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Abstract

A search for pairs of top squarks decaying to a top quark and a stable, weakly in-
teracting, massive particle is presented. The search selects events containing multiple
jets, with at least one identified as originating from a b-quark, and large missing trans-
verse momentum. The search also employs a novel top quark tagging algorithm for
identifying a top quark candidate decaying hadronically. It is based on 19.4 fb~! of
proton-proton collision data collected at a center-of-mass energy of 8 TeV by the CMS
detector at the Large Hadron Collider. The observed event yields are consistent with
the SM expectations. Assuming both top squarks decay always into a top quark and
a weakly interacting, neutral particle ({V), the production of top squarks with mass
less than 535 GeV is excluded at 95% confidence-level for X(l) masses less than 10 GeV.
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1 Introduction

The standard model (SM) of fundamental particles and their interactions has been extremely
successful in describing phenomena in the atomic and subatomic realms. The recently discov-
ered boson with a mass of 126 GeV [1, 2] is a prime candidate to be the last particle required in
this theory — the Higgs boson. However, a fine-tuned cancellation of large quantum corrections
is required in order to stabilize the light Higgs boson mass [3-8]. Supersymmetry (SUSY) is a
new symmetry beyond the SM that provides an elegant mechanism to mitigate this hierarchy
problem. SUSY proposes a super-partner for each SM particle with the same quantum numbers
except for spin, which differs by a half-integer unit. The loop corrections to the Higgs boson
mass due to these sparticles are opposite to those of the SM particles [9-13] thus stabilizing
the Higgs boson mass. This behavior can survive the breaking of SUSY, which is necessary
to explain the non-observation of superpartners with exactly the same mass as their SM coun-
terparts, provided that the superpartners are not themselves too heavy. In particular, the top
squark, the SUSY partner of the top quark, may be relatively light (less than ~ 1TeV) in order
for SUSY to provide a natural (not fine-tuned) solution to the hierarchy problem. In addition to
solving the problem of radiative stability, some SUSY models are attractive since they also offer
a dark matter candidate to explain astrophysical observations [14, 15]. In R-parity conserving
SUSY models, the lightest super-symmetric particle (LSP), which is often the lightest neutralino
)Z(l), is weakly interacting, neutral, and stable, thus making it a good dark matter candidate.

Searches for top squark pair production have been performed by the ATLAS Collaboration [16—
18] and the CMS Collaboration [19-21] at the LHC and by the CDF [22] and DY [23] Collabo-
rations at the Tevatron.

This paper presents a search for the direct production of a pair of top squarks (tt*) in multijet
events with a large imbalance in transverse momentum. The search is based on 19.4 b1 [24]
of proton-proton collision data collected using the CMS detector at the Large Hadron Collider
(LHC) at a center of mass energy of 8 TeV. For this search, the top squark mass is assumed to be
sufficiently large such that it always decays into a top quark and a weakly interacting particle
%Y. The signal process of top squark pair production considered in this search, pp — t#* —
ttx) %!, is represented pictorially in Figure 1.

The analysis strategy consists of utilizing simple and sensitive observables, as well as a selec-
tion that mitigates SM backgrounds. The background estimation is based on well-established
methods that have been commissioned and used in previous CMS analyses [25-27]. In other
words, the search is designed for robustness in the eventuality of a discovery. A central feature
of the analysis is the use of a novel top quark tagging algorithm inspired by the one described
in [28-30] for increased signal-to-background sensitivity. The residual SM backgrounds after
the full selection are predicted with either data driven methods or Monte Carlo based tech-
niques thoroughly validated with collider data.

The targeted decay channel in the search presented in this paper constitutes 46% of the sig-
nal events in which both the top and anti-top quarks decay hadronically (t — bjj and t — bjj).
Candidate signal events are selected by requiring five or more jets, no reconstructed electron
or muon, at least one jet identified as a b-quark jet, large imbalance in transverse momentum,
a reconstructed top quark, and by making several topological requirements. The major SM
background contributions to this topology arise from pairs of top quarks, tt, with one of the W
bosons from the top quarks decaying into a neutrino and a lepton, Z + jets with the Z boson de-
caying into a pair of neutrinos, and W +jets with the W decaying into a neutrino and a lepton.
Events containing a leptonic decay of a W boson still pass the search selection criteria if the e
or u escapes detection or a T decays hadronically.
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Figure 1: Top squark pair production with the top squark decaying into a top quark and neu-
tralino.

The paper is organized in the following way. Section 2 describes the CMS detector and the
event reconstruction algorithms. The production of simulation data is described in Section 3.
The dataset and the selection criteria along with the algorithm to reconstruct top quarks are
given in Section 4 and estimation of various SM contributions to this signature are described in
Section 5. Finally the results are detailed in Section 6 and interpreted in Section 7 and conclud-
ing remarks are given in Section 8.

2 Detector and event reconstruction

The CMS detector is a multi-purpose apparatus of cylindrical design with respect to the beams.
The main features of the detector relevant to this analysis are described here; more details can
be found in Ref. [31]. A polar angle 6 is defined with respect to the counterclockwise beam
direction. A convenient coordinate is the pseudo-rapidity #, defined as # = —Intan(6/2).
Charged particle trajectories are measured by the silicon pixel and strip tracker, covering |1| <
2.5. The tracker is immersed in a 3.8 T magnetic field provided by a superconducting solenoid
of 6m in diameter that also encircles several calorimeters. The tracker provides resolution
of the transverse momentum, represented by pr, of approximately 1.5% for charged particles
with pr ~ 100GeV. A lead-tungstate crystal electromagnetic calorimeter (ECAL) and a brass-
scintillator hadronic calorimeter (HCAL) surround the tracking volume and cover the region
|7] < 3. A quartz-steel forward hadron calorimeters extend the coverage to || < 5. Muons are
identified in gas ionization detectors embedded in the steel return yoke of the magnet. The data
pertinent to this analysis are recorded using a two level trigger system described in Ref. [31].

The recorded events are reconstructed using the particle-flow algorithm [32]. This algorithm
reconstructs charged hadrons, neutral hadrons, photons, muons, and electrons using the infor-
mation from the tracker, the ECAL and HCAL calorimeters, and the muon system. The s is
defined as the negative vector sum of the transverse momentum of all particles reconstructed
in the event and pIss is the magnitude of the P vector. All photons and neutral hadrons
in an event, but only those charged particles which originate from the primary interaction,
are clustered into jets using the anti-kt clustering algorithm with the size parameter 0.5 [33].
Energy from overlapping pp interactions (“pileup”), and from the underlying events, is sub-
tracted using the Fastjet technique [34, 35], which is based on the calculation of the #-dependent
transverse momentum density, evaluated on an event-by-event basis. Jet energies are corrected
using factors derived from simulation, and, for jets in data, an additional residual energy cor-
rection is applied to account for differences in the jet energy scales [36] between simulations
and data. Only jets with pt > 30 GeV are used in this search.

For this analysis, a jet is considered a b-quark jet (b-tagged) if it passes the medium working
point requirements of the “Combined Secondary Vertex” (CSV) method [37]. The b-quark iden-



tification efficiency is 67% overall and the probability for a jet originating from a light quark or
gluon to be mis-identified as a b-quark jet is 1.4%, averaged over pr in tt events [37]. For this
analysis, b-tagged jets are required to have pr > 30 GeV and be within || < 2.4.

Muons are reconstructed by finding compatible track segments in the silicon tracker and the
muon detectors [38] and are required to be within || < 2.1. Electron candidates are recon-
structed starting from a cluster of energy deposits in the ECAL that is then matched to the
momentum associated with a track in the silicon tracker. Electron candidates are required to
have || < 1.44 or 1.56 < || < 2.5 to avoid the transition region between the ECAL barrel and
the endcap. Muon and electron candidates are required to originate within 2 mm of the beam
axis in the transverse plane.

Events containing a muon or electron with pt > 5GeV are vetoed based on the spatial distribu-
tion of energy deposits around the lepton. A directional isolation Iso®" is defined by consider-
ing particles in a region of radius AR centered on the lepton direction. A sum is performed on
the particle transverse momenta multiplied by the square of the angle in the #-¢ plane between
the particle and the pr-weighted centroid of all particles contributing to the sum. The weight-
ing enhances the magnitude of the isolation sum for leptons from heavy quark decays, where
hadronic activity and the lepton direction are usually closer in #-¢ space than for leptons from
W /Z decays. The AR is 0.2 for all muons and 0.2 (0.3) for electrons with || < 1.44 (> 1.44).
The cut values on Iso%" to decide if a lepton candidate is isolated have been chosen to retain
high efficiency, especially for high pt leptons, and a small fake rate of leptons from b-decays.

3 Monte Carlo event generation

Particle-level simulations of top squark pair signal events with zero, one, and two additional
partons are produced using the leading order (LO) matrix element event generator MAD-
GRAPHS [39] interfaced with PYTHIA 6.4.24 [40]. A CMS custom event tuning [41] (Z27) is
used for parton showering, hadronization, and multiparton interactions in conjunction with
the CTEQS6L [42] parton distribution functions (PDF). In the simulation all SUSY particles ex-
cept t and {0 are assumed to be very heavy and thus do not affect the signal top-squark pro-
duction or decay. The top quarks produced in the top squark decays are unpolarized.

Several additional Monte Carlo (MC) samples are used to estimate some of the SM backgrounds
as well as to develop and validate methods to estimate backgrounds from data. The tt and all
three channels of single top quark production samples are generated with the POWHEG [43]
program using the CT10 [44] and CTEQ66 [45] parton distribution functions (PDFs), and the
W/Z +jets, ttZ, and ttW samples are produced using the MADGRAPHS5 [39] event generator
program with CTEQ6L PDF [42]. Both programs are interfaced with the PYTHIA 6.4.24 [40]
parton-shower, hadronization, and multiparton interaction models. The QCD multijet and
diboson (WZ and ZZ) production samples are simulated with PYTHIA 6.4.24 using the CTEQ6L
PDF. All the samples are simulated using the Z2* event tune. All the SM background samples,
except for the QCD multijet sample, are normalized to the cross sections calculated at next-
to-next-to-leading order (NNLO) [46, 47] or approximate NNLO [48-52] in perturbative QCD
when available, and otherwise normalized to the cross sections calculated at next-to-leading
order (NLO) [53-55].

The generated particle-level events are interfaced to a CMS fast detector simulation [56] for
the signal samples and to a GEANT4-based [57] detector simulation for the SM background
samples.
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4 Event selection and top quark reconstruction

This section describes the dataset and the selection criteria. The central feature of this search is
the use of an algorithm to reconstruct hadronically-decaying top quarks and topological cuts
using the information from the reconstructed top quark candidates. These are discussed in
detail in Sections 4.3—4.4.

4.1 Datasets

The event sample used for this analysis is collected by triggering on events with at least two
jets within |57| < 2.6, online pr > 50 GeV, and missing transverse momentum, i.e., online pss,
larger than 80 GeV. This trigger is (98 + 1)% efficient for offline pis* > 200GeV. Events af-
fected by instrumental effects, particles from non-collision sources, and poor reconstruction
quality are rejected [58, 59]. Remaining noise events are also rejected if they contain a jet
with pr > 30GeV in which more than 95% (90%) of the jet’s pr is carried by photons (neu-
tral hadrons).

4.2 Pre-selection
The events are required to have:

e no identified and isolated electrons or muons with pr > 5GeV,

e at least five jets with pr > 30 GeV and within || < 2.4 of which the two highest pt
jets must have pt > 70 GeV and the next two highest pt jets must have pr > 50 GeV,

e at least one b-tagged jet, i.e., Npijets > 1,

e azimuthal angle between the three highest pr jets and the 'S, Ag(pirj, PF's*) where
j = 1,2,31is the jet index, larger than 0.5, 0.5, and 0.3 radians, respectively.

The electron and muon vetos minimize the events from tt and W +jets production where one
of the W bosons decays into a neutrino and a lepton. No explicit rejection is made to remove
events containing a T-lepton which decays into hadrons. The jet multiplicity and b-tagging re-
quirements help to select signal events since the SUSY signatures of interest tend to have decay
products with multiple jets in the central 77 range and high pt lead jets. The A¢ requirement
strongly suppresses the background from QCD multijet events where the fT* arises from the
mis-measurement of a jet and thus is generally aligned with one of the three highest pr jets.

4.3 Top quark reconstruction

The reconstruction of the hadronically-decaying top quarks is performed in this search as sug-
gested in [28-30]. The analysis reconstructs two top quarks differently, one is ”fully-reconstructed”
and the other is “partially reconstructed”. The requirement for the second top quark is relaxed

in order to gain signal acceptance. Once the events with two top quarks are selected, these
reconstructed top quarks may be used to form additional topological variables that distinguish
between signal and the major background, i.e., the tt background. These topological variables
are discussed in detail in Section 4.4.

The collection of five or more jets used in the analysis is divided into all possible sets of
three jets and a remnant where the remnant must contain at least one b-tagged jet. The fully-
reconstructed top is one of the three jet (tri-jet) combinations. The partially-reconstructed top
is then built from the remnant using the b-tagged jet as a seed. The fake rate of the b-tagging
is very low; therefore, an identified b-tagged jet indicates another top quark decay around it. If
the remnant contains multiple b-tagged jets, the one with the highest pr is used as the seed. To
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be considered as a fully-reconstructed top quark, the tri-jet system must satisfy the following
requirements:

e each jet must lie within a cone in 7-¢ space of radius 1.5 centered on the momentum
direction formed by the tri-jet combination. The radius requirement implies a mod-
erate boost of the top quark as expected for the large AM = my —m 0 region targeted
in this search.

e the trijet system mass (1) is within 80-270 GeV.

o the trijet system satisfies one of the three criteria in Eq. (1) (the jet indices denote an
ordering in pr such that pt. > p2 > p3).

a) 0.2 < arctan(@) <13 and Ry < s < Ronax,
mip ) ) mi23 )
mis ma3 2 mis ma3
b) R2. (14— 1—(—= R 14+ (— d — >0.35,
) mm( * (m12> ) < (Wlm) < max( * (m12> > an mi23 >
2 2 2
mip mp3 2 mip mp3
R2. 1+ —= <1-(—=) <R 14+ (—= d — >0.35,
© mm( - <m13> ) <m123> max( * <m13> > an mi23

1)

where Rmin = 0.85(mw /iop), Rmax = 1.25(mw /miop ), myw = 80.4 GeV, and myop = 173.1GeV.
The conditions in Egs. (1.a), (1.b), and (1.c) involving Rmin and Rmax are equivalent to the re-
quirements that the my3/mia3, mip/mi3, and mi3/mp3 are respectively consistent with the
my / myop ratio. The other conditions are motivated by the Lorentz-structure of the top-W cou-
pling and suppress contributions from light-quark and gluon jets [29]. As demonstrated in
Figure 2 for tt (left) and QCD (right), the conditions in Eq. (1) are very effective for selecting tt
events while rejecting the bulk of QCD events.

If multiple tri-jet combinations satisfy these criteria, the one with m37et closest to Miop 1S se-
lected. The four-momentum of the selected tri-jet system, labeled as p*1¢, is used in the sub-
sequent calculation of topological variables used to refine the event selection and described

later.

The partial reconstruction for a possible second top quark is applied in the remnant system,
denoted by Rsys. The four-momentum of these identified second top quark candidate decay
products, denoted by p*Ys, is used to define the topological variables. The pRs is constructed
from either 3, 2, or 1 jet(s) in the Rsys. For the Rsys with > 3 jets, all possible tri-jet combinations
containing the b-tagged jet are considered. In order to retain maximum signal acceptance, none
of the full reconstruction criteria is applied on the tri-jet combinations. Instead the tri-jet system
with m37°t closest to mop is selected. In order to reduce the mis-reconstruction of the top quark
candidate, the hadronic-decay of the W boson is checked in the selected tri-jet system. If the
pair of jets, excluding the b-tagged jet, has a di-jet mass between 50 and 120 GeV, the four-
momentum of the tri-jet system is assigned to pR%Y°. Otherwise the tri-jet system is discarded
and all jet pair combinations involving the b-tagged jet are considered for the remnant system.
For this remnant with two jets, it is required that AR = /(A5(b,))% + (A¢(b,}))? < 2.0 and
that the di-jet mass is less than m,p. If multiple jet pairs pass the requirements, the one with
smallest AR is selected. In this case, pRSyS is calculated from the four-momenta of the two jets.
If no jet pair is found to satisfy the requirements, the b-tagged jet is selected as the complete
remnant system, and the four-momentum of this jet is used as pR®Ys.
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Figure 2: The 2D distributions of 13/ m1p3 versus arctan(miz/myy) for tt (left) and QCD (right).
The three horizontal solid red lines which form a band demonstrate the criteria in Eq. (1.a)
with the central line taken as the nominal ratio of my /mop and the other two lines showing
the boundaries defined by the Rmin and Rmax. Similarly the criteria in Egs. (1.b) and (1.c) are
in groups of solid lines. The dashed line indicates the requirement of mp3/m13 > 0.35 as in
Egs. (1.b) and (1.c). All distributions are normalized by the total number of events and the label
“a.u.” means arbitrary units.

4.4 Topological requirements

After requiring the presence of one fully-reconstructed and one partially-reconstructed top,
event topological information is used to distinguish the signal and the SM contributions. In

.. - . 3-jet R
addition to p7"*%, three variables are used: Mr>, M 1% and MTSYS.

The variable M, [60, 61] is an extension of the transverse mass variable that is sensitive to the
pair production of heavy particles that each includes an invisible particle in the decay products.
The p*7° of the fully-reconstructed top quark, the p*s¥* of the partially-reconstructed top quark,
and the ﬁ%ﬁss in an event are used to construct Mr; assuming the invisible particles are massless.
The top-right plot in Figure 3 shows the M, shape comparisons between tt and some signal
points after the pre-selection and a pi* > 200 GeV requirement. For the tt background, this
variable peaks around the top quark mass and drops rapidly for higher values. For the signal,
the Mr; distribution peaks higher when the top squark mass is larger than the top quark mass.
Since one of the top quarks is only partially reconstructed, the kinematic endpoint of My, is
also only approximately reconstructed.

M%'jEt is the transverse mass of the fully reconstructed top quark tri-jet system and the pmiss
vector given by

(M) = (m*1)? 4+ 2(Ef™ '™ — pr™ p'™* cos Ap), @

where (E7*)2 = (m39)2 4 (p37°)2 with p37* the magnitude of the j>7°t in the transverse plane
and A¢ is the angle between the 7°7 and P vectors in the azimuthal plane. Similarly, M?S'ys
is the transverse mass of the identified partial top decay products in the Rsys and the p7'*
vector. The bottom two plots in Figure 3 show the M?jet and M?Sys shape comparisons be-
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Figure 3: The p%ﬁss, Mo, M%'jet, and M?Sys distributions for tt and three signal points after the
pre-selection and a p7"*® > 200 GeV requirement. All distributions are normalized by the total
number of events and the label “a.u.” means arbitrary units. The signal points are labeled as

“(X,Y)” where X is the top squark mass and Y is the ¥ mass.
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tween tt and some signal points after the pre-selection and a pis > 200 GeV requirement. For
signals with a p7"** > 200 GeV requirement, the two top quarks generally are in the opposite

hemisphere as the p7s. Therefore the A¢ angles in both Mi_jet and MESYS calculations are large
which makes the two variables tend to have large values. For tt events with p"s* > 200 GeV,

the PS8 is close to either one of the two top quarks. Therefore a correlation between the MIT{Sys

and M%'jEt can be used to reject this background.

Figure 4 shows 2D distributions of M%_jet versus M?Sys for tt and some signal points for events
passing the pre-selection and a p7"** > 200 GeV requirement. Based on simulation, a require-

ment on the linear combination of the M%jet and M?Sys variables gives better discriminating
power than requirements on them separately. The full set of topological selections are:

o MTZ > 300 GeV
o (0.5 M+ M;™®) > 500 GeV.

The cuts on the event topological variables are optimized to reject as many tt events as possible
while keeping good acceptances for a range of signal points.

Four search regions are defined by requiring piss > 200 GeV and pss > 350 GeV with at least
1 or at least 2 b-tagged jets. The requirement of Ny jeis > 2 increases the sensitivity for high
mass top squark production. The search region with pIT“iss > 200GeV and Npjes > 1 s also
called the “baseline” search region in this analysis.

Comparisons of the piiss, Mr,, and 0.5 - M%_]et + MIT{sys distributions among observed data, pre-
dicted backgrounds and two selective signal points are shown in Figure 5 for events passing
the baseline selection requirements. The event yields in MC simulated samples, normalized to
the data integrated luminosity, are also summarized in Table 1 after various requirements in
the preselection and Table 2 for the four search regions described above, together with event
yields observed in data. The background yields from MC simulated samples are shown sepa-
rately for different processes. As shown in Table 1, the cuts on the topological variables from
reconstructed top quarks suppress the dominant tt background by a factor of approximately
10° with typical signal efficiencies in the range 8-40%. The data and simulated background
event yields show a good agreement; however, these simulated predictions are not used fur-
ther in the search for main SM background processes. Instead, the contributions of the main
SM background processes are estimated directly using SM-enriched samples from data for the
robustness of the search. The respective methods are described in the following sections.

5 Standard model background estimation

SM backgrounds in this search arise mainly from tt and W +jets production when a W boson
decays into a neutrino and a lepton. Events from these processes can pass the search criteria
when an e or y escapes detection or a T decays hadronically. These backgrounds, as well as
the contribution from QCD multijet production, are determined using the collider data as de-
scribed in Sections 5.1, 5.2 and 5.4. The background arising from Z +jets production with the Z
boson decaying into a pair of neutrinos is determined from simulated events that are scaled to
match the data. Previous analyses used a data-driven method from the Z(up) +jets data to esti-
mate the Z(v7) +jets background [25-27]. The statistical uncertainty of this data-driven method
with the specific requirements in this analysis is very large, so we instead use simulation for
the nominal prediction. This procedure is discussed in Section 5.3. The SM backgrounds from
other rare processes, such as ttZ production with Z — v7 or WZ and ZZ production with at
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Figure 4: The 2D distributions of M%jet versus MIT{sys for tt and three signal points after the
pre-selection and a pi$* > 200 GeV requirement. All distributions are normalized by the total

number of events and the label “a.u.” means arbitrary units. The red line indicates the cut
threshold. The signal points are labeled as “(X, Y)” where X is the top squark mass and Y is the
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Figure 5: The pTS, Mr,, and 0.5 - M?Et + M?Sys distributions from observed data (black
dots), predicted backgrounds (solid filled areas) and two selective signal points. The pmiss
distribution is obtained after applying the baseline selection cuts, while both the Mr, and the
0.5- M?et + M?sys distributions are obtained after baseline selection cuts without either the
Mrz > 300GeV or 0.5 - MY + MY > 500GeV cut in order to show the relaxed control re-
gion for the two variables. The signal yields are scaled to 19.4 fb~'. The QCD prediction is
not included in the plots since its contribution is negligible. The dashed area indicates the total
uncertainties including both statistical and systematic uncertainties for each bin. The last bin
contains all the events above the maximum values of pf miss A, and 0.5 - M3 et 4 MRS'ys in the
figures, respectively.
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Table 1: Event yields and cut flow from MC simulated samples after various requirements in
the preselection and kinematic cuts from the top quark reconstruction. All numbers are scaled
t019.4 fb . Only statistical uncertainties are shown in the table. The signal points are labeled
as “(X, Y)” where X is the top squark mass and Y is the §J mass. Data yields are omitted as
the trigger is inefficient before the offline p™i* cut at 200 GeV. The number of QCD multijet
events is not included in the sum total as the QCD multijet background overwhelms all the

other backgrounds in some columns which would render the sum total uninformative.

Process e, 4 vetos jet counting Ap(piss, ﬁ];t) Npijets > 1 top reco. + kinematic cuts
tt 2652858 + 746 626652 + 363 364869 + 277 314179 £+ 257 229.7 £ 6.9
W — v 1097574 + 624 38143 122 24594 + 98 4767 +43 28.6 £3.2
Z—vv 1053228 + 425 9518 + 27 6760 £ 23 1276 £ 10 282+1.2
QCD 1955905397 + 674400 | 85334931 + 123627 | 48350298 + 93847 | 9516527 + 41181 116.4 +72.5
single top 1618682 + 4685 51918 + 623 29453 + 468 24270 + 433 244+46
ttZ 2033 £ 6 1121 £5 676 £ 4 587 +3 9.3+04
tW 2088 £ 7 1096 £ 5 645+ 4 548 +4 3.3+0.3
77 280826 + 99 2203 +£9 1239 +£7 524 +4 09+0.2
Wz 490185 £ 179 4086 =16 2312 +£12 757 £7 0.7+0.2
WW 728425 £ 287 5435 £ 25 3076 +19 768 £9 09+0.3
Total (no QCD) 7925899 + 4817 740177 £ 732 433625 + 554 347676 + 506 3259+9.1
Signal (350, 0) 8802 £+ 53 3113 £31 2505 £ 28 2200 + 26 1829+7.6
Signal (500, 100) 927 £6 419+4 360+ 3 314+3 859+1.7
Signal (650, 50) 152 +1 75+1 66+ 1 58+1 2274+04

least one vector boson decaying into a neutrino, are estimated directly from the MC simulated
samples and are found to be rather small, as described in Section 4.

5.1 Hadronic decay of t leptons produced in W boson decay

The hadronic decay of T leptons (7,) is the largest component of the background estimate from
W + jets or tt events in the search regions. The presence of neutrinos in the final state results
in pss, and the event passes the lepton veto because the hadronically decaying T is recon-
structed as a jet. This background is estimated from a data sample of y +jets events selected
from y + >3jet triggers by requiring exactly one y with p} > 20GeV and |57| < 2.1. The trans-

\/ 2plpTiss (1 — cos A¢) is required to be less than 100 GeV
in order to select events containing a W — puv decay and to suppress possible new physics
signal contamination, i.e., the signal events included in the y +jets sample. Here, A¢ is the az-
imuthal angle between the pr" and the pTi* directions. Because the y +jets and T, +jets events
arise from the same physics processes, the hadronic component of the two samples is the same
except for the response of the detector to the muon or T, jet. To account for this difference,
the muon in data is replaced by a simulated 7, jet with the pr sampled randomly from a re-

verse mass of the W boson mt =

sponse function for a hadronically-decaying 7 lepton. The Niets, P15, Mro, M?et and M?sys of
the event are recalculated with this 7, jet, and the search selections are applied to predict the 7,
background. The 7,-jet response function p]ft / p is obtained from simulated tt events, in which
the tau-lepton decays were handled with TAUOLA 27.121.5 [62], by matching the reconstructed
T jet with the generated 7 lepton decaying hadronically, in the bins of the originating T momen-
tum. In order to sample the complete response template, this procedure is repeated multiple
times for each event. Corrections are applied to account for the trigger efficiency, acceptance
and efficiency of the u selection, mt cut efficiency, contamination from the T — u decays and
the ratio of branching fractions B(W — t,v)/B(W — uv) = 0.65 [63]. The predicted 7, back-
ground and uncertainties are shown in Table 3 for all the search regions.
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Table 2: Event yields and cut flow from MC simulated samples continued from Table 1 for the
four signal regions, and the observed yields in data. All numbers are scaled to 19.4 b Only
statistical uncertainties are shown in the table. The signal points are labeled as “(X, Y)” where X
is the top squark mass and Y is the §) mass. The number of QCD multijet events is not included
in the sum total as the QCD multijet background is negligible in all four signal regions.

piss > 200GeV, | piss > 350GeV, | piiss > 200GeV, | pTiss > 350 GeV,
Nb-jets >1 Nb-jets >1 Nb-jets >2 Nb-jets >2
tt 153.8£5.7 189£2.0 634+37 6312
W — lv 229+29 58+14 39412 1.1£06
Z— vy 250412 84+0.6 46405 13402
QCD 1.140.6 0.0703 0.0703 0.0°03
single top 175439 52421 70+£25 18+12
ttz 7.8+£04 23402 42403 14+02
ttW 24£02 0.3£0.1 11£02 0.1£0.1
zZ 0.8+0.2 0.3+0.1 02+0.1 0.019%
WZ 0.5+0.2 0.14+0.1 0.140.1 0.019%
WW 0.8+0.3 0.1+0.1 03+0.2 0.0197
Total (no QCD) 2315476 412433 847 +£4.6 120+1.8
Data 254 45 83 15
Signal (350, 0) 1628 +7.2 113+19 844152 75+15
Signal (500, 100) 832417 33.7+1.1 481413 19.8+0.8
Signal (650, 50) 224404 158 +£0.3 13.1+03 9.3£0.2

The T, background estimation method is validated by applying it to the tt and W +jets MC sam-
ples. A comparison of predicted distributions of pTi** and Mr, with true 7, background events
is shown in Fig. 6 for the baseline selection. For the pis and My, variables, the predicted
distributions reproduce the expected distributions within statistical uncertainties.

Due to the multiple sampling of the response template, the statistical uncertainty on the pre-
diction is evaluated with a set of pseudo-experiments using a bootstrap technique [64]. The
main systematic uncertainties in the hadronic-t background estimation arise from the statis-
tical power of the validation to this method (6-21%), the u acceptance (3—4%) and the T-jet
response function (2-3%) [65]. An additional uncertainty of (3-14%) is assigned on the pre-
dicted events to account for possible differences between data and MC on the acceptance of

the mt selection. Since the uncertainty is different for each search region, only the ranges are
quoted above.

Table 3: Predicted hadronic tau background corresponding to 19.4 fb~! from the methods here
presented in all four search regions.

Region Prediction

PSS > 200 GeV, Ni.jets > 1
priss > 350 GeV, Npjets > 1
priss > 200 GeV, Nijets > 2
pPiss > 350 GeV, Nijets > 2

120.2 £ 7.4 (stat) To3 (syst)
16.5 £ 2.1 (stat) T27 (syst)
453 +-4.3 (stat) "23 (syst)
4.3 £ 1.4 (stat) 719 (syst)
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Figure 6: Comparison of predicted distributions of p%‘iss (left) and Mr; (right) with the truth
in MC simulated tt and W + jets events containing a hadronically decaying T lepton. Only the
statistical uncertainties are shown on the predicted distributions.

5.2 Lost leptons from a W boson decaying to an electron or muon

The W({lv) +jets events (¢ = e or p) from tt and W +jets production constitute a background
when an electron or muon is not identified (~60% of the lost lepton background), not isolated
(~10%), or is out of the detector acceptance (~30%), and therefore escapes the lepton veto de-
scribed in Section 4. Such leptons are referred to as “lost leptons”. Events with lost electrons
or muons from leptonically decaying taus are also taken into account. This background is esti-
mated from a y +jets control sample selected with the same criteria as those used for the search
except that we require an event to have exactly one well reconstructed p with pfrl >5 GeV.
As in the estimation of the hadronically-decaying T leptons background, only the events with
mt < 100 GeV are considered.

Using the reconstruction and isolation efficiencies, erbo and elesg , respectively, of the electrons

and muons, the events in the isolated muon control sample are weighted according to

o (1/€l,) [(1 — €réko)/€teco] to predict events with unidentified leptons and
o (erdco/€eco) [(1—€1) /€l ] to estimate events with nonisolated leptons in the signal
region.

The lepton isolation and reconstruction efficiencies and kinematic acceptance are obtained from
MC simulation of tt events and are determined in lepton p bins after our baseline cuts. They
are validated with tag-and-probe studies of Z—1l events in data and MC simulation.

This estimation method, based on the collision data, is validated by predicting the lost lepton
background using a single muon sample from simulated tt and W -+ jets events and compar-
ing the predicted and the expected true distributions. Comparisons of the predicted and the
expected distributions of pTiss and Mr; for events with a lost-lepton in the baseline selection
region are shown in Figure 7. The predicted distributions closely reproduce the expected dis-
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tribution of sensitive variables used for this search.
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Figure 7: Predicted distributions of p%‘iss (left) and Mt (right) compared to the truth in the tt
and W + jets MC simulated events containing an undetected lepton (e or p).

The prediction is obtained by applying this method to the y +jets sample collected using the
same jets + pisS trigger which is used to collect the signal events. The predicted lost-lepton
events and uncertainties for each search region are listed in Table 4. The dominant uncertain-
ties on the lost-lepton prediction arise from the difference in lepton reconstruction and isolation
efficiencies between data and MC. In order to account for possible differences in lepton recon-
struction efficiencies in data and MC, these efficiencies are estimated by applying a “tag and
probe” method [66] on Z — utu~ events in data and simulation. For isolation uncertainties,
the MC isolation variables are scaled to match the data distribution and the resulting differ-
ences in predictions are taken as systematic uncertainties for the data and MC differences. The
variations of the parton density functions following the recommendation of Ref. [67] change
the muon acceptance and leads to less than 3.3% uncertainty on the final prediction. An addi-
tional uncertainty of 3% is assigned to account for possible difference in data and MC on the
acceptance of mr selection and is mostly expected to arise from piss tail.

Table 4: Lost lepton prediction results for 19.4 b1,

Region Prediction
piss > 200 GeV, Nijets > 1 | 89.3 + 8.4 (stat) 17075 (syst)
piss > 350 GeV, Npjets > 1 | 8.242.6 (stat) 73] (syst)
piss > 200 GeV, Npjets > 2 | 33.8 4 5.2 (stat) 752 (syst)
piss > 350 GeV, Nijets > 2 | 1.2 0.8 (stat) 10% (syst)

5.3 Z boson decaying into neutrinos

Z +jets production contributes a background in this search when the Z boson decays to neu-
trinos (Z(v7)). This background is estimated by applying a scale factor to simulated events to
match the data. The simulation is validated using Z(ppt) +jets events, and then a prediction
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is derived from Z(v7) +jets simulation. The background cannot be estimated directly from the
data because very few Z(up) +jets data events survive the selection criteria, specifically the
top-tagging requirements. This leads to poor data statistics and an extreme quantization of the
estimate. Instead, the fully data-based method is used internally as a cross check to the method
described here. The scaling factor RY",_ v is the ratio of the Z(pp) +jets event rate measured
in the data to the rate predicted by simulation. These rates are measured by selecting events
that satisfy the pre-selection criteria of Section 4.2 with the exception that the lepton veto is
replaced by the requirement of a dimuon pair with a pair mass in the range 71-111 GeV and
the muons are treated as neutrinos and added into the pxss.

The scaling factor is found to be 1.36 & 0.17 (stat). This factor is also estimated to be 1.40 4= 0.50
(stat) using the subset of events with 2 or more b-tagged jets. These scale factors are due to
an observed under-estimation of Z bosons accompanied by reconstructed b-tagged jets in the

simulation. The scale factor for events with exactly 0 b-tagged jet is statistically consistent with
1.

In data, the di-muon events passing the above requirements include contributions from tt and
ttZ events. The tt contribution is estimated using the yield of simulated tt events scaled for
the measured differences between MC and data. The data-MC scale factor is estimated from
events with a reconstructed muon with pr > 20GeV, an electron with pt > 20GeV, the five
highest pr jets passing the signal selection requirements, and at least one b-tagged jet. The scale
factor is measured to be 1.00 £ 0.06 (stat). The small ttZ contribution is estimated directly from
simulation.

To determine the contribution in the search regions, the Z(v7) yields passing all the require-
ments are determined from the simulation and multiplied by Rzgta /MC

The uncertainty on the Z(v7) prediction is dominated by the statistical uncertainty in the tails
of the kinematic selection variables that are used to extrapolate the normalization from the
loose requirements defined above to the search regions. Three main effects are considered: un-
certainties on the measurement of the normalization factor, which include both the statistical
uncertainties both on the data and simulation and the extrapolation of the measurement into
the signal regions, the uncertainties from the subtraction of tt and ttZ events, and the uncer-
tainty on the acceptance differences between Z(v7) and Z(up) events. The uncertainty in the
extrapolation is estimated by studying the ratio between data and simulation of the prT“iSS, A
, Mo, M%'JEt and MIT{sys distributions. It is assumed that differences between simulation and
data are at worst linear in the relevant variable, so each ratio is fit with a first order polynomial
function. For each distribution, the uncertainty envelope of the fit is estimated at the average
value of the variable for all events surviving the corresponding selection requirement. When
this uncertainty envelope extends above or below the statistical uncertainty measured in the
normalization region, a residual asymmetrical uncertainty is assigned equal to the difference
between the two windows. This uncertainty is summed in quadrature across the considered
distributions. In the case of the > 2 b-tagged jet selection, the fit uncertainty is very large due
to low data statistics. This causes the residual uncertainty to dominate in this search region.

The Z(v7) predictions for the four search regions along with total systematic uncertainties are
given in Table 5.

An alternative method to predict the Z(v7) is to scale the number of observed Z () events
in the data by the simulation predicted ratio between Z(v7) and Z(uu) production, account-
ing for the differences in acceptance, efficiency, and the Z () and Z(v7) branching fractions.
However, very few Z(up) events pass all the selection criteria, and the difference of one event
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Table 5: Prediction for the Z to invisible background for the various signal regions.

Region Prediction
piss > 200 GeV, Nijets > 1 | 35.8 £ 1.9 (stat) T{55 (syst)
pRiss > 350 GeV, Npjets > 1 | 13.2.4 1.1 (stat) F55 (syst)
piss > 200 GeV, Nijets > 2 | 6.1+ 0.7 (stat) 123> (syst)
piss > 350 GeV, Nijets > 2 | 1.8 404 (stat) 192 (syst)

can change the prediction by up to 30 events. Since this method suffers from such quantization
effects, it is used only to cross check the above predictions. The results from this method agree
with the predictions given in Table 5 within the uncertainties.

5.4 QCD multijet production

Due to the pTss and A¢ requirements, the QCD multijet background contribution in the search
region is nearly negligible. An estimate of this contribution is made by measuring the number
of QCD multijet events in a control region and scaling this number by a translation factor Rocp.
The control region is identical to the search region except that the A¢ requirement is inverted:
one of the three highest pr jets must fail the requirement that the azimuthal angle between pr
and the pIT“iSS vector, A¢(j, miss), is larger than 0.5, 0.5, and 0.3 radians, respectively. Rocp is the
ratio between the number of QCD multijet events in the search region and that in the inverted
A¢ region.

Since the selection requires one reconstructed top quark, at least one b-tagged jet, and large
piiss the control regions are dominated by tt, Z(v7), and W +jet events. Thus, in order to
estimate the number of QCD multijet events in the control regions, the number of events in data
are corrected for the non-QCD multijet contributions using the same background prediction
methods mentioned in the previous sections.

The scale factor Rocp is first found in a 175 <piss < 200 GeV sideband by measuring the num-
ber of QCD multijet events both with the standard and inverted A¢ requirements. Then, using
simulated events, Rocp is measured as a function of piss and fit with a first order polynomial.
The slope of this polynomial is used to extrapolate the Rocp value measured in the 175 < pfiss
< 200 GeV control region to the higher pTiss search regions. The MC statistical uncertainty, jet
energy scale uncertainty, and jet energy resolution uncertainty all contribute to the systematic
uncertainty on the scale factor.

The QCD multijet background prediction is given in Table 6 for each of the four search regions.
The systematic uncertainties arise from uncertainties on Rocp and the non-QCD multijet sub-
traction.

Table 6: QCD multijet prediction for each of the four search regions.

Region QCD, inverted A¢ Predicted Rocp Final QCD Prediction

miss > 200 GeV, Npjets > 1 | 70.2 4 12.6 (stat) £13.8 (syst) | 0.04707; (syst) | 3.2+ 0.6 (stat) 35 (syst)
miss > 350 GeV, Npjets > 1 | 6.6 3.7 (stat) £1.9 (syst) | 0.157032 (syst) | 1.0+ 0.5 (stat) *17 (syst)
miss > 200 GeV, Npjets > 2 1.1792 (stat) 87 (syst) 0.0570:02 (syst) | 0.051032 (stat) T35° (syst)
miss > 350 GeV, Npjets > 2 0.713% (stat) T35 (syst) 0.14707; (syst) | 0.1010%8 (stat) T055 (syst)

p
p
p
p
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6 Resulis

The predicted number of SM events and the number of events observed in data in each of
the four search regions defined in Section 4 are summarized in Table 7. The most significant
background in all search regions comes from the SM tt production. For the baseline selection,
35% comes from W(uv) and W(ev) decays where the electron or muon from W decays are
not detected and 47% from W(tv) where the T lepton decays hadronically. The next largest
contribution comes from Z(vv) +jet production in which a pair of neutrinos gives large piss
and the top quark conditions are satisfied by an accidental combination of the jets. Among
other rare processes considered, the dominant contribution comes from ttZ with the Z boson
decaying into a pair of neutrinos. This background is determined from the simulation with an

associated systematic uncertainty of 50%. The QCD multijet contribution is negligible.

Table 7: Predicted event yields from the different background estimation methods for the search
regions defined in Section 4. The uncertainties on various backgrounds are added in quadra-
ture for the uncertainty on the total background estimation.

Search Z — v tt/W t/W QCD Rare Total Obs.
region —eutX | = 5p+X processes | background | data
piss > 200 GeV, Npjers > 1 | 35.8 7157 | 89.3 1517 | 1202 15 [ 32 73%7 | 5.8 755 | 2543 7370 254
piss > 350 GeV, Npjers > 1 | 1327153 | 827130 | 165737 | L0 | 20119 409 15° 45
piss > 200GeV, Npjers > 2 | 61733 [ 3387103 | 453770 | 0179¢ | 317)¢ 884 1138 83
pRiss > 350GeV, Npjers > 2 | 18198 | 12770 437% Jo1fpY | 12798 8.6 77 15

7 Interpretation

The observed data yields are consistent with SM expectations. A modified frequentist CLs
method is used taking a profile likelihood as a test statistic [68-70] in order to determine the
upper limit on the possible contributions from non-SM processes in this search. In particular,
these results are used to set limits on the signal model of scalar top quark pair production.
The cross sections are determined at the NLO in the strong coupling constant and include the
resummation of soft gluon emission at the accuracy of next-to-leading-log (NLL) level [71-76].

The uncertainties on the background predictions, the luminosity determination (2.6%) [24], the
signal acceptance and efficiency arising from the jet energy correction and jet energy resolution
(5%) [36], parton distribution functions (PDF) of the proton [67], trigger inefficiency (2%), the
event cleaning procedure (3%) [58, 59], the uncertainties related to the initial/final state radi-
ation (ISR/FSR) (1-23%) [19], and b-tagging data/MC scale factors (2-25%) [37] are all taken
into account when the limits are determined. Potential contributions of signal events that result
in the data samples used for the background estimations are less than 3% of the signal yields in
the region relevant to this search and the effects on the limits are negligible. The acceptance of
the signal is obtained after re-weighting the signal events with both the b-tagging scale factors
and corrections of the initial state radiation in signal MC generation to match that measured in
data [19].

As the four search regions are not mutually exclusive, one of the four search regions is selected
at each point in the signal topology scan based on the best expected upper limit for providing
the resulting cross section upper limit. The observed cross section upper limits on the signal
model considered are shown in Figure 8, together with the two curves that correspond to points
for which the observed and expected upper limits equal the theoretical signal cross sections.
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The observed exclusion curves are also shown for the cases in which the signal cross section is
varied by changing the renormalization and factorization scales by a factor of 2 and using the
PDF4LHC recommendation [67] for the PDF uncertainty to illustrate the sensitivity of the ex-
clusion to the signal cross section uncertainty. For small §) masses, our median expected limit
reaches 620 GeV of top squark mass and our observed limit excludes top squark masses below
535 GeV at 95% confidence-level when the signal cross section minus its theoretical uncertainty
is conservatively considered.
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Figure 8: Combined 95% C.L. exclusion limits for the top squark pair production (signal topol-
ogy). The plot shows the expected limit in red dashed line. The observed limit is shown in
black solid line. The thinner dashed lines around the expected limit shows the variation in the
expected limit, while the thinner solid curves show the variation in the observed limit when
the signal cross section is varied by its theoretical uncertainties.

8 Conclusions

In summary, a search has been performed in events with two tops and large p* signature us-
ing a data sample corresponding to an integrated luminosity of 19.4 fb~ ' collected in 8 TeV pp
collisions during the year 2012 with the CMS detector at the LHC. The observed number of
events are consistent with the SM background contributions estimated from data. The results
are presented in the context of a top-squark pair production model in which top squarks de-
caying to a top quark and a stable weakly interacting stable neutral particle §J. For §) masses
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less than 10 GeV, top squark masses below 535 GeV are excluded at 95% confidence-level.
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