arxiv:1407.0608v2 [hep-ex] 26 Sep 2014

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

&)

CERN-PH-EP-2014-141
Submitted to: Physical Review D

Search for pair-produced third-generation squarks decayi ng via
charm quarks or in compressed supersymmetric scenarios in
pp collisions at /s= 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Results of a search for supersymmetry via direct production of third-generation squarks are re-
ported, using 20.3 fb~? of proton-proton collision data at /S= 8 TeV recorded by the ATLAS experiment
at the LHC in 2012. Two different analysis strategies based on monojet-like and c-tagged event se-
lections are carried out to optimize the sensitivity for direct top squark pair production in the decay
channel to a charm quark and the lightest neutralino (f; — c+)~(f) across the top squark—neutralino
mass parameter space. No excess above the Standard Model background expectation is observed.
The results are interpreted in the context of direct pair production of top squarks and presented in
terms of exclusion limits in the (ny,, m)??) parameter space. A top squark of mass up to about 240 GeV
is excluded at 95% confidence level for arbitrary neutralino masses, within the kinematic boundaries.
Top squark masses up to 270 GeV are excluded for a neutralino mass of 200 GeV. In a scenario
where the top squark and the lightest neutralino are nearly degenerate in mass, top squark masses
up to 260 GeV are excluded. The results from the monojet-like analysis are also interpreted in terms
of compressed scenarios for top squark pair production in the decay channel f; — b+ ff +)~(f and
sbottom pair production with b, — b+)~(§’, leading to a similar exclusion for nearly mass-degenerate
third-generation squarks and the lightest neutralino. The results in this paper significantly extend
previous results at colliders.

(© 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as sfied in the CC-BY-3.0 license.


http://arxiv.org/abs/1407.0608v2

Search for pair-produced third-generation squarks decayng via charm quarks or in compressed
supersymmetric scenarios inpp collisions at./s = 8 TeV with the ATLAS detector

The ATLAS Collaboration
(Dated: September 29, 2014)

Results of a search for supersymmetry via direct produaifaird-generation squarks are reported, using
20.3 fb~1 of proton-proton collision data ays = 8 TeV recorded by the ATLAS experiment at the LHC in
2012. Two different analysis strategies based on monijetandc-tagged event selections are carried out to
optimize the sensitivity for direct top squark pair prodactin the decay channel to a charm quark and the
lightest neutralinoff — c+ )?f) across the top squark—neutralino mass parameter spacexddss above the
Standard Model background expectation is observed. Thatsemre interpreted in the context of direct pair
production of top squarks and presented in terms of exaiugiaits in the (v, m)?{)) parameter space. A top
squark of mass up to about 240 GeV is excluded at 95% confidewekfor arbitrary neutralino masses, within
the kinematic boundaries. Top squark masses up to 270 Gedkeleded for a neutralino mass of 200 GeV. In
a scenario where the top squark and the lightest neutralenearly degenerate in mass, top squark masses up
to 260 GeV are excluded. The results from the monojet-likdyais are also interpreted in terms of compressed
scenarios for top squark pair production in the decay cHahne b+ ff +)~(f and sbottom pair production
with by — b+)?f, leading to a similar exclusion for nearly mass-degendtatd-generation squarks and the
lightest neutralino. The results in this paper significaettend previous results at colliders.
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. INTRODUCTION 25).

In the scenario for whiclhm < my + my, the four-body
Supersymmetry (SUSY)1{9] is a theoretically favored decay mode above competes with the stop decay to a charm

candidate for physics beyond the Standard Model (SM). lguark and the LSPE{ — c+)~(f), which proceeds via a loop
naturally solves the hierarchy problem and provides a possijecay (see Figl). The corresponding final state is character-
ble candidate for dark matter in the universe. SUSY enlarge§ed by the presence of two jets from the hadronization of the
the SM spectrum of particles by introducing a new supercharm quarks and missing transverse momentpfy, de-
symmetric partner (sparticle) for each particle in the SM. | noting its magnitude bﬂ“isﬁ from the two undetected LSPs.
particular, a new scalar field is associated with each left- a However, given the relatively small mass differendany,

right-handed quark state, and two squark mass eigens{ates ), the transverse momenta of the two charm jets and the

anddy result from the mixing of the scalar fields. In some EMissare low, making it very difficult to extract the signal from

SUSY scenarios, a significant mass difference between thge |arge multijet background. In this study, the eventcele
two eigenstates in the bottom squark and top squark sectofgn makes use of the presence of initial-state radiatiSR}l
can occur, leading to rather light sbottdmand stois mass  jets to identify signal events. In this case, the squark$i-
states, where shottom and stop are the SUSY partners of the, is boosted leading to largEfss. As an example, for a
SM bottom and top quarks, respectively. In addition, natu-Stop with a mass of 200 GeV an of 5 GeV, about 18% of
ralness arguments suggest that the third generation sguarfe events havE_Irpiss> 150 GeV and a jet witlpy > 150 GeV.

should be light with masses below 1 TeW[ L1]. Inageneric 1y different approaches are used to maximize the serigitivi
supersymmetric extension of the SM that assumes R-paritys ihe analysis across the differefin regions. A “monojet-

conservation|2-16], sparticles are produced in pairs and the e analysis is carried out, where events with low jet riwult
lightest supersymmetric particle (LSP) is stable. Ir~10tmp¢r plicity and largeE!™sS are selected, that is optimized for small
the LSP is assumed to be the lightest neutraling (X1). Am(Am< 20 GeV). ForAm > 20 GeV, the charm jets receive

For a mass differencAm = ng, — myo > m and depend- 2 large enough boost to be detected. In addition to the requir
= M — Myo

ing on the SUSY parameters and sparticle mass hierarch thrre1ents on the presence of ISR jets, the identification of jets
9 i P P . ~0 Y containing the decay products of charm hadrantagging)
dominant decay channels are expected ta;be t + X1 or

- oy . ~isused, leading to ac*tagged” analysis that further enhances
o b+ X1, where the latter decay mode involves charginosne sensitivity to the SUSY signal in the regiog > 200 GeV

(X1) that subsequently can decay into the lightest neutralineandAm > 20 GeV. Results for searches in this channel have
via W) emission, leading to a four-body deciy— b+ been previously reported by collider experiments{28]. In

ff + X2, wheref f' denotes a pair of fermions (see Fiy. If  addition to the decay chann&l— ¢+ X, the monojet-like

the chargino is heavier than the stop amgl +m, < Am< m, results are re-interpreted in terms of the search for stap pa
the dominant decay mode is expected to be the three-boptoduction withf; — b+ £ +)”(f and smallAm. In such a
Wb)N(iJ decay. Several searches on 7 TeV data have been caeenario, the decay products of the top squark are too soft to
ried out in these decay channels in 0-, 1-, and 2-lepton finadbe identified in the final state, and the signal selectioreseli
states 1 &-21] and have been extended using 8 TeV data[ on the presence of an ISR jet.
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mersed in a 2 T axial magnetic field produced by a solenoid.
v High-granularity liquid-argon (LAr) electromagnetic sam
pling calorimeters, with excellent energy and positiorohes
tion, cover the pseudorapidity rangg < 3.2. The hadronic
calorimetry in the rangg| < 1.7 is provided by a scintillator-
q tile calorimeter, consisting of a large barrel and two serall
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b barrel. In the endcapsr(] > 1.5), LAr hadronic calorime-
: ters match the outdn| limits of the endcap electromagnetic
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B calorimeters. The LAr forward calorimeters provide boté th
X electromagnetic and hadronic energy measurements, and ex-
tend the coverage | < 4.9.
‘?" X4 The muon spectrometer measures the deflection of muon
tracks in the large superconducting air-core toroid magjimet
b the pseudorapidity randg| < 2.7, using separate trigger and
high-precision tracking chambers. Over most of theange,
a precise measurement of the track coordinates in the prin-
FIG. 1. Diagrams for the pair production of top squarks witd tle-  cipal bending direction of the magnetic field is provided by
cay modes$; — c+ XY orfy — b+ ff' + X, and the pair production monitored drift tubes. At large pseudorapidities, cathsiip
of shottom squarks with the decay mdaie— b+ XY. In one case, chambers with higher granularity are used in the innermost
the presence of a jet from initial-state radiation is alstidated for ~ plane over D < |n| < 2.7. The muon trigger system covers
illustration purposes. the pseudorapidity rangg| < 2.4.
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In the case of shottom pair production, assuming a SUSY . MONTE CARLO SIMULATION
particle mass hierarchy such that the sbottom decays exclu-

. ~ ~0 . .
sively asby — b+ X1 (see Fig.1), the expected signal for  \1qnte carlo (MC) simulated event samples are used to as-
direct sbottom pair production is characterized by the presgqt in computing detector acceptance and reconstrudiien e

ence of two energetic jets from the hadronization of the bOt'ciencies, determine signal and background contributiand,

tom quarks and large missing transverse momentum from thggimate systematic uncertainties on the final results.
two LSPs in the final state. Results on searches in this chan- Samples of simulateW/+jets andZ+jets events are gen-

neldat cholliders havl_ekbeen :eport@lll,[ZB, 29_31]' Inéthis erated using SHERPA-1.4.84], including LO matrix ele-
study, the monojet-like results are also re-Interpretdenms 0 g for up to 5 partons in the final state and using mas-

of the search for shottom pair production wiih— b+ X7 in  sjve b/c-quarks, with CT1035] parton distribution functions

a compressed scenario (small sbottom-neutralino mass-diff (pPpF) and its own model for hadronization. Similar sam-

ence) with two sofb-jets and an energetic ISR jetin the final ples are generated using the ALPGEN-v2.B4] [genera-

state. ) ) _tor and are employed to assess the corresponding modeling
The paper is organized as follows. The ATLAS detector isyncertainties. The MC predictions are initially normatize

described in the next section. Sectidhprovides details of  to next-to-next-to-leading-order (NNLO) predictions et

the simulations used in the analysis for background andsigning to DYNNLO [37, 3¢ using MSTW2008 NNLO PDF
processes. SectidW discusses the reconstruction of jets, lep-sets p).

tons and th&"'sS while SecV describes the event selection.  The production of top quark pairst) is simulated us-
The estimation of background contributions and the study ofng the POWHEG-r212940] MC generator. ALPGEN and
systematic uncertainties are discussed in SetsandVIl.  MC@NLO-4.06 [11] MC simulated samples are used to as-
The results are presented in S&¢ll , and are interpreted in  sesstt modeling uncertainties. Single top production sam-
terms of the search for stop and sbottom pair production. Fiples are generated with POWHEG for theandWt—channel
nally, Sec.X is devoted to the conclusions. and MC@NLO is used to determine systematic uncertainties,
while AcerMC-v3.8 [17] is used for single top production
in the t—channel. Finally, samples of production associ-
Il.  EXPERIMENTAL SETUP ated with additional vector bosont ¢ W andtt + Z pro-
cesses) are generated with MADGRAPH-5.1.448][ In
The ATLAS detector3?] covers almost the whole solid an- the case of POWHEG and MADGRAPH, parton showers
gle around the collision point with layers of tracking deétes,  are implemented using PYTHIA-6.4264], while HERWIG-
calorimeters and muon chambers. The ATLAS inner detecto8.5.20 /5] interfaced to JIMMY [6] is used for the ALPGEN
(ID) has full coveragedd] in @ and covers the pseudorapid- and MC@NLO generators. A top quark mass of 172.5 GeV
ity range|n| < 2.5. It consists of a silicon pixel detector, a and the CTEQ6L1 PDFs are used. The Perugia 20X1T [
silicon microstrip detector, and a straw tube tracker thed a and AUET2B 1§ tunes for the underlying event are used for
measures transition radiation for particle identificatahim-  thett, single top andt +W/Z processes, respectively. The



cross section prediction at NNLO+NNLL (next-to-next-to- IV. RECONSTRUCTION OF PHYSICS OBJECTS
leading-logarithm) accuracy, as determined by Top++29)
is used in the normalization of the [5(] sample. Anapprox-  jets are reconstructed from energy deposits in the calerime

imate NLO+NNLL prediction is used for th&t [51] process g using the antk jet algorithm B2] with the distance pa-

and NLO cross sections are consideredtfor W andtt + Z rameter (im—@ space AR — /(A )2+ (g)2 set t0 0.4. The
Processes. measured jet transverse momentymq)(is corrected for de-

Diboson samplesWW, WZ andZZ production) are gen- tector effects, including the non-compensating charaater
erated using SHERPA, using massh/e-quarks, with CT10 the calorimeter, by weighting energy deposits arising from
PDFs, and are normalized to NLO predictions][ Addi- electromagnetic and hadronic showers differently. In addi
tional samples are generated with HERWIG to assess uncetion, jets are corrected for contributions from pileup, a&s d
tainties. Finally, Higgs boson production includid#, WH scribed in Ref. §3. Jets with correcteghy > 20 GeV and
andttH processes is generated using PYTHIA-8.165][ |n| < 2.8 are considered in the analysis. In order to remove
with CTEQ6L1 PDFs. jets originating from pileup collisions, central jetg( < 2.4)
with pt < 50 GeV and with charged-particle tracks associ-
ated to them must have a jet vertex fraction (JVF) above 0.5,
where the JVF is defined as the ratio of the sum of transverse

the AUET2B tune for the underlying event, which involves momentum of matched tracks that originate from the primary

CTEQG6L1 PDFs. Samples are produced with stop masses pyertex to the sum of transverse momentum of all tracks asso-
tween 100 GeV and 400 GeV ap@ masses between 70 GeV ciated with the jet. . !
and 390 GeV. ThAmstep size increases wittmfrom 2 GeV The presence of leptons (muons or electrons) in the final
to 30 GeV and the maximumm considered is 82 GeV. The State is used in the analysis to define control samples and
regionAm < 2 GeV is not considered since in this regime {0 réject background contributions in the signal regiore (s
the stop can become long-lived leading to the signature stud®€cSV andVI). Muon candidates are formed by combining
ied in Ref. p4]. Similarly, MC simulated samples are pro- information from the muon spectrometer and inner tracking
duced separately fo, — b £ 4 )?f and By — b+)~(f detectors as described in Re®4] and are required to have

processes across the stop—neutralino and sbottom—rieatral Pr >.1O GeV, |n| < 2.4 andAR > 0.4 W.'th respect to any
mass planes. In the case of the-s b+ fr +)~(? process, jet with pr > 20 GeV. The latter requirement is increased

to 30 GeV in the case of the monojet-like analysis. This in-

samples are produced with stop masses in the range betwegp,ases the efficiency for the selection of real muons from W

100 GeV and 300 GeV anfim that varies between 10 GeV' 1,50 decays. It also avoids biases in the muon selection due

and 80 GeV. For sbottom pair production whh — b+ X1, 5 the presence of lor jets with large pileup contributions,

samples are produced with sbottom masses in the range b§ﬁecting theW(— pv)+jets events, as determined by simula-

tween 100 GeV and 350 GeV ajd masses in the range be- tions. This is particularly relevant for the monojet-likesty-
tween 1 GeV and 340 GeV, with a shottom—neutralino masg;s since, as described in SBit, W(— pv)+ets control sam-

difference that varies between 10 GeV and 50 GeV. Signabjes in data are used to constrain the irreduciifle: vv)+ets

cross sections are calculated to NLO in the strong coupling,ckground contribution in the signal regions. In addition
constant, adding the resummation of soft gluon emission gk ,ons are required to be isolated: the sum of the transverse
next-to-leading-logarithmic (NLO+NLL) accuracy$-57.  momenta of the tracks not associated with the muon in a cone

The nominal cross section and the uncertainty are taken frog radiusAR = 0.2 around the muon direction is required to
an envelope of cross section predictions using differerft PD |4 |ess than 1.8 GeV.

sets and factorization and renormalization scales, asidedc Electron candidates are initially required to hape >

in Ref. [54]. 10 GeV and|n| < 2.47, and to pass thenedium elec-
Differing pileup (multiple proton-proton interactionstihe  tron shower shape and track selection criteria described in
same or neighboring bunch-crossings) conditions as a fundref. [65] and reoptimized for 2012 data. Overlaps between
tion of the instantaneous luminosity are taken into accounidentified electrons and jets in the final state are resolvets.
by overlaying simulated minimum-bias events generatel wit are discarded if their separatiGlR from an identified electron
PYTHIA-8 onto the hard-scattering process and re-weightin is less than 0.2. The electrons separated\Bybetween 0.2
them according to the distribution of the mean number of in-and 0.4 from any remaining jet are removed. In the monojet-
teractions observed. The MC generated samples are prdcesdike analysis, electrons are selected with> 20 GeV in both
either with a full ATLAS detector simulationsp] based on  the control and signal regions. The use of the samthresh-
GEANT4 [60] or a fast simulation based on the parameter-old in control and signal regions minimizes the impact from
ization of the response of the electromagnetic and hadroniepton reconstruction and identification uncertaintiesttos
showers in the ATLAS calorimeter$]] and a simulation final results. The 20 Ge\pr requirement together with the
of the trigger system. The results based on fast simulatiomonojet-like selection also applied to define the contrel re
are validated against fully simulated samples. The siradlat gions brings the background from jets misidentified as elec-
events are reconstructed and analyzed with the same analysions to negligible levels without the need for electrordaso
chain as for the data, using the same trigger and event seletien requirements. As detailed in Sé¢and SecVI, slightly
tion criteria discussed in Sectidh different requirements on the leptgr are applied in the-

Stop pair production with; — c+)”(§J is modeled with
MADGRAPH with one additional jet from the matrix ele-
ment. The showering is done with PYTHIA-6 and using
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tagged analysis to define signal regions and background cotive scale factor of about 0.9, with a very moderateggete-

trol samples. In this case, the electrons are required te haypendence, is applied to the simulated heavy-flavor tagding e
pr > 10 GeV andpr > 20 GeV for signal and control sam- ficiencies in the MC samples. The total uncertainty for the
ples, respectively, and to be isolated: the total track meme c-tagging efficiency varies between 20% at I and 9%
tum not associated with the electron in a cone of radius 0.2t high pr and includes: uncertainties on the heavy-flavor
around the electron candidate is required to be less than 10%entent of the charm-quark jet enriched sample and on the
of the electrorpr. In thec-tagged analysis, the use of a tighter b-tagging scale factors; uncertainties on B¢ mass fit; un-
electron veto in the signal regions, compared to that in theertainties on the jet energy scale and resolution; andrunce

monojet-like analysis, contributes to the reduction ofgle
able background from top-quark-related processes.

tainties on the extrapolation of the results to inclusivarat-
quark jets. Similarly, data-to-simulation multiplicagiscale

E?“iss is reconstructed using all energy deposits in thefactors of order 1.5 are applied to the simulated efficielocy f

calorimeter up to a pseudorapidity| < 4.9 and without in-

tagging light-jets (mistags). They are determined withex pr

cluding information from identified muons in the final state. cision in the range between 20% and 40% depending on jet

Clusters associated with either electrons or photons pyitis

pr andn.

10 GeV and those associated with jets wigh > 20 GeV
make use of the corresponding calibrations for these ob-
jects. Softer jets and clusters not associated with thejsetsb
are calibrated using both calorimeter and tracking inferma

tion [66]. The data sample considered in this paper was collected with

Jets are tagged as containing the decay products of charycking detectors, calorimeters, muon chambers, and mag-
hadrons¢-tagging) via a dedicated algorithm using multivari- nets fully operational, and corresponds to a total integtat
ate techniques. It combines information from the impact pajyminosity of 203 fb~1. The uncertainty on the integrated

V. EVENT SELECTION

rameters of displaced tracks and topological propertisgof
ondary and tertiary decay vertices reconstructed witreneh

The algorithm provides three probabilities: one targetad f

light-flavor quarks and gluon jet&(), one for charm jetsR)
and one fob-quark jets B,). From these probabilities, arti-
and antiu discriminators are calculated:

anti—b=log (%) anti- u=log (%),
u
1)

and used for the selected jets in the final state. Figslgows
the distributions of the anti-and antiu discriminators for the
first- and the third-leading jets (sorted in decreasingjet

and

respectively. The data are compared to MC simulations for th

different SM processes, separated by jet flavoi,[and the
data-driven multijet background prediction (see SéiC),
and include the signal preselection defined in Séavith-

out applying the tagging requirements. Good agreement is
observed between data and simulations. Two operatinggoint

specific toc-tagging are used. Theedium operating point
(log(P:/R,) > —0.9, log(P;/R,) > 0.95) has ac-tagging ef-
ficiency of =~ 20%, and a rejection factor of 8 for b-jets,
~ 200 for light-flavor jets, anéx 10 for 1 jets. Theloose op-
erating point (logP:./R,) > —0.9) has ac-tagging efficiency
of ~ 95%, with a factor of 2.5 rejection di-jets but with-
out any significant rejection for light-flavor ar jets. The

efficiencies and rejections are quoted for jets with 30 GeV

< pr < 200 GeV andn| < 2.5 in simulatedtt events, and
reach a plateau at high jpt.

luminosity is 28%, and it is estimated, following the same
methodology detailed in Ref./f], from a preliminary cali-
bration of the luminosity scale derived from beam-sepanati
scans performed in November 2012. The data were selected
online using a trigger logic that selects events vi&ff{*>above

80 GeV, as computed at the final stage of the three-level trig-
ger system of ATLAS T4]. With respect to the final anal-
ysis requirements, the trigger selection is fully efficiéot
ET"S® > 150 GeV, as determined using a data sample with
muons in the final state. Tablesummarizes the different
event selection criteria applied in the signal regions. fite
lowing preselection criteria are applied.

e Events are required to have a reconstructed primary ver-
tex consistent with the beamspot envelope and having
at least five associated tracks; when more than one such
vertex is found, the vertex with the largest sumrrp:éd
of the associated tracks is chosen.

e Events are required to haE™ss > 150 GeV and at
least one jet withpr > 150 GeV andn| < 2.8 (|n| <
2.5) in the final state for the monojet-like-fagged) se-
lection.

e Events are rejected if they contain any jet with >
20 GeV and|n| < 4.5 that presents a charged frac-
tion [75], electromagnetic fraction in the calorimeter, or
sampling fraction inconsistent with the requirement that
they originate from a proton-proton collision]. Ad-

The c-tagging efficiency is calibrated using data with the
method described in Ref6{] for 7 TeV collisions. This
method makes use of a jet sample enriched in charm-quark-
initiated jets containing ®** meson identified in th&°(—
K-m)mrt decay mode 9. The same calibration method
applied to the 8 TeV data leads to reduced uncertainties. The
standard calibration techniques are used forbpet [70, 71]
and light-jet [77] rejections: a data-to-simulation multiplica-

ditional requirements based on the timing and the pulse
shape of the cells in the calorimeter are applied to sup-
press coherent noise and electronic noise bursts in the
calorimeter producing anomalous energy deposit§ [
which have a negligible effect on the signal efficiency.

Events with isolated muons witpy > 10 GeV are
vetoed. Similarly, events with electrons withy >
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FIG. 2. Distribution of the discriminator againstets, logP;/R,), for the first-leading jet and against light-jets, (8g/P,), for the third-
leading jet. The data are compared to MC simulations for iffierdnt SM processes, separated by jet flavor, and incluelsignal preselection
defined in SecV without applying the tagging requirements, which are iathd by the arrows. The bottom panels show the ratio between
data and MC predictions. The error bands in the ratios irecthé statistical and experimental uncertainties in thdiptiens. For illustration
purposes, the distributions of two different SUSY scersafa stop pair production with the decay mdge— c+)~((1) are included. In the
SUSY signal, the first-leading jet mostly originates fronR1&nd the third-leading jet is expected to contain a largdifya of c-jets.

20 GeV (pr > 10 GeV) are vetoed in the monojet-like become softer and it is more likely that other jets from atiti
(c-tagged) selection. state radiation have a higher transverse momentum than the
charm jets. As a consequence, the stop signal is expected
to have relatively large jet multiplicities and @tagged jet
A. Monojet-like selection can be found among any of the subleading jets. An opti-
mization of thec-tagged selection criteria is performed across

The monojet-like analysis targets the region in which thethe f and X mass plane to maximize the sensitivity to a
stop and the lightest neutralino are nearly degenerate #s maSUSY signal. In the-tagged analysis, the events are required
so that the jets from the charm-quark fragmentatiojets) {0 have at least four jets witpr > 30 GeV, |n| < 2.5 and
are too soft to be identified. Stop pair production eventf®(jet p7>°) > 0.4. A veto againsb-jets is applied to the se-
are then characterized by larg&"ss and a small number lected jets in the event by using a loaseag requirement. In
of jets, and can be identified via the presence of an ene@ddition, atleast one of the three subleading jets is redu
getic jet from initial-state radiation. A maximum of three D€ c-tagged using the medium criteria. The leading jet is re-
jets with pr > 30 GeV and|n| < 2.8 in the event are al- 9quired to havepr > 290 GeV and two separate signal regions,
lowed. An additional requirement on the azimuthal separahere denoted by C1 and C2, are defined &ftP®> 250 GeVv
tion of Ag(jet,pTsS) > 0.4 between the missing transverse andEf"**> 350 GeV, respectively. The tighter requirementon
momentum direction and that of each of the selected jets iE]"**for the C2 signal region targets models with larger stop
imposed. This requirement reduces the multijet backgroundnd neutralino masses.
contribution where the largé"*® originates mainly from jet
energy mismeasurement. Three separate signal regiores (her
denoted by M1, M2 and M3) are defined with increasing lower VI. BACKGROUND ESTIMATION
thresholds on the leading jgtr and Ef"S, as the result of
an optir_nizgtion p(_arfprmegoacross the stop—neutralino_ Mass The expected SM background is dominated By
plane with mcregsmg and; masses. For the M1 se!ectl_on, VV)+ets, tt andW(— £v)+jets (¢ = e, u, 1) production, and
events are required to hat"* > 220 GeV and leading jet jncludes small contributions from/y*(— ¢+¢~)+jets, single
pr > 280 GeV. For the M2 (M3) selection, the thresholds areyop, tt +V, diboson YW, WZz,ZZ) and multijet processes. In
increased tdEr"°> 340 GeV E7"*°> 450 GeV) and leading  the monojet-like analysis, th&(— vv)+jets processes con-
jet pr > 340 GeV for > 450 GeV). stitute more than 50% — 60% of the total background, fol-

lowed by a 30% — 40% contribution froW/(— ¢v)+jets pro-

cesses. In the-tagged selection, the background contribu-
B. c-tagged selection tions fromZ(— vv)+jets,W(— ¢v)+jets, and top-quark re-

lated processes are similar, and each constitutes about®5%

The kinematics of the charm jets from the stop decays de30% of the total background.
pend mainly oddm. AsAmdecreases, ther of the charm jets TheW /Z+jets backgrounds are estimated using MC event



TABLE |. Event selection criteria applied for monojet-likgl1-M3) andc-tagged (C1,C2) analyses, as described in Bec.

Selection criteria

Preselection

Primary vertex

EMisS> 150 GeV

At least one jet withpt > 150 GeV andn| < 2.8
Jet quality requirements

Lepton vetoes

Monojet-like selection

At most three jets witlpr > 30 GeV andn| < 2.8
Ag(jet, pTiss) > 0.4

Signal region M1 M2 M3
Minimum leading jetpr (GeV) 280 340 450
Minimum E{"iss (GeV) 220 340 450

c-tagged selection

At least four jets withpr > 30 GeV andn| < 2.5

Ag(jet, pss) > 0.4

All four jets must pass loose tag requiremeitiget vetoes)

At least one medium charm tag in the three subleading jets

Signal region C1 Cc2
Minimum leading jetpr (GeV) 290 290
Minimum E'Ss (GeV) 250 350

samples normalized using data in control regions. The simuproperly take into account correlations. The remaining SM
latedW /Z+jets events are re-weighted to data as a function obackgrounds frontt +W/Z, single top, diboson and Higgs
the generategr of the vector boson, following a procedure processes are determined using Monte Carlo simulated sam-
similar to that in Ref. T¢] based on the comparison of data ples, while the multijet background contribution is exteat

and simulation in an event sample enrichedifjets events, from data. Finally, the potential contributions from beam-
which is found to improve the agreement between data antelated background and cosmic rays are estimated in data us-
simulation. The weights applied to the simulation resudhir  ing jet timing information and are found to be negligible.

the comparison of the reconstructed boggndistribution in In the following subsections, details on the definition of
data and SHERPA MC simulation WW+jets andZ+jets con- W /Z+jets andtt control regions and on the data-driven de-
trol samples where the jet ad''>* preselection requirements termination of the multijet background are given. This ik fo
(see Tablel) have been applied. The weights are definedowed by a description of the background fits and the valida-
in several bins in bosopr. Due to the limited number of tion of the resulting background estimations.

data events at large bospmr, an inclusive last bin with boson

pt > 400 GeV is used. The uncertainties of the re-weighting

procedure are taken into account in the final results. ,
A. W/Z+jets background

The top-quark background contribution to the monojet-like
analysis is very small and is determined using MC simulated

samples. In.the. case of tllme_tagged analysis, th.e top-ququ thogonal to the signal regions, with identified electrons or
background is sizable, as it is enhanced by the jet muliiplic : . : .
muons in the final state and with the same requirements on

andc-tag requirements, and is estimated using MC simulatecilhe iet pr, subleading jet vetoes, aIEPiSS, are used to de-

samplgs normalized in a top-qua_rk-enrlched control re9IoN e rmine theW /Z+jets electroweak background contributions
The simulatedt events are re-weighted based on the mea;

. . . . . . +j i i -
surement in the data {], indicating that the differential cross from data AW(H Hv) jets control sample is defined us
. . — . ing events with a muon witlpr > 10 GeV andV transverse
section as a function of ther of thett system is softer than

; ) . mass B0 in the range 30 Ge\k my < 100 GeV. Similarly,
that predicted by the MC simulation. az/y* (— ptu)+jets control sample is selected, requir-
The normalization factors fat//Z+jets andt background ing the presence of two muons with invariant mass in the
contributions are extracted simultaneously using a glfibal range 66 GeV< my, < 116 GeV. TheE"S*based online
to all control regions and include systematic uncertaintie  trigger used in the analysis does not include muon informa-

In the monojet-like analysis, control samples in data, or-
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tion in the EMsS calculation. This allows th&/(— pv)+jets  where Ng&g(wv)) denotes the background predicted by
andZ/y* (— p*u~)+jets control samples to be collected the MC simulation in the signal region, am%ata ’
with the same trigger as for the signal regions. Finally, a oW _ W(—pv),control
W(— ev)+jets dominated control sample is defined with an™w(uv).contror 2NNy 1) control 4€NOLE, i the control re-
electron candidate witlpr > 20 GeV. TheE!™sS calcula- ~ gion, the number ofW(— pv)+jets candidates in data and
tion includes the contribution of the energy cluster frora th MC simulation, and the no¥(— pv) background contribu-
identified electron in the calorimeter, sinté(— ev)+jets  tion, respectively. The\kr/:lo(r:;\f\//),control term refers mainly to
processes contribute to the background in the signal regionop-quark and diboson processes, but also includes cantrib
when the electron is not identified. In thé(— pv)+jets and  tions from othetV//Z+jets processes. The transfer factors for
Z/y* (— p*u~)+ets control regions, thEf"s does not in-  each process (e.g, the last term in Eq. (2)) are defined as the
clude muon momentum contributions, motivated by the factatio of simulated events for the process in the signal regio
that these control regions are used to estimate the irrelduci over the total number of simulated events in the controbnegi
Z(— vv)+jets background in the signal regions. In the monojet-like analysis, the/(— pv)+jets control

The definition of the control regions in tletagged anal-  sample is used to define transfer factors\Wof— uv)+jets
ysis follows closely that of the monojet-like approach with andz(— vv)+jets processes. As discussed in S&t£ and
differences motivated by the background composition andy||, the use of thaV(— uv)+jets control sample to con-
the contribution from heavy-flavor jets. A tighter cut of strain the normalization of th&(— vv)+jets process trans-
81 GeV < my, <101 GeV is used to define th&/y" (=  |ates into a reduced uncertainty on the estimation of themai
p*pu~)+ets control sample, as required to further rejeict jrreducible background contribution, due to a partial @nc
contamination. This is complemented with a correspondingation of systematic uncertainties and the statistical grow
Z/y* (— e*e")Hets control sample, with the same mass re-of the W(— uv)+ets control sample in data, about seven
quirements, for which the energy clusters associated Weéth t times larger than th&/y* (— utu~)+jets control sample.
identified electrons are then removed from the calorimeterrhew(— ev)+jets control sample is used to constrititi—
The Z/y* (— e"e™)+jets control sample is collected using ev)+jets,W(— Tv)+ets,Z/y* (— TH T )+jets, andZ/y* (—

a trigger that selects events with an electron in the finaésta ete~)+jets contributions. Finally, th&/y* (— u*u~)+jets
As in the monojet-like case, in th&(— ev)+jets control re-  control sample is used to constrain Bgy* (— u™ u~)+jets
gion theE"*® calculation includes the contribution from the packground contribution.

identified electron. The electron also contributes to thenu The C_tagged ana|ysis follows a similar approach to de-

ber of jets in the final state, since the presence of a misidenermine the normalization factors for each of We/Z+jets
tified electron in the signal region can potentially affdo¢ t phackground contributions. However, in this case e+
c-tagging results. The-tagging and the heavy-flavor com- yy)+jets, z/y* (— ete )+jets andZ/y* (— ptu~)+ets
position are two of the major uncertainties (of the order ofnormalization factors are extracted from the combined
10% — 30%) in thec-tagged selection and the same taggingz /y+(— ¢+/~)+jets ¢ = e, 1) control sample, motivated by
criteria as used in the signal selection are therefore egpli the fact that these processes involve identical heavysflavo
to theW(— uv)+jets,W(— ev)+jets,Z/y* (— u"H~)+ets  production mechanisms. Simulation studies indicate a very
andZ/y* (— e*e”)+jets control regions. Since this reduces similar heavy-flavor composition in control and signal re-
significantly the selection efficiency related to these munt gions,
regions, the kinematic selections on the leadingpetand Figure3 shows, for the M1 monojet-like kinematic selec-
Ef'** are both reduced to 150 GeV, where the trigger selection and in the different control regions, the distributaf the
tion still remains fully efficient. This introduces the nefed EMiss and the leading-jepr in data and MC simulations. The
a MC-based extrapolation of the normalization factors,&s d MC predictions include data-driven normalization factassa
termined using data at relatively low leading ptandEf™ S regylt of the use of transfer factors from control to sigreal r
to the signal regions. This extrapolation is tested in detéit  gions discussed above. Similarly, the distributions faerds
validation regions as described in SE¢E. in theW /Z+jets control regions of the-tagged selection are
Monte Carlo—based transfer factors, determined from th@nown in Fig.4. Altogether, the MC simulation provides a
SHERPA simulation and including the bospnre-weighting  good description of the shape of the measured distributions

explained above, are defined for each of the signal selextioror hoth the monojet-like ancttagged selections in the differ-
to estimate the different electroweak background contribugnt control regions.

tions in the signal regions. As an example, in the case of the
dominantZ(— vv)+jets background process in the monojet-

like selection, its contribution to a given signal regmjt?;") B. Top quark background
is determined using th&/(— pv)+jets control sample in data
according to The background contribution from top-quark-related pro-
duction processes to the monojet-like selection is small an
- NMC(Z|(~>V\7)) is entirely determingd fr_om MC simulations. In the case of
Nsié?;v) _ ('\l\(/jv?ti 1v).control— ,\Wr:x\c)’comml) « N?EICL’ the c-tagged analysis, single top attd W/Z processes are

(Suv).control  directly taken from MC simulations and thie MC predic-
tions are normalized to the data in a separate control region
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Thett background contribution is dominated by events withnormalization factors that vary in the range between 1.1 and

hadronict-lepton decays and ISR jets in the final statett A 0.9 for the monojet-like analysis, depending on the process

control sample is selected with two opposite-charge leptonand the kinematic selection, and between 0.8 and 0.9 for the

(ee, uu, or ey configurations) in the final state, the same c-tagged analyses. In tletagged analysis, thé background

selection criteria for jet multiplicity and-tagging as in the predictions are normalized with a scale factor 1.1 for bbth t

signal region, and relaxe{"s° > 150 GeV and leading jet C1 and C2 selections.

pt > 150 GeV requirements. In order to reduce the potential

Z/y* (— ete )+jets andZ/y* (— pu*p~)+ets contamina-

tion in thett control samplege andu u events with a dilepton

invariant mass within 15 GeV of the nomiraboson mass are E. Validation of the background determination

rejected. Figuré compares the distributions for data and sim-

ulation in thett control region. The MC simulation provides | the monojet-like analysis, the control regions are define

a good description of the shape of the measured distritgition ysing the same requirements BF'sS leading jetpr, event
topologies, and jet vetoes as in the signal regions, sudh tha
no extrapolation iref"** and jetpr is needed from control to

C. Multijets background signal regions. The agreement between data and background
_ predictions is confirmed in a loyey validation region defined
The multijet background with larg&"sS mainly origi-  using the same monojet-like selection criteria waH's> and

nates from the misreconstruction of the energy of a jet in thdeading jetpr limited to the range 150-220 GeV.
calorimeter and to a lesser extent is due to the presence of |n the case of the-tagged analysis, for which the con-
neutrinos in the final state from heavy-flavor decays. In thisrol regions are defined with lower thresholds on the lead-
analysis, the multijet background is determined from dada, ing jet pr and EfTT‘iSS compared to those of the signal regions,
ing ajet smearing method as described in Re21], which theW(— uv)+ets,W(— ev)+jets,Z/y*(— ¢4~ )+jet andtt
relies on the assumption that tg"® of multijet events is  yields fitted in the control regions are then validated inided
dominated by fluctuations in the jet response in the detectagated validation regions (here denoted by V1-V5). The def-
that can be measured in the data. Different response funsctio inition of the validation regions is presented in Tableand
are used for untagged and heavy-flavor tagged jets. For thg such that there is no overlap of events with the control and
M1 monojet-like and CT-tagged analyses, the multijet back- signal regions. The validation regions V1-V4 differ froneth
ground constitutes about 1% of the total background, and isignal regions only on the thresholds imposed on;gﬁ'gsand
negligible for the other signal regions. leading jetpr. In the case of V5, the same requirements as one
of the signal regions oB{"** and leading jepr are imposed
but the number of jets is limited to be exactly three. Sintidar
D. Background fits the transfer factors from control to signal regions, tranfdc-
tors from the control to the validation regions are also aefin
The use of control regions to constrain the normalization obased on MC simulation. The same experimental systematic
the dominant background contributions fréf— vv)+jets, ~ uncertainties are evaluated and taken into account in the ex
WH+jets, (andt in the case of the-tagged analysis) reduces trapolation. These transfer factors are subject to the fimarle
significantly the relatively large theoretical and expesittal ~ uncertainties of the simulation, which are also appliechis t
systematic uncertainties, of the order of 20%-30%, assochMalidation regions. Hence, the extrapolation to the véiia
ated with purely MC-based background predictions in the sigregions is identical to that of the signal regions. Talle
nal regions. A complete study of systematic uncertaingies i presents the comparison between data and the scaled MC pre-
carried out in the monojet-like andtagged analyses, as de- dictions in the validation regions and Figpresents th&y"*®
tailed in SecVIl. To determine the final uncertainty on the and leading jepr distributions for V3 to V5 regions. Good
total background, all systematic uncertainties are tceate —agreement, within uncertainties, is observed betweenaata
nuisance parameters with Gaussian shapes in a fit based predictions demonstrating a good understanding of the-back
the profile likelihood method?7], that takes into account cor- ground yields.
relations among systematic variations. The fit takes also in
account cross contamination between different background
sources in the control regions.
A simultaneous likelihood fit to thev(— pv)+jets, W(— VIl SYSTEMATIC UNCERTAINTIES AND
ev)+ets,Z/y*(— ¢+~ )+jets andt control regions (the latter BACKGROUND FITS
only in the case of the-tagged analysis) is performed sepa-
rately for each analysis to normalize and constrain the cor- In this section the impact of each source of systematic un-
responding background estimates in the signal regions. Theertainty on the total background prediction in the sigeal r
results of the background-only fits in the control regiores ar gions, as determined via the global fits explained in Séb.,
presented in Tabld$—IV for the monojet-like selections, and is discussed separately for monojet-like anthgged selec-
in TableV for the c-tagged analysis. As the tables indicate,tions. Finally, the experimental and theoretical uncetias
the W/Z+jets background predictions receive multiplicative on the SUSY signal yields are discussed.
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TABLE Il. Data and background predictions in the controlioes before and after the fit is performed for the M1 selectibime background
predictions include both the statistical and systematetinties. The individual uncertainties are correlated do not necessarily add in
quadrature to the total background uncertainty.

M1 control regions W(— ev) W(— uv) Z/y (—»utu)
Observed events (20.31h) 9271 14786 2100
SM prediction (post-fit) 9276 110 14780+ 150 2106t 50
FitedW(— ev) 6580+ 130 04+0.2 —
FittedW(— pv) 39+5 12110+ 200 24402
FittedW(— tVv) 1640+ 40 1130+30 06+0.1
FittedZ/y* (—e"e") 0.0479.57 - -
Fitted Z/y* (— pt ) 36405 290+ 20 2010+ 50
Fitted Z/y* (— T+ 17) 116+ 3 43+3 29+03
Fitted Z(— vv) 17+3 42+04 —
Expectedt, single toptt+V 600+ 80 880+ 90 32+9
Expected dibosons 280+90 330+ 110 58+ 21
MC exp. SM events 9354 15531 2140
Fit inputW(— ev) 6644 04 —
Fit inputW(— pv) 41 12839 25
Fit inputW(— tv) 1650 1142 0.6
FitinputZ/y* (—ete™) 0.04 - -
FitinputZ/y* (— ptu™) 3.7 291 2044
FitinputZ/y*(— 1t17) 117 44 3.0
Fit inputZ(— vv) 18 45 -
Fit inputtt, single toptt+V 600 880 32
Fit input dibosons 280 330 58

A. Monojet-like analysis control regions, are studied in detail. This includes utaier

ties related to PDFs and renormalization/factorizatioalesc

o . iss settings, the parton shower parameters and the hadroniza-
Uncertainties on the absolute jet aB#l'S* energy scale and tion model used in the MC simulations, and the depen-

resolution (3 translate into an uncertainty on the total back- d :
X ence on the lepton reconstruction and acceptance. As a
ground that varies betweenl1®s for M1 and 13% for M3. P ba

Uncertainties related to jet quality requirements andypile result, an additional 3% uncertainty on #- vv)ets,
i : . o FT7)4 e )+ ibutions i
description and corrections to the jgt andE{"s*introduce a Z[y (=T T )HetsandZ/y (— e'e”)+ets contributions s

: - included for all the selections. Separate studies usingpar
0, 0, - .. . . . .
O'ZA’.tO.O?’A’ uncertainty on the backgrounq pr.edlct|ons. Un level predictions folV /Z+jet production, as implemented in
certainties on the simulated lepton identification and meco

. SN . MCFM-6.8 [33)], indicate that NLO strong corrections affect
struction efficiencies, energy/momentum scale and resaolut —

. . ) on
translate into a 2% and 09% uncertainty in the total back- theW(-» pv)+jets toZ(~ vv)+jets ratio by less than 1% in

i . the E%“‘SS and leading jetor kinematic range considered. In
ground for M1 and M3 selections, respectively. addition, the effect from NLO electroweak corrections o@ th

Variations of the renormalization/factorization and part  W-+jets toZ+jets ratio is taken into account4-56]. Dedi-
shower matching scales and PDFs in the SHERPACtjets  cated parton-level calculations are performed with theesam
background samples translate into a 1% #06 uncertainty  EMSSand leading jepr requirements as in the M1 to M3 sig-
in the total background. Variations within uncertaintieshe  nal regions. The studies suggest an effect onwthgets to
re-weighting procedure for the simulatédandZ pr distribu-  Z+jets ratio that varies between about 2% for M1 and 3% for
tions introduce less than a 0.2% uncertainty on the totdtbac M2 and M3, although the calculations suffer from large un-
ground estimates. certainties, mainly due to the limited knowledge of the pho-

Model uncertainties, related to potential differences beton PDFs inside the proton. In this analysis, these results
tweenW+jets andZ+ijets final states, affecting the normal- are conservatively adopted as an additional uncertaintjen
ization of the dominanZ(— vv)+jets and the small/y*(—  Z(— VV)+jets,Z/y*(— 1717 )+jetsandZ/y* (— e"e”)+jets
TH17)+jets andZ/y* (— e*e")+jets background contribu- contributions. Altogether, this translates into an uraiaty
tions, as determined iWV(— pv)+jets andwW(— ev)+jets  ©On the total background that varies fron®% and 21% for
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TABLE lll. Data and background predictions in the contrajimns before and after the fit is performed for the M2 selectithe background
predictions include both the statistical and systematetinties. The individual uncertainties are correlated do not necessarily add in
quadrature to the total background uncertainty.

M2 control regions W(— ev) W(— uv) Z/y (—»putu)
Observed events (20.31h) 1835 4285 650
SM prediction (post-fit) 1848 45 4280+ 70 650+ 26
FittedW(— ev) 1260+43 - -
FitedW(— uv) 10+2 3500+ 90 08+0.2
FitedW(— V) 350+13 330+ 15 028+0.03
FittedZ/y* (—e"e") 0.03"533 - -
Fitted Z/y* (— pt ) 12402 7144 620427
Fitted Z/y* (— T+ 1) 17+1 85+0.6 10401
Fitted Z(— vV) 46407 08+0.1 -
Expectedt, single toptt+V 120+20 240+ 35 8+2
Expected dibosons 80+ 30 130+53 21+7
SM prediction (pre-fit) 1873 4513 621
FitinputW(— ev) 1287 — —
Fit inputW(— pv) 11 3725 0.8
Fit inputW(— tv) 352 342 0.3
FitinputZ/y* (—ete™) 0.04 - -
FitinputZ/y* (— puu™) 12 67 590
FitinputZ/y*(— 1t717) 17 87 1.0
Fit inputZ(— vv) 4.9 08 -
Fit inputtt, single topt+V 120 240 8
Fit input dibosons 80 130 21

the M1 and M2 selections, respectively, to abo6P2 for the  nant background contributions that are determined usitey da
M3 selection. driven methods, leading to a less than 0.3% uncertainty®n th

Theoretical uncertainties on the predicted backgroundetal background.
yields for top-quark-related processes include: unoatits
on the absolut#, single top andt +Z/W cross sections; un-
certainties on the MC generators and the modeling of parton B. ctagged analysis
showers employed (see Séit); variations in the set of pa-
rameters that govern the parton showers and the amount of In the c-tagged analysis, the jet energy scale uncertainty
initial- and final-state soft gluon radiation; and uncenrtigis  translates into a 0.3% to 2.2% uncertainty in the final back-
due to the choice of renormalization and factorizationeal ground estimate. Uncertainties related to fleese and
and PDFs. This introduces an uncertainty on the total backmedium c-tag introduce a 2.8% and 2.5% uncertainty on the
ground prediction that varies between 1.6% and 1.0% for thé@ackground yield for the C1 and C2 selections, respectively
M1 and M3 selections, respectively. Uncertainties on the diUncertainties related to the jet energy resolution, softico
boson contribution are estimated in a similar way and transbutions toE{"*°, modeling of multiplepp interactions, trigger
late into an uncertainty on the total background in the rang@&nd lepton reconstruction and identification (momentum and
between 0.7% and 1.3%. A conservative 100% uncertaintgnergy scales, resolutions and efficiencies) translateimbut
on the multijet background estimation is adopted, leading t a 1.2% (1.4%) uncertainty for the C1 (C2) selection. Varia-
a 1% uncertainty on the total background for the M1 selections of the renormalization/factorization and partoséar
tion. Finally, statistical uncertainties related to théadeon-  matching scales and PDFs in the SHERRKZ+jets back-
trol regions and simulation samples lead to an additional unground samples translate into a 3.0% an898 uncertainty
certainty on the final background estimates in the signal rein the total background for the C1 and C2 selections, respec-
gions that vary between 1.2% for M1 and 1.4% for M3 se-tively. Uncertainties in the re-weighting of the simulatatd
lections. Other uncertainties related to the trigger efficy  andZ pr distributions, affecting the extrapolation of the MC
and the determination of the total integrated luminosityj[ normalization factors from the control to the signal region
are also included, which cancel out in the case of the domiintroduce a less than 0.6% uncertainty in the final backgioun
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TABLE IV. Data and background predictions in the controlioeg before and after the fit is performed for the M3 selectidme background
predictions include both the statistical and systematetinties. The individual uncertainties are correlated do not necessarily add in
quadrature to the total background uncertainty.

M3 control regions W(— ev) W(— uv) Z/y (—»putu)
Observed (20.3 fol) 417 946 131
SM prediction (post-fit) 426-20 950+ 30 130+12
FitedW(— ev) 270+ 17 — —
FitedW(— uv) 22+04 750+ 37 03+0.1
FitedW(— tv) 84+6 79+6 0.024+0.01
FittedZ/y* (—ete™) - - -
FittedZ/y* (— ™) 0.74+0.1 13+1 120+12
FittedZ/y* (— TF17) 47+04 18+0.3 0.28+0.03
Fitted Z(— vV) 1.2+0.2 0.0840.02 -
Expectedt, single toptt+V 31+5 65+10 1+1
Expected dibosons 22+8 40+17 5+3
SM prediction (pre-fit) 416 1023 132
FitinputW(— ev) 271 — —
FitinputW(— uv) 2.4 824 0.3
Fit inputW(— tv) 83 79 0.02
FitinputZ/y* (—ete™) - - -
FitinputZ/y* (— putu~) 0.7 13 125
FitinputZ/y*(— 1717) 4.6 18 0.3
Fit inputZ(— vv) 13 0.10 -
Fit inputtt, single topt+V 31 65

Fit input dibosons 22 40

estimates. In the-tagged analysis, th&+jets andW+jets C. Signal systematic uncertainties

background is enriched in heavy-flavor jets produced in-asso
ciation with the vector boson and the same heavy-flavor pro- pitferent sources of systematic uncertainty on the predict
cesses are present in the signal region and/thets control  gysy signals are considered. Experimental uncertaingies r
regions. Theoretical uncertainties on the backgroundipred |5te4 to the jet and;_lrpiss reconstruction, energy scales and
tions for top-related processes and diboson contribubes yesojytions introduce uncertainties in the signal yieftghie
computed following the same prescriptions as in the momoletrange 3% to 7% and 10% to 27% for the monojet-like and
like analysis and constitute the dominant sources of SySte”b-tagged analyses, respectively, depending on the stop and
atic uncertainty. In the case of top-related processes, thiyatralino masses considered. In thtagged analysis, un-
translates into an uncertainty on the total backgroundipred cerainties on the simulateditagging efficiencies fotoose
tion of 5.2% and 5.0% for C1 and C2 selections, respectivelysnq medium tags introduce 9% to 16% uncertainties in the
Similarly, the uncertainties on the diboson contributiteed signal yields. In addition, a 2.8% uncertainty on the inte-
to an uncertainty on the total background of 5.5% (11.5%) fotyrated luminosity is included. Uncertainties affecting tig-
the C1 (C2) selection. The limited number of SM MC eventsy,| acceptance times efficiency  €) related to the gener-
and data events in the control regions lead to an additiondjsion of the SUSY samples are determined using additional
uncertainty of 3.0% (4.4%) for the C1 (C2) signal region. Fi- samples with modified parameters. This includes uncertain-
nally, a conservative 100% uncertainty on the multijet back ies on the modeling of the initial- and final-state gluoniaad
ground contribution in the control and signal regions i®als (o the choice of renormalization/factorization scalasd
adopted, which translates into a 0.4% and 0.9% uncertainty, parton-shower matching scale settings. Altogether thi
on the total background for the C1 and C2 selections, respegransiates into an uncertainty on the signal yields thatigen
tively. to increase with decreasingm and varies between 8% and
12% in the monojet-like analyses, and between 17% and 38%
in the c-tagged selections, depending on the stop and neu-
tralino masses. Finally, uncertainties on the predicte&%U
signal cross sections include PDF uncertainties, variatén
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theas(Mz) value employed, as well as variations of the renor- VIIl. RESULTS AND INTERPRETATION

malization and factorization scales by factors of two ané-on

half. Altogether, this results in a total theoretical uriagty

on the cross section that varies between 14% and 16% for stop The data and the expected background predictions for the

masses in the range between 100 GeV and 400 GeV. monojet-like andc-tagged analyses are summarized in Ta-
ble VIII . Good agreement is observed between the data and



13

TABLE V. Data and background predictions in tié/Z+jets andtt control regions before and after the fit is performed for ¢itagged
selection. The background predictions include both thigssitzal and systematic uncertainties. The individualertainties are correlated, and
do not necessarily add in quadrature to the total backgronedrtainty.

c-tagged control regions W(— pv) W(— ev) Z— 0 tt
Observed events (20.3h) 1783 785 113 140
SM prediction (post-fit) 178842 790+ 28 110+11 140+ 12
FitedW(— ev) - 260+49 008+0.02 019+0.05
FitedW(— uv) 480+110 Q01+01 0.01+0.01 06+0.1
FitedW(— TVv) 70+14 29+6 - 0.06+0.02
Fitted Z(— vV) - 0.35+0.05 - -
FittedZ/y* (—ete™) - - 49+6 -
FittedZ/y* (— puu™) 22+3 - 4545 64+0.8
Fitted Z/y*(— T+17) 16+3 37+07 - 19404
Fittedtt 1000+ 110 400+ 43 71+0.8 120+12
Expectedt +V 9+1 45+05 1.0+0.1 18+4+0.2
Expected single top 9518 49+9 0.35+0.08 7+1
Expected dibosons w15 35+8 11+2 5+1
Expected Higgs 1+0.2 05+0.1 0.06+0.01 014+0.02
SM prediction (pre-fit) 1830 790 127 132
Fit inputW(— ev) - 290 Q08 020
Fit inputW(— pv) 588 Q1 0.02 a7
Fit inputW(— tv) 79 32 - 0.10
Fit inputZ(— vv) - 0.40 - -
FitinputZ/y* (—ete™) - - 56 -
FitinputZ/y* (— puu™) 25 — 52 74
FitinputZ/y*(— 1t17) 17 41 - 2.2
Fit inputtt 940 374 67 108
Fit inputtt+V 9 45 10 18
Fit input single top 95 49 35 7
Fit input dibosons 76 35 11 5
Fit input Higgs 11 0.5 0.06 014

TABLE VI. Definition of the validation regions for the-tagged selection.

V1 V2 V3 V4 V5
Preselection

Tagging One mediunt-tag among jets 2—4(2-3) for V1-V4(V5)

Three (two) loose-tags, acting ab-veto, for other 3(2) jets for V1-V4(V5)
Ne 0 0 0 0 0
Ny 0 0 0 0 0
Niet >4 >4 >4 >4 =
E’TniSS (GeV) € [150 250 € [200 250 € [150 250 > 150 > 250
Leading jetpr (GeV) € [150,250 € [200,290 > 150 € [150,290 > 290

the SM predictions in each case. The SM predictions fotainty of 2.9%, 3.2%, and 4.6% for the M1, M2, M3 signal
the monojet-like selections are determined with a totakunc regions, respectively, which include correlations betwee-
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FIG. 4. The measureEI’Tniss and leading jetr distributions in theN(— pv)+jets (top),W(— ev)+jets (middle), andZ/y*(— £+£ )+jets
(bottom) control regions, for the-tagged selection, compared to the background predictidine latter include the global normalization
factors extracted from the fit. The error bands in the ratickide the statistical and experimental uncertaintieherbackground predictions.

certainties on the individual background contributionsniS  to the background predictions. Similarly, Figjpresents the
larly, the SM predictions for the-tagged analyses are deter- leading jetpr, Em'SS and jet multiplicity distributions for the
mined with a total uncertainty of 10% for C1 and 14% for C2 c-tagged selectlons. For illustration purposes, the @istion
selections. Figur€ shows the measured leading jgt and  of two different SUSY scenarios for stop pair production in
Ef'ss distributions for the monojet-like selections comparedthef; — c+ )”(E decay channel with stop masses of 200 GeV
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TABLE VII. Observed events and SM background predictionsifthe control regions for the V1 to V5 validation regionseTrrors shown
are the statistical plus systematic uncertainties. Thieithgal uncertainties are correlated, and do not necdgsatd in quadrature to the total
background uncertainty.

c-tagged validation regions Vi V2 V3 V4 V5
Observed events (20.3h) 1534 257 2233 2157 215
Fit prediction 153@: 90 260+ 20 2300+ 190 2200+ 190 200+ 50
W(—ev) 70+13 12+2 100+ 20 100+ 18 9+3
W(— uv) 60+14 10+2 90+20 90+ 19 10+3
W(— 1Vv) 330+ 60 64+ 12 470+ 86 460+ 82 50+ 19
Z(— vv) 260+ 44 524+12 360+ 56 410+ 95 80+ 20
Z/y (—ete) - - - - -
Z/y (=) 11+01 0.14+0.02 16+4+0.2 15+0.2 0.11+0.03
Z/y (—» 1) 8+1 0940.2 1242 10+2 0540.2
tt 630+ 90 92+ 14 830+ 160 830+ 170 20+5
tt+V 6.3+0.7 13401 10+1 10+1 0.16+0.05
Single top 60t 12 9+2 80417 80+ 16 8+1
Dibosons 60-14 1443 100+ 22 100+ 23 18+3
Higgs Q7+0.1 0.15+0.03 11402 11+0.2 0.09+0.02
Multijets 40+19 08+0.8 200499 70+ 36 —

and neutralino masses of 125 GeV and 195 GeV are includetlveen 96 fb and 9.6 fb are excluded at 95% CL. In the case
n%f the c-tagged analysis, visible cross sections above 1.76 fb
and 0.95 fb, for the C1 and the C2 selections, respectivedy, a
excluded at 95% CL, as shown in Talle.

The agreement between the data and the SM predictio
for the total number of events in the different signal region
is translated into 95% confidence level (CL) upper limits on
the visible cross sectiorg x A x €, using theCLs modified
frequentist approacl8[/], considering the systematic uncer- . B
tainties on the SM backgrounds and assuming there is no A. Stop pair production with f; — ¢+ %9
signal contamination in the control regions. The upper lim-
its are derived from pseudo-experiments and from an asymp- The results are then translated into exclusion limits on the
totic approximation§7], which gives similar results. For the pair production of top squarks with — c+ )?f (BR=100%)
monojet-like analysis, values af x A x € in the range be- as a function of the stop mass for different neutralino nasse
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FIG. 6. Measured leading jgtr and E?“issdistributions for the V3—-V4 (top) and V5 (bottom) selecsocompared to the SM predictions.
The error bands in the ratios include both the statisticdlsystematic uncertainties on the background predictions.

TABLE VIII. Data and SM background prediction in the signagion for the monojet-like andtagged selections. For the SM predictions
both the statistical and systematic uncertainties aredtez. In each case the individual uncertainties can belatetk and do not necessarily
add in quadrature to the total background uncertainty.

Signal Region M1 M2 M3 C1 C2
Observed events (20.3h) 33054 8606 1776 208 71
SM prediction 3345@-960 8620+ 270 1770+ 81 210+21 75+11
W(— ev) 3300+ 140 700+43 130+ 12 11+2 30+0.7
W(—= uv) 3000+ 100 700+ 29 133t8 8+2 3.0+0.7
W(— 1Vv) 7800+ 290 1690t 74 320+ 24 42+9 14+3
ZJy (—e'e)

Z/y (= putu) 170+27 53+9 13+3 0.07+0.01 004+0.01
Z/y (= T1TT) 95+ 6 17+1 18+0.3 07+0.1 0.15+0.03
Z(—vv) 17400+ 720 5100t 240 1090+ 72 62+ 9 27+3
tt, single topit+V 780+73 150+ 19 27+4 63+ 13 18+4
Dibosons 658-99 220+40 60+ 14 21+13 10+9
Higgs — — — 0.16+0.03 007+0.01
Multijets 300+ 300 30+ 30 4+4 2+2 01+0.1

Expected and observed 95% CL exclusion limits are set us- thieGLs approach, for which a simultaneous fit to the sig-
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FIG. 7. MeasurecE{niss and leading jetpr distributions for the M1 (top), M2 (middle), and M3 (bottors¢lections compared to the SM
predictions. For illustration purposes, the distributiditwo different SUSY scenarios are included. The error lséndhe ratios include both
the statistical and systematic uncertainties on the backgt predictions.

nal and control regions is performed including statistaadl  into account. The fit accounts for any potential contamarati
systematic uncertainties. Uncertainties on the signa¢@cc of signal events in the control regions which a priori hasbee
tance times efficiency, the background predictions, antlthe estimated to be very small. In addition, observed limits are
minosity are considered, and correlations between sysiema computed using-10 variations on the theoretical predictions
uncertainties on signal and background predictions amntak for the SUSY cross sections. For each SUSY point consid-
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FIG. 8. (top) MeasureE%“iSS and leading jepr distributions for the C1 selection before the cut in thealale shown (as indicated by the
vertical arrows) is applied. In the case of EEiSSdistribution, the cuts corresponding to C1 and C2 selestame both indicated. (bottom)
Measured leading jgtt and jet multiplicity for the C2 selection. The data are corepao the SM predictions. For illustration purposes, the
distribution of two different SUSY scenarios are includ&tie error bands in the ratios include both the statisticdlsystematic uncertainties
on the background predictions.

TABLE IX. Left to right: 95% CL upper limits on the visible css section (0

o) and on the number of signal evenggj). The third

column @Xp) shows the 95% CL upper limit on the number of signal eventﬁergthe expected number (agtlo on the expectation) of
background events. TH&L g value, i.e. the confidence level observed for the backgrauntg hypothesis, and thegy values, which represents
the probability of the background alone to fluctuate to thgeobed numbers of events or higher, are also reportedpgdvalues are truncated
at 0.5 if the number of observed events is below the numbexg#aed events. The limits derived using an asymptoticagmration instead

of pseudo-experiments are given in parentheses.

Signal region o) dfb] s S Clg Po
M1 96.2 (95.4) 1951(1935 1960530 (19507539 0.49 050
M2 284 (28.7) 575(581) 590%3 (60 igg) 0.48 050
M3 9.6 (9.6) 195(195) 190723 (19029 0.51 049
C1 1.76 (1.75) 35.8 (35.5) 320 (37*}2 0.45 0.50
c2 0.95 (0.93) 19.3 (18.9) 28 (22'3) 0.35 0.50

ered, observed and expected limits are computed separatdty the different monojet-like and-tagged analyses, and the



19

one with the best expected limit is adopted as the nominadvent selections are carried out that optimize the seitgitiv
result. Finally, the 95% CL observed limits correspondimg t across the stop—neutralino mass plane. Good agreementis ob
the—10 variations on the SUSY theoretical cross sections arserved between the data and the SM predictions. The results
then quoted. are translated into 95% CL exclusion limits on the stop and
Figure9 shows the results separately for the monojet-likeneutralino masses. A stop mass of about 240 GeV is excluded
and c-tagged analyses, illustrating their complementary re-at 95% confidence level foryl—mxg < 85 GeV, as the max-

gions of sensitivity. As a_nti_cipated, the monojet-l_ikee:el imum mass difference in which the decay mdges C+)~(f

tions drive the exclusion limits at very lom for which the  yominates. Stop masses up to 270 GeV are excluded for a

M2 and M3 signal regions enhance the sensitivity to large Sto neytralino mass of 200 GeV. In a scenario with the stop and

and neutralino masses. Tleetagged results determine the e lightest neutralino nearly degenerate in mass, stogesas

exclusmn_ limits in the rest of the plane. Figuté presents up to 260 GeV are excluded. The results from the monojet-

the combined results. Masses for the stop up to 240 GeV aiige analysis are also re-interpreted in terms of stop pair p

excluded at 95% CL for arbitrary neutralino masses, withing, tionin the four-body decay chanfighs b+ f f' + ° and

the kinematic boundaries. For neutralino masses of abou . . L ~0 . 1=
ottom pair production with; — b+ X7, leading to a simi-

200 GeV, stop masses below 270 GeV are excluded at 9502)r exclusion for the mass-degenerate scenario. The sdault

CL. In the compressed scenario with the stop and neutralincﬁiis3 aper significantly extend previous resufis, [26-30] at
nearly degenerate in mass, the exclusion extends up to Stc%lligerps 9 y P '

masses of 260 GeV. The region wiim < 2 GeV is not con-
sidered in the exclusion since in this regime the stop coeld b
come long-lived. These results significantly extend prasio
exclusion limits P7, 28] on the stop and neutralino masses in
this channel.
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