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1 Introduction
Supersymmetry (SUSY) [1, 2] is an attractive extension of the Standard Model because of cou-
pling unification, dynamic electroweak symmetry breaking and a solution to the hierarchy
problem. Constructing the most general minimal supersymmetric theory, one obtains lepton-
and baryon-number violating terms in the superpotential [3]:
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Here, the coefficients λ, λ′ and κ allow lepton number violation (LNV), whereas the coefficient
λ′′ allows baryon number violation (BNV). These terms in conjunction lead to rapid proton de-
cay, which has not been observed in nature [4]. In order to keep the proton stable, an additional
symmetry is introduced. The most common choice for this symmetry is R-parity, which forbids
all lepton- and baryon-number violating terms. However, equally theoretically well-motivated
symmetries can replace R-parity in order to prevent proton decay. In these scenarios R-parity is
not conserved, and thus such models are dubbed ”R-parity violating (RPV) supersymmetry”.
In RPV SUSY scenarios the lightest supersymmetric particle (LSP) is not stable and decays into
Standard Model particles. This leads to signatures which we investigate in this study. Due to
the decay of the LSP, the signature of RPV SUSY differs strongly from standard SUSY searches
since it exhibits no missing energy due to an escaping neutralino, and thus limits from searches
for R-parity conserving SUSY typically do not apply.

In this document we report on the search for resonant slepton production in a ”baryon triality”
(B3) mSUGRA scenario [5, 6], where λ′′ = 0. At the LHC, sleptons can be resonantly produced
via the Yukawa coupling coefficient λ′ijk of the trilinear LQD term in the RPV superpotential,
c. f. equation (1), where i = 1..3 denotes the lepton generation and j, k = 1..3 denotes the quark
generation. Since protons are used in the initial state, the contribution for j, k = 1 is dominant.
Bounds on the first generation coupling λ′111 from neutrinoless double beta decay [3] motivate a
search for second generation slepton production (i = 2). Single coupling dominance for λ′211 [3]
is assumed such that contributions from other RPV couplings can be neglected.

Assuming λ′211 to be small, the slepton produced in the primary interaction decays predom-
inantly into a muon/neutrino and neutralino/chargino, and the decay via λ′211 leading to a
dijet final state can be neglected. Depending on the mass hierarchy of the sparticles, the sub-
sequent R-parity conserving decay of the neutralino or chargino can lead to additional jets,
leptons and/or neutrinos in the final state. The neutralino LSP decays in a three-body decay
via the RPV coupling λ′211 to a muon and two jets, or to a neutrino and two jets, leading to a
final state with at least two jets and zero, one or two muons. The lifetime of the neutralino LSP
depends on the value of λ′211, and the decay is effectively prompt for detection purposes for
values λ′211 > 10−6.

2 Search strategy
This search extends the results from a previous search by the DØ collaboration [7] and is com-
plementary to searches for RPV SUSY by the LEP experiments [3]. The search concentrates
on final states with two muons and at least two jets. Fig. 1 illustrates the simplest possible
Feynman diagrams leading to this final state, which is experimentally interesting because the
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Figure 1: Resonant smuon (left) and sneutrino (right) production and typical decay chain into
final states with two same-sign muons and at least two jets. The R-parity violating vertices are
marked by a red filled circle.

presence of two muons allows to discriminate the signal from background processes. One
of the muons is expected to be produced by the resonant slepton while the other muon and
two quarks resulting in jets are expected to be produced in the subsequent decay of the neu-
tralino LSP. Due to the Majorana nature of the LSP, the two muons have the same charge with
about 50% probability, which allows to discriminate further against the background. Due to
the larger valence u-quark content of the initial state protons the configuration with two posi-
tively charged muons is about twice as large as the configuration with two negatively charged
muons. The kinematics of this signal is characterised by no missing transverse energy within
the detector resolution. After selecting events with two same-sign muons, at least two jets,
low amount of missing energy, no electrons and no b-jets, two main background components
can be identified: low cross section backgrounds containing two prompt same-sign leptons
such as production of multiple bosons, and backgrounds with high cross-section where lep-
tons from semileptonic decays of c or b-hadrons or other charged particles are wrongly iden-
tified as prompt leptons, which are both called “fakes” for the purpose of this document. The
“fake” backgrounds are estimated from the data. The observed events then are compared to
the background by reconstructing the invariant mass of the slepton and neutralino/chargino.

This document is organised as follows: Section 3 describes the data sample and simulation of
background processes. The event selection is presented in section 4. Section 5 describes how
the backgrounds are estimated. Systematic uncertainties are evaluated in section 6, and the
results of this search are presented in section 7. The document concludes with section 8.

3 Data and simulation samples
In this search, we use the entire 2011 dataset taken at

√
s = 7 TeV with the CMS detector based

on dimuon triggers with various low transverse momentum requirements on the muons. The
integrated luminosity corresponds to L = 4.98± 0.11 fb−1.

Simulated background samples for the production of QCD multi-jet, Drell-Yan, W, W+ γ, top-
pair production (tt, tt + V), double boson (VV) and triple boson (VVV) events, where V = W, Z
stands for a W or a Z boson, are generated with MADGRAPH [8] interfaced to the event gen-
erator PYTHIA 6 [9] for parton shower, hadronisation and underlying event. Single top quark
production samples are generated with POWHEG [10–12]. We also use simulation for estimat-
ing contributions from rare processes such as W±W±-production, double-parton scattering and
Wγ∗ production with an asymmetric internal photon conversion.

For the RPV resonant slepton signal production particle mass spectra have been generated with
SoftSusy 3.1.7 [13, 14] under the premise of the mSUGRA model. The mass spectrum of pro-
duced particles is processed through Isajet 7.64 [15] to obtain the decay widths and branching
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ratios needed in the subsequent event generation. The masses, decay widths and branching ra-
tios of the obtained particles are fed into the Monte-Carlo event generator HERWIG 6.5 [16–18]
using parton distribution functions CTEQ6L [19].

The RPV resonant slepton events have been exclusively generated with the LQD coupling
λ′211 = 0.01. Since the production cross section scales with the square of the coupling for cou-
pling values considered in this analysis, different λ′211 values can be adopted after simulation
for the limit settings without loss of generality. We ensured that effects on the lifetime are small
enough to consider the decay as prompt and changes to the event kinematics are negligible for
all scaling values used in this analysis.

We consider 400 phase space points in the two dimensional interval of 50 ≤ m1/2 ≤ 1000 GeV
in 50 GeV steps and 100 ≤ m0 ≤ 2000 GeV in 100 GeV steps, with values of tan β = 20,
sgn(µ) = +1, A0 = 0, and λ′211 = 0.01 fixed. Some regions of this phase space exhibit non-
convergent renormalisation group equations, tachyonic solutions, a τ̃ LSP or fail to exhibit
electroweak symmetry breaking. These regions are removed from further consideration, and
the 354 remaining phase space points are simulated to derive model specific exclusion limits.
For illustration purposes, we additionally evaluate the CMS benchmark points LM1 (m0 =
60 GeV, m1/2 = 250 GeV), HM1 (m0 = 180 GeV, m1/2 = 850 GeV), HM3 (m0 = 700 GeV,
m1/2 = 800 GeV), with common values tan β = 10, sgn(µ) = +1, A0 = 0 [20].

Leading order cross sections for resonant slepton production have been computed by HERWIG

6.5 for the chosen coupling λ′211 = 0.01. The cross section ranges from 177 pb at lowest m0, m1/2
masses to about 2 · 10−4 pb at highest m0, m1/2 masses. Next-to-leading order (NLO) k-factors
have been derived using the prescription in [21] at each phase space point. The k-factors vary
moderately over the entire considered phase space from 1.15 to 1.35.

The detector response is simulated with the GEANT4 [22] framework. The pileup distribution
used during simulation is reweighted to the measured pileup distribution with 50 ns bunch
spacing and out of time pileup contributions from previous bunch crossings by a three dimen-
sional reweighting procedure [23], and corresponding jet energy corrections are applied [24].

4 Event selection
We select events passing High Level Trigger dimuon requirements containing two muons with
transverse momentum thresholds varying between 6 and 17 GeV. Events are required to have
at least one well reconstructed vertex within ∆z < 24 cm around the nominal interaction point.
Events that contain reconstructed electrons exceeding a transverse momentum of 30 GeV or
high noise in the electromagnetic and hadronic calorimeter cells are discarded from the analy-
sis.

The pT-threshold for muons is optimised to retain high signal efficiency while keeping con-
tributions from backgrounds small. To avoid turn-on effects, the muon pT requirements are
chosen above trigger thresholds where in average an efficiency of 92%± 1% is achieved. The
resulting requirements are pT > 20 GeV for the leading muon and pT > 15 GeV for the second
leading one. Muons have to be reconstructed both in the muon chambers and in the silicon
tracker and reside in the pseudorapidity range of |η| < 2.1, avoiding endcap regions with high
background contamination. Compared to the trigger requirements on the muons, a stricter
muon identification is adopted [25] in order to reduce contributions from misidentified muons.
An invariant mass of M(µ, µ) > 15 GeV is required to exclude events with J/ψ, Υ, low-mass
Drell-Yan processes as well as photon conversions.
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Muons are isolated from surrounding energy deposits by requiring Isorel < 0.15, where

Isorel = (IsoTrk + IsoECal + IsoHCal)/pµ
T (2)

The values IsoTrk, IsoECal and IsoHCal are defined as the sum of all charged or neutral particle
pT inside a cone of ∆R < 0.3 around the muon, excluding the muon itself, as measured by
the silicon tracker, the electromagnetic or the hadronic calorimeter, respectively. We denote the
isolated muon with the highest transverse momentum as µ1 and the isolated muon with the
second highest transverse momentum as µ2.

Jets with a transverse momentum of pT > 30 GeV in a range of |η| < 2.4 are selected. Further
jet identification quality requirements [26] are applied, and we require at least two jets in the
event. b-jets are identified and vetoed with a Track Counting High Efficiency (TCHE) algorithm
at medium working point [27]. The simulation of b-tagging is corrected to match the data
by scaling the simulated efficiency to the measured efficiency obtained from QCD multi-jet
events [28].

Further requirements on the reconstructed objects described above are applied. Events with a
muon close to a jet by ∆R < 0.4 are rejected to decrease the contribution of non-prompt muons.
Furthermore, muons are required to originate from the same vertex by requiring ∆z(µ1, µ2) <
0.8 mm. Since no missing transverse energy (Emiss

T ) is expected within the detector resolution,
backgrounds such as tt production with neutrinos in the final state can be partially suppressed
by requiring Emiss

T < 50 GeV, where the Emiss
T is obtained by means of particle flow objects.

After applying these selection requirements, the dominant background is from Drell-Yan pro-
duction, followed by tt production. At this stage, the Drell-Yan simulation is scaled to match
the event yield in the Z-peak region in the invariant m(µ1, µ2) mass distribution. The scale fac-
tor we obtain over the mass range from 80 to 100 GeV is fsc = 0.88. The left plot of Fig. 2 shows
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Figure 2: Invariant mass of the two muons and jets before (left) and after (right) applying
the b-tag veto and same-sign muon requirement. Data are compared to the expection from
simulation (left) and measured backgrounds (right). Signal distributions are shown for three
different kinematic configurations for a coupling value of λ′211 = 0.01.

the invariant mass distribution of the two muons and jets after the scaling has been applied,
representing the mass of the slepton resonantly produced in the primary interaction. A good
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agreement between data and simulation is observed. The dominant Drell-Yan background is
drastically reduced by requiring two same-sign muons. After this requirement, tt production
with one of the two same-sign muons either misidentified or originating from a semi-leptonic
b-decay constitutes the main background. It is reduced by further rejecting events with identi-
fied b-jets. The resulting invariant mass distribution is shown in the right plot of Fig. 2. Contri-
butions from faked leptons have been estimated with a data-driven method described below,
and predictions for rare processes with prompt leptons are taken from simulation.

The signal selection efficiency has been determined from simulation. Both the resonant pro-
duction of a smuon as well as a muon sneutrino can lead to a same-sign two-muon final state.
However, the majority of final states contain neutrinos instead of muons and thus efficiency is
lost by requiring two muons. Additional 50% efficiency is lost by requiring same-sign muons.
The efficiency is thus a few percent for most of the considered phase space. For low values of
m1/2, the neutralino is very light, boosted, and its decay products do not match the isolation
criteria. This leads to small signal efficiencies. Since the muon originating from the slepton
decay is not sufficiently energetic, this search lacks sensitivity when the neutralino or chargino
mass is close to that of the slepton. Because efficiencies are small for parts of the phase space,
they have been computed together with their uncertainties making use of the Wilson score
interval [29].

5 Background estimate
After the selection has been performed, very little background remains from Standard Model
processes. The most prevalent background source arises from non-prompt leptons in the decay
of c- or b-hadrons or misidentified leptons. This background is difficult to model in simulation
and thus is estimated from the data.

To this end, the muon isolation requirement is loosened from the “tight” requirement Isorel <
0.15 to the “loose” requirement Isorel < 0.4 in order to enrich non-prompt and misidentified
muon contributions. Then, events with exactly one such loose lepton are used to measure the
probability FR = T/L, i.e. the fraction of tight leptons T in the loose lepton sample L. The
loose lepton sample is enriched in QCD multi-jet events. Events with prompt leptons from
W+jets are rejected by building a transverse mass hypothesis mT of the loose lepton pT and
the missing energy Emiss

T by requiring mT < 40 GeV. Drell-Yan events are rejected by further
loosening the muon identification requirements and requiring the invariant mass of any two
muons to be outside of the interval 71 . . . 111 GeV. However, a small remaining contribution of
prompt leptons from Drell-Yan and tt production remains. This contribution is estimated from
simulation and subtracted for the calculation of FR. The measurement of FR is performed in
bins of pT and η corresponding to the detector resolution.

The contribution of non-prompt and fake leptons in the analysis then is estimated from an
event sample where one tight lepton is replaced by one lepton which is loose but not passing
tight identification requirements. By applying a weight factor w = FR/(1− FR) to this event,
the contribution of events with one prompt lepton and one fake lepton (e.g. from semileptonic
tt background) to the analysis sample is estimated. This contribution is called “single-fake”,
and we measure NSF = 9.7 ± 1.6 (stat.) “single-fake” events, where the stated uncertainty
arises from the limited size of the loose muon sample.

Events with two fake leptons can also pass the selection criteria although the probability is
small. This case is non-negligible for QCD multi-jet events due to their high cross-section.
The contribution can be estimated by selecting another sample where both tight muons in the
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analysis are replaced by loose (but not tight) muons and applying w for each muon individ-
ually. This contribution is called “double-fake”, and we measure and NDF = 1.5± 0.3 (stat.)
“double-fake” events.

Since the double-fake estimate by construction is contained in the single-fake estimate twice,
the resulting fake contribution is N f akes = 8.2± 1.6 (stat.) events. The fake rate contribution is
additionally determined in a signal-free control region (CR) defined by inversion of the Emiss

T
requirement in the selection, leading to NCR

SF = 6.5± 1.2, NCR
DF = 0.2± 0.1 and thus NCR

f akes =

5.6 ± 1.1 (stat) ±1.7 (syst.), again with statistical uncertainties due to the limited size of the
loose muon sample. By adding backgrounds that contain two real same-sign muons and thus
are not predicted by the fake rate method (tt + V, VVV, ... with V = Z, WW), we arrive at
NCR

back = 11.7± 3.6 (stat.) ±1.9 (syst.). This is compatible with the NCR
data = 8 data events within

the stated uncertainty and assures confidence in the background determination method.

The data-driven background estimate method is validated using only simulated events. To
this end, the T/L ratio is estimated from simulated QCD multi-jet events. The prediction for tt
production from the T/L ratio method is then compared to the Monte-Carlo prediction for tt
production in the selected default analysis sample. Good agreement is obtained with 2.4± 0.2
events after selection compared to 2.1± 0.1 events predicted from the T/L ratio method.

There are only a few Standard Model processes with low cross-sections that contain two same-
sign muons and least two jets. These backgrounds are estimated from simulation. We consider
double-boson, triple-boson and tt + V production that constitute an irreducible background.
Also, rare processes such as double parton interactions or two interactions in one bunch cross-
ing can lead to the same final state and are estimated from simulation.

6 Systematic uncertainties
We investigate several sources of systematic uncertainties on the event sample after selection.
Reconstructed object uncertainties of Jet Energy Scale (JES) and resolution (JER) as well as
muon energy scale and resolution are taken into account. Due to the fact that Emiss

T is used
in the event selection, all object energy variations have to be propagated into Emiss

T . JES un-
certainties have been evaluated following the procedure of [24]. The impact on the number
of selected events is 2% for background and up to 10% for signal, depending on the choice of
mSUGRA phase space point.

The Jet Energy Resolution in simulation is better than in data. The simulation has been cor-
rected for this difference. Systematic uncertainties arise from matching ambiguities between
jets of generated final state particles and reconstructed particle flow jets. The influence on the
event selection has been found to be less than 1% for background and signal. The energy scale
of muons was shifted and their resolution smeared with a Gaussian function following [25].
The resultant uncertainties have been found to be negligible.

Uncertainties specific to luminosity, reweighting and cross section are evaluated as follows: an
error of 2.2% is assigned to the integrated luminosity [30], resulting in L = 4.98± 0.11 fb−1. The
systematic uncertainty on the pileup reweighting procedure for simulated events [23] has been
obtained by varying the number of interactions per event by ±5%. The resulting effect is ±1%
for background and ±4% for signal. Evaluation of PDF and αs uncertainties has been accom-
plished following the PDF4LHC procedure [31] making use of the PDF sets CT10, MSTW2008
and NNPDF2.1. The influence on background is ±6%. On the signal the influence is ±5%
because the PDF dependence is smaller in the NLO calculation.
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The parameters of the b-tagging correction procedure are varied by the uncertainties found
when computing the correction factors [28]. The resulting uncertainty for the background is
less than one percent. For the signal the uncertainty goes up to 6% depending on the parameter
point.

To obtain systematic uncertainties on the background estimate for fake leptons, the relative
muon isolation criterion and the selection criteria for enriching the QCD multi-jet contribu-
tion while suppressing prompt leptons have been varied and for each variation N f akes is re-
evaluated. From the results of these variations, a systematic uncertainty of 30% on the event
yield is attributed to the method.

Cross section uncertainties for the signal are 5% due to scale variation and 5% for PDF uncer-
tainties. A SUSY model-dependent interpretation gives rise to additional 7% uncertainty due
to SUSY QCD corrections at NLO. By adding in quadrature, a total uncertainty of 10% on the
signal cross-section is taken into account in the limits derivation procedure. For the simulated
backgrounds we consider NNLO, NNLL and NLO cross-sections with corresponding uncer-
tainties where available, and assign a 50% uncertainty to rare backgrounds, tt + V, and triple
boson production.

7 Results and interpretation
After the selection requirements we observe 13 candidate events (see Figure 2 right). The data-
driven estimate for fake muon backgrounds yields N f akes = 8.3± 1.6 (stat). ±2.5 (syst.) events.
Predictions from simulation for the remaining backgrounds yield N`` = 2.4± 0.1 (stat.) ±1.0
(syst.), such that the total expected background amounts to Nbackground = 10.7± 1.6 (stat.) ±3.0
(syst.) events. Good agreement is thus observed between data and the prediction from simula-
tion and data-driven background.

Further insight into the data can be obtained by studying the two-dimensional distribution
mµ̃ vs. mχ̃, where a peak is expected for the signal. In order to reconstruct the mass of the
neutralino (or chargino) from the slepton decay, one muon needs to be identified coming from
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the coloured squares show the expectation from Standard Model backgrounds.
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Table 1: Event yields with systematic uncertainties after selection requirements, broken down
in individual Standard Model background contributions, with observed 95% C.L. limits on the
number of signal events Nsig in total and for each signal region.

process totals SR1 SR2 SR3
VVV 0.15 ± 0.08 0.043 ± 0.022 0.054 ± 0.028 <0.001
tt+V 0.11 ± 0.06 0.019 ± 0.010 0.038 ± 0.020 0
rare 0.36 ± 0.26 0.32 ± 0.24 0.042 ± 0.042 <0.001
VV 2.1 ± 1.1 0.69 ± 0.35 0.68 ± 0.34 0.003 ± 0.002
fakes 8.2 ± 3.0 3.5 ± 1.6 1.9 ± 1.0 <0.001
∑ 10.9 ± 3.4 4.6 ± 1.6 2.7 ± 1.1 0.003 ± 0.002
data 13 5 5 0
95% C.L. limit on Nsig 11.3 6.9 8.0 2.8
process SR4 SR5 SR6
VVV 0.036 ± 0.018 0.010 ± 0.005 0.007 ± 0.004
tt+V 0.044 ± 0.023 0.006 ± 0.004 0.006 ± 0.004
rare <0.001 <0.001 <0.001
VV 0.49 ± 0.25 0.15 ± 0.08 0.093 ± 0.050
fakes 2.5 ± 1.2 0.22 ± 0.23 <0.001
∑ 3.1 ± 1.2 0.39 ± 0.25 0.11 ± 0.05
data 0 2 1
95% C.L. limit on Nsig 2.9 6.0 4.6

the slepton decay. Although there are in principle two choices, the muon from the slepton
decay is in most regions of the parameter space higher energetic than the muon from the LSP
decay and thus can be identified as µ1. Therefore, the compatibility of observed data events
with the background estimation can be examined further by means of the two-dimensional
distribution mµ̃ = m(jets, µ±1 , µ±2 ) vs. mχ̃ = m(jets, µ±2 ) in Fig. 3. The observed events in the
data are compatible with the background expectation; no special structure can be observed. The
parameter space is subdivided into six signal regions SR1 – SR6, corresponding to low, medium
and high mass for the slepton and the neutralino, respectively. These regions, indicated in
Fig. 3, are sensitive to different combinations of slepton and neutralino masses. The bin width
is chosen such that the expected contribution from a signal can fit approximately into a single
bin, increasing the sensitivity for detecting a signal. The corresponding event yield for the six
regions is given in Table 1.

Since the number of events from Standard Model backgrounds and data agree, there is no
evidence for a signal. We interpret this result by providing three types of limits: One model-
independent limit on the number of excess events, and two limits on the coupling parameter
λ′211 for resonant production of second generation sleptons in the baryon triality model, the
first as a function of the SUSY parameters m0 and m1/2, and the second as a function of the
neutralino mass mχ̃0

1
and the smuon mass mµ̃. We use the LHC-style [32] CLs method [33]

to derive limits. As a test statistic, a profile Likelihood [4] for a multi-bin Poisson counting
experiment is used. The systematic uncertainties are modelled with log-normal distributions.
All limits are set at the 95% confidence level.

We determine a model-independent limit on the number of excess events Nsig from a possible
signal with respect to the predicted background after all selection requirements. We provide
this limit for the observed final state overall, i.e. using the total yield of the selection, and in
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the six signal regions individually. In the latter case, the assumption is that a potential signal
only appears in one of the bins, and we thus neglect correlations with the observations in other
bins. Taking the corresponding statistical and systematic uncertainties into account, we arrive
at the limits listed in Table 1.

Figure 4 shows the expected upper limits on the λ′211 coupling strength within the baryon trial-
ity model as a function of the mSUGRA mass scales m1/2 and m0 in the upper plot and the cor-
responding measured upper limits in the centre plot, for A0 = 0, sign(µ) = +1 and tan β = 20.
The bottom plot shows the mSUGRA limits expressed in the parameter space of the neutralino
mass mχ̃0

1
and smuon mass mµ̃. The limits expand the previously reachable phase space ex-

plored by the DØ experiment [7] considerably.

8 Conclusions
We present a search for resonant production of sleptons (µ̃, ν̃µ) via the R-parity violating cou-
pling λ′211 with two like-sign muons and at least two jets in the final state. The kinematics of
the signal is characterised by no missing transverse energy within the detector resolution. The
search is based on the 2011 dataset with an integrated luminosity of L = 4.98 fb−1, recorded
with the CMS detector in proton proton collisions at a centre of mass energy of

√
s = 7 TeV. The

observed number of events agrees with the Standard Model prediction and we establish most
stringent limits to date on the coupling λ′211 in the range of scalar masses m0 up to 1.3 TeV and
gaugino masses m1/2 up to 1 TeV. We also present these limits in the two-dimensional phase
space of neutralino mass mχ̃0

1
and smuon mass mµ̃. Compared to previous measurements from

the DØ experiment [7], we extend the excluded phase space considerably.
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Figure 4: Expected (top) and observed (centre) 95% CL upper limits on λ′211 as a function of m0
and m1/2 for A0 = 0, sign(µ) = +1 and tan β = 20. The bottom plot shows the mSUGRA limits
expressed in the parameter space of the neutralino mass mχ̃0

1
and smuon mass mµ̃.
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