y beam-separation scans performed in August 2015 and following a methodology
similar to that detailed in Ref. [23]. In this dataset, each event includes an average of approximately
14 additional inelasticpp collisions in the same bunch crossing (in-time pile-up). The events used in
this search were selected using a trigger logic that acceptsevents with an uncorrected missing transverse
momentum above 70 GeV, calculated using a sum over calorimeter cells. Additional events selected with
lepton- and photon-based triggers are employed for controlregions defined to estimate SM background
contributions. All the triggers are fully efficient for the selections employed in this paper.

Monte Carlo (MC) simulated event samples are used to model the expected signal and to aid in the de-
scription and estimation of SM background processes. The response of the detector is simulated [24]
either fully by a software program based on GEANT4 [25] or by a faster simulation based on a para-
meterization [26] for the calorimeter response and GEANT4 for the other detector systems. To account
for additionalpp interactions from the same and close-by bunch crossings, a set of minimum-bias inter-
actions generated using Pythia [27] 8.186 and the MSTW2008LO [28, 29] parton distribution function
(PDF) set is superimposed onto the hard scattering events toreproduce the observed distribution of the
average number of interactions per bunch crossing.

The signal samples are generated using MadGraph5_aMC@NLO [30] v2.2.3 interfaced to Pythia 8.186
with the A14 [31] set of parameters (tune) for the modelling of the parton showering (PS), hadronization
and underlying event. The matrix element (ME) calculation is performed at tree level and includes the
emission of up to two additional partons. The PDF set used forthe generation is NNPDF23LO [32]. The
ME–PS matching is done using the CKKW-L [33] prescription, with a matching scale set to one quarter
of the bottom squark mass. The cross-sections used to evaluate the signal yields are calculated to next-to-
leading-order accuracy in the strong coupling constant, adding the resummation of soft gluon emission at
next-to-leading-logarithmic accuracy (NLO+NLL) [ 34–36].

SM background samples are simulated using different MC generator programs depending on the process.
Events containingW or Z bosons with associated jets, including jets from the fragmentation ofb- and
c-quarks (heavy-flavour jets), are simulated using the Sherpa 2.1.1 [37] generator. Matrix elements are
calculated for up to two additional partons at next-to-leading order (NLO) and four partons at leading
order (LO) using the Comix [38] and OpenLoops [39] matrix element generators and merged with the
Sherpa PS [40] using the ME+PS@NLO prescription [41]. The CT10 [42] PDF set is used in conjunction
with a dedicated PS tune developed by the Sherpa authors. TheW/Z+jets events are normalized to their
next-to-NLO (NNLO) QCD theoretical cross-sections [43]. For a cross-check of the modelling ofZ+jets
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background, samples of events containing a photon producedin association with jets, including heavy-
flavour jets, are simulated using the Sherpa 2.1.1 generator with matrix elements calculated at LO with
up to four partons for the LO calculation.

Diboson processes are also simulated using the Sherpa 2.1.1 generator with the same settings as the
single-boson samples. They are calculated for up to one (ZZ) or zero (WW,WZ) additional partons at
NLO and up to three additional partons at LO. The NLO generator cross-sections are scaled down by
9% to account for the usage ofαQED=1/129 rather than 1/132, the latter corresponding to the use of the
parameters defined by the Particle Data Group as input to theGµ scheme [44].

Top-quark pair and single-top-quark production (Wt- and s-channel) events are simulated using the
Powheg-Box v2 [45] generator as described in Ref. [46] with the CT10 PDF set in the matrix element
calculations. Electroweakt-channel single-top-quark events are generated using the Powheg-Box v1 gen-
erator. The top-quark mass is set to 172.5 GeV. For thett̄ production, thehdampparameter, which controls
the transverse momentum (pT) of the first additional emission beyond the Born configuration and thus
regulates thepT of the recoil emission against thett̄ system, is set to the mass of the top quark. For all pro-
cesses, the parton shower, fragmentation, and the underlying event are simulated using Pythia 6.428 [47]
with the CTEQ6L1 PDF set and the corresponding Perugia 2012 tune (P2012) [48]. The tt̄ samples are
normalized to their NNLO cross-section including the resummation of soft gluon emission at next-to-NLL
accuracy usingTop++2.0 [49]. Samples of single-top-quark production are normalized to the NLO cross-
sections reported in Refs. [50–52] for the s-, t- andWt-channels, respectively. The associated production
of a top-quark pair with a vector boson,tt̄+W/Z, is generated at LO with MadGraph5_aMC@NLO v2.2.3
interfaced to Pythia 8.186, with up to two (tt̄ +W), one (tt̄ + Z) or no (tt̄ +WW) extra partons included in
the matrix elements. The samples are normalized to their NLOcross-sections [30].

The EvtGen 1.2.0 program [53] is used for modelling the properties of bottom- and charm-hadron decays
in all samples generated with MadGraph5_aMC@NLO and Powheg-Box.

Several samples produced without detector simulation are employed to derive systematic uncertainties
associated with the specific configuration of the MC generators used for the nominal SM background
samples. They include variations of the renormalization and factorization scales, the CKKW-L matching
scale, as well as different PDF sets and fragmentation/hadronization models. Details of the MC modelling
uncertainties are discussed in Section7.

4 Event reconstruction

The search for bottom squark pair production is based on a selection of events with jets and large missing
transverse momentum in the final state. Events containing electrons or muons are explicitly vetoed in
the signal and validation regions, and are used to define control regions. An overlap removal procedure
is applied to prevent double-counting of reconstructed objects. The details of the selections and overlap
removal are given below.

Interaction vertices from thepp collisions are reconstructed from tracks in the inner detector. Events
must have at least one primary reconstructed vertex, required to be consistent with the beamspot envelope
and to consist of at least two tracks withpT > 0.4 GeV. When more than one such vertex is found the one
with the largest sum of the square of transverse momenta of associated tracks [54] is chosen.
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Jet candidates are reconstructed from three-dimensional energy clusters [55] in the calorimeter using the
anti-kt jet algorithm [56] with a radius parameter of 0.4. Each topological cluster’senergy is calibrated
to the electromagnetic scale prior to jet reconstruction. The reconstructed jets are then calibrated to the
particle level by applying a jet energy scale (JES) derived from simulation andin situ corrections based
on 8 TeV data [57, 58]. Quality criteria are imposed to identify jets arising from non-collision sources
or detector noise and any event containing such a jet is removed [59]. Further track-based selections are
applied to reject jets withpT < 60 GeV and|η| < 2.4 that originate from pile-up interactions [60] and the
expected event average energy contribution from pile-up clusters is subtracted using a factor dependent
on the jet area [57]. Jets are classified as “baseline” and “signal”. Baseline jets are required to have
pT > 20 GeV and|η| < 2.8. Signal jets, selected after resolving overlaps with electrons and muons, are
required to pass the stricter requirement ofpT > 35 GeV.

Jets are identified asb-jets if tagged by a multivariate algorithm which uses information about the impact
parameters of inner detector tracks matched to the jet, the presence of displaced secondary vertices, and
the reconstructed flight paths ofb- andc-hadrons inside the jet [61]. Theb-tagging working point with a
77% efficiency, as determined in a simulated sample oftt̄ events, was chosen as part of the optimization
process discussed in Section5. The corresponding rejection factors against jets originating fromc-quarks
and from light quarks and gluons at this working point are 4.5and 130, respectively [62]. To compensate
for differences between data and MC simulation in theb-tagging efficiencies and mis-tag rates, correction
factors derived from data-driven methods are applied to thesimulated samples [63]. Candidateb-tagged
jets are required to havepT > 50 GeV and|η| < 2.5.

Electron candidates are reconstructed from energy clusters in the electromagnetic calorimeter matched
to a track in the inner detector and are required to satisfy a set of “loose” quality criteria [64–66]. They
are also required to lie within the fiducial volume|η| < 2.47. Muon candidates are reconstructed from
matching tracks in the inner detector and the muon spectrometer. Events containing one or more muon
candidates that have a transverse (longitudinal) impact parameter with respect to the primary vertex larger
than 0.2 mm (1 mm) are rejected to suppress cosmic rays. Muon candidates are also required to satisfy
“medium” quality criteria [67] and have|η| < 2.5. All electron and muon candidates must havepT >

10 GeV. Lepton candidates remaining after resolving the overlap with baseline jets (see next paragraph)
are called “baseline” leptons. In the control regions wherelepton identification is required, “signal”
leptons are chosen from the baseline set withpT > 26 GeV to ensure full efficiency of the trigger and
are required to be isolated from other activity using a relatively loose criterion designed to accept 99%
of leptons fromZ boson decays. Signal electrons are further required to satisfy “tight” quality criteria.
Electrons (muons) are matched to the primary vertex by requiring the transverse impact parameter (d0) to
satisfy|d0/σ(d0)| < 5 (3), and the longitudinal impact parameter (z0) to satisfy|z0 sinθ| < 0.5 mm for both
the electrons and muons. The MC events are corrected to account for differences in the lepton trigger,
reconstruction and identification efficiencies between data and MC simulation.

The sequence to resolve overlapping objects begins by removing electron candidates sharing an inner
detector track with a muon candidate. Next, jet candidates within ∆R =

√

(∆y)2 + (∆φ)2 = 0.2 of an
electron candidate are discarded, unless the jet isb-tagged, in which case the electron is discarded since it
is likely to originate from a semileptonicb-hadron decay. Finally, any lepton candidate remaining within
∆R = 0.4 of any surviving jet candidate is discarded, except for thecase where the lepton is a muon and
the number of tracks associated with the jet is less than three.

The missing transverse momentumpmiss
T , with magnitudeEmiss

T , is defined as the negative vector sum of
the pT of all selected and calibrated physics objects in the event,with an extra term added to account
for soft energy in the event which is not associated with any of the selected objects. This soft term is
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calculated from inner detector tracks withpT above 400 MeV matched to the primary vertex to make it
more robust against pile-up contamination [68,69].

Reconstructed photons, although not used in the main signalevent selection, are selected in the regions
employed in one of the alternative methods used to check theZ+jets background, as explained in Sec-
tion 6. Photon candidates are required to havepT > 130 GeV and|η| < 2.37, to satisfy the tight photon
shower shape and electron rejection criteria [70], and to be isolated.

5 Event selection

The selection of events is similar to that used in Ref. [71] and is based on the definition of one set of three
overlapping signal regions (SRA) and a fourth distinct signal region (SRB). These were re-optimized
for 3.2 fb−1 of 13 TeV pp collisions, and the selection criteria are summarized in Table 1. Only events
with Emiss

T > 250 GeV are retained to ensure full efficiency of the trigger. Jets are ordered according to
decreasingpT. Contamination from backgrounds with high jet multiplicity, particularly tt̄ production,
is suppressed by vetoing events with a fourth jet withpT > 50 GeV. To discriminate against multijet
background, events whereEmiss

T is aligned with a jet in the transverse plane are rejected by requiring

∆φ
j
min > 0.4, where∆φ j

min is the minimum azimuthal distance betweenEmiss
T and the leading four jets,

and by requiringEmiss
T /meff > 0.25, wheremeff is defined as the scalar sum of theEmiss

T and thepT of the
two leading jets. For signal events, no isolated charged leptons are expected in the final state, and events
where a baseline electron or muon is reconstructed are discarded.

The first set of signal regions, SRA, selects events with large Emiss
T where the two leading jets areb-tagged

to target models with a large mass difference between the bottom squark and the neutralino. The main
discriminating variable is the contransverse mass (mCT) [72], which is a kinematic variable that can be
used to measure the masses of pair-produced semi-invisiblydecaying heavy particles. For two identical
decays of heavy particles into two visible particles (or particle aggregates)v1 andv2, and two invisible
particles,mCT is defined as

m2
CT(v1, v2) = [ET(v1) + ET(v2)]2 −

[

pT(v1) − pT(v2)
]2
.

In this analysis,v1 and v2 are the two leadingb-jets. For signal events, these correspond to theb-jets
from the squark decays and the invisible particles are the two neutralinos. The contransverse mass is
invariant under equal and opposite boosts of the parent particles in the transverse plane. For systems
of parent particles produced with small transverse boosts,mCT is bounded from above by an analytical
combination of particle masses. This bound is saturated when the two visible objects are collinear. Fortt̄
events, this kinematic bound is at 135 GeV, while for production of bottom squark pairs the bound is given
by mmax

CT = (m2
b̃1
−m2
χ̃0

1
)/mb̃1

. The selection onmCT is optimized based on the bottom squark and neutralino

masses considered and SRA is further divided into three overlapping regions, SRA250, SRA350 and
SRA450, where the naming conventions reflects the minimum value allowed formCT. Finally, a selection
on the invariant mass of the twob-jets (mbb > 200 GeV) is applied to further enhance the signal yield
over the SM background contributions. For a signal model corresponding tom

b̃1
= 800 GeV andm

χ̃0
1

= 1 GeV, 10%, 8% and 5% of the simulated signal events are retained by the SRA250, SRA350 and
SRA450 selections, respectively.
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The second type of signal region, SRB, selects events where abottom squark pair is produced in associ-
ation with a jet from initial-state radiation (ISR). The SRBtargets models with a small mass difference
between thẽb1 and the ˜χ0

1, such that a boosted bottom squark pair is needed to satisfy the trigger require-
ments. Hence events are selected with largeEmiss

T , one high-pT non-b-tagged leading jet and at least two
additionalb-jets. The leading jet is also required to be pointing in the direction opposite to theEmiss

T by
requiring∆φ( j1, Emiss

T ) > 2.5, where∆φ( j1, Emiss
T ) is defined as the azimuthal angle between the leading

jet and theEmiss
T . For a signal model corresponding tom

b̃1
= 400 GeV andm

χ̃0
1

= 300 GeV, about 0.3% of

the simulated events are retained by the SRB selection.

Table 1: Summary of the event selection in each signal region. The term lepton is used in the table to refer to
baseline electrons and muons. Jets (j1, j2, j3 and j4) are labelled with an index corresponding to their decreasing
order inpT.

Variable SRA SRB

Event cleaning Common to all SR
Lepton veto Noe/µ with pT > 10 GeV after overlap removal
Emiss

T [GeV] > 250 > 400
n(jets) pT > 35 GeV 2–4 3–4
1st jetpT( j1) [GeV] > 130 > 300
2nd jetpT( j2) [GeV] > 50 > 50
4th jet Vetoed ifpT( j4) > 50 GeV
∆φ

j
min > 0.4 > 0.4

∆φ( j1, Emiss
T ) - > 2.5

b-tagging j1 and j2 j2 and (j3 or j4)
Emiss

T /meff > 0.25 > 0.25
mCT [GeV] > 250, 350, 450 -
mbb [GeV] > 200 -

6 Background estimation

The dominant SM background processes in the signal regions are the production ofW or Z bosons in
association with heavy-flavour jets (referred to asW+hf andZ+hf) and the production of top quarks. In
particular, events withZ+hf production followed by theZ → νν̄ decay have the same signature as the
signal and are the largest (irreducible) background in SRA.The background in SRB is dominated by top-
quark production in events with a charged lepton in the final state that is not reconstructed, either because
the lepton is a hadronically decayingτ, or because the electron or muon is not identified or out of detector
acceptance.

Monte Carlo simulation is used to estimate the background yield in the signal regions, after normalizing
the Monte Carlo prediction for the major backgrounds to datain control regions (CR) constructed to
enhance a particular background and to be kinematically similar but orthogonal to the signal regions. The
control regions are defined by explicitly requiring the presence of one or two leptons (electrons or muons)
in the final state and applying further selection criteria similar to those of the corresponding signal regions.
To select events with good-quality electrons and muons the “signal lepton” selection is applied to them.
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Events with additional baseline lepton candidates are vetoed. For SRA, the normalizations of the top-
quark pair, single-top-quark,Z+jets andW+jets backgrounds are estimated simultaneously by making
use of four control regions, while for SRB two control regions are used to determine the normalization
of the top-quark pair andZ+jets backgrounds since other contributions are sub-dominant. A likelihood
function is built as the product of Poisson probability functions, using as constraints the observed and
expected (from MC simulation) event yields in the control regions but not the yields in the corresponding
SR [73]. The normalization factors for each of the simulated backgrounds are adjusted simultaneously via
a profile likelihood fit [74] (referred to as the “background-only fit”). Systematic uncertainties (discussed
in Section7) are treated as nuisance parameters in the fit. The background normalization parameters
are applied to the signal regions also taking into account correlations in the yield predictions between
different regions.

Two same-flavour opposite-sign (SFOS) two-lepton (electron or muon) control regions with dilepton
invariant mass near theZ boson mass (76< mℓℓ < 106 GeV) and twob-tagged jets provide data samples
dominated byZ boson production. For these control regions, labelled in the following as CRzA and
CRzB for SRA and SRB respectively, thepT of the leptons is added vectorially to thepmiss

T to mimic the
expected missing transverse momentum spectrum ofZ → νν̄ events, and is indicated in the following
asEmiss,cor

T (lepton corrected). In addition, the uncorrectedEmiss
T of the event is required to be less than

100 (70) GeV in CRzA (CRzB) in order to further enhance theZ boson contribution. In the case of
CRzA, ambb > 200 GeV selection is also imposed. Two control regions, CRttA and CRttB defined for
SRA and SRB respectively, dominated bytt̄ production are identified by selecting events with exactly one
lepton (e, µ) and a set of requirements similar to those for SRA and SRB, with the additional requirement
mbb < 200 GeV in CRttA to separate thett̄ pair contribution from single top-quark production. To assist
in the estimation of the background fromW+hf and single top-quark production in SRA two further one-
lepton control regions (CRwA and CRstA) are defined. These control regions exploit kinematic features
to differentiate these processes fromtt̄ production. For CRstA a selection is applied to the minimum
invariant mass of either of theb-jets and the charged lepton (mmin

bℓ ). For CRwA only oneb-jet is required,
the selection onmbb is replaced by a selection on the invariant mass of the two leading jets (mb j) and a

further selection is applied to the event transverse massmT, defined asmT =

√

2plep
T Emiss

T − 2plep
T · p

miss
T .

The definitions of the control regions are summarized in Table 2.

The contributions from diboson andtt̄+W/Z processes are minor and they are collectively called “Others”
in the following. They are estimated from MC simulation for both the signal and the control regions and
included in the fit procedure, and are allowed to vary within their uncertainty. The background from
multijet production is estimated from data using a procedure described in detail in Ref. [75] and modified
to account for the flavour of the jets. The procedure consistsof smearing the jet response in events with
well-measuredEmiss

T (seed events). The jet response function is obtained from MCdijet events and cross-
checked in events from data where theEmiss

T can be unambiguously attributed to the mis-measurement of
one of the jets. The contribution from multijet production in all regions is found to be negligible.

The results of the background-only fit are shown in Table3, where the contribution from individual
backgrounds is shown separately as a purely MC-based prediction and with the rescaling from the fit
procedure. Thembb distribution in CRzA and thepT of the leading jet in CRttB are shown in Fig.1 after
the backgrounds were rescaled as a result of the background-only fit, showing good agreement in the
shape of the distributions in the two control regions used toestimate the dominant backgrounds in SRA
and SRB.

The full background estimation procedure is validated by comparing the background predictions and the
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Table 2: Definition of the control regions associated with SRA and SRB. Control regions are defined to study the
contribution fromZ+hf, tt̄, single top-quark andW+hf production in SRA and the contribution fromZ+hf and
tt̄ in SRB. The term lepton is used in the table to refer to signal electrons and muons. Jets (j1, j2, j3 and j4) are
labelled with an index corresponding to their decreasing order inpT. SFOS indicates the same-flavour opposite-sign
two-lepton selection.

Variable CRzA CRttA CRstA CRwA CRzB CRttB

Number of leptons 2 SFOS 1 1 1 2 SFOS 1
1st leptonpT [GeV] > 90 > 26 > 26 > 26 > 26 > 26
2nd leptonpT [GeV] > 20 - - - > 20 -
mℓℓ [GeV] [76, 106] - - - [76, 106] -
mT [GeV] - - - > 30 - -
n(jets) pT > 35 GeV 2–4 2–4 2–4 2–4 3–4 3–4
1st jetpT( j1) [GeV] > 50 > 130 > 50 > 130 > 50 > 130
2nd jetpT( j2) [GeV] > 50 > 50 > 50 > 50 > 50 > 50
4th jet Vetoed ifpT( j4) > 50 GeV Vetoed if pT( j4) > 50 GeV
b-tagged jets j1 and j2 j1 and j2 j1 and j2 j1 j2 and (j3 or j4)
Emiss

T [GeV] < 100 > 100 > 100 > 100 < 70 > 200
Emiss,cor

T [GeV] > 100 - - - > 100 -
mbb [GeV] > 200 < 200 > 200 (mb j) > 200 - -
mCT [GeV] - > 150 > 150 > 150 - -
mmin

bℓ [GeV] - - > 170 - - -
∆φ( j1, Emiss

T ) - - - - > 2.0 > 2.5

shapes of the distributions of the key analysis variables from the fit results to those observed in dedicated
validation regions. They are defined to be mutually exclusive and kinematically similar to the signal
regions, with low potential contamination from signal. ForSRA, two validation regions are defined by
using the same definition as SRA250, and inverting the selections onmbb andmCT. The SM predictions
are found to overestimate the data by about one standard deviation. For SRB, a validation region is
defined by selecting events with 250< Emiss

T < 300 GeV and good agreement is observed between data
and predictions.

As a further validation, two alternative methods are used toestimate theZ+hf contribution. The first
method exploits the similarity of theZ+jets andγ+jets processes [75]. For pT of the photon significantly
larger than the mass of theZ boson, the kinematics ofγ+jets events strongly resemble those ofZ+jets
events. The event yields are measured in control regions identical to the SRA and SRB, with theEmiss

T -
based selections replaced by selections on thepT of the photon vectorially added to thepmiss

T . The yields
are then propagated to the actual SRA and SRB using a reweighting factor derived using the MC simu-
lation. This factor takes into account the different kinematics of the two processes and residual effects
arising from the acceptance and reconstruction efficiency for photons.

In the second alternative method, applied to SRA only where the Z+hf contribution is dominant, the
MC simulation is used to verify that the shape of themCT distribution for events with nob-tagged jets
is compatible with the shape of themCT distribution for events where twob-tagged jets are present. A
new highly populatedZ+jets CR is defined selectingZ → ℓℓ events with nob−tagged jets. ThemCT

distribution in this CR is constructed using the two leadingjets and is used to estimate the shape of the

9



Table 3: Fit results in the control regions associated with the SRA and SRB selection for an integrated luminosity of
3.2 fb−1. The results are obtained from the control regions using thebackground-only fit. The uncertainties include
statistical, detector-related and theoretical systematic components. The individual uncertainties can be correlated
and do not necessarily add in quadrature to the total systematic uncertainty. The pure MC estimate is used for
backgrounds for which a dedicated CR is not defined, e.g. for smaller backgrounds (indicated as “Other”) and for
single top-quark andW+jets production in CRzB and CRttB. A dash indicates a negligible background.

Control Region CRzA CRwA CRttA CRstA CRzB CRttB

Observed 78 543 260 56 59 188

Total background (fit) 78± 9 543± 23 260± 16 56± 7 59± 8 188± 14

tt̄ 9.0± 1.6 153± 26 181± 23 11.1± 2.1 14.6± 2.0 156± 15
Single top 0.8± 0.4 50± 23 27± 13 23± 10 0.42± 0.07 16.6± 2.0
W+jets - 327± 43 45± 14 20± 6 - 13± 5
Z+jets 68± 9 3.8± 0.6 1.4± 0.2 0.9± 0.2 42± 8 0.3± 0.1
“Other” 0.9± 0.1 8.1± 1.1 5.8± 0.7 0.6± 0.1 1.6± 0.4 2.3± 0.2

Total background (MC exp.) 61 503 267 57 46 191

tt̄ 9.4 161 190 12 15 159
Single top 1.1 60 33 27 0.4 16
W+jets - 270 37 17 - 12.9
Z+jets 50 2.8 1.0 0.7 29 0.2
“Other” 0.9 8.1 5.8 0.6 1.6 2.3
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Figure 1: Left: mbb distribution in CRzA before the final selectionmbb > 200 GeV is applied (indicated by the
arrow). Right: pT of the leading jet in CRttB. In both distributions the MC normalization is rescaled using the
results from the background-only fit, showing good agreement between data and the predicted SM shapes. The
shaded band includes statistical and detector-related systematic uncertainties as detailed in Section7 and the last
bin includes overflows.
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mCT distribution in the SRA, whilst the normalization in SRA is rescaled based on the ratio in data of
Z → ℓℓ events with nob-tagged jets to events with twob-tagged jets. Additional MC-based corrections
are applied to take into account the two-lepton selection inthis CR.

The two alternative methods are in agreement within uncertainties with the estimates obtained with the
profile likelihood fit to the control regions (Table4). Experimental and theoretical systematic uncertain-
ties in the nominal and alternative method estimates are taken into account (see Section7). The difference
between the alternative methods and the background-only fitis taken into account as an additional sys-
tematic uncertainty in the finalZ+hf yields.

Table 4: EstimatedZ+jets yields in the signal regions as obtained using the default and the two alternative methods.
The errors include all the uncertainty sources discussed inSection7. The “MC-based post-fit” uncertainty does not
include the additional uncertainty to account for the difference between the three methods.

Method \ Region SRA250 SRA350 SRA450 SRB

Nominal MC-based post-fit 22± 4 5.0± 0.9 1.3± 0.3 4.1± 0.9
Z+jets fromγ+jets events 18± 5 3.7± 1.5 1.8± 1.0 2.2± 1.0
Z+jets from nonb-taggedZ events 18± 6 4.3± 1.6 1.3± 0.5 Not Applicable

7 Systematic uncertainties

Several sources of experimental and theoretical systematic uncertainty are considered in this analysis.
Their impact is reduced through the normalization of the dominant backgrounds in the control regions
with kinematic selections resembling those of the corresponding signal region (see Section6). Uncertain-
ties due to the limited number of events in the CRs are also taken into account in the fit. The individual
contributions are outlined in Table5

Table 5: Summary of the dominant experimental and theoretical uncertainties for each signal region. Uncertainties
are quoted as relative to the total uncertainty, with a rangeindicated for the three SRAs. For theoretical modelling,
uncertainties per dominant SM background process are quoted. The individual uncertainties can be correlated, and
do not necessarily add in quadrature to the total backgrounduncertainty.

Source\ Region SRA SRB

Experimental uncertainty

JES 15–30% 25%
JER 20–35% <10%
b-tagging 25–45% 15%

Theoretical modelling uncertainty

Z+jets 25–35% 12%
W+jets 20–22% 27%
Top production 15–20% 70%
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The dominant detector-related systematic effects are due to the uncertainties in the jet energy scale
(JES) [57] and resolution (JER) [58], and in theb-tagging efficiency and mis-tagging rates. The JES
and JER uncertainties are estimated from 13 TeV data, while the uncertainties related tob-tagging are
estimated from 8 TeV data and extrapolated to 13 TeV and to theRun-2 detector conditions. The uncer-
tainties associated with lepton and photon reconstructionand energy measurements are also considered
but have a small impact on the final results. Lepton, photon and jet-related uncertainties are propagated to
the calculation of theEmiss

T , and additional uncertainties are included in the energy scale and resolution of
the soft term. The overall experimental uncertainty in the SM background estimate is found to be around
20% for the SRAs and 15% for the SRB.

Uncertainties in the modelling of the SM background processes from MC simulation and their theoretical
cross-section uncertainties are also taken into account. The dominant uncertainty arises fromZ+jets MC
modelling for SRA andtt̄ modelling for SRB. TheZ+jets (as well asW+jets) modelling uncertainties
are evaluated using alternative samples generated with different renormalization and factorization scales,
merging (CKKW-L) and resummation scales. An additional one-sided uncertainty in theZ+jets estimate
is taken as the largest deviation between the nominal background-only fit result and each of the alternative
data-driven estimates described in Section6. This results in an additional 25%, 25% and 40% one-sided
uncertainty in SRA250, SRA350 and SRA450, respectively. Finally, a 40% uncertainty [76] is assigned to
the heavy-flavour jet content inW+jets, estimated from MC simulation in SRB. For SRA, the uncertainty
accounts for the different requirements onb-jets between CRwA and the signal region.

Uncertainties in the modelling of the top-quark pair and single-top-quark (Wt) backgrounds are sub-
dominant in SRA and dominant in SRB. They are computed as the difference between the predictions
from nominal samples and those of additional samples differing in generator or parameter settings.
Hadronization and PS uncertainties are estimated using samples generated with Powheg-Box v2 and
showered by Herwig++ v2.7.1 [77] with the UEEE5 underlying event tune. Uncertainties related to
initial- and final-state radiation modelling, tune and (fortt̄ only) choice ofhdamp parameter in Powheg-
Box v2 are evaluated using alternative settings of the generators. Finally, an alternative generator Mad-
Graph5_aMC@NLO with showering by Herwig++ v2.7.1 is used to estimate the generator uncertainties.
Uncertainties in smaller backgrounds such as diboson andttV are also estimated by comparisons of the
nominal sample with alternative samples differing in generator or parameter settings (Powheg v2 with
showering by Pythia 8.210 for diboson, renormalization and factorization scale and A14 tune variations
for ttV) and are found to be negligible. The cross-sections used to normalize the MC yields to the highest
order available are varied according to the scale uncertainty of the theoretical calculation, i.e. 5% forW,
Z boson and top-quark pair production, 6% for diboson, 13% and12% for ttW andttZ, respectively.

For the SUSY signal processes, both the experimental and theoretical uncertainties in the expected signal
yield are considered. Experimental uncertainties, which are found to be between 20% and 25% across
the b̃1–χ̃0

1 mass plane for all SRs, are largely dominated by the uncertainty in theb-tagging efficiency
in SRA, while JER andb-tagging uncertainties contribute equally in SRB. Theoretical uncertainties in
the NLO+NLL cross-section are calculated for each SUSY signal scenario and are dominated by the
uncertainties in the renormalization and factorization scales, followed by the uncertainty in the PDF.
They vary between 15% and 20% for bottom squark masses in the range between 400 GeV and 900 GeV.
Additional uncertainties in the modelling of initial-state radiation in SUSY signal MC samples are taken
into account and contribute up to 5%.
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Table 6: Fit results in all signal regions for an integrated luminosity of 3.2 fb−1. The results are obtained from
the control regions. The background normalization parameters obtained with the background-only fit are applied
to the SRs. The individual uncertainties, including detector-related and theoretical systematic components, are
symmetrized and can be correlated and do not necessarily addin quadrature to the total systematic uncertainty.

Signal region SRA250 SRA350 SRA450 SRB

Observed 23 6 1 6

Total background (fit) 29± 5 7.0± 1.2 1.8± 0.4 12.0± 2.5

tt̄ 1.0± 0.4 0.17± 0.08 0.04± 0.02 5.5± 2.0
Single top 1.8± 1.0 0.53± 0.30 0.13± 0.07 1.0± 0.4
W+jets 4.4± 1.3 1.2± 0.4 0.30± 0.10 1.1± 0.6
Z+jets 22± 4 5.0± 1.1 1.3± 0.4 4.1± 1.3
“Other” 0.45± 0.06 0.14± 0.04 0.04± 0.04 0.3± 0.1

Total background (MC exp.) 23 5.6 1.5 11

tt̄ 1.1 0.18 0.04 5.6
Single top 2.2 0.6 0.15 1.0
W+jets 3.6 1.0 0.25 1.1
Z+jets 16 3.7 1.0 2.8
“Other” 0.45 0.14 0.04 0.3

8 Results and interpretation

Table 6 reports the observed number of events and the SM predictionsafter the background-only fit
for each signal region. The largest background contribution in SRA arises fromZ → νν̄ produced
in association withb-quarks whilst top-quark pair production dominates SM predictions for SRB. The
background-only fit results are compared to the pre-fit predictions based on MC simulation. Figures2
and3 show the comparison between the observed data and the SM predictions for some relevant kinematic
distributions in SRA250 and SRB, respectively, prior to theselection on the variable shown. For illus-
trative purposes, the distributions expected for a scenario with bottom squark and neutralino masses of
700 GeV (400 GeV) and 1 GeV (300 GeV), respectively, are shownfor SRA250 (SRB). No excess above
the expected Standard Model background yield is observed. The results are translated into upper limits
on contributions from new physics beyond the SM (BSM) for each signal region. The CLs method [78,79]
is used to derive the confidence level of the exclusion; signal models with a CLs value below 0.05 are said
to be excluded at 95% CL. The profile-likelihood-ratio test statistic is used to exclude the signal-plus-
background hypothesis for specific signal models. When normalized by the integrated luminosity of the
data sample, results can be interpreted as corresponding upper limits on the visible cross-section,σvis,
defined as the product of the BSM production cross-section, the acceptance and the selection efficiency
of a BSM signal. Table7 summarizes the observed (S 95

obs) and expected (S 95
exp) 95% CL upper limits on

the number of BSM events and onσvis.

Exclusion limits are obtained assuming a specific SUSY particle mass hierarchy such that the lightest
bottom squark decays exclusively viab̃1 → bχ̃0

1. In this case, the fit procedure takes into account not
only correlations in the yield predictions between controland signal regions due to common background
normalization parameters and systematic uncertainties but also contamination in the control regions from
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Figure 2: Left:mCT distribution in SRA250 with all the selection criteria applied except themCT threshold. Right:
mbb distribution in SRA250 with all selection criteria appliedexcept thembb requirement. The arrows indicate the
final applied selection. The shaded band includes statistical and detector-related systematic uncertainties. The SM
backgrounds are normalized to the values determined in the fit. For illustration the distributions expected for one
signal model with bottom squark and neutralino masses of 700and 1 GeV, respectively, are overlaid. The last bin
includes overflows.
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Table 7: Left to right: 95% CL upper limits on the visible cross-section (〈ǫAσ〉95
obs) and on the number of signal

events (S 95
obs ). The third column (S 95

exp) shows the 95% CL upper limit on the number of signal events, given the
expected number (and±1σ variations of the expectation) of background events.

Signal channel 〈ǫAσ〉95
obs[fb] S 95

obs S 95
exp

SRA250 3.42 11.0 13.8+6.0
−3.2

SRA350 1.93 6.2 6.6+3.1
−1.1

SRA450 1.23 3.9 4.1+1.9
−0.6

SRB 1.89 6.1 8.7+3.1
−2.5
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0
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space. The yellow band around the expected limit (dashed line) shows the impact of the experimental and SM
background theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the
nominal signal cross-section by±1σ of its theoretical uncertainties. The exclusion limits from the Run-1 ATLAS
searches [71,80] and from the 13 TeV monojet search [81] are also superimposed. The latter limit is only published
for values ofmb̃1

− mχ̃0
1
= 5 and 20 GeV.

SUSY signal events (found to be generally negligible). The experimental systematic uncertainties in the
signal are taken into account for this calculation and are assumed to be fully correlated with those in the
SM background. Figure4 shows the observed (solid line) and expected (dashed line) exclusion contours
at 95% CL in thẽb1–χ̃0

1 mass plane.

At each point of the parameter space, the SR with the best expected sensitivity is adopted. Sensitivity to
scenarios with the largest mass difference between thẽb1 and the ˜χ0

1 is achieved with the most stringent
mCT threshold (SRA450). Sensitivity to scenarios with smallermass differences is achieved predomin-
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antly with searches based on the presence of a high-pT ISR jet, as in the dedicated SRB selection and the
search described in Ref. [80]. Bottom squark masses up to 800 (840) GeV are excluded for ˜χ0

1 masses be-
low 360 (100) GeV. Differences in mass above 100 GeV betweenb̃1 andχ̃0

1 are excluded up tõb1 masses
of 500 GeV. The expected exclusion constraints are about 20 GeV lower than the observation for high
bottom squark masses and about 60 GeV lower for SUSY models with smallb̃1–χ̃0

1 mass splitting. The
current results significantly extend the

√
s = 8 TeV limits [71,80] despite the lower integrated luminosity

mostly because of the increase in centre-of-mass energy of the LHC. Furthermore, the sensitivity of the
analysis benefits from the advanced algorithms adopted to identify b-jets and use of information from the
newly installed IBL pixel layer in the Run-2 ATLAS detector,as well as from improved techniques to
estimate SM background contributions and their systematicuncertainties.

9 Conclusion

In summary, the results of a search for bottom squark pair production are reported. The analysis uses
3.2 fb−1 of pp collisions at

√
s = 13 TeV collected by the ATLAS experiment at the Large Hadron Collider

in 2015. Bottom squarks are searched for in events containing large missing transverse momentum and up
to four jets, exactly two of which are identified asb-jets. No excess above the expected Standard Model
background yield is found. Exclusion limits at 95% confidence level are placed on the visible cross-
section and on the mass of the bottom squark in phenomenological supersymmetricR-parity-conserving
models in which thẽb1 is the lightest squark and is assumed to decay exclusively via b̃1 → bχ̃0

1, where
χ̃0

1 is the lightest neutralino. Bottom squark masses up to 800 GeV are excluded for ˜χ0
1 masses below

360 GeV (840 GeV for ˜χ0
1 masses below 100 GeV) whilst differences in mass above 100 GeV between

b̃1 and χ̃0
1 are excluded up tõb1 masses of 500 GeV. The results significantly extend the constraints on

bottom squark masses with respect to Run-1 searches.
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D. Madaffari86, R. Madar36, H.J. Maddocks164, W.F. Mader46, A. Madsen44, J. Maeda68, S. Maeland15,
T. Maeno27, A. Maevskiy99, E. Magradze56, J. Mahlstedt107, C. Maiani117, C. Maidantchik26a,
A.A. Maier101, T. Maier100, A. Maio126a,126b,126d, S. Majewski116, Y. Makida67, N. Makovec117,
B. Malaescu81, Pa. Malecki41, V.P. Maleev123, F. Malek57, U. Mallik64, D. Malon6, C. Malone143,
S. Maltezos10, S. Malyukov32, J. Mamuzic166, G. Mancini49, B. Mandelli32, L. Mandelli92a, I. Mandíc76,
J. Maneira126a,126b, L. Manhaes de Andrade Filho26b, J. Manjarres Ramos159b, A. Mann100,
A. Manousos32, B. Mansoulie136, J.D. Mansour35a, R. Mantifel88, M. Mantoani56, S. Manzoni92a,92b,
L. Mapelli32, G. Marceca29, L. March51, G. Marchiori81, M. Marcisovsky127, M. Marjanovic14,
D.E. Marley90, F. Marroquim26a, S.P. Marsden85, Z. Marshall16, S. Marti-Garcia166, B. Martin91,
T.A. Martin169, V.J. Martin48, B. Martin dit Latour15, M. Martinez13,r, V.I. Martinez Outschoorn165,
S. Martin-Haugh131, V.S. Martoiu28b, A.C. Martyniuk79, M. Marx138, A. Marzin32, L. Masetti84,
T. Mashimo155, R. Mashinistov96, J. Masik85, A.L. Maslennikov109,c, I. Massa22a,22b, L. Massa22a,22b,
P. Mastrandrea5, A. Mastroberardino39a,39b, T. Masubuchi155, P. Mättig174, J. Mattmann84, J. Maurer28b,
S.J. Maxfield75, D.A. Maximov109,c, R. Mazini151, S.M. Mazza92a,92b, N.C. Mc Fadden105,
G. Mc Goldrick158, S.P. Mc Kee90, A. McCarn90, R.L. McCarthy148, T.G. McCarthy101,
L.I. McClymont79, E.F. McDonald89, J.A. Mcfayden79, G. Mchedlidze56, S.J. McMahon131,
R.A. McPherson168,l, M. Medinnis44, S. Meehan138, S. Mehlhase100, A. Mehta75, K. Meier59a,
C. Meineck100, B. Meirose43, D. Melini166, B.R. Mellado Garcia145c, M. Melo144a, F. Meloni18,
A. Mengarelli22a,22b, S. Menke101, E. Meoni161, S. Mergelmeyer17, P. Mermod51, L. Merola104a,104b,
C. Meroni92a, F.S. Merritt33, A. Messina132a,132b, J. Metcalfe6, A.S. Mete162, C. Meyer84, C. Meyer122,
J-P. Meyer136, J. Meyer107, H. Meyer Zu Theenhausen59a, F. Miano149, R.P. Middleton131,
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