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five studies are combined to yield 95% confidence level limits for the gluino and bottom-squark masses
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supersymmetric particle is light, gluino and bottom squark masses are excluded below 1280 and 570 GeV,
respectively.
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1. Introduction

The Standard Model (SM) of particle physics provides an accu-
rate description of known particle properties and interactions. The
discovery of a Higgs boson by the ATLAS [1] and CMS [2] Collab-
orations at the CERN LHC represents the latest major milestone in
the validation of the SM. Despite its success, the SM is known to
be incomplete because, for example, it does not offer an explana-
tion for dark matter and it contains ad-hoc features, such as the
fine-tuning [3-9] required to stabilize the Higgs boson mass at the
electroweak scale. Many extensions to the SM have been proposed.
In particular, supersymmetry (SUSY) may provide a candidate for
dark matter in R-parity conserving models [10] as well as a natu-
ral solution to the fine-tuning problem [3-9].

The CMS and ATLAS Collaborations have performed many
searches for physics beyond the SM. Thus far, no significant evi-
dence for new physics has been obtained. The search for super-
symmetry is particularly interesting phenomenologically because
of the large number of new particles expected. The LHC SUSY
search program consists therefore of a wide array of searches
[11-22]. Any particular manifestation of SUSY in nature would
likely result in topologies that are detectable in a variety of final-
states. Individual searches can therefore be combined to provide
complementarity and enhanced sensitivity in the global search for
new physics.
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Naturalness arguments suggest that the supersymmetric part-
ners of the gluon (gllNJino, g) and third-generation quarks (the top
and bottom squarks, t and b) should not be too heavy [23-26]. Di-
rect or cascade production of third-generation squarks can lead to
final states with several W bosons and bottom quarks, and con-
siderable imbalance 13%“55 in transverse momentum. The missing
momentum arises from neutrinos in events where one or more
W bosons decay leptonically, but also, for the R-parity conserv-
ing models considered here, because the lightest SUSY particle
(LSP), taken to be the lightest neutralino )?10, is weakly interact-
ing and stable, escaping without detection. The studies presented
here focus on SUSY simplified model scenarios [27,28] with four
W bosons. Each of the W bosons can decay either into a quark-
antiquark pair or into a charged lepton and its neutrino. Depending
on the decay modes of the W bosons, the final states contain 0-4
leptons. This makes combining the final states with different lep-
ton multiplicities beneficial. The dilepton signature is split accord-
ing to the relative electric charges of the leptons, providing five
mutually exclusive analyses for the combination: fully hadronic,
single-lepton, opposite-sign dilepton, same-sign dilepton, and >3
leptons (multilepton). The results are based on proton-proton col-
lision data collected at /s =8 TeV with the CMS experiment at
the LHC during 2012, and correspond to an integrated luminosity
of 19.5 fb~ 1.

The first simplified model we consider describes gluino pair
production, followed by the decay of each gluino to a top quark-
antiquark pair (tt) and the LSP. For cases where the top squark
mass is larger than the gluino mass, the decay will proceed
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Fig. 1. Feynman diagrams for the signals from: (left) gluino pair production with intermediate virtual top squarks (T1tttt), (middle) gluino pair production with intermediate

on-shell top squarks (T5tttt), and (right) bottom squark pair production (T6ttWW).

through a virtual top squark (T1tttt model, Fig. 1 left). Alterna-
tively, when the top squark mass is smaller than the gluino mass
and phase space allows, the decay will proceed through an on-
shell top squark (T5tttt model, Fig. 1 middle). Each top quark
decays to a bottom quark and a W boson, leading to final states
with four W bosons, four bottom-quark jets (b jets), and consid-
erable ﬁ%“iss. The second simplified model we consider describes
bottom-antibottom squark pair production, where we assume that
each bottom squark decays to a top quark and a chargino (X¥),
and that the chargino then decays to yield a W boson and the LSP
(T6ttWW model, Fig. 1 right). The final state thus contains four W
bosons, two b jets, and large ﬁ%“iss.

The paper is organized as follows. Section 2 describes the CMS
detector. The event simulation, trigger, and reconstruction proce-
dures are described in Section 3. Section 4 presents details of the
individual analyses, with particular emphasis on the opposite-sign
dilepton search, which is presented here for the first time. The
combination methodology and results are presented in Section 5.
Section 6 provides a summary.

2. Detector

The central feature of the CMS detector is a superconducting
solenoid, of 6 m internal diameter, that produces an axial magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter,
and a brass and plastic scintillator hadron calorimeter. Muons are
detected in gas ionization chambers embedded in the steel flux-
return yoke outside the magnet. The tracking system covers the
pseudorapidity range || < 2.5, the muon detectors || < 2.4, and
the calorimeters |n| < 3.0. Steel and quartz-fiber forward calorime-
ters cover 3 < |n| < 5. A detailed description of the CMS apparatus
and coordinate system are given in Ref. [29].

3. Event reconstruction, trigger, and simulation

The recorded events are reconstructed using the CMS particle-
flow algorithm [30,31]. Electron candidates are reconstructed
by associating tracks to energy clusters in the electromagnetic
calorimeter [32,33]. Muon candidates are reconstructed by com-
bining information from the tracker and the muon detectors [34].

Particle-flow constituents are clustered into jets using the
anti-kt clustering algorithm with a distance parameter of 0.5 [35].
Corrections are applied as a function of jet transverse momen-
tum (pr) and n to account for non-uniform detector response
[36,37]. Contributions from additional pp collisions overlapping
with the event of interest (pileup) are estimated using the jet area
method [38,39] and are subtracted from the jet pr. The total vis-
ible jet activity Ht is defined as the scalar sum of the jet pr in
the event, and H%“iss as the pr imbalance of the reconstructed jets,
where the pr and n requirements for accepted jets are specified
for the individual searches in Section 4. The identification of b jets
is performed using the combined secondary vertex algorithm at

the medium working point [40], which has a b-jet tagging effi-
ciency of 70% and a light-flavor jet misidentification rate below 2%
for jets with pr values in the range of interest for this analysis.
The missing transverse momentum vector 5%’155 is defined as the
projection on the plane perpendicular to the beam axis of the neg-
ative vector sum of the momenta of all reconstructed particles. Its
magnitude is referred to as E%‘iss.

The data sample used for the fully hadronic analysis was
recorded with trigger algorithms that required events to have
Hr > 350 GeV and E%“iss > 100 GeV. The single-lepton analysis
uses triple- or double-object triggers. The triple-object triggers re-
quire a lepton with pt > 15 GeV, together with Ht > 350 GeV
and E%“iss > 45 GeV. The double-object triggers have the same Hrt

requirement, no E?iss requirement, and a lepton pr threshold of
40 GeV. The data samples for the dilepton and multilepton anal-
yses were collected with ee, ex, and pu double-lepton triggers,
which require at least one e or one u with pr > 17 GeV and an-
other with pt > 8 GeV.

Simulated Monte Carlo (MC) samples of signal events are pro-
duced using the MADGRAPH 5.1.3.30 [41] generator, as are SM tt,
Drell-Yan, W + jets, and single top quark events. The tt events in-
clude production in association with a photon, or with a W, Z,
or H boson. The production of single top quarks in association
with an additional quark and a Z boson is simulated with the
MC@NLO 2.0.0 [42,43] generator. The PYTHIA 6.4.24 [44] generator
is used to simulate the generic multijet QCD and diboson (WW,
ZZ, and WZ) processes, as well as to describe the parton shower
and hadronization for the MADGRAPH samples. All SM samples are
processed with the full simulation of the CMS detector, based on
the GEANT4 [45] package, while the signal samples are processed
with the CMS fast simulation [46] program. The fast simulation
is validated through comparison of its predictions with those of
the full simulation, and efficiency corrections based on data are
applied [47]. The effect of pileup interactions is included by super-
imposing a number of simulated minimum bias events on top of
the hard-scattering process, with the distribution of the number of
reconstructed vertices matching that in data.

4. Search channels

This paper reports the combination of five individual searches
for new physics by CMS. The fully hadronic [19], single-lepton [20],
same-sign dilepton [21], and multilepton [22] searches have all
been published, and are summarized briefly below. The opposite-
sign dilepton search is presented here for the first time and is
therefore described in greater detail.

4.1. Fully hadronic analysis

Considering that signal events contain four W bosons, the fully
hadronic branching fraction is about 24%. The fully hadronic analy-
sis [19] requires at least three jets with pt > 50 GeV and |n| < 2.5,
and vetoes events containing an isolated electron or muon with
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pr > 10 GeV and |n| < 2.5 (2.4) for electrons (muons). The Ht
and H%‘iss values are required to exceed 500 and 200 GeV, re-
spectively. To render the analysis more sensitive to a variety of
final-state topologies resulting from longer cascades of squarks and
gluinos, and therefore a large number of jets, the events are di-
vided into three exclusive jet-multiplicity regions: Njess = (3-5),
(6-7), and >8. The events are further divided into exclusive re-
gions of Ht and H‘T“iss. The exploitation of higher jet multiplicities
is motivated by natural SUSY models in which the gluino decays
into top quarks [19]. This analysis does not impose a requirement
on the number Npjers Of tagged b jets, thereby maintaining a high
signal efficiency.

The main SM backgrounds for the fully hadronic channel arise
from Z + jets events in which the Z boson decays to a vV neutrino
pair; from W + jets and tt events with a W boson that decays
directly or through a 7 lepton to an e or u and the associated
neutrino(s), with the e or p undetected or outside the acceptance
of the analysis; from W + jets and tt events with a W boson that
decays to a hadronically decaying t lepton and its associated neu-
trino; and from QCD multijet events. For the first three background
categories, the neutrinos provide a source of genuine H}“iss. For the
QCD multijet event background, large values of H?“SS arise from
the mismeasurement of jet pr or from the neutrinos produced in
the semileptonic decays of hadrons. All SM backgrounds are de-
termined from control regions in the data, and are found to agree
with the observed numbers of events in the signal regions.

4.2. Single-lepton analysis

With four W bosons, the branching fraction of signal events to
states with a single electron or muon is about 42%, including con-
tributions from leptonically decaying 7 leptons. The single-lepton
analysis [20] requires the presence of an electron or muon with
pr > 20 GeV and no second electron or muon with pr > 15 GeV,
with the same »n restrictions on the e and p as in Section 4.1.
Jets are required to have pt > 40 GeV and |n| < 2.4. The SlTep vari-
able is evaluated, defined by the scalar sum of E%“iss and the lep-
ton pr. Events must satisfy Njets > 6, Npjers > 2, Hr > 400 GeV, and

SlTep > 250 GeV. A further variable, the azimuthal angle A¢(W, ¢)
between the W boson candidate and the lepton, is evaluated. For
this variable, the pr of the W boson candidate is defined by the
vector sum of the lepton pr and ﬁ%‘iss. For single-lepton tt events,
the angle between the directions of the W boson and the charged
lepton has a maximum value that is determined by the mass of
the W boson and its momentum. The requirement of large E%“iss
selects events with Lorentz-boosted W bosons. This leads to a nar-
row distribution in A¢ (W, £). In SUSY decays there will be no such
maximum, since the E‘T11iss mostly results from the two neutralinos
and their directions are largely independent of the lepton direction.
Therefore the A¢ (W, £) distribution is expected to be flat for SUSY
events. The analysis requires A¢ (W, £) > 1. The search is then per-
formed in exclusive regions of SlTep for Npjets =2 and Npjers > 3.

The main SM backgrounds for the single-lepton channel arise
from dilepton tt events in which one lepton is not reconstructed
or lies outside the acceptance of the analysis, from residual single-
lepton tt events, and from events with single-top quark production.
The backgrounds are evaluated using data control samples. The
total number of background events is found to agree with the ob-
served number of events in each signal region.

4.3. Same-sign dilepton analysis

The branching fraction for events with four W bosons to a final
state with at least two same-sign leptons (ee, uu, or ew) is 7%,

including the contributions of 7 leptons. For the present study, we
make use of the high-pr selection of the same-sign dilepton analy-
sis in Ref. [21], which requires at least two same-sign light leptons
(e, u) with pr > 20 GeV, |n| < 2.4, and invariant mass above
8 GeV. To prevent overlap between the same-sign dilepton and
multilepton analyses, an explicit veto on additional leptons with
pr > 10 GeV and |n| < 2.4 is added for the same-sign dilepton
analysis, as in the search for t, production described in Ref. [22].
Jets are required to satisfy pt > 40 GeV and |n| < 2.4. Events must
have Njets > 2, Hr > 200 GeV, and E‘T‘“iss > 50 GeV. The events are
examined in exclusive regions of Hr and E'TTliSS for 2 < Njers <3
and Niets > 4, all for Npjeis =0, 1, and >2.

There are three main sources of SM background in this anal-
ysis: non-prompt leptons, rare SM processes, and electrons with
wrong charge assignments. The main sources of non-prompt lep-
tons are leptons from bottom- and charm-quark decays, misiden-
tified hadrons, muons from light-meson decays in flight, and elec-
trons from unidentified photon conversions. The background from
non-prompt leptons is evaluated from data control regions. Dibo-
son, ttW, and ttZ production are the most important rare SM back-
ground sources. Their contributions are estimated from MC sim-
ulation. Opposite-sign dileptons can also contribute to the back-
ground when the charge of an electron is misidentified because
of bremsstrahlung emitted in the tracker material. This contribu-
tion is estimated using a technique based on Z — eTe™ data. No
significant deviations are observed from the SM expectations.

4.4. Multilepton analysis

The branching fraction for events with four W bosons to decay
to a final state with three or more charged leptons (e or w) is
6%, including 7 lepton contributions. The multilepton sample used
in the present study corresponds to the selection of events with
three or more such leptons presented in Ref. [22]. The electrons
or muons are required to have pr > 10 GeV and |n| < 2.4, except
at least one of the three leptons must have pr > 20 GeV. Jets are
required to have pr > 30 GeV and |n| < 2.4. Events must satisfy
Njets > 2, Npjets = 1, Hr > 60 GeV, and E?iss > 50 GeV. The events
are examined in exclusive regions of Hy and E?iss for 2 < Njets <3
and Njers > 4, both with Npjers =1 and 2, and for Njes > 3 with
Npjets > 3.

Compared to the fully hadronic, single-lepton, or dilepton signa-
tures, the multilepton search targets final states with small branch-
ing fractions, but provides good signal sensitivity because the
three-lepton requirement strongly suppresses backgrounds. Only a
few SM processes exhibit such signatures. Background from dibo-
son production is highly suppressed by the Npjes requirement. The
main backgrounds arise from events with a combination of tt pro-
duction and non-prompt leptons, as well as from rare SM processes
like ttW and ttZ production. The non-prompt lepton background
is evaluated using data control regions and the rare SM back-
ground from simulation. There is no statistically significant excess
of events found in the signal regions above the SM expectations.

4.5. Opposite-sign dilepton analysis

The branching fraction for events with four W bosons to a final
state with at least one opposite-sign lepton pair (e or w) is 14%, in-
cluding the contributions of 7 leptons. The opposite-sign dilepton
search requires the presence of exactly two opposite-sign leptons
(e or w), each with pt > 20 GeV and |n| < 2.4. Events with a third
lepton satisfying pr > 20 GeV and |n| < 2.4 are vetoed. Jets must
satisfy pr > 30 GeV and |n| < 2.5. This analysis targets the T1tttt
and T5tttt scenarios described in the Introduction.
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Table 1

Selection criteria for the signal region in the opposite-sign dilepton analysis.
Variable Description Criterion
E%‘iss Missing transverse momentum >30 GeV
Njets Number of jets >4
Nbjets Number of b-tagged jets >2
M, Pseudorapidity for jet with largest pr <1
A Pseudorapidity for jet with next-to-largest pr <1

Many variables are examined in order to define a signal region
(SR) that maximizes signal content while minimizing the contri-
butions of SM events. We choose those variables that demonstrate
the greatest discriminating power between signal and SM events,
and that exhibit the smallest level of correlation amongst them-
selves: Niets, Nbjets E%“iss, and the 7 values of the two jets with
largest pr. The criteria that yield the highest sensitivity in the
parameter space of the T1tttt model, summarized in Table 1, are
optimized using simulated events. Events are divided into bins
of EMMSS. The bin with highest EMS (>180 GeV) is the most sen-
sitive for the bulk of the signal phase space, but the bins with
lower E;“iss are important for compressed spectra, i.e., for signal
scenarios with small mass differences between the SUSY particles.
After applying the selection criteria summarized in Table 1, the re-
maining SM background is primarily composed of events with tt,
Drell-Yan, and W + jets production.

A control region (CR) is defined by the sum of the two event
samples obtained by separately inverting the n;, <1 and nj, <1
requirements. The contribution of signal events to the control re-
gion depends on the gluino mass (mg) and the LSP mass (msp)
and can be as large as 10%. The contributions of signal events to
the CR are taken into account in the interpretation of the results.

An extrapolation factor Rex is defined as a function of E‘Tniss
and Npjets, as the ratio of the number of SM events in the SR
to that in the CR. In simulated events the Rey factor is observed
to change slowly as a function of E%“iss, as shown in Fig. 2. The
Rex; ratio is similarly found to be independent of Npjers, making it
possible to extract its value directly from data using events with
Npjets = 2, without altering the other signal and control selection
criteria. The contribution of signal events to the Npjers = 2 region is
small compared to the statistical uncertainty in the extrapolation
factor and is therefore neglected. Thus the background estimate is
derived entirely from data, minimizing systematic uncertainties.

The SM background prediction for the SR is obtained by multi-
plying Rext with the number of data events in the CR:

SR _ CR
Npredicted = ReXtNdata' (1)

The performance of the background estimation method is stud-
ied both in the SR, using simulation, and in a cross-check region
defined by 2 < Njets < 4, using data and simulation. For both re-
gions, the SM background consists primarily of tt events, with a
small contribution from W + jets production. Fig. 3 shows agree-
ment between the predicted and actual E;“iss distributions for the
SR and cross-check regions.

The systematic uncertainty in the background prediction is
based on the statistical uncertainties in the data, used to extract
the Rex: factors, and on the level of agreement between the pre-
dicted and actual results found using simulation in the SR (Fig. 3
right). No significant bias in the method is observed in simulation,
and an additional systematic uncertainty of 25-50% is assigned to
account for the statistical precision of the latter term.

The predicted and observed E‘T11iSS distributions for the signal re-
gion are shown in Fig. 4 and listed in Table 2. No excess of events
is observed with respect to the SM prediction. For the interpre-
tation of results (Section 5), all four E%“iss bins are used. Besides
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their use in the combination, we present in Appendix A the inter-
pretation of the T1tttt and T5tttt scenarios based on the results of
the opposite-side dilepton analysis alone.

5. Combination of analyses

The results from the five analyses are combined to provide
more stringent conclusions. The combined results are interpreted
in the context of the SUSY scenarios illustrated in Fig. 1. The 95%
confidence level (CL) upper limits (UL) on the cross sections are
calculated using the LHC-style CLs method [48-50]. Because of
their large branching fractions, the fully hadronic and single-lepton
analyses are most sensitive in the largest part of the phase space.
However, the analyses based on higher lepton multiplicities be-
come important for the more compressed mass spectra and for
models with fewer b jets.

Systematic uncertainties in the signal selection efficiency are
evaluated using the same techniques for all analyses. They are
evaluated separately for the different signal models, search regions,
and for each hypothesis for the SUSY particle masses. The system-
atic uncertainties in the signal modeling are taken to be 100%
correlated among the mass hypotheses. As an example, a sum-
mary of systematic uncertainties for the T1tttt model is given in
Table 3. The total systematic uncertainty varies between 7 and 35%
depending on the decay modes considered, the search regions, and
the mass points. An important source of systematic uncertainty for
the analyses that require multiple leptons arises from the lepton
identification and isolation efficiencies, which are evaluated us-
ing Z — ¢7¢~ events. The uncertainty in the energy scale of jets
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gives rise to a 1-15% systematic uncertainty that increases with
more stringent kinematic requirements. For compressed spectra,
the modeling of initial-state radiation (ISR) [18] is an important
source of uncertainty. The PDFALHC recommendations [51,52] are
used to evaluate the uncertainty associated with the parton distri-
bution functions (PDFs). For most of the analyses the background
evaluation methods differ, and so the systematic uncertainties are
treated as uncorrelated. The overlap between most control regions
is studied and found to be negligible. The only exception occurs

Table 2

Predicted SM background and observed data yields as a function of E¥‘i55 for the
opposite-sign dilepton analysis. The uncertainties in the total background predic-
tions include both the statistical and the systematic components.

E¥’i55 requirement Background prediction Observed data yields

30 < E%“iss < 80 GeV 19.9+3.7 17
80 < EMM* <130 GeV 11.8+3.0 10
130 < EP™S < 180 GeV 57+22 5
EF'S > 180 GeV 1.2+1.1 1

for the same-sign dilepton and multilepton analyses, which use the
same methods to predict the background from non-prompt leptons
and rare SM processes. For this case, the systematic uncertainties
are taken to be fully correlated.

5.1. Gluino-mediated top squark production with virtual top squarks

The results are first interpreted in the context of g8 production
with § — tt)} through a virtual T, the process referred to as T1tttt.
The signature contains four top quarks and has significant jet ac-
tivity (Fig. 1 left). The fully hadronic and single-lepton analyses
are therefore expected to be especially sensitive, because of their
larger signal efficiencies. Fig. 5 (left) shows the 95% CL upper limits
on the product of the cross section and branching fraction in the
(m)?{" myz) plane. The exclusion curves are evaluated by compar-

ing the cross section upper limits with the next-to-leading-order
(NLO) plus next-to-leading-logarithm (NLL) theoretical production
cross sections [54-58]. The thick red dashed line indicates the 95%
CL expected limit, which is defined as the median of the upper
limit distribution obtained using pseudo-experiments and a likeli-
hood model. The +1 standard deviation experimental systematic
uncertainties Gexperiment are shown by the thin red line around the
expected limit. The observed limit is given by the thick solid black
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Table 3

Relative (%) systematic uncertainties in the signal efficiency of the T1tttt model for the fully hadronic (0 ¢), single-lepton (1 ¢), opposite-sign dilepton (2 OS ¢), same-sign
dilepton (2 SS ¢), and multilepton (>3 ¢) analyses. The given ranges reflect the variation across the different search regions and for different values of the SUSY particle

masses.

Source 0¢

1¢ 20S¢

255¢ >3¢

Integrated luminosity [53]
Pileup

Lepton identification and isolation efficiency <1
Trigger efficiency 2
Parton distribution functions 1-8
Jet energy scale 2-8
b-tagged jet identification n/a
Initial-state radiation 3-22

Total 7-28

10-30
2-7
1-15
2-18

2.6
<5

10 12

6

2 4

1-10 5-15
4 2-10 5-20
-18 3-15 3-15

— =00 N D N

14-35 17-25 18-25 15-30

line, where the uncertainty band (thin black lines) indicates the 41
standard deviation uncertainty oeory in the theoretical cross sec-
tion. The theoretical uncertainty is mainly due to uncertainties in
the renormalization and factorization scales, and in the knowledge
of the PDFs. To quote the gluino mass exclusion, we conservatively
consider the observed upper limit minus Otheory. It is seen that
gluinos below 1280 GeV are excluded for Mo ~ 0 GeV. Assuming

a gluino mass of 1000 GeV, an LSP with a malss below 600 GeV is
excluded.

The exclusion curves for each individual analysis are shown in
Fig. 5 (right). As expected, for low LSP masses, the single-lepton
and fully hadronic analyses provide the most stringent results. For
Mzo ~ 0 GeV, the combination is seen to extend the gluino mass
exclusion by about 35 GeV compared to the single-lepton analysis,
which provides the most stringent corresponding individual result.
Large values of mzo lead to more compressed mass spectra, softer

decay products, and therefore smaller Efr“iss. As a result, the fully
hadronic and single-lepton analyses become less sensitive, since
they require high-pr jets and large E‘T“iss. The dilepton and multi-
lepton analyses depend less on the pt spectrum of the final-state
particles, and their sensitivity decreases less for smaller mass split-
tings. Thus the analyses requiring two or more leptons contribute
most to the overall sensitivity when the difference mgz — mso be-
comes small. For mg ~ 1000 GeV, the exclusion limit on mgyo is

extended by about 60 GeV because of the addition of the lTll]llti-
lepton channels.

5.2. Gluino-mediated top squark production with on-shell top squarks

If the top squarks are light enough, the gluino can decay
through an intermediate on-shell top squark. In this model, re-
ferred to as T5tttt, the values of Mo, My, and mg function as

independent parameters. Results are presented for a fixed mass

Mmyo = 50 GeV and scanned over the masses of the on-shell top

squark and gluino. The 95% CL upper limits on the product of the
cross section and the branching fraction in the my versus mg plane
are shown in Fig. 6, top. In the context of the T5tttt model, gluinos
with masses below around 1300 GeV are excluded for top squark
masses around 700 GeV. Fig. 6, bottom, shows the results for the
individual studies. The contribution from the fully hadronic analy-
sis remains important even for relatively small top squark masses
my &~ 200 GeV because of the high Hr search regions: signal events
in this case contain smaller E?iss but larger Ht. However, for
my < 150 GeV, the fully hadronic analysis loses sensitivity. The
single-lepton analysis provides the most stringent individual re-
sults, but loses sensitivity as my decreases. The sensitivity of the
dilepton and multilepton searches depends less strongly on m;, but
their sensitivity even in the compressed region is rather small, al-

CcMS 19.5 fb™ (8 TeV)
e o S e e I
pp—3g.g— tfi? NLO+NLL exclusion
=Observed £ 16y,
10007555Expectedi 1o,

102

[GeV]
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500 10
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Fig. 5. (Top) The 95% CL cross section upper limits for gluino-mediated squark pro-
duction with virtual top squarks, based on an NLO + NLL reference cross section
for gluino pair production. The solid and dashed lines indicate, respectively, the ob-
served and expected exclusion contours for the combination of the five analyses.
The thin contours indicate the +1 standard deviation regions. (Bottom) Exclusion
contours (EC) for the individual searches, plus the combination.

though they contribute to the combination at very small m;. The
combination improves the exclusion reach in the gluino mass by
about 50 GeV for small my.

5.3. Bottom squark pair production

We also consider bottom squark pair production with the bot-
tom squarks decaying as by — t¥; and X; — W~ X?, known as
T6ttWW (Fig. 1right). The single-lepton and opposite-sign dilepton
analyses have very little sensitivity to such a model because of the
stringent Npjers and Njegs requirements, and are not included in the
combination. The fully hadronic analysis, which does not impose a
requirement on Npjes, contributes some sensitivity. The main sen-
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Fig. 6. (Top) The 95% CL cross section upper limits for gluino-mediated squark pro-

duction with on-shell top squarks, assuming an LSP mass of myo = 50 GeV, based

on an NLO + NLL reference cross section for gluino pair production. The solid and
dashed lines indicate, respectively, the observed and expected exclusion contours
for the combination of the five analyses. The thin contours indicate the +1 standard
deviation regions. (Bottom) Exclusion contours (EC) for the individual searches, plus
the combination.

sitivity comes from the same-sign and multilepton searches with
either Npjers =1 or 2.

For the T6ttWW model, the LSP mass is set to 50 GeV. The re-
sulting 95% CL upper limits on the product of the cross section and
branching fraction in the my=+ versus mg plane are shown in Fig. 7,
top. In the context of this model, bottom squark masses up to
570 GeV are excluded for LSP masses around 150-300 GeV. Fig. 7,
bottom, shows the exclusion limits for the individual analyses as-
suming a fixed bottom squark mass of 600 GeV. The same-sign
dilepton analysis provides the best sensitivity for chargino masses
below 400 GeV, and the combination with the multilepton anal-
ysis leads to a 15% improvement in the cross section upper limit
and even up to 35% improvement in the expected cross section up-
per limit, which represents an improvement in the expected sbot-
tom mass exclusion limits of around 50 GeV. For larger chargino
masses, the fully hadronic analysis is more sensitive because jets
from W boson decays become more energetic.

6. Summary

Five searches for supersymmetry with non-overlapping event
samples are combined to obtain more stringent exclusion limits
on models in which b jets and four W bosons are produced. The
results are based on data corresponding to an integrated luminos-
ity of 19.5 fb~! of pp collisions, collected with the CMS detector
at /s =8 TeV in 2012. Because of their large branching fractions,
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% 6007Pp—>$1b~*1,5‘—) tV‘V"x? NLO+NLL exclusior‘L 5
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L . 1] 2
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] 410 E
R
4 Q.
: [o%
200 = j
| (@]
] X
I e 0 A i el
I n i Y n LB S
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m;[GeV]
cMs 19.5 fb™ (8 TeV)
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=N [ m=600GeV — — Theoretical o, o\, ]
5' E M(z;) = 50 GeV — E
g | ——Observed EC ss 21 i
.‘8 e Expected EC >3l Bl
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»
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Fig. 7. (Top) The 95% CL cross section upper limits for bottom-squark pair produc-
tion, assuming an LSP mass of mgo = 50 GeV, based on an NLO + NLL reference

cross section. The solid and dashetlj lines indicate, respectively, the observed and
expected exclusion contours for the combination of the fully hadronic, same-sign
dilepton, and multilepton analyses. The thin contours indicate the +1 standard de-
viation regions. (Bottom) Exclusion contours (EC) for the individual searches, plus
the combination, assuming a bottom squark mass of 600 GeV.

the single-lepton and fully hadronic analyses have the largest sen-
sitivity for most of the range of the supersymmetric mass spec-
tra, whereas the analyses with higher lepton multiplicities have
higher sensitivity for models with more compressed mass spec-
tra. The complementarity of the searches is exploited to provide
comprehensive coverage across a wide region of parameter space.
The combined searches yield 95% confidence level exclusions of up
to 1280 and 570 GeV for the gluino and bottom-squark masses
in the context of gluino and bottom-squark pair production, re-
spectively. The increase in sensitivity that arises from the com-
bination of the five analyses corresponds to an increase of about
50 GeV in the SUSY mass reach compared to the individual analy-
ses.
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Appendix A. Additional plots for the opposite-sign dilepton
search

This appendix presents additional results for the opposite-sign
dilepton search. The results of this analysis alone for the T1tttt
(Fig. 1 left) and T5tttt (Fig. 1 middle) models are shown, respec-
tively, in Figs. A.1, top and bottom. In the context of the T1tttt
model, gluinos with masses below around 980 GeV are excluded
for LSP masses below 400 GeV. In the T5tttt model, gluinos with
masses below 1000 GeV are probed for top squark masses around
650 GeV.
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