THE UNIVERSITY OF

WARWICK

Original citation:

ATLAS Collaboration (Including: Beckingham, Matthew, Farrington, Sinead, Harrison, P.
F., Janus, M., Jeske, C., Jones, G. (Graham), Martin, T. A., Murray, W. and Pianori, E.).
(2014) Search for direct pair production of the top squark in all-hadronic final states in
proton-proton collisions at=8 TeV with the ATLAS detector. Journal of High Energy
Physics, Volume 2014 (Number 9). Article number 15.

Permanent WRAP url:

http://wrap.warwick.ac.uk/63784

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work of researchers of the
University of Warwick available open access under the following conditions.

This article is made available under the Creative Commons Attribution 4.0 International
license (CC BY 4.0) and may be reused according to the conditions of the license. For
more details see: http://creativecommons.org/licenses/by/4.0/

A note on versions:
The version presented in WRAP is the published version, or, version of record, and may
be cited as it appears here.

For more information, please contact the WRAP Team at: publications@warwick.ac.uk

warwickpublicationswrap

e —
nighlight your research

http://wrap.warwick.ac.uk



http://wrap.warwick.ac.uk/
http://wrap.warwick.ac.uk/63784
http://creativecommons.org/licenses/by/4.0/
mailto:publications@warwick.ac.uk

PUBLISHED FOR SISSA BY @ SPRINGER

J

RECEIVED: June 5, 2014
ACCEPTED: August 6, 201/
PUBLISHED: September 1, 2014

Search for direct pair production of the top squark in

all-hadronic final states in proton-proton collisions at
/s = 8 TeV with the ATLAS detector

The ATLAS collaboration

E-mail: atlas.publications@cern.ch

ABSTRACT: The results of a search for direct pair production of the scalar partner to
the top quark using an integrated luminosity of 20.1fb~! of proton-proton collision data
at /s = 8TeV recorded with the ATLAS detector at the LHC are reported. The top
squark is assumed to decay via £ — tX1 or £ — bXT bW XY, where X1 ()7(%) denotes
the lightest neutralino (chargino) in supersymmetric models. The search targets a fully-
hadronic final state in events with four or more jets and large missing transverse momentum.
No significant excess over the Standard Model background prediction is observed, and
exclusion limits are reported in terms of the top squark and neutralino masses and as
a function of the branching fraction of ¢ — tX1. For a branching fraction of 100%, top
squark masses in the range 270-645 GeV are excluded for X1 masses below 30 GeV. For a
branching fraction of 50% to either ¢ — XY or £ — bﬁc, and assuming the X mass to be
twice the X1 mass, top squark masses in the range 250-550 GeV are excluded for X1 masses
below 60 GeV.

KEYwORDS: Hadron-Hadron Scattering; Supersymmetry; Top squark; Proton-proton scat-
tering

ARXIvV EPRINT: 1406.1122

OPEN Access, Copyright CERN, doi:10.1007/JHEP09(2014)015
for the benefit of the ATLAS Collaboration.
Article funded by SCOAP3.


mailto:atlas.publications@cern.ch
http://arxiv.org/abs/1406.1122
http://dx.doi.org/10.1007/JHEP09(2014)015

Contents

8

9

Introduction

The ATLAS detector

Trigger and data collection

Simulated event samples and SUSY signal modelling
Physics object reconstruction

Signal region definitions

6.1 Fully resolved signal region (SRA)

6.2 Partially resolved signal region targeting ¢ — X3 decays (SRB)
6.3 Signal region targeting t — b>~<:1|E decays (SRC)

Background estimation

7.1 tt background

7.2 W + jets background

7.3 Z + jets background

7.4 Multijet background

7.5 Simultaneous fit to determine SM background

Systematic uncertainties

Results and interpretation

10 Conclusions

The ATLAS collaboration

oo

11

12
12
13
14
18
18

21

23

27

35

1

Introduction

The recent observation of the Standard Model (SM) Higgs boson [1, 2] has brought renewed
attention to the gauge hierarchy problem [3-6]. However, the existence (and mass) of this

fundamental scalar boson does not resolve the tension between the electroweak and Planck

scales. Supersymmetry (SUSY) [7—15] provides an extension of the SM which can resolve

the hierarchy problem [16-21] by introducing supersymmetric partners of the known bosons

and fermions. The dominant contribution to the divergence of the Higgs boson mass arises

from loop diagrams involving the top quark; these can be largely cancelled if a scalar

partner of the top quark (top squark) exists and has a mass below ~ 1 TeV [22, 23].
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Figure 1. Feynman diagrams illustrating the ¢; decay modes considered: (a) f; — X7 and

(b) £, = bXi — bW XY,

Furthermore, a compelling by-product of R-parity conserving SUSY models [16, 24-27] is
a weakly interacting, stable, lightest supersymmetric particle (LSP): a possible candidate
for dark matter.

In SUSY models, there are two scalar partners for the top quark (denoted t~L and
fR), corresponding to left-handed and right-handed top quarks. Due to the large Yukawa
coupling of the top quark, there can be significant mixing between EL and ER’ leading to
a large splitting between the two mass eigenstates, denoted #; and %,, where #; refers to
the lighter of the two states. To leading order the direct top squark production cross
section is given in perturbative Quantum Chromodynamics by gluon-gluon and ¢g fusion
and depends only on the #; mass [28-30]. The decay of the top squark depends on the left-
right admixture as well as on the masses and mixing parameters of the fermionic partners
of the electroweak and Higgs bosons (collectively known as charginos, )ch, 1= 1,2 and
neutralinos, )2?, i = 1-4) to which the top squark can decay. No assumption is made on
the LSP mass in this paper. While the LSP is assumed to be the X7 it could, for example,
be a very light gravitino (the fermionic partner of the graviton), which would evade existing
limits on the neutralino mass. In addition, ¢, is assumed to be heavier than the top quark
and to decay via either fl — X} or fl — bX1 — bW(*)f((f, as illustrated in figure 1.

This paper presents the results of a search for direct pair production of #; using a
dataset corresponding to an integrated luminosity of [£d¢ = 20.1 fb~!. These data were
collected by the ATLAS detector at the Large Hadron Collider (LHC) through proton-
proton collisions at a centre-of-mass energy of /s = 8 TeV. Only fully hadronic final
states are considered. The undetected LSP, )NC?, leads to missing transverse momentum
(p%iss, whose magnitude is referred to as E%liss). If both top squarks decay via 51 — t>~<(1),
the experimental signature is a pair of reconstructed hadronic top quarks plus significant
Er}mss. The bﬁt — bW XY decay mode leads to a similar final-state topology, apart from
the mass of the resulting hadronic system. The results are presented as a function of the
branching fraction B(t; — tf(?).

Previous searches for R-parity-conserving direct top squark production at centre-of-
mass energies of 7 and 8 TeV have been reported by the ATLAS [31-37] and CMS [38-43]
collaborations. The previous ATLAS search in the all-hadronic channel [32] considered
only the nominal “fully resolved” experimental signature of six distinct jets (two from the



bottom quarks and two from each of the W decays) and significant missing transverse
momentum from the LSPs. In this paper, the experimental sensitivity to this signature is
enhanced by considering in addition “partially resolved” events with four or five jets in the
final state, which can occur if one or more jets are below the reconstruction threshold or if
the decay products of Lorentz-boosted top quarks are sufficiently collimated. Furthermore,
the sensitivity to the #; — bf(ic decays is augmented by including events with exactly five
jets in the final state (targeting final states where one of the jets from the W™ decay has
low transverse momentum, pr).

2 The ATLAS detector

The ATLAS detector [44] consists of inner tracking devices surrounded by a supercon-
ducting solenoid, electromagnetic and hadronic calorimeters and a muon spectrometer in
a toroidal magnetic field. The inner detector, in combination with the 2 T field from
the solenoid, provides precise tracking of charged particles for || < 2.5.1 It consists of a
silicon pixel detector, a silicon strip detector and a straw-tube tracker that also provides
transition radiation measurements for electron identification. A high-granularity electro-
magnetic calorimeter system, with acceptance covering |n| < 3.2, uses liquid argon (LAr) as
the active medium. A scintillator-tile calorimeter provides hadronic coverage for |n| < 1.7.
The end-cap and forward regions, spanning 1.5 < |n| < 4.9, are instrumented with LAr
calorimeters for both electromagnetic and hadronic measurements. The muon spectrometer
has separate trigger and high-precision tracking chambers which provide trigger coverage
for |n| < 2.4 and muon identification and momentum measurements for |n| < 2.7.

3 Trigger and data collection

The data were collected from March to December 2012 at a pp centre-of-mass energy of
8 TeV using several triggers. For the primary search region, a missing transverse momen-
tum trigger was used, which bases the bulk of its rejection on the vector sum of trans-
verse energies deposited in projective trigger towers (each with a size of approximately
An x A¢p ~ 0.1 x 0.1 for || < 2.5; these are larger and less regular in the more forward
regions). A more refined calculation based on the vector sum of all calorimeter cells above
an energy threshold is made at a later stage in the trigger processing. The trigger required
Emiss > 80 GeV, and is fully efficient for offline calibrated Eis® > 150 GeV in signal-like
events. An integrated luminosity of [£dt = (20.1 £ 0.6) fb~! was collected using this
trigger. The luminosity uncertainty is derived, following the same methodology as that
detailed in ref. [45], from a preliminary calibration of the luminosity scale obtained from
beam-separation scans performed in November 2012.

Data samples enriched in the major sources of background were collected with elec-
tron or muon triggers, yielding an integrated luminosity of [£dt = (20.3 £ 0.6) fb~!. The

L ATLAS uses a right-handed coordinate system with the z-axis along the beam pipe. The z-axis points
to the centre of the LHC ring and the y-axis points upward. The azimuthal angle ¢ is measured around
the beam axis and the polar angle 6 is the angle from the beam axis. The pseudorapidity is defined as

n = —Intan(8/2). The distance AR in the 7—¢ space is defined as AR = /(An)? + (A¢)2.



electron trigger selects events based on the presence of clusters of energy in the electro-
magnetic calorimeter, with a shower shape consistent with that of an electron, a matching
track in the tracking system, and a transverse energy (FEt) threshold of 24 GeV. In order
to recover some of the efficiency for high-pr electrons, events were also collected with a
single-electron trigger with looser requirements, but with the E1 threshold set to 60 GeV.
The muon trigger selects events containing one or more muon candidates based on tracks
identified in the muon spectrometer and inner detector. For the single-muon trigger, the
pr threshold was 24 GeV. To recover some of the efficiency for higher-pt muons, events
were also collected with a single-muon trigger with a pt threshold of 36 GeV but with
otherwise looser requirements.

Triggers based on the presence of high-pr jets were used to collect data samples for the
estimation of the multijet and all-hadronic ¢t background. The jet pr thresholds ranged
from 55 to 460 GeV. In order to stay within the bandwidth limits of the trigger system,
only a fraction of events passing these triggers were recorded to permanent storage.

4 Simulated event samples and SUSY signal modelling

Samples of simulated events are used for the description of the background and to model
the SUSY signal. Top quark pair production where at least one of the top quarks de-
cays to a lepton is simulated with POWHEG-BOX ([46]; for ¢t (single top) production,
POWHEG-BOX version 1.0 r2129 is interfaced with PYTHIA 6.427 (6.426)). To improve
the agreement between data and simulation, ¢ events are reweighted based on the pr of
the tt system; the weights are extracted from the ATLAS measurement of the ¢t differ-
ential cross section at 7 TeV, following the methods of ref. [47] but updated to the full
7 TeV dataset. POWHEG-BOX is used to simulate single-top production in the s- and
Wt-channels, while AcerMC ([48]; AcerMC version 3.8 is interfaced with PYTHIA 6.426))
is used for the t-channel. SHERPA ([49]; SHERPA version 1.4.1) is used for W + jets and
Z + jets production with up to four additional partons (including heavy-flavour jets) as
well as for diboson (WW, ZZ and W Z) production. MadGraph ([50]; MadGraph 5 version
1.3.33 is interfaced with PYTHIA 6.426) generation with up to two additional partons is
used for tt + W and tt + Z production.

The underlying-event model is the ATLAS AUET2B tune [51] of PYTHIA [52] ex-
cept for the ¢t and single-top samples where the Perugia 2011 C tune [53] is used. The
parton distribution function (PDF) sets used for the SM background are CT10 [54] for
the POWHEG-BOX ¢t and SHERPA samples, and CTEQ6L1 [55] for the MadGraph,
POWHEG-BOX single-top, and AcerMC samples.

For the initial comparison with data, all SM background cross sections are normalized
to the results of higher-order calculations when available. The theoretical cross sections for
W + jets and Z + jets are calculated with DYNNLO [56] with the MSTW 2008 NNLO [57]
PDF set. The same ratio of the next-to-next-leading-order (NNLO) to leading-order cross
sections is applied to the production of W/Z in association with heavy-flavour jets. The
inclusive tt cross section is calculated at NNLO, including resummation of next-to-next-to-
leading-logarithmic (NNLL) soft gluon terms [58], with Top++ ([59]; Top++ version 2.0)



using MSTW 2008 NNLO PDFs. The production cross sections of tt in association with
W/Z are normalized to NLO cross sections [60, 61]. Approximate NLO4+NNLL calculations
are used for single-top production cross sections [62—64]. For the diboson cross sections,
MCFEM [65] with MSTW 2008 NLO PDF's is used.

The signal samples are generated with three different configurations: (1) both top
squarks decay via t; — t>~<(1), (2) one top squark decays via t; — X} and the other via
t, — bf(ic — bW(*)f((f, and (3) both top squarks decay via t; — bﬁc — W™X!. With
appropriate weighting of these configurations, the analysis sensitivity as a function of the
branching fraction to t>~<(1) can be assessed. In the samples with a decay to b)ﬁc — bW(*)>~<(1),
the mass of ﬁ: is chosen to be twice that of X} (motivated by models of gaugino unification).
The signal samples are generated in a grid across the plane of top squark and )2(1) masses
with a grid spacing of 50 GeV across most of the plane. The top squark mass ranges from
200 to 750 GeV. In the samples for which both top squarks decay via t; — t>2(1), the X7
mass ranges from 1 GeV up to approximately 5 GeV below the kinematic limit. For the
samples involving #; — b)ﬁE — bW XY decays, the chargino mass ranges from 100 GeV
(taking into account the LEP limits [66] on the lightest chargino mass) up to approximately
10 GeV below the ; mass.

The signal samples for the scenario where both top squarks decay to a top quark
and a neutralino are generated using Herwig++ [67]. The neutralino is fixed to be a
pure bino, enhancing the decay of the tNR component of ¢; to a right-handed top quark.
Hadronic decays are expected to be less sensitive to such polarization effects; a subset
of signal samples generated with top squarks corresponding to the left-handed top quark
yielded a < 5% increase in the signal acceptance. The increase in the acceptance due to the
polarization is neglected in this paper. The signal samples with mixed decays are generated
using MadGraph. The differences between Herwig++ and MadGraph were evaluated for a
few samples and found to be negligible. In these mixed decay samples, the chargino is fixed
to be a pure wino, and thus top squark decays into bf(ic originate from the fL component
of the top squark. The signal samples for which both squarks decay to b)ﬁE are generated
with MadGraph where once again the chargino is fixed to be a pure wino. The PDF set
used for all signal samples is CTEQG6L1.

All signal samples are normalized to cross sections calculated to NLO in the strong
coupling constant, adding the resummation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+ NLL) [28-30]. The nominal cross section and its uncer-
tainty are taken from an envelope of cross-section predictions using different PDF sets and
factorization and renormalization scales, as described in ref. [68]. The production cross
section ranges from approximately 2 pb to 0.008 pb for a top squark mass of 300 GeV to
700 GeV respectively.

The detector simulation [69] is performed using GEANT4 [70] or a fast simulation
framework where the showers in the electromagnetic and hadronic calorimeters are simu-
lated with a parameterized description [71] and the rest of the detector is simulated with
GEANT4. The fast simulation was validated against full GEANT4 simulation for several
signal points. All samples are produced with a varying number of simulated minimum-bias
interactions overlaid on the hard-scattering event to account for multiple pp interactions in



the same bunch crossing (pileup). The simulation is reweighted to match the distribution
in data, which varies between approximately 10 and 30 interactions in each bunch cross-
ing for this dataset. The overlay also treats the impact of pileup from bunch crossings
other than the one in which the event occurred. Corrections are applied to the simulated
samples to account for differences between data and simulation for the lepton trigger and
reconstruction efficiencies, momentum scale and resolution, and for the efficiency of iden-
tifying jets originating from the fragmentation of b-quarks, together with the probability
for mis-tagging light-flavour and charm quarks.

5 Physics object reconstruction

The reconstructed primary vertex [72] is required to be consistent with the luminous region
and to have at least five associated tracks with pr > 400 MeV; when more than one such
vertex is found, the vertex with the largest summed p2T of the associated tracks is chosen.

Jets are constructed from three-dimensional clusters of noise-suppressed calorimeter
cells [73] using the anti-k; algorithm [74-76] with a distance parameter R = 0.4 and cali-
brated with a local cluster weighting algorithm [77]. An area-based correction is applied for
energy from additional proton-proton collisions based on an estimate of the pileup activity
in a given event using the method proposed in ref. [78]. Jets are calibrated [79] and required
to have pp > 20 GeV and |n| < 4.5. Events containing jets arising from detector noise,
cosmic-ray muons, or other non-collision sources are removed from consideration [79]. Once
the EEFiSS is computed and any ambiguity with electrons or muons is resolved (as described
below), signal jets are required to have pp > 35 GeV and |n| < 2.8. Jets containing a
b-quark and within the acceptance of the inner detector (|n| < 2.5) are identified with an
algorithm that exploits both the track impact parameters and secondary vertex informa-
tion [80]; this algorithm is based on a neural network using the output weights of the IP3D,
JetFitter+IP3D, and SV1 algorithms (defined in refs. [81, 82]). The identification of these
“b-tagged jets” has an average efficiency of 70% for jets originating from the fragmentation
of a b-quark in simulated tf events, a rejection factor of approximately 150 for light-quark
and gluon jets (depending on the pr of the jet), and a rejection factor of approximately 5
for charm jets.

Electrons, which are reconstructed from energy clusters in the electromagnetic
calorimeter matched to a track in the inner detector [83], are required to have |n| < 2.47,
pr > 10 GeV, and must pass a variant of the “loose” selection defined in ref. [83] that
was re-optimized for 2012 data. In the case where the separation between an electron
candidate and a non-b-tagged jet is AR < 0.2, the object is considered to be an electron.
If the separation between an electron candidate and any jet satisfies 0.2 < AR < 0.4, or if
the separation between an electron candidate and a b-tagged jet is AR < 0.2, the electron
is not counted. Muons, which are identified either as a combined track in the muon spec-
trometer and inner detector systems, or as an inner detector track matched with a muon
spectrometer segment [84, 85], are required to have |n| < 2.4 and pr > 10 GeV. If the
separation between a muon and any jet is AR < 0.4, the muon is not counted.



miss

The pf'*** is the negative vector sum of the pt of the clusters of calorimeter cells, which
are calibrated according to their associated reconstructed object (e.g. preselected jets and
electrons), and the pr of preselected muons. The missing transverse momentum from the
tracking system (denoted as p%liss’trad{, with magnitude EJ' iss,tracky 45 computed from the
vector sum of the reconstructed inner detector tracks with pp > 500 MeV, |n| < 2.5, in
association with the primary vertex in the event.

The requirements on electrons and muons are tightened for the selection of events
in background control regions (described in section 7) containing leptons. Electrons are
required to pass a variant of the “tight” selection of ref. [83] re-optimized for 2012 data,
and are required to satisfy track- and calorimeter-based isolation criteria. The scalar sum
of the pr of tracks within a cone of size AR = 0.3 (“track isolation”) around the electron
(excluding the electron itself) is required to be less than 16% of the electron pr. The
scalar sum of the Er of pileup-corrected calorimeter energy deposits within a cone of size
AR = 0.3 (“calorimeter isolation”) around the electron (again, excluding the electron
itself) is required to be less than 18% of the electron pp. The impact parameter of the
electron in the transverse plane with respect to the reconstructed event primary vertex
(|do]) is required to be less than five times the impact parameter uncertainty (og49). The
impact parameter along the beam direction, |zp x sin |, is required to be less than 0.4 mm.
Further isolation criteria on reconstructed muons are also imposed: both the track and
calorimeter isolation are required to be less than 12% of the muon pr. In addition, the
requirements |dp| < 3040 and |zp x sinf| < 0.4 mm are imposed for muon candidates. The
lepton pr requirements vary by background control region, as summarized in tables 5— 7
in section 7.

6 Signal region definitions

The search for direct top squark pair production in the all-hadronic channel has a nomi-
nal experimental signature of six distinct jets (two of which originate from b-quarks), no
reconstructed electrons or muons, and significant ErTniSS from the LSPs. The stringent
requirement of E%iss > 150 GeV needed to satisfy the trigger rejects the vast majority
of background from multijet and all-hadronic top quark events. Major background con-
tributions include ¢t and W + jets events where one W decays via a low-momentum or
mis-reconstructed lepton plus a neutrino; after the event selection described later in the
text, approximately 40% of the ¢t background arises from a W decaying to a 7 lepton that
decays hadronically, while the remainder arises equally from W decays to an electron, muon
or leptonically decaying 7. Other important background contributions are Z + jets and
tt+Z events where the Z decays via neutrinos that escape detection, and single-top events.

This nominal signature, which is labelled “fully resolved” since all of the top squark
decay products are individually reconstructed, is sensitive to a wide range of top squark
and LSP masses in both the ¢ — tf(? and t — bf(ic,)a: — W(*)f(? decay modes. The
experimental sensitivity to the ¢ — tf((f decay mode, especially for high top squark masses,
is enhanced by also considering a second category of “partially resolved” events with par-
ticularly high EEFiSS and four or five reconstructed jets. This final state can occur if the



top quarks are sufficiently Lorentz-boosted such that their decay products merge, and/or
if one or more top decay products is below the reconstruction threshold. The consideration
of a third category of events with exactly five jets in the final state but a less stringent
E%ﬁss requirement augments the sensitivity to ¢ — b)hi decays, particularly where one of
the jets from the decay of the W) has low pt and is not reconstructed.

All three categories of events share common selection criteria including E%‘iss >
150 GeV, as summarized in table 1. The two highest-p signal jets are required to have
pr > 80 GeV and two of the signal jets must be b-tagged. Events containing reconstructed
electrons or muons with pp > 10 GeV are vetoed (thus, N, = 0). Events with Eﬁﬂniss
arising from mis-measured jets are rejected by requiring an angular separation between
the azimuthal angle (¢) of the EMisS and any of the three highest-pr jets in the event:
’Agf) (jet7 p%liss)‘ > 7/5 radians. Further reduction of such events is achieved by requiring
the p?iss’trad{ to be aligned in ¢ with respect to the pr%liss calculated from the calorimeter

system: ‘Agf) (p?rliss,p?ss’tra(’k)‘ < 7/3 radians. A substantial rejection of ¢t background
is achieved by requiring that the transverse mass (mr) calculated from the E%iss and

the b-tagged jet closest in ¢ to the p%iss direction exceeds the top mass, as illustrated in
figure 2:

™~ \J2ph B [1 = cos A6 (. pI)] > 175 G, 6.1)

In this and subsequent figures displaying simulated signal distributions, the signal samples
represent #,# production where both top squarks decay via #; — tX1 for mi = 600 GeV

and mge = 1 GeV, or £t production where one top squark decays via #; — X7 and

the other decays via t; — bﬁc in each event, for my = 400 GeV,mﬁ = 200 GeV, and
mgo = 100 GeV.

Beyond these common requirements, the three categories of events are further subdi-
vided and optimized individually to target the neutralino or chargino decay modes and
particular top squark mass ranges. The most powerful discriminating variable is the E%ﬁss
resulting from the undetected LSPs; signal regions with higher (lower) Effniss requirements
have increased sensitivity to potential signals where the difference in mass between the top
squark and the LSP is large (small). The selection criteria obtained from the simulation-
based optimization procedure are described in the following.

6.1 Fully resolved signal region (SRA)

This first category of events (SRA) encompasses the nominal signature of six jets plus
E%liss. Events with additional jets from initial- or final-state radiation are also accepted.
These events are then divided into four signal regions (SRA1-4) with increasing EXS%; the
specific requirements are summarized in table 2.

Since all jets from the top quark decays are fully resolved, the two top candidates are
reconstructed from signal jets according to the following algorithm. The two jets with the
highest b-tagging weight are selected first. From the remaining jets in the event, the two
closest jets in the n—¢ plane are combined to form a W boson candidate; this candidate is
then combined with the b-tagged jet closest in the n—¢ plane to form the first top candidate



' ATILAS ' o Daazot2

4444 SM Total
JL dt=20.1 o™, V5=8 TeV =i
Common selection @ Single Top
1000 e i

o
z

Events / 25 GeV

Diboson
— 50x(t x) (6001)GeV
50 x (t x x ) (400,200,100) GeV

500

| e e e e
% 1 5E
5 10F e e — S T e o + Aosck /A
3 ] S -+ +‘{‘ —— ' ——— '
0.05
100 200 300 400 . 500
m2™" [GeV]

Figure 2. The distribution of mlq)_l ™M in events with at least four jets that pass the common

selection requirements described in the text (see also table 1), excluding the requirement on

mf’r min - The stacked histograms show the SM expectation from simulation compared to the data

(pomts) Simulated signal samples where m; = 600 GeV, mgo = 1GeV (pink dashed line) and
m; = 400 GeV, My = = 200 GeV,my o = 100 GeV (orange dotted line) are overlaid; the expected
number of signal events is multlphed by a factor of 50 for improved visibility. The “Data/SM”
plot shows the ratio of data events to the total Standard Model expectation. The rightmost bin in-
cludes all overflows. The hatched uncertainty band around the Standard Model expectation shows
the statistical uncertainty and the yellow band (shown only for the “Data/SM” plot) shows the
combination of statistical and experimental systematic uncertainties.

with mass mgj e A second W boson candidate is formed by repeating the procedure on the
remaining jets; this candidate is then combined with the second of the selected b-tagged
jets to form the second top candidate with mass mb . The mass requirements on each top
candidate are rather loose to ensure high signal efﬁmency.

Two additional discriminating quantities are introduced to reject the dominant ¢¢ back-
ground in these signal regions. The first quantity, min[my (jetﬁp%lss)], is the minimum
value of the transverse mass calculated from each of the signal jets and the pInlss and en-
sures that the final-state jets are well separated from the pmlSS The second quantity is a “7
veto” in which events that contain a non-b-tagged jet within |n| < 2.5 with < 4 associated
tracks with pt > 500 MeV, and where the A¢ between the jet and the p%liss is less than
7/5 radians, are vetoed since they are likely to have originated from a W — 7v decay.

6.2 Partially resolved signal region targeting t — ti? decays (SRB)

An alternative top reconstruction algorithm is applied to events with four or five jets in the
final state (SRB). The anti-k; clustering algorithm [74] is applied to R = 0.4 signal jets,
using reclustered distance parameters of R = 0.8 and R = 1.2. Nominally, the all-hadronic
decay products of a top quark can be reconstructed as three distinct jets, each with a
distance parameter of R = 0.4. The transverse shape of these jets are typically circular



Trigger E%liss
Niep 0
b-tagged jets >2
Emiss > 150 GeV
|A¢ (jet, pF™) | > /5

‘ Ad (p%ﬁss’ pgiss,track) ‘ < /3
mlm > 175 GeV

Table 1. Selection criteria common to all signal regions.

SRA1 SRA?2 SRA3 SRA4
anti-k; R = 0.4 jets > 6, pr > 80,80, 35,35,35,35 GeV
my;; < 225 GeV [50,250] GeV
mp; < 250 GeV [50,400] GeV
min[mr (jeti, p%ﬁss)] — > 50 GeV
T veto yes
Exmiss > 150 GeV | > 250 GeV | > 300 GeV | > 350 GeV

Table 2. Selection criteria for SRA, the fully resolved topology, with > 6 anti-k; R = 0.4 jets.

SRB1 SRB2
anti-ky R = 0.4 jets | 4 or 5, pr > 80,80, 35,35, (35) GeV | 5, pp > 100, 100, 35, 35, 35 GeV
Ap, <05 > 0.5
pOT,jet,R:LQ — > 350 GeV
M Ro1.2 > 80 GeV 140, 500] GeV
Mgt Re1.2 [60,200] GeV .

M R—0.8 > 50 GeV 70, 300] GeV
mip > 175 GeV > 125 GeV
mr (jet3, p%liss) > 280 GeV for 4-jet case —
B //Hry — > 17V GeV
Emiss > 325 GeV > 400 GeV

Table 3. Selection criteria for SRB, the partially resolved topology, with four or five anti-k; R = 0.4
jets, reclustered into anti-k; R = 1.2 and R = 0.8 jets.
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with a radius equal to this distance parameter, but when two of the jets are less than 2R
apart in n—¢ space, the one-to-one correspondence of a jet with a top daughter is violated.
To some extent, this can be tolerated in the fully resolved scenario without an appreciable
efficiency loss, but as the jets become closer together the majority of the pr is attributed to
one of the two jets, and the lower-pr jet may drop below the minimum pr requirement. In
SRB, at least two reclustered R = 1.2 jets are required, and selection criteria are employed
based on the masses of these top candidates: mJQet, R=12 (mjl% R:1.2> is the mass of the
highest-pt (second-highest-pr) anti-k; R = 1.2 reclustered jet. Requirements are also
placed on the pr of the highest-pr anti-k; R = 1.2 reclustered jet (pOT,jet,R:1.2) and the
mass of the highest-pt anti-k; R = 0.8 reclustered jet (mjoet’ R—o.s); this latter requirement
rejects background without hadronic W candidates.

For signal regions employing reclustered jets, it is useful to categorize events based on

the top mass asymmetry A,,,, defined as:

0 1
m: _ — m: _
Ay, = | jet, R=1.2 Jet,R—1~2|‘ (6.2)

0 i
Miet, R=1.2 T Mjet, R=1.2

Events where A,,, < 0.5 tend to be well balanced, with two well reconstructed top can-
didates (SRB1). In events where A,,, > 0.5 the top candidates tend to be overlapping or
otherwise less well reconstructed (SRB2). Since the two categories of events have markedly
different signal-to-background ratios, the selections for these two categories of events are
optimized separately.

The background in SRB, which is dominated by Z + jets and W + jets, is suppressed

by requirements on the transverse mass of the p%iss and the non-b-tagged jet closest in A¢

to the p%iss, m%ﬁn, and the transverse mass of the fourth jet (in pr order) and the p%iss,

mr (jet3, p%liss); this latter variable is used only in four-jet events in SRB1. In SRB2, where
the top candidates tend to be less well-reconstructed and background rejection is especially
challenging, only five-jet events are considered and an additional requirement is made on a
measure of the EIsS significance: EXSS//Hr, where Hr is the scalar sum of the pr of all
five jets in the event. The full set of selection requirements for SRB are detailed in table 3;

the logical OR of SRB1 and SRB2 is considered in the final likelihood fit.

6.3 Signal region targeting t — b)ﬁE decays (SRC)

For potential signal events where at least one top squark decays via ¢ — bﬁ[, Xli —
W(*)X?, requiring exactly five jets in the final state enhances the sensitivity to smaller
values of Mgt — Mo at the expense of increased background. Additional discrimination
against background where the two b-tagged jets come from a gluon emission is provided
by a requirement on |A¢ (b, b)|, the azimuthal angle between the two highest-pr b-tagged
jets. To reduce the ¢t background, tighter requirements on m%mm are employed. The
quantity m?r’max is also used, which is analogous to m?limin except that the transverse

miss

mass is computed with the b-tagged jet that has the largest A¢ with respect to the pfp
direction. These two criteria, along with the Effmss, are tightened in subsequent SRC1-3
sub-regions as summarized in table 4. Finally, the same 7 veto as described in section 6.1

is applied.
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SRC1 SRC2 SRC3
anti-k; R = 0.4 jets 5, pr > 80,80, 35,35,35 GeV
1A¢ (b, b)] > 0.27
b, > 185 GeV | > 200 GeV | > 200 GeV
mb, > 205 GeV | > 290 GeV | > 325 GeV
T veto yes
Eiss > 160 GeV | > 160 GeV | > 215 GeV

Table 4. Selection criteria for SRC, targeting the scenario in which one top squark decays via
= bXT, with five anti-k, R = 0.4 jets.

7 Background estimation

The main background contributions in SRA and SRC arise from ¢t production where one
top quark decays semileptonically and the lepton (particularly a hadronically decaying 7
lepton) is either not identified or reconstructed as a jet, Z(— v¥) plus heavy-flavour jets,
and the irreducible background from tt+Z(— v7). In SRB, an important contribution
comes from W plus heavy-flavour jets, where again the W decays semileptonically and the
lepton is reconstructed as a jet or not identified. Other background processes considered
are multijets, single top, ¢t + W, and diboson production.

With the exception of all-hadronic ¢¢ and multijet production, all background con-
tributions are estimated primarily from simulation. Control regions (CRs) are used to
adjust the normalization of the simulated background contributions in each signal region
from semileptonic tt, Z — vv plus heavy-flavour jets and, in the case of SRB, W plus
heavy-flavour jets. The all-hadronic ¢ and multijet contributions are estimated from data
alone in a multijet control region. The control regions are designed to be orthogonal to
the signal regions while enhancing a particular source of background; they are used to
normalize the simulation for that background to data. The control regions are chosen to
be kinematically close to the corresponding signal region, to minimize the systematic un-
certainty associated with extrapolating the background yield from the control region to the
signal region, but also to have enough data events to avoid a large statistical uncertainty
in the background estimate. In addition, control region selections are chosen to minimize
potential contamination from signal in the scenarios considered. As the control regions are
not always pure in the process of interest, simulation is used to estimate the cross contam-
ination between control regions; the normalization factors and the cross contamination are
determined simultaneously for all regions using a fit described in section 7.5.

The selection requirements for all control regions used in this analysis are summarized
in tables 5, 6, and 7 for SRA, SRB, and SRC, respectively.

7.1 tt background

The control region for the semileptonic ¢t background is defined with requirements similar
to those described in section 6 for the top squark signal candidates; however, in order
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tt CR Z + jets CR | Multijet CR

Trigger electron (muon) | electron (muon) same
Nep 1 2 same
s > 35(35) GeV | > 25(25) GeV —

pfﬁ same > 10(10) GeV same
Mg — [86,96] GeV —
E,If‘liss’tra(:k o - same
Ad (p%ﬁss, p%iiss,track) o o -
|A¢ (jet, pPiss) | > /10 — <0.1
mb, > 125 GeV — —

mr (¢, pPs) [40,120] GeV — —
min[mr (jet’, piiss)] — — —
mgjj or méjj < 600 GeV — —
Efrniss > 150 GeV < 50 GeV > 150 GeV
(Eiss)’ — > 70 GeV —

Table 5. Selection criteria for control regions associated with SRA. Only the requirements that
differ from the common selection in table 1 and those in table 2 are listed; “same” indicates the
same selection as the signal region.

to enhance the contribution from the semileptonic ¢ process, the events are required to
be based on the single-electron or single-muon trigger and to contain a single isolated
electron or muon as described in section 5. The transverse mass of the lepton and E%iss
is required to be close to the W mass, namely between 40 and 120 GeV. Events with
an additional isolated electron or muon with transverse momentum greater than 10 GeV
are rejected. The identified lepton is then treated as a non-b-tagged jet before imposing
the jet and b-tagged jet multiplicity requirements. Several signal region requirements are
relaxed (or not applied at all) in order to have enough events, while keeping systematic
uncertainties related to extrapolating the background yield from the control region to the
signal region under control. Figure 3 compares several distributions in data and simulation
in the semileptonic ¢t control region for each signal region; the background expectations
are normalized using the factors summarized in table 8.

7.2 W + jets background

For SRB only, a control region is defined for the normalization of the W + jets background.
The control region requirements are similar to those in the t¢ control region for SRB but
a number of requirements are changed in order to enhance the W plus heavy-flavour jets
process over tt. The top mass asymmetry in eq. (6.2) is restricted to the region A,,, < 0.5,
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tt CR

W+4jets CR

Z+jets CR

Multijet CR

Trigger

electron (muon)

electron (muon)

electron (muon)

same

Nlep

1

1

2

same

pr

> 35(35) GeV

> 35(35) GeV

> 25(25) GeV

Lo
Py

same

same

> 10(10) GeV

same

Mye

[86,96] GeV

anti-k; R = 0.4 jets

[4,5]

[4,5]

5

same

jet
T

> 80, 80, 35, 35, (35) GeV

same

Nip_jet

same

1

same

same

Emiss,track
T

same

‘Ad) (p%ﬁss7 p¥iss,track) |

|A¢ (jet, pT™) |

> /10

> /10

<0.1

b, min
My

miss)

mr (£7 PT

[40,120] GeV

40, 120] GeV

miss
Er

> 150 GeV

> 150 GeV

< 50 GeV

> 150 GeV

(EIT]:liSS) /

> 70 GeV

0
PT jet, R=1.2

m%ln

mr (jet37 prTniss)

A,

< 0.5 for 4-jet case

<0.5

0
Myjet, R=1.2

< 40 GeV

1
Miet, R=1.2

0
Mjet, R=0.8

Er%liss/\/m

Table 6. Selection criteria for control regions associated with SRB. Only the requirements that
differ from the common selection in table 1 and those in table 3 are listed; “same” indicates the
same selection as the signal region.

the number of b-tagged jets is required to be exactly one, and the mass of the leading anti-
k; R = 1.2 reclustered jet is required to be less than 40 GeV. The full list of requirements
can be found in table 6. The lepton is treated as a non-b-tagged jet (in a similar fashion as
the ¢t control region) before imposing the jet and b-tagged jet multiplicity requirements.

b, min

Figure 4 shows the E%liss and m.p distributions in this control region; the background

expectations are normalized using the factors summarized in table 8.

7.3 Z + jets background

The control region for Z(— vv) plus heavy-flavour jets background is based on a sample of
Z(— 0)+jets events (where £ denotes either an electron or muon). The events are collected
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tf CR Z + jets CR | Multijet CR

Trigger electron (muon) | electron (muon) same
Niep 1 2 same
Py > 35(35) GeV | > 25(25) GeV —

pﬁ? same > 10(10) GeV same
Mye — [86,96] GeV —
pmiss rack - - same
Ad (p%ﬁss, p$iss,track> B - B
|A¢ (jet, ppiss) | > /10 — <0.1
|A¢ (b, )] same — —

mb, > 150 GeV — —
mb, > 125 GeV — —

mr (¢, pPs) [40,120] GeV — —
Emiss > 100 GeV < 50 GeV > 150 GeV
(i)’ — > 70 GeV —

Table 7. Selection criteria for control regions associated with SRC. Only the requirements that
differ from the common selection in table 1 and those in table 4 are listed; “same” indicates the
same selection as the signal region.

with the single-lepton triggers. Exactly two oppositely charged electrons or muons are
required; the higher-pt lepton must satisfy pgf > 25 GeV and the lower-pt lepton must
satisfy pﬁ? > 10 GeV. The invariant mass of the dilepton pair (mygy) is required to be
between 86 and 96 GeV. To reduce the tf contamination, the events are required to have
E%liss < 50 GeV. The reconstructed dileptons are then removed from the event to mimic
the Z(— v¥) decay and the vector sum of their momenta is added to the p&i*; the events
are required to have a recalculated (E%liss)/ > 70 GeV. No requirements are made on the
number of b-tagged jets. Monte Carlo studies indicate that the E%liss in Z-+jets events
(with Z(— vD)) is completely dominated by the neutrinos from the Z decay, independent
of the presence of b-tagged jets. The shape of the (ErTniss), distribution, comparing data to
simulation, is shown in figure 5(a); the normalization of the simulation for the estimation
of the background is described below.

The fraction of events containing two or more b-tagged jets (henceforth denoted the
bb-fraction) is found in simulation and data to scale linearly with the number of jets in
the event as shown in figure 5(b), as expected when the primary source of b-tagged jet
pairs is gluon radiation followed by splitting. The number of events in the Z + jets control
region is corrected in each jet multiplicity bin in simulation and data by the bb-fraction.
The bb-fraction is fit to a linear function of jet multiplicity, starting at a jet multiplicity of
two, in order to improve the statistical accuracy for high jet-multiplicity Z events. After
correcting for the bb-fraction, the Z 4+ jets simulation is normalized to the data in the
control region.
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Figure 3. Distributions in the semileptonic ¢ control region of (a) ERS and (b) mgj ; for SRA,
(c) BR™ and (d) m, p_, o for SRB, and (e) EF™ and (f) m% ™ for SRC after the application
of all selection requirements. All kinematic quantities were recalculated after treating the lepton
as a jet.
factors summarized in table 8. The “Data/SM” plots show the ratio of data events to the total
Standard Model expectation. The rightmost bin includes all overflows. The hatched uncertainty

The stacked histograms show the Standard Model expectation, normalized using the

band around the Standard Model expectation shows the statistical uncertainty and the yellow band
(shown only for the “Data/SM” plots) shows the combination of statistical and detector-related
systematic uncertainties.
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Figure 4. The (a) EmS and (b) ERss//Hr distributions in the W + jets control region after
all selection requirements. All kinematic quantities were recalculated after treating the lepton as
a jet. The stacked histograms show the Standard Model expectation, normalized using the factors
summarized in table 8. The “Data/SM” plots show the ratio of data events to the total Standard
Model expectation. The rightmost bin includes all overflows. The hatched uncertainty band around
the Standard Model expectation shows the statistical uncertainty and the yellow band (shown only
for the “Data/SM” plots) shows the combination of statistical and detector-related systematic
uncertainties.
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Figure 5. (a) The (E%“SS)/ distribution in the Z + jets control region after all selection require-
ments for > 4 jets, normalized to unit area. The stacked histograms show the Standard Model
expectations. The “Data/SM” plot shows the ratio of data events to the total Standard Model
expectation. The rightmost bin includes all overflows. The hatched uncertainty band around the
Standard Model expectation shows the statistical uncertainty and the yellow band (shown only for
the “Data/SM” plots) shows the combination of statistical and detector-related systematic uncer-
tainties. (b) The number of events in data and simulation as a function of jet multiplicity. The
open (solid) points show all events (events with two or more b-tagged jets) in data, while the grey
(red) line indicates the SM expectation for all events (events with two or more b-tagged jets). The
bb-fraction in data (simulation) is shown in the bottom panel, as indicated by the points (line).
The hatched areas indicate MC statistical uncertainties and the yellow band (shown only for the
bb-fraction) includes the b-tagging systematic uncertainty. The rightmost bin includes all overflows.
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Figure 6. Distributions of (a) ‘A(b (jet,p%‘iss)’ in the multijet control region for SRC and (b)
E}'*% in the multijet control region for SRB. The stacked histograms show the Standard Model
expectations, normalized using the factors summarized in table 8. The “Data/SM” plots show the
ratio of data events to the total Standard Model expectation. The rightmost bin includes all over-
flows. The hatched uncertainty band around the Standard Model expectation shows the statistical
uncertainty and the yellow band (shown only for the “Data/SM” plots) shows the combination of
statistical and detector-related systematic uncertainties.

7.4 Multijet background

The multijet (including fully hadronic t) background is evaluated using the jet-smearing
technique described in ref. [86]. The basic concept is to take a sample of well-measured
multijet events in the data (based on low values of ErTniSS /VEET, where Y E7 is the scalar
sum of the transverse energy in the event recorded in the calorimeter systems) and to
smear the jet momentum and ¢ direction with jet response functions, determined with
PYTHIAS [87] and corrected with data, separately for light-flavour and heavy-flavour jets.
This sample of smeared events is normalized to the data in a control region enriched in
multijet events. The same jet multiplicity requirements are applied as in the signal regions,
including the requirement of two or more b-tagged jets. The calorimeter-based (track-
based) ER is required to be greater than 150 (30) GeV. The signal region requirement
on the azimuthal separation ‘Aqb (jet, prT“iSS)} is inverted to enhance the population of mis-
measured multijet events. Figure 6 compares the |A¢ (jet, p?iss)‘ and Efrniss distributions
in data with expectations in the multijet control region, after normalizing the smeared
event sample to the data in the region ‘A¢ (jet,p%liss)‘ < 0.1. The multijet and fully
hadronic ¢ background contributions in the signal regions are evaluated by applying all
the signal region requirements to the normalized smeared event sample.

7.5 Simultaneous fit to determine SM background

The observed numbers of events in the various control regions are included in a profile
likelihood fit to determine the SM background estimates in each signal region. This proce-
dure takes common systematic uncertainties (discussed in detail in section 8) between the
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Background Source SRA SRB SRC
tt 1.24+£0.13  1.0070¢2  1.07£0.11
W + jets — 1.040.4 —
Z + jets 0.94701%  1.0740.07 1.07+0.07

Table 8. Normalization of the ¢, W + jets, and Z + jets SM background as obtained from the
background fits for SRA, SRB and SRC.

control and signal regions and their correlations into account; they are treated as nuisance
parameters in the fit and are modelled by Gaussian probability density functions. For SRA
and SRC, the free parameters in the fit are the overall normalizations of the tt, Z + jets,
and multijet background.? For SRB the normalization of the W + jets background is also
a free parameter. The contributions from all other background processes are fixed at the
values expected from the simulation, using the most accurate theoretical cross sections
available, as described in section 4. The fit to the control regions yields normalization
factors for each background source; these are summarized in table 8. These normalization
factors are correlated between SRB and SRC due to the overlap of the respective control
regions; however, these correlations do not affect the final results since SRB and SRC are
never statistically combined, as described in section 9. The resulting yields in the control
regions (before and after the fit) are summarized in table 9. The contamination due to
potential signal events in the control regions is negligible (at most a few per cent).

The background estimates are validated by predicting the background in dedicated
regions and comparing to observation. The validation regions are designed to be orthogonal
to the control and signal regions while retaining kinematics and event composition close to
the SRs but with little contribution from signal in any of the models considered. For SRA,
two validation regions are defined. In the first region (VRA1), all of the requirements for
SRA1 are applied except for those on the top mass, and the 7 veto is inverted. In the
second region (VRA2), all of the SRA1 requirements are applied except for those on the
top mass, and m% min required to be between 125 and 175 GeV. For SRB, the validation
region (VRB) is formed from the logical OR of SRB1 and SRB2 except that the EXss
in

requirement is loosened to Effniss > 150 GeV, m?r’m is required to be between 100 and

175 GeV, and none of the other transverse mass requirements are applied. For SRC, the
validation regions consist of all the SRC1 requirements except that mlffmin is required to
be between 150 and 185 GeV and m?r’max is required to be greater than 125 GeV, and
the 7 veto is either inverted (VRC1) or applied (VRC2). All five validation regions are
dominated by tt background. The background yield in each validation region, predicted
from the fit to the control regions, is consistent with the observed number of events to

within one standard deviation; these results are summarized in table 10.

2As the smeared events for the multijet background are first normalized “by hand” outside the fit
to the data in the multijet control region (after correcting for non-multijet background), the additional
normalization factor from the fit is not listed in table 8.
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VRA1 VRA2 VRB VRC1 VRC2

Observed events
158 51 69 103 24

Fitted background events
Total SM 189 + 26 50+ 6 70+19 110£12 21.14+29
tt 170 + 27 34+7 60+19 93+12 17.3+2.8
Z +jets 40+11 15£04 15£05 69+£1.5 0.24+£0.20
W 4+ jets 28+12 48422 21+14 39+18 11405
Others 11.8+31 91422 72425 67+20 24407

Table 10. Event yields in the validation regions compared to the background estimates obtained
from the profile likelihood fit. The requirements for VRA1-C2 are described in the text. Statistical
and systematic uncertainties in the number of fitted background events are shown. Smaller back-
ground contributions from multijets, single-top, ¢£ + W/Z, and diboson production are included
in “Others”.

8 Systematic uncertainties

Systematic uncertainties in the SM background estimates and signal expectations are eval-
uated and included in the profile likelihood fit described in section 7.5. The impact of
each source of systematic uncertainty is quantified as a percentage of the total background
estimate (signal expectation) after propagating the uncertainty from the relevant nuisance
parameter, keeping all other fit parameters fixed. All correlations with the other parame-
ters of interest are taken into account.

The main sources of detector-related systematic uncertainties in the SM background
estimates are the jet energy resolution (JER) and jet energy scale (JES). These jet re-
construction uncertainties are propagated to all quantities that depend on the jet energies
such as the reconstructed top mass and the E%iss. Additional uncertainties in E%liss that
arise from energy deposits unassociated with reconstructed objects are also included. The
impact of these uncertainties is mitigated by the normalization of the dominant SM back-
ground contributions in the kinematically similar control regions. The JER uncertainty is
derived from in-situ measurements of the jet response asymmetry in dijet events [79]; the
effect of this uncertainty on the background estimates in the signal regions ranges from
6-15% in SRA, 16% in SRB, and 3-6% in SRC. The JES uncertainty is determined using
the techniques described in refs. [79, 88]; the uncertainties are determined in bins of jet 7
and pr and depend on jet flavour and the number of primary vertices in an event. The
effect of the JES uncertainty on the background estimate ranges from 5-9% in SRA, 6%
in SRB, and 8-11% in SRC. Other uncertainties arising from the simulation of b-tagging,
pileup, the 7 veto, and Ep isstrack 5 1e negligible by comparison.

A 2.8% uncertainty in the luminosity determination [45] is included for all signal and
background MC simulations.

Theoretical uncertainties in the modelling of the SM background are evaluated; their
impact is mitigated by the use of control regions to normalize the background contributions.
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For the tt background, uncertainties due to the choice of parton shower (PYTHIA vs.
HERWIG [89]4+-JIMMY [90]), the renormalization and factorization scales (each varied up
and down by a factor of two), the amount of initial- and final-state radiation (using AcerMC
samples with differing parton shower settings, constrained by measurement [91]), and the
PDF uncertainties (derived from the envelope of variations of the CT10 PDF summed in
quadrature with the difference with respect to the HERA PDFs [92]) are evaluated. The
resulting uncertainties in the total background yields are less than 10% in SRA and SRC
(the signal regions with an appreciable contribution from #t production). For tt + W/Z
background, the theoretical uncertainty is dominated by the 22% uncertainty [60, 93] on the
NLO cross section. Additional variations considered include the choice of renormalization
and factorization scales (each varied up and down by a factor of two), the amount of initial-
and final-state radiation (using simulated MadGraph samples), and the matching scale at
which additional jets from the matrix element are distinguished from those generated by the
parton shower. Finally the uncertainty arising from the use of a finite number of additional
partons in the matrix element is assessed by comparing event yields from samples with one
versus two additional partons in the matrix element. The resulting impact on the total
background yields range from 3-6% in SRA, 6% in SRB, and is at the per cent level in SRC.

Systematic uncertainties in the modelling of the W + jets background are evaluated
with respect to the choice of renormalization and factorization scales (each varied up and
down by a factor of two), the matching scale, the PDF uncertainties, and event generation
with a finite number of partons (comparing samples with four versus five additional partons
in the matrix element). An uncertainty of 38% is applied to the W+ heavy flavour pro-
duction cross section; this is derived from the measurement in ref. [94] and extrapolated to
events with at least five jets. An additional uncertainty of 20% is applied to the W + jets
control region for SRB to account for differing fractions of W + ¢ vs. W + bb/c¢ in the
control region compared to the signal region. For the Z + jets background, the uncertain-
ties due to the choice of generator (ALPGEN vs. SHERPA), the PDF uncertainties, and
event generation with a finite number of partons are evaluated. The resulting impact on
the total background yields from all of the above-mentioned W' + jets (Z + jets) theoret-
ical uncertainties are 1-2% (1-2%) in SRA, 10% (9%) in SRB, and 5% (4-5%) in SRC.
An additional systematic uncertainty of 17% is assigned to the background yield from the
uncertainty in the linear fit to the bb-fraction in the Z + jets control region described in
section 7.3.

The single-top background is dominated by the Wt subprocess; the cross-section un-
certainty is taken from ref. [63]. Additional uncertainties are evaluated for the selection
of generator (MC@QNLO vs. POWHEG-BOX), parton shower, initial- and final-state radi-
ation, and PDF choices. Finally, the effect of the interference between single-top and ¢t
production is evaluated from a comparison of the sum of ¢¢ and single-top background from
POWHEG-BOX with the background from an AcerMC sample of the inclusive WboWb fi-
nal state. The resulting uncertainty in the total background estimate ranges between 1%
and 5%, depending on the signal region. An uncertainty of 50% is assigned to diboson
production, resulting in uncertainties in the total background yield of < 1% in all sig-
nal regions. An uncertainty of 100% is assigned to the small multijet background, with
negligible impact on the total background uncertainty.
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The theoretical uncertainties in the top squark production cross section include un-
certainties due to the chosen PDF, factorization and renormalization scales, and strong
coupling constant variations. These uncertainties are not included as nuisance parameters
in the fit; instead, their impact is shown explicitly in the results. In contrast, systematic
uncertainties in the signal acceptance are included as nuisance parameters in the fit. The
impact on the signal acceptance of variations in the PDF, factorization and renormalization
scales, and strong coupling constant is found to be negligible. The systematic uncertainty
in the signal acceptance due to the modelling of initial-state radiation is negligible in the
region where this analysis has sensitivity to top squark production. Detector-related sys-
tematic uncertainties in the signal acceptance are dominated by the JES (4-16% effect on
the signal yield in SRA, 3% in SRB, 4-10% in SRC), b-tagging (7-8% in all signal regions)
uncertainties and JER (2-10% in SRA, 10% in SRB and 2-3% in SRC). All detector-related
uncertainties are assumed to be fully correlated with those of the background.

9 Results and interpretation

The numbers of events observed in data in each of the eight signal regions are presented in
table 11. These results are compared to the total number of expected background events
in each signal region. The total background estimate is determined from the simultaneous
fit based on the profile likelihood method [95] using a procedure similar to that described
in section 7.5 but including the corresponding signal regions as well as control regions. The
E%ﬁss distributions for each signal region are displayed in figure 7; the distributions for
SRA1 and SRA2 as well as SRA3 and SRA4 are combined since they only differ by the
ErTniSS requirement. In these figures, the background expectations are normalized by the
factors given in table 8.

No significant excess above the SM expectation is observed in any of the signal regions.
The probabilities are all consistent with the background-only hypothesis; the smallest pg
value is 0.19 for SRA4. The 95% confidence level (CL) upper limits on the number of
beyond-the-SM (BSM) events in each signal region are derived using the CLg prescrip-
tion [96] and calculated from asymptotic formulae [95]. Any possible signal contamination
in the control regions is neglected. The BSM signal strength is included as a free param-
eter but constrained to be non-negative. Normalizing the upper limits on the numbers of
events by the integrated luminosity of the data sample, they can be interpreted as model-
independent limits on the visible BSM cross sections, defined as oy = 0 - A - €, where o
is the production cross section, A is the acceptance, and € is the selection efficiency for a
BSM signal. Table 11 summarizes these upper limits for each signal region. A comparison
between results obtained using pseudo-experiments and the asymptotic approximation was
performed; the two methods are found to be in good agreement.

The results from the simultaneous fit to the signal and control regions are used to set
limits on direct top squark pair production except that a fixed signal component is used
here and any signal contamination in the CRs is taken into account. Again, limits are
derived using the CLg prescription and calculated from asymptotic formulae. By design,
SRA is orthogonal to SRB and SRC. However, SRB and SRC are not independent (each
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Figure 7. The ERiss distributions for SRA, SRB, and SRC. SRA1 and SRA2 (SRA3 and SRA4)
differ only by the EMsS requirement. The background expectation (data) are represented by
the stacked histogram (black points). For SRA and SRB, the simulated signal distribution for
mi = 600 GeV, mgo = 1 GeV is overlaid (pink dashed line), while for SRC the simulated signal
distribution for m; = 400 GeV, m + = = 200 GeV, and my o =100 GeV is overlaid (orange dotted
line). The hatched band on the SM total histogram represents the MC statistical uncertainty only.
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Figure 8. Exclusion contours at 95% CL in the scenario where both top squarks decay exclusively
via  — tX! and the top quark decays hadronically. The blue dashed line indicates the expected
limit, and the yellow band indicates the +1¢ uncertainties, which include all uncertainties except
the theoretical uncertainties in the signal. The red solid line indicates the observed limit, and the
red dotted lines indicate the sensitivity to £1o variations of the signal theoretical uncertainties.
The observed limit from the all-hadronic /s = 7 TeV search [32] is overlaid for comparison.

considers five-jet events). Therefore each of SRA1-4 is statistically combined both with
SRB (SRA+SRB) and with each of SRC1-3 (SRA4+SRC). The SRA+SRB or SRA+SRC
combination with the smallest expected 95% CLg value is chosen for each #; and >~<(1) mass.
In these combinations, the signal and detector-related systematic uncertainties are treated
as correlated while the theoretical uncertainties and those due to the background normal-
izations in the independent control regions are treated as uncorrelated. ‘Expected’ limits
are calculated by setting the nominal event yield in each SR to the mean background expec-
tation; contours that correspond to £1c uncertainties in the background estimates (oexp)
are also evaluated. ‘Observed’ limits for each channel are calculated from the observed
event yields in the signal regions for the nominal signal cross sections and +1¢ theory un-

certainties (atsﬁégg) Numbers quoted in the text are evaluated from the observed exclusion

SUSY
theory*

The resulting exclusion contours for the scenario where both top squarks decay via

limit based on the nominal cross section minus lo

t — tf((l) are shown in figure 8, demonstrating an expected sensitivity to potential top

squark signals of 275 < m; < 700 GeV for mgo < 30 GeV. The combination of SRA1

or SRA2 with SRC1 tends to be most sensitive for smaller t:)Z? mass differences, while
the combination of SRA3 or SRA4 with SRB is most sensitive at larger mass differences.
Assuming B (fl — t>2(1)) = 100%, top squark masses in the range 270-645 GeV are excluded
for mgo < 30 GeV.

Since the top squark is assumed to decay via either t~1 — tf(? or t~1 — b)ﬁE — bW(*)f(?,
the results are also presented for different values of the branching fraction of ¢; — tX}. The
mass of the chargino is assumed to be twice the mass of the neutralino. The resulting exclu-
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B (fl — t)~((1)) my mgo

X1
0% 245-400 GeV < 60 GeV
25% 245-485 GeV < 60 GeV
50% 250-550 GeV < 60 GeV
75% 265-595 GeV < 60 GeV

100% 270-645 GeV < 30 GeV

Table 12. Excluded top squark masses for a range of B(¢; — tf(?) values, assuming m g+ = 2mo.
The excluded mass ranges correspond to the observed limit minus one standard deviation of the
uncertainty in the signal cross section (the inner red dotted contour in figure 8, for example).

sion contours are shown in figure 9(a), demonstrating an expected sensitivity to potential
top squark signals of 260 < m; < 565 GeV for mgo < 60 GeV and B(fl — tf((l)) = 50%. The

grey filled area corresponds to the X! mass region excluded by the LEP limit on the lightest
chargino mass, taking into account Mgk = 2mgo (66, 97-100]. For B(t; — tX1) = 50%),
top squark masses in the range 250-550 GeV are excluded for m % <60 GeV. Figure 9(b)

shows the expected and observed contours for a range of B (tl — tX1) values: 100%,
75%, 50%, 25%, and 0%, where 0% indicates that both top squarks decay exclusively
via t — bX1 1 — W )X(l). The excluded top squark mass ranges are summarized as a
function of B(t1 — tXl) in table 12.

10 Conclusions

The results of a search for direct top squark production with an all-hadronic experimental
signature of jets and missing transverse momentum are presented, using an integrated
luminosity of 20.1fb~! of proton-proton collision data at /s = 8 TeV collected by the
ATLAS detector at the LHC. In this search, the top squark is assumed to decay via £ — XY
ort — b>~<1i. In addition to the nominal fully resolved topology that requires at least six jets,
the sensitivity of the analysis is increased by including a partially resolved topology (four
or five jets). Furthermore, a dedicated signal region requiring exactly five jets augments
the sensitivity to top squark decays via ¢ — bX7. These three categories of events are
statistically combined to provide improved sensitivity to direct top squark production.

No excess over the SM background prediction is observed, and exclusion limits are
reported as a function of the top squark and neutralino masses for a range of the branching
fractions of ; — X! from 0-100%. For B(t; — tf((l)) = 100%, top squark masses in the
range 270-645 GeV are excluded for a my 0 < 30 GeV, while for B(f1 — tf(?) = 50% and
Myt = 2m 0 top squark masses in the range 250-550 GeV are excluded for a m.o <

X3
60 GeV. These limits significantly extend previous results.
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Figure 9. Exclusion contours at 95 % CL in the scenario where the top squarks are allowed to
decay via t — b>~<1j[7 )~(1i — W®XY. The )21i mass is fixed to twice the X! mass, and the grey filled
areas correspond to the LEP limit of 103.5 GeV on the lightest chargino mass [66, 97-100]. (a)
Expected and observed limits for B(f1 — t)~<(1J) = 50%. The blue dashed line indicates the expected
limit, and the yellow band indicates the +1¢ uncertainties, which include all uncertainties except
the theoretical uncertainties in the signal. The red solid line indicates the observed limit, and the
red dotted lines indicate the sensitivity to +1o variations of the signal theoretical uncertainties.
(b) The observed and expected exclusion contours are shown for B(f; — tX1) values from 0%
(inner contours) to 100% (outer contours). For each branching fraction, the observed (solid line)
and expected (dashed line) limits are displayed.
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