Available on the CERN CDS information server CMS PAS SUS-13-016

CMS Physics Analysis Summary

Contact: cms-pag-conveners-susy@cern.ch 2013/11/02

Search for supersymmetry in pp collisions at a
center-of-mass energy of 8 TeV in events with two opposite
sign leptons, large number of jets, b-tagged jets, and large
missing transverse energy

The CMS Collaboration

Abstract

Results are reported from a search for new physics in pp collisions at y/s = 8 TeV using
a dataset corresponding to a total integrated luminosity of 19.7 fb~! collected with the
CMS experiment. Events with two opposite sign leptons, a large number of jets, b-
tagged jets, and large missing transverse energy are used to search for new physics
resulting in multiple top quarks and missing transverse energy in the final state. An
entirely data-driven technique is used to estimate the standard model background,
and the results are interpreted in the context of a sypersymmetric model in which
pair produced gluinos decay to a pair of top quarks and a neutralino.
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1 Introduction

One of the most natural extensions of the standard model (SM) of particle physics is supersym-
metry (SUSY) [1-8]. Supersymmetry allows for gauge coupling unification at the energy of
10'® GeV, provides a good dark matter candidate (lightest supersymmetric particle, LSP), is a
necessary component to explain quantum gravity in the framework of string theory, and auto-
matically cancels the quadratic divergences in radiative corrections to the Higgs boson mass.
For every particle in the standard model, SUSY introduces a super-partner, the “sparticle”, with
spin differing by 1/2 unit from the SM particle. There are theoretical arguments that suggest
sparticle masses could be less than ~ 1 TeV [7, 8] making the experiments at the Large Hadron
Collider (LHC) an ideal place for their discovery.

With the successful 2012 LHC run, an integrated luminosity of 19.7 fb~! in pp collisions at 8 TeV
center-of-mass energy has been collected with the Compact Muon Solenoid (CMS) experiment.
Events with two opposite-sign leptons (electrons or muons), a large number of jets, b-tagged
jets, and large missing transverse energy (Et), are used to search for new physics with multiple
top quarks and undetected particles in the final state. An entirely data-driven technique is used
to estimate the standard model background, and the results are interpreted in the context of a
simplified model scenario (SMS) [9-11] in which pair produced gluinos decay to a pair of top
quarks and a neutralino (g — ttx?), yielding four top quarks in the final state and two LSPs,
and denoted as “T1tttt”.

2 Event Samples, Trigger and Event Selection

Events are selected requiring the presence of at least two leptons, either two muons or two
electrons or a muon-electron pair, recorded with dedicated dilepton triggers. In the case of the
double-muon (electron) trigger, the selection is asymmetric with a transverse momentum,pr,
(energy of a cluster in the electromagnetic calorimeter) threshold of 17 GeV for the leading,
higher-pt, muon (electron) and 8 GeV for the sub-leading one. For the muon-electron trigger,
the threshold on pr,(transverse energy, Et) is 8 GeV (17 GeV) for the muon (electron). For all
triggers, additional identification and isolation criteria are also applied.

Muon candidates are reconstructed by combining the information from the inner tracking sys-
tem, the calorimeters, and the muon system [12]. Electron candidates are reconstructed by com-
bining the information from the electromagnetic calorimeter (ECAL) with the silicon tracker,
using shower shape and track-ECAL-cluster matching variables in order to increase the sam-
ple purity [13]. Jets are reconstructed using the anti-kt clustering algorithm [14] with a distance
parameter AR = /(A¢$)? + (Ay)? = 0.5, with 5 being the pseudorapidity of the jet. The in-
puts to the jet clustering algorithm are the four-momentum vectors of reconstructed particles.
Each such particle is reconstructed with the particle-flow technique that combines information
from several sub-detectors [15]. The measured particle-flow (PF) jet transverse momenta are
corrected with scale factors derived from simulation; to correct for any differences in the en-
ergy response between simulation and data, a residual correction factor derived from the latter
is applied to jets in the data [16]. In general, Bt = |} pr|, where the sum is taken over all
final-state particles reconstructed in the CMS detector.

Simulated samples of the tt, Drell-Yan, W-jets, ttZ and ttW processes, as well as signal SMS
samples, are produced using the MADGRAPH 4.4.24 [17] generator. The PYTHIA 6.4.22 [18]
generator is used (using underlying event tune Z2* which is identical to the Z1 tune [19] except
that Z2* uses the CTEQ6L [20] parton distribution functions (PDF) while Z1 uses CTEQ5L) to
simulate the QCD, WW, ZZ, and WZ processes. Events are then processed with a simulation
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of the CMS detector response based on GEANT4 [21]. Multiple proton-proton interactions
are superimposed on the hard collision, and all simulated event samples are re-weighted ac-
cording to the distribution of the number of primary vertices in data. Simulated events are
reconstructed and analyzed in the same way as data events. Non-collision backgrounds are
removed by applying quality requirements on the reconstructed primary vertex [22].

Events are required to have at least two opposite-sign leptons with pr > 20 GeV and |y| < 2.4,
and at least two jets with pr > 30 GeV and || < 2.4. Jets are required to satisfy the quality
criteria described in [23]. Leptons are selected following standard CMS quality criteria, and are
required to be isolated from significant energy deposits and tracks in a cone of radius AR = 0.3
around the direction of the lepton, with the relative isolation criterion set to be < 0.2. The
lepton isolation is computed using particle-flow information [15]. An event-by-event correc-
tion is made to account for the effect of multiple pp interactions in the same bunch crossing
(pileup). This correction subtracts the estimated contribution from pileup from the measured
sum-pr in the isolation cone. This contribution is of order 1 GeV, and it is calculated based on
a measurement of the hadronic event activity not associated with the pp interaction that pro-
duced the leptons. For b-tagging of the PF jets, the combined secondary vertex method [24],
which is based on the combination of secondary-vertex reconstruction and track-based lifetime
information, is used at the “medium” working point, which has a 70% b-jet tagging efficiency
and a probability of 1.5% to misidentify light-quark jets.

3 Signal Selection

In order to define the signal region, i.e. the region in parameter space that will have the maxi-
mum possible abundance in SUSY events and minimum contamination from standard model
background events, a large number of candidate selection variables have been examined. The
ones that show the greatest discriminating power between the SUSY signatures of interest
(multiple top quarks and undetected particles in the final state) and SM events, and the least
degree of correlation among themselves are the following: the number of jets, the number of
b-tagged jets, the missing transverse energy, and the 77 of the two leading jets. The set of criteria
which yield the maximum sensitivity in the SMS “T1tttt” parameter space are summarized in
Table 1, and have been decided after a variety of optimization studies using simulated events.

Table 1: Selection criteria for the definition of signal region

Variable Description Criterion
Er Missing transverse energy > 180 GeV
Niets Number of jets >4
Nbpjets Number of b-tagged jets > 2
Jetl |5] Leading jet 7 <1
Jet2 |5] Sub-leading jet 77 <1

In Fig.1 the distributions of the discriminating variables for the signal (SMS “T1tttt”) and the
SM background events are shown, normalized to unit area, where all the selection criteria have
been applied, except the one on the variable shown. The Et selection has been relaxed and set
at 100 GeV for these plots, and two example SMS points are used : one with (mz=1150 GeV,
mrsp=300 GeV), and another with higher LSP mass (mz=1150 GeV, msp=500 GeV).

The number of SM background and signal events for a few points in parameter space are shown
in Table 2 for a total integrated luminosity of 19.7 fb~!. The remaining background is composed
entirely of tt events. The requirement on the number of jets eliminates 95% of the tt background,
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Figure 1: Discriminating variables used for signal selection for SM events (red histograms) and
SMS “T1tttt” events (black histograms). Top Left: Number of jets. Top right: Number of b-
tagged jets. Middle left: # of leading jet. Middle right : # of sub-leading jet. Bottom : missing

transverse energy.
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an additional 95% is eliminated by the requirement on the number of b-tagged jets, followed by
an additional 30% eliminated by the requirement on the leading and sub-leading jet #. Finally,
an additional 95% of the remaining tt background is eliminated by the Er criterion.

Table 2: Number of signal and background (bkg.) events predicted by simulation after the
event selection criteria of two opposite-sign leptons and > 2 jets, and after the signal selection
criteria are applied. The uncertainties quoted are statistical only.

Sample Event Selection  Signal selection

tt 82171 £ 287 22407
Z +jets 1475456 + 1215 0.0£1.5
W +jets 26978 + 164 0.0+6.3
WW 1637 +44 0.0+0.3
WZ 1364 37 0.0£0.1
Y4 3129 + 56 0.0£0.2

tHW + jets 434+3 0.2+0.07

ttZ + jets 463 +3 0.240.06
Total SM Bkg. 1591632 £ 1261 26+65
15=1000 GeV 11 5p=400 GeV 282+05 13102
mgz=1150 GeV msp=300 GeV 9.84+0.2 194+0.1
mz=1150 GeV mgp=500 GeV 9.54+0.2 1.6+0.1

4 Data-Driven Method for Background Estimation

In order to provide a robust estimate of the number of background events in the signal region,
we use the data-driven method described below. The signal region (SR) is defined by the set
of the signal selection requirements described in Sec. 3. A control region (CR) is defined by
inverting either one of the two signal selection criteria on the # of the two leading jets. This
region is chosen so that it is dominated by SM processes. Signal contamination in the control
region varies with the gluino mass (mz) and the LSP mass (mpsp). For an SMS point with
(mg=1150 GeV, msp=300 GeV) there are 6.3 expected SM events in the control region and the
signal contamination is of the order of 10%.

Next, an extrapolation factor, Rext. = %, is defined, in bins of Et and for a given b-jet

multiplicity, b, as the ratio of the number of events (for the SM-only hypothesis) in the signal
region to that of the control region. The extrapolation factor, Rex:., exhibits a smooth behavior
as a function of Ert, as shown in Fig. 2 using simulated events, and furthermore it is almost
invariant under the number of b-tagged jets in the events. The latter allows for Rey. to be
obtained directly from data using the events with exactly two b-tagged jets, leaving the rest of
the signal and control selection criteria the same. This has the advantage of an entirely data-
driven background estimation methodology which minimizes systematic uncertainties.

of the Rext,

Combining the above the SM background prediction in the signal region is obtained as follows:

SR _ pDatanb=2 CR
NPredicted - Rext, X NData (1)

In Table 3 the signal and control region criteria are summarized, along with the ones used for
the extrapolation ratio.
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Figure 2: Extrapolation factors R.y:. as a function of Et for the search region (red), defined as
the one with number of b-tagged jets greater than two, and for the events with two b-tagged
jets.
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Table 3: Definitions of control and signal regions of the data samples used in the analysis.

Region Fr Number of jets Number of b-tagged jets Jet |7]

Signal > 180 GeV >4 >2 Jetl || <1,Jet2 5] <1

Control > 180 GeV >4 >2 Jetl |7] > 1or]Jet2 ] > 1
Signal for Rey;. > 180 GeV >4 =2 Jetl |y < 1,Jet2 |y < 1
Control for Rext. > 180 GeV > 4 =2 Jetl |y] > 1orJet2 |y > 1

4.1 Definition of cross check region

In order to test the procedure for obtaining the SM background prediction in the signal region,
described in the previous section, using both data and simulated events, cross check regions
are defined using lower jet multiplicities. In the cross check regions no (very little) signal is
expected in either the control or the signal region allowing for the validity of the method to
be tested with data as well as simulated events. The cross check region is defined as shown in
Table 4.

Table 4: Definition of the cross check region (CCR)

Region Fr Number of jets  Number of b-tagged jets Jet |7]

Signal >180GeV ~ >2and <4 >2 Jetl || <1,7et2 5] <1

Control >180GeV  >2and <4 >2 Jetl |7] > 1or]Jet2 ] > 1
Signal for Rexy. >180GeV ~ >2and <4 =2 Jetl |n| <1,Jet2 |y] <1
Control for Rext. >180GeV ~ >2and <4 =2 Jetl |7] > 1or]Jet2 |y > 1

The extrapolation factor in the cross check region exhibits the same characteristics as in the
search region as seen in Fig. 3. Namely, it shows a smooth, and almost flat behavior as a
function of Et, and furthermore it is almost invariant under the number of b-tagged jets in the
events.

4.2 Closure in data and simulation

The validity (closure) of the background prediction methodology using simulated events can
be checked for the search region, as well as the cross check region. The closure using data can
be examined in the cross check region. In Table 5 the predicted and observed number of events
are shown for data and simulated events for the search and cross check regions. Given the
uncertainties (statistical only), predictions and observations agree indicating the success of the
background prediction methodology. In Fig. 4 the predicted and observed Er distributions for
the search and cross check regions are shown as well.

Table 5: Predicted and observed number of SM background events in the signal region of the
search and cross check regions.

Region Sample Prediction Observation
Cross check MC 4.0+0.8 3.7+0.9
Cross check  Data 4.64+2.0 3.01%2

Search MC 2.840.6 2.240.6

4.3 Systematic uncertainties

The systematic uncertainty on the background procedure is evaluated using a series of closure
tests in simulation and data, as described in the previous section. In these tests, we find good
agreement between the predictions of the method and the true background yields. Due to the
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Figure 3: Extrapolation factor R,y for the cross check region as a function of £ for the search
region (red) defined as the one with number of b-tagged jets greater than two, and the events
with two (black) and one (blue) b-tagged jets.
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Figure 4: Comparison between predicted (red bands) and observed (black points) Er distri-
butions, along with their ratios, for simulated events in the cross check region (top row), for
simulated events in the search region (middle row), and for data events in the cross check
region (bottom row).



large statistical uncertainties on these tests, we conservatively assign a 50% systematic uncer-
tainty on the background prediction. The total uncertainty on the final background prediction
is dominated by the limited statistical precision of the control sample.

5 Resulis

The number of predicted and observed events in the signal region, for an integrated luminosity
of 19.7 fb~1, are shown in Table 6. Table 6 also gives the model-independent 95% C.L. upper
limits on the number of events in the signal region, assuming no signal contamination. The
predicted and observed Et distributions are shown in Fig. 5.

Table 6: Number of predicted and observed events in the signal region of the search region for
an integrated luminosity of 19.7 fb~!. The 95% upper limits (UL) on events produced by SUSY
processes are also shown.

Predicted Observed 95% UL expected 95% UL observed
1.20 £ 0.86 (stat.) & 0.60 (syst.) 1 3.9 4.0
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Figure 5: Comparison between predicted (red bands) and observed (black points) Et distribu-
tions for data events in the signal region.

The systematic uncertainties on the signal selection are described in Table 7. The systematic
uncertainty on the total integrated luminosity is 2.6% [25]. The lepton selection, reconstruction
and isolation efficiency measured in data and simulated Z events, has a total uncertainty of
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4%. The trigger efficiency, after applying the data-vs-simulation scale factors (which vary from
81% to 96%), has a 6% systematic uncertainty assigned. The total uncertainty on the b-tagging
efficiency is determined by simultaneously varying the efficiencies to tag a bottom, charm, or
light quark up and down by their uncertainties [24] and is estimated to be 10%. The jet energy
scale and resolution uncertainty [16] is propagated to the Et uncertainty and has a total effect
of 8%.

The initial state radiation (ISR) systematic is computed according to standard CMS recommen-
dations [26], and the statistics of the signal simulation are also taken into account in the calcu-
lation of the total systematic uncertainty. The ISR, pileup and simulation statistics systematic
uncertainties are calculated for each grid point in the SMS plane, whereas the rest are flat across
the entire SMS plane.

Table 7: Signal selection efficiency systematic uncertainties

Source Uncertainty
Lepton triggers (pr > 20 GeV) 6%
Lepton isolation, reconstruction and identification 4%
Luminosity 2.6%
b jet identification 14 %
Jet energy scale and resolution 8 %
PDF 2%
ISR 1-18%
Pileup effects 1%
Simulation statistics 2-30%
Total 17-39%

Finally, the observed and expected number of events are translated into limits on SMS param-
eter space. The 95% CL upper limits are computed using a LHC-Style CLs method with profile
likelihood test statistics, and lognormal distributions for the background expectation [27, 28].
The uncertainties in the NLO+NLL cross sections from the parton distribution functions [29-
33], the choice of the factorization and renormalization scale, and ag, are taken into account
for each point, and are evaluated according to the PDF4ALHC recommendation [34]. The signal
contamination in the control region is taken into account.

The exclusion limits on SMS “T1tttt” models are depicted in Fig. 6. For gluino masses below

~ 1000 GeV, LSP masses below ~ 450 GeV are excluded. For gluino masses above ~ 1000 GeV,
no limits on the mass of LSP can be set.

6 Conclusions

A search for supersymmetry in events with two opposite-sign leptons, large number of jets, b-
tagged jets, and large missing transverse energy in the final state has been presented,using the
2012 dataset collected with the CMS experiment corresponding to 19.7 fb~! of total integrated
luminosity. The search utilizes a powerful data-driven approach for the SM background esti-
mation. In addition, it is unique and complementary to the ones already published by the CMS
collaboration using zero, one, two of same-sign, and more than two leptons in the final state
[35-39]. Agreement is observed between the expectation from the SM and the data, with no
significant excess, which results in limits in the SMS (g, msp) plane.
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