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Abstract

A search for scalar top quarks is presented in final states with jets and missing trans-
verse momentum. The data sample of proton—proton collisions used corresponds to
an integrated luminosity of 4.98 fb~! collected at /s = 7 TeV with the CMS detec-
tor at the LHC. The data is found to be in agreement with the predicted backgrounds.
Exclusion limits are set in simplified models with the top squark decaying to an unde-
tected particle and jets, either through an on-shell top quark, or through a chargino.
For a massless undetected particle, we respectively exclude at 95 percent C.L. top
squark masses between 295 and 375 GeV and between 280 and 375 GeV, the latter for
a chargino at 75 percent of the top squark mass.
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1 Introduction

The standard model is the most successfully tested description of nature to date — yet it is
known to be incomplete. It offers no explanation for the observed dark-matter content of the
universe [1]. In addition, if the boson recently observed at the LHC [2, 3] is found to be at the
origin of electroweak symmetry breaking, then the so-called hierarchy problem arises, requir-
ing fine-tuning of the quantum effects which drive the Higgs scalar’s mass to the Planck scale.
Requiring the standard model not to exhibit such unnatural fine-tuning therefore implies the
need for a mechanism to stabilize the mass of the Higgs boson. Supersymmetric theories with
conservation of so-called R-parity offer a possible explanation for these basic questions [4].
The lightest supersymmetric particle (LSP) in such a theory would be stable, can be neutral,
and therefore is a good dark-matter candidate. Furthermore, the supersymmetric partner par-
ticles cancel the divergence of large radiative corrections to the Higgs boson mass, allowing it
to remain naturally light near the electroweak scale.

To date, no supersymmetric particles have been experimentally observed. Current limits from
the LHC [5, 6] place gluino masses above ~ 1.1 TeV for some decay topologies in the decoupled
squark limit, and first and second generation squark masses above ~ 800 GeV in the decoupled
gluino limit. Supersymmetry must therefore be a broken symmetry, and the cancellation of
the radiative corrections to the Higgs-boson mass cannot be exact. Due to the large standard
model Yukawa coupling of the top quark, supersymmetric scalar partners to the right- and
left-handed top quarks (g, t;) play the dominant role in naturalizing quantum effects to the
Higgs boson mass. Hence, supersymmetry as a solution to the hierarchy problem theoretically
motivates the top squark, to be of a similar mass scale as the top quark [7, 8]. Existing limits
on the production of light scalar top quark pairs from the Tevatron [9-12] and the LHC [13-17]
only probe a small portion of the possible phase space, with the range m(t) ~ 225 to 500 GeV
excluded for low LSP masses and a few specific decay topologies.

Motivated by the large branching fraction to quarks, and the lack of intrinsic missing trans-
verse momentum (Et) in the fully-hadronic top-pair background, this search concentrates on
hadronic top-squark-decay final states with jets, b-quark jets, and Er. Two possible top squark
decay channels are considered within the context of simplified models [18-20]: T — t{° —
bW %Y, through an on-shell top decay, and  — bgx" — bW xY, through an intermediate
chargino, both leading to a bbqqqq+ Er final state. In this analysis, no assumption is made
about the presence of on-shell top quarks in the top squark decays, thereby retaining sensi-
tivity for both decay modes. In order of decreasing importance, the relevant standard model
backgrounds to this search are: tt production with a W — (*v decay, invisible Z — vv decays
accompanied by jets, and multijet production from QCD. All other SM production processes
can be considered to be part of one of these background categories. In this analysis each of
these three background components is predicted using data control samples.

This article is organised as follows. In Section 2, the detector is described, along with the
physics object reconstruction and event samples used. The event selection for the considered
search regions is detailed in Section 3. In Section 4, the prediction of the background is dis-
cussed. Results are compared to data in Section 5 and interpreted for the considered new-
physics models.

2 Detector, objects and datasets

The central feature of the CMS apparatus is a superconducting solenoid 13 m in length and 6 m
in diameter, which provides an axial magnetic field of 3.8 T. The bore of the solenoid is instru-
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mented with various particle detection systems. Charged particle trajectories are measured by
the silicon pixel and strip tracker, covering 0 < ¢ < 27 in azimuth and |77| < 2.5, where the
pseudorapidity 7 is defined as 7 = —In [tan(0/2)], with 6 being the polar angle of the parti-
cle’s momentum with respect to the counterclockwise beam direction. A lead-tungstate crys-
tal electromagnetic calorimeter (ECAL) and a brass/scintillator hadronic calorimeter (HCAL)
surround the tracking volume and cover the region || < 3. Quartz/steel forward hadron
calorimeters extend the coverage to || < 5. The steel return yoke outside the solenoid is in-
strumented with gas-ionisation detectors which are used to identify muons. The detector is
nearly hermetic, allowing for momentum balance measurements in the plane transverse to the
beam directions. A detailed description of the CMS detector can be found elsewhere [21].

All physics objects are reconstructed in a global event description, using a particle-flow tech-
nique [22]. This algorithm identifies and reconstructs individually the particles produced in the
collision, namely charged and neutral hadrons, photons, muons, and electrons, by combining
the information from the tracking system, the calorimeters, and the muon system. The missing
transverse momentum vector Fr is computed as the negative vector sum of all reconstructed
particles, without further corrections. All these particles are further clustered into jets using the
anti-kt algorithm with a distance parameter of 0.5 [23] from FASTJET [24]. Subtraction of energy
deposits from simultaneous pileup collisions is performed using vertex compatibility of recon-
structed charged hadrons, and in a second step by means of in situ estimation of the pileup
energy density in the event. As over-subtraction may induce spurious mis-balancing of mo-
mentum sums, pileup correction is performed only for jet momenta as used for kinematic cuts
and counting jet multiplicities. Jet energies are corrected for the non-linear calorimeter response
using calibration factors derived from simulation. For jets in data, an additional residual en-
ergy correction derived from data is applied [25]. Jets are identified to originate from b-quarks
using an algorithm that combines the information on track impact parameters and identified
secondary vertices within jets, even when full vertex information is not available [26]. The
b-tagging efficiencies in simulation are corrected to match data measurements [27].

This analysis is performed using a data sample with an integrated luminosity of 4.98 fb™* of pp
collisions at 7 TeV, collected in 2011 by the CMS detector at the LHC at CERN. Events are only
considered if they pass online selections requiring the presence of two jets, and large missing
transverse momentum calculated from all calorimeter deposits. These trigger requirements are
found to select on average 95% of events with 1 = 175GeV, reaching quickly 100% at higher
values of Er.

Several effects related to e.g. electronics noise, beam backgrounds, etc., are known to poten-
tially lead to an apparent but unphysical large value of Z7. The events used in this analysis have
been pruned of such mis-reconstruction effects, while ensuring that the inefficiency so induced
on the selection of processes with genuine Et stays below 1%. Additionally, a requirement
is imposed to reject events where a large amount of energy is deposited in badly functioning
ECAL crystals (~1% of the total).

Several Monte-Carlo (MC) simulated event samples are used throughout the analysis. The
MADGRAPH [28] generator was used for the tt, W+jets, Z+jets and y+jets processes, while
single-top production was generated using POWHEG [29], and both PYTHIA [30] and MAD-
GRAPH was used to generate multijet QCD events. Other processes, like ttZ, were found to be
very small. On all events, PYTHIA was subsequently used to perform parton showering, while
where relevant tau leptons were decayed using TAUOLA [31]. The detector interaction and re-
sponse for all background samples were simulated in detail using GEANT [32]. The top squark
signal samples were generated using PYTHIA, with normalization to the next-to-leading order



plus next-to-leading-logarithm cross section [33-37]. In this case a parametrized simulation of
the detector response is used. For these signal simulations the top squark mass is varied up to
700 GeV and the LSP mass from 0 GeV up to the kinematical limit for the considered top squark
decays.

3 Event selection

The main signal targeted by this analysis is supersymmetric top squark pair production, with
each top squark either decaying through an on-shell top quark or via a chargino. In Figure 1,
the signal production diagrams corresponding to the considered simplified models are shown.
The subset of events leading to a fully-hadronic final state are in either case characterized by
the presence of six jets in the final state, two of which originate from b quarks, accompanied by
missing transverse momentum from the LSPs.

t

t

Figure 1: Diagrams representing the simplified models of direct top squark pair production
considered, either with a decay to an on-shell top quark (left), or via a chargino (right).

We define a high statistics sample, referred to as the baseline selection, from which dedi-
cated search regions are developed. This sample consists of events with at least five jets with
pr > 30GeV and || < 2.4, of which at least one should be identified as a b jet. The leading
three jets should in addition have pt > 50GeV. The requirement on the missing transverse
momentum value is Fr > 175GeV, to be in the asymptotically efficient region with respect to
the online event selection requirement. To suppress events with strong mismeasurement of a
single high-pr jet, Fr should be separated in ¢ from the first, second, and third highest-pr jets
within || < 4.7, by A([)(ET, jet) > 0.5,0.5, and 0.3 respectively. Finally, events containing muon,
electron, or tau leptons are vetoed with dedicated selections, hence suppressing backgrounds
with real P arising from a leptonic W-boson decay.

The identification criteria for the electron and muon veto were designed to be as loose as pos-
sible, aiming for maximal rejection of prompt lepton backgrounds, while maintaining a < 10%
loss of the fully-hadronic top squark signal. With two b-quarks per signal event, electrons and
muons from B-meson decays are the dominant cause for signal events to be vetoed. The main
variables found to discriminate between leptons from prompt or B decay sources are the trans-
verse and longitudinal impact parameters of the lepton track relative to the interaction vertex,
and the isolation of the lepton from the rest of the activity in the event. In this analysis, a novel
definition of isolation sum has been developed that uses information about the spatial distri-
bution of energy deposits around the lepton of interest. This so-called “directional isolation”
calculates the sum of particle transverse momenta in a cone around the lepton by weighting
their momenta with the square of the angle in the 7 — ¢ plane between each particle and the
pr-weighted centroid of all particles contributing to the isolation. The weighting enhances the
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Figure 2: Fr distribution for events passing the baseline selection. Data yields are compared
to the background predictions discussed throughout this note. Two signal models are shown
overlaid on the background.

magnitude of the isolation sum for leptons inside the core of jets, as arise from B-meson decays,
as opposed to prompt leptons that randomly overlap with—but are mostly still just outside—
of the jet cones. The muon and electron selection criteria optimized using these isolation and
vertex compatibility requirements were found to provide 40% additional rejection of the lep-
tonic top and W backgrounds (including T — e or y) on top of what is achieved with more
conventional e and y vetoes.

In order to suppress backgrounds with hadronic tau leptons from W decay, a veto is placed
on events with a 7-like jet. Such jets are identified to have pt > 15GeV and || < 24, to
fail the b-jet identification criteria, to have few charged particles in a small cone around the jet
direction, and to have a small jet broadness. In addition, these jets should be compatible with
coming from a W decay, by giving rise to a transverse mass formed by the jet and F1 below
90 GeV. After baseline selection, this tau-lepton veto rejects 50% of the semileptonic tt events
with a hadronically-decaying tau lepton, while retaining 80% of the top squark signal with a
top squark mass of 400 GeV.

Backgrounds and signal yields according to MC simulated samples, as well as yields in data
collected by the search trigger, are summarized in Table 1 for various stages of the event se-
lection. The Et distribution after the baseline selection is shown in Figure 2. The dominant
background arises from semileptonically decaying tt, W+jets and single top production, where
the lepton either is out of kinematic acceptance, isn’t reconstructed, or otherwise doesn’t sat-
isfy the veto’s criteria for isolation and/or identification. The second largest background is Z
boson production where the boson decays invisibly, generating thus a high Er more or less
equal to the boson pr. A third background component consists of multijet events, from QCD
production but also hadronically decaying tt. The Er in such events arises from rare severe jet
mismeasurements surviving the A¢(Er,jet) cuts.

Jet counting and Ft are two of the most discriminating variables utilized in this search. De-
pending on the top squark and LSP masses, sometimes either the higher Fr or jet multiplicity
provides better signal-versus-background separation. Therefore this analysis is optimised ver-



Table 1: Number of expected simulated and observed data events for an integrated luminosity
of 4.98fb 1.

Baseline Loose | Medium Tight
thiepton-+jets (Th) 128.1 40.0 24.4 184
thiepton-+jets (1 + Tn) 240+215| 69+66 | 40+3.0|3.0+28
thiepton tjets (€ + Te) 375+274 | 11.3+83 | 69+5.0 | 5.0+3.4
W(t,) 8.8 1.9 0.9 0.7
W+ 1) 18+12| 06+09 | 03+0.6|02+02
W(e+ 7) 30+05 | 16+02| 1.0+02 | 0.5+0.0
Single top 15.3 39 2.0 1.8
tfdiflepton(Th/ Th /g), {=e, M, Te, Ty 10.5 3.0 1.7 1.3
tfdi,lepton(f,ﬁ), {=e U, Te, Ty 2.1 0.6 0.3 0.3
Total missing lepton 281.7 85.8 50.3 37.6
Z(vv) 25.7 15.3 8.5 3.3
QCD multijets 27.7 4.1 2.2 0.3
ttal— hadronic 2.3 1.0 0.8 0.8
MC total 337.4 106.2 61.8 42.0
,t— t{° - bWHglall 110.7 57.3 404 32.5
i, T — t{° — bW ¥ all-hadronic 95.6 48.9 35.1 29.2

Mg 50 = 350/50 GeV
t,t— byt — bW+l all 102.9 45.0 31.2 24.2
", T — by" — bW all-hadronic 91.1 40.4 28.4 22.4
Mg 5+ 50 = 350/275/50 GeV

Data 301 123 80 49

sus so-called staircase cuts, where events are selected passing either of a set of cuts on Zt and jet
multiplicity. An additional requirement considered in the search optimisation is the minimal
angle between b-tagged jets and the Ft, min |A4>(]ZT, T_jT,b) |, which is enhanced at small values
for tt background events, while showing little correlation for signal.

The optimisation maximizes sensitivity to a given signal, taking into account systematic uncer-
tainties on both signal and background. Because of the relatively low signal-over-background
ratio, the systematic uncertainties on the background play a crucial role in the optimisation. In
the derivation of the above search regions, projected uncertainties for the tt background have
been used. After optimisation, three search regions were identified, each utilizing some combi-

nation of cuts in the above-mentioned variables. These regions are named “loose”, “medium”
and “tight”, with each tighter region a subset of the looser ones.

Loose: min |Ap(Er, Prp)l > 1.0and (Br > 175An; > 7) V
Medium: min |Ap(Er, Prp)l > 1.0and (Br > 175An; > 7) V

\%
Tight: min [A¢(Er, pr,)| > 1.0and (Br > 175 An; > 7) V

ETZZOO/\H]'ZS)
ETZZOO/\HJ'Z6)
ET2250/\1’1]‘25)
ETZZOO/\Tl]'Z6)

e e e R
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4 Background determination

4.1 Tau and lost leptons from W bosons and top quarks

The background arising from processes like tt and W+jets is dominated by events in which
one W boson decays to an electron, muon, or tau lepton, and where the lepton goes out of
kinematic acceptance, is not reconstructed, or passes the corresponding veto. This background
is predicted from data using a muon-+jets control sample orthogonal to the signal sample. A
translation is made from this sample to the signal regions by means of a technique of embed-
ded simulated leptons. The event sample thus obtained describes the full kinematics of the
background.

The muon+jets control sample is selected by requiring exactly one muon using the directional
isolation and with tight vertex compatibility requirements. Other selections are done such that
all events that can pass Er and jet requirements after embedding the simulated lepton are
present in the control sample. The main source of background to the control sample arises
from events with the selected muon coming from W — tv; — v, v, decay. To account for this
background, the control sample is corrected as a function of the muon pr with a factor obtained
from the ratio of W — 1,v; to W — pv in simulated tt muon-+jets events. The contamination of
the control sample by QCD multijet events was evaluated to be very small. Other backgrounds
are subtracted using simulation.

To use this control sample as a representation of the true W — ¢v (¢ = e, u, T) production
within kinematical acceptance, corrections need to be applied for the inefficiency of the muon
reconstruction and of the control sample identification and isolation requirements. The former
is a very small effect and it is taken from simulation, while the latter is estimated in the data
using Z tag-and-probe efficiency measurements parametrized as a function of the muon pr,
and the angular distance from the muon to the nearest jet.

The procedure of embedding consists of taking out the muon from the event, simulating at
the event’s vertex a lepton with same momentum as the original muon’s, and merging all
the reconstructed particles from that simulated lepton back into the original data event. To
avoid bias from embedding a lepton in the direction of an already isolated muon, the lepton
is simulated using the original muon’s momentum, but with the azimuthal angle ¢ mirrored
around the azimuthal direction of the W boson, taken as the vector sum of the muon and the
Er momenta. This flips both the £t and muon pr around the W axis in the transverse plane,
thus preserving the W pr, and ensuring a proper description of the jet-environment around
the lepton. For the tau-lepton embedding, the simulation with the PYTHIA generator [30] was
interfaced with the Tauola library [31] to ensure an accurate description of the tau decays,
including the polarization in W decays. Here, the same control-sample event is being reused
multiple times to sufficiently sample the tau-decay phase space. After embedding, objects like
jets and Et are rebuilt and all search cuts, including the lepton vetoes, are then directly applied
to evaluate the expected background.

This embedding procedure makes it possible to mimic the data environment of the background
in terms of jets, pileup, etc, and is observed to predict well the MC expectation when apply-
ing it to simulation. Deviations from the MC truth observed when executing the method on
simulated events are corrected for and propagated as a closure uncertainty to the result. The
prediction using this method in data, to obtain the backgrounds like tt, containinga W — (v
decay, is shown in Table 2 for all search regions, along with all considered uncertainties.

Apart from the level of closure assessed with simulation as a function of number of jets and Er,
additional corrections are taken into account, with corresponding uncertainties, when applying
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Table 2: Total prediction for the lost e, 4 and T backgrounds, along with all considered uncer-
tainties.

Event selection Baseline Loose Medium Tight
Prediction 2354 +13.9 732 622+6.6 757 395+53 77 279+4218
Statistical uncertainty £59% £10.7 % +134 % +14.9 %
Closure uncertainty +69% +77% +10.2% +12.0%
Electron # correction uncertainty +3.0% +£33% +58% +£79%
Lepton efficiency uncertainty +1.0% +£1.0% +1.0% +1.0%

7, subtraction uncertainty o oo o o

the method on data. The number of events with prompt leptons outside the considered pr and
1 acceptance is predicted using an estimate of the out-to-in fraction in simulation. The effect
on the electron and muon veto requirements of embedding simulation in data is evaluated
by comparing efficiency measurements in Z — /¢ data events and in the same data events
where a simulated Z — ¢/ decay with same Z momentum is embedded. For the electron
reconstruction, which is sensitive to the jet environment, a similarly obtained correction needs
to be applied to translate from the efficiency in an empty simulated event to the efficiency in
a signal-like data environment. A lepton efficiency uncertainty is associated to cover related
systematic effects. An observed non-closure in the prediction of the lost electron # distribution
is corrected through reweighting, and the full correction is taken as uncertainty. Finally, for
the subtraction of the 7, component of the control sample, an uncertainty is assessed to cover
remaining kinematic differences between the muons from prompt or T decay.

4.2 Invisible decays of Z bosons

The established method [38] for the prediction of the background from Z bosons decaying
into neutrinos, using a phenomenological translation of photon+jets events to events with a Z
boson, suffers from the absence of a solid theoretical model for high jet multiplicity and heavy
flavour in the final state. Instead, we use a Z — up control sample opportunely rescaled by the
differences between the target and the control sample in acceptance and Z branching ratio. To
overcome the statistical penalty, no b-tag is required in the control sample. Rather, a translation
is applied to the event fraction which has at least one b-tagged jet, using a correction factor
derived from a photon+jets control sample, which allows to estimate this fraction at a higher
jet multiplicity.

The dimuon control sample is selected from events collected with single-muon triggers, and by
asking for exactly two muons with tight isolation and identification requirements to have an
invariant mass between 60 and 120 GeV. The background, mostly from tt, is extracted and then
subtracted, by fitting the dimuon invariant mass in an extended mass window. The photon
sample is composed of events passing single-photon triggers, which are fully efficient in our
phase space of interest. Photons are selected with criteria which yield a very pure sample,
with photon isolation sums corrected for deposits from pileup collisions. In order to mimic the
jet and [ characteristics in Z — v¥ events, the muons and photon in these samples are not
accounted for when calculating the Zt and the number of jets.

A key ingredient for the prediction is the fraction )}, of events which contain at least one b-
tagged jet. This quantity is measured as a function of the number of jets njets in events from the
Z(— pp)+jets and y+jets control samples, for events with boson pr > 175GeV. To overcome
the low statistics at high jet multiplicity, xp,(#jets) is determined in the y+jets control sample.
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Although the ¢ and Z sample may have a different absolute scale of the b-quark content, e.g.
due to the relative couplings of the bosons with the b quarks, the trend as a function of jet
multiplicity is expected to be the same. Indeed, at high jet multiplicity gluon radiation and
subsequent splitting in bb pairs becomes the dominant b-jet production mode for both pro-
cesses. Therefore, the photon sample is used to measure )y, after which it is normalised to the
Z — up sample using as reference the number of events with three and four jets. The overall
uncertainty assigned to the normalisation is coming from the statistics of the sample and has
been evaluated to be of 14%.

Furthermore, x}, is observed to be linearly dependent on the number of jets, in both the data
and simulation samples for both 7 and Z. This linear dependence is also confirmed at lower
boson pr threshold. To improve the precision on the knowledge of the fraction of the events
with a b-tagged jet, the Xy, (7jets) distribution is fitted with a linear function, which is then used
for extrapolation into the high 7 search regions. The systematic uncertainty on the fit choice
is folded in as a xp shape uncertainty.

The described method cannot predict the full physics of Z — v7 events, since the presence
of a b-tagged jet is predicted only on average. Hence, any kinematic requirement on b jets
needs to be evaluated on average and applied as a correction factor to the final prediction
of the background. The efficiency of the A¢p(b, E1) selection cut in this analysis is extracted
from simulation for each of the search regions, after validation at low jet multiplicity and low
Z transverse momentum using the muon sample, and in a region at high jet multiplicity for
high boson pt using the photon sample. The values used for this correction, along with the
corresponding systematic uncertainty are reported in Tab. 4.

In Table 3 the predictions of the Z — v¥ background for the baseline and the three search
regions are reported. The systematic uncertainties for each region are displayed in the same
table, covering the already mentioned

Table 3: Summary of the prediction of the Z(vv)+jets background in all search regions. Yields
from simulation are normalised to leading-order cross section.

Baseline  Loose Medium  Tight
MC expectation 26 £2 15+ 2 85+14 33+09
MC prediction 28+3 16 £2 99+17 40+£11
Prediction from data | 47 +84+9 27 +6+5 18+5+4 12+543

Table 4: Summary of the corrections and the corresponding systematic uncertainties on the
Z(vv)+ets background prediction in all search regions.

Baseline  Loose Medium  Tight
Acceptance (X BR) correction 10.6 £7% 1024+8% 9.84+9% 10.7 £14 %
A¢(B, Et) efficiency correction - 0.81 £0.02 0.79 £0.03 0.76 +£0.05
X shape (from MC) 5% 5% 7% 16%
X normalisation 14% 14% 14% 14%
Binning of Data/MC efficiency scale factor | 2% 2% 2% 2%
Background-subtraction factor (data only) 0.85f8:8? O.87f8:88 0.90f8:‘1)? 0.87f8:(1)§

4.3 QCD multijets

The idea behind the QCD multijet prediction is to reweight Monte Carlo simulated multijet
events, so that key distributions agree with observations in various data control regions. These
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simulated events are then used to predict the QCD background by applying selection crite-
ria in the usual manner. There are two general aspects that are brought into agreement: first
the particle-level description of multijet production, and secondly the modelling of detector
(mis-)measurement effects that cause these otherwise well-balanced events to enter the high-E
search regions. The simulated sample is corrected by applying a series of event weights (scale
factors) defined as the ratio of data over simulated yields in distributions of interest and in
appropriate control regions. The sequence of corrections is as follows.

First, the true multijet production kinematics are reweighted to a low pile-up data sample col-
lected with Hr triggers. In order to ensure a good description of all kinematic quantities that
affect the probability of multijet events to enter the search region, a set of variables are exam-
ined that include event jet multiplicities, pt and # spectra of various pr-ranks of jets, angular
correlations i.e. Ay and A¢ between jets, as well as the vector sum momenta of soft jets. As
these quantities are often highly correlated due to the underlying physics process, it is often
necessary to parametrise yields simultaneously in a few variables. Scale factors as a function of
particle-level (“true”) versions of the variables are then solved for using an unfolding method
based on Bayes’ theorem [39], obtaining what the simulated yields should be in order to match
data. These scale factors are applied as multiplicative corrections on the weights of the simu-
lated events. The procedure is then iterated to fix a next set of variables, and is seen to converge
in a stable manner to ~ 10% data-MC agreement in all reweighted distributions.

The sub-population of events with production of one or more b-quark jets is of special rele-
vance to this analysis. It is furthermore important for jet resolution and b-tagging efficiency to
distinguish between “mono-b” jets consisting of the fragmentation products of a single b quark,
vs. “multi-b” jets which are comprised of two or more b quarks. The yield of data events with
multi-b jets is obtained in a subset of the Hr-triggered sample with exactly one b-tagged jet, by
titting simulated templates to observed distributions for the b-tagged jet: its charged particle
multiplicity, number of reconstructed secondary vertices, and number of tracks with displaced
impact parameters. This gives a scale factor for multi-b jet yields as a function of the b-jet pr,
which is used to correct the simulated multi-b production cross-section. After this the true
cross-section for production of events with one or two mono-b jets is unfolded from the data
yield of events with one and two b-tagged jets. The simulated events are then reweighted to
match this cross-section.

Second, to correct for discrepancies between jet resolutions in data versus simulation, a Et
trigger is used to collect a high Et, low A¢(E7, jet) control region. Events in this data sample are
predominantly from multijet production, and particularly favour having exactly one strongly
mismeasured jet, i.e. the one nearest to Ft in ¢. The latter is referred to as the probe jet in
such events. The recoil momentum, i.e. the vector sum momenta of all the other jets, is a
good estimator of the true momentum of the probe jet as the sum momenta of jets in multijet
production events should cancel out in the absence of mismeasurements. As such the recoil
TeSpoNse P probe/ PT recoil 18 highly similar to the jet resolution pr probe/ PT true, and is unfolded
to obtain scale factors for the jet resolution in a similar way as for the other scale factors above.
In order to account for jet and detector properties that induce a difference in resolution shapes,
these scale factors are obtained in various bins of pr recoil, and classifying jets by whether they
are b-tagged or not, and if they are in regions of the ECAL with non-functional channels.

The “raw” predicted QCD background yield is obtained as the sum of weights of simulated
events that pass various search region cutflows, where each event weight has been multiplied
by the abovementioned scale factors. The final prediction in Table 5 is further multiplied by
bias corrections described below. Systematic uncertainties for the QCD prediction are assessed
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Figure 3: Distributions of minimum A¢ between the leading three jets and Er, for events with
> 5jets, > 1b-tagged jet, Bt > 175GeV, and additionally a min |A¢(Fr, Prp)| = 1requirement
for the figure on the right. The out-of-the-box simulation versus the reweighted QCD predic-
tion is compared to the data yield in these plots. All QCD distributions are shown stacked on
top of the non-QCD contribution.

by examining its agreement with data yields in QCD-enhanced control regions with events
passing a Er trigger. The closure level is defined as the ratio of the predicted over observed
QCD yields, after subtracting from the latter the top, Z, and W-boson contributions as expected
from simulation. In the > 5 jets, min |A¢(ET,jet1-3)| < 0.15, and > 1 b-tag region, the closure
level is within +20% of unity as a function of Er, indicating soundness of the jet resolution
correction procedure. After a min |A¢(Er, Prp)| > 1.0 selection, some tension away from unity
has been observed for progressively higher jet multiplicities. However, for the most relevant
regions the agreement is comparable to the statistical uncertainty of the data—see Figure 3. The
overall closure level in the Et and jet multiplicity regions required by the search are measured to
be in the range of 0.9 to 1.4 (statistically compatible with unity) in the bulk of the search regions,
and 2.2 + 0.8 in a tiny subset with > 7 jets and min |A¢(Er, Prp)| = 1.0. The reciprocal of the
closure levels are taken as multiplicative bias corrections for the various search regions, and the
larger of the correction or its statistical uncertainty is propagated as a systematic uncertainty
of the procedure. The total uncertainty is dominated by the statistics of the simulated QCD
sample.

Table 5: Prediction for the QCD multijet background, along with the statistical and systematic
uncertainties.

Event selection Baseline Loose Medium Tight
Raw prediction 30.2 5.0 4.2 4.6
Corrected prediction 259 5.6 6.2 5.9

Statistical uncertainty | +88% +40% +£61% £52%
Closure uncertainty +£12% £22% £29% £30%
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5 Results and interpretation

In Table 6 all background predictions to the search are summarized, along with the expecta-
tions from Monte-Carlo simulation and the observations in data. In Figure 4 these results are
summarized graphically.

Table 6: Number of predicted, expected from simulation, and observed events for the inte-
grated luminosity of 4.98 fb™".

Baseline Loose Medium Tight

MC total 337.4 106.2 61.8 42.0

i, T — tg° — bW 0 all-hadronic 95.6 48.9 35.1 29.2
g0 = 350/50 GeV

', T — bt — bW {0 all-hadronic 91.1 40.4 284 224

Mg g /70 = 350/275/50 GeV

tt, t and W+jets

235.4 +13.9 1332

62.2 £ 6.6 137

39.5+53 177

5.8
279 + 42758

Z(— vv)+jets prediction 473+84+85|269+55+54|182+48+36 | 11.5+4.7+34
QCD multijets prediction 25.94+227+30| 56+22+13| 62+38+18| 59+31+18
Total prediction 308.6 £27.9 7308 | 947489131 | 639481755 | 453+7.0179
Data 301 123 80 49

The data is found to be in good agreement with the prediction. Therefore, the result of the
search is interpreted as limits on new physics. Two simplified models of direct top squark
pair production are considered, with the top squarks decaying to a final state of jets and LSPs,
either through an on-shell top or via a chargino, as shown in Figure 1. All other particles
are considered very heavy, effectively decoupled from the top squarks. As an input to the
interpretation of the result in the considered simplified model, the systematic uncertainties on
the signal efficiency are assessed. The uncertainty on the cross section is evaluated as a function
of the top squark mass [40]. The luminosity uncertainty follows from the CMS 2011 luminosity
meaurement [41]. The trigger uncertainty is conservatively taken to be 5% for selections with
Et > 175GeV, and 1% elsewhere, where the trigger has reached full signal efficiency. The
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Figure 5: Expected and observed 95% CL upper limits (baseline selection) on the direct top-
squark-pair production cross section, for the decay in t — t{° (left) and t — b+ ¥, " —
W+ + 0 (right), for x = 0.25,0.5,0.75, where my+ = x - m; + (1—x) * Mgo.

uncertainty related to the removal or cleaning of anomalous Et events was determined to be
within 2%. The combined lepton-veto uncertainty was estimated from data-MC comparisons
to be 8%. Uncertainties from other sources are evaluated for each (m;, m,0) point in the model’s
scan: jet energy scale (5-10%), jet energy resolution (1-5%), b-tag efficiency (1-4%) initial- and
tinal-state radiation (5-20%), and effects due to parton distribution functions (<1%).

The expected and observed limits are calculated using both the frequentist CLs method, with a
one-sided profile likelihood test statistic, and with the fast asymptotic CLs method. Statistical
uncertainties are modelled as Poisson and systematic uncertainties as lognormal. The signal
contamination of the background predictions is ~100% of the leptonic signal yield, so the ob-
tained results are equivalent to assuming only the presence of fully-hadronic signal and zero
contamination on the predicted background yields. In Figure 5 the cross section upper limit
for the baseline is shown overlaid on the top squark production cross section, as a function of
the top squark mass, for f° = 0 GeV, for different decay-chain scenarios. Figure 6 displays the
cross section upper limit in the (m¢, my0) plane for the two top squark decay scenarios explored
in this analysis.

6 Conclusion

A search for scalar top quarks was presented in final states with missing transverse momentum
and a high jet multiplicity. Dedicated lepton vetoes were developed and applied, along with
b-jet identification and kinematical constraints, to strongly suppress the backgrounds from tt,
Wjets, Z+jets and QCD multijet production. The remaining backgrounds are estimated as
much as possible from the data. The observated data in the search regions is found to be in
agreement with the predicted backgrounds. Exclusion limits are set in simplified models with
either top squarks decaying to an undetected particle and an on-shell top quark, or top squarks
decaying to ultimately the same final state, but through a chargino without an intermediate
top. For a massless undetected particle and conservatively taking a —1 0ineory lower bound on
signal cross-sections, we respectively exclude at 95% CL top squark masses between 295 and
375GeV and between 280 and 375 GeV, the latter for a chargino at 75% of the top squark mass.
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