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Abstract

A search for direct production of the supersymmetric (SUSY) partners of electrons
or muons is presented in final states with two opposite-charge, same-flavour leptons
(electrons and muons), no jets, and large missing transverse momentum. The data
sample corresponds to an integrated luminosity of 35.9 fb−1 of proton-proton colli-
sions at

√
s = 13 TeV, collected with the CMS detector at the LHC in 2016. The search

uses the MT2 variable, which generalises the transverse mass for systems with two
invisible objects and provides a discrimination against standard model backgrounds
containing W bosons. The observed yields are consistent with the expectations from
the standard model. The search is interpreted in the context of simplified SUSY mod-
els and probes slepton masses up to approximately 290, 400, and 450 GeV, assuming
right-handed only, left-handed only, and both right- and left-handed sleptons (mass
degenerate selectrons and smuons), and a massless lightest supersymmetric particle.
Limits are also set on selectrons and smuons separately. These limits show an im-
provement on the existing limits of approximately 150 GeV.

Published in Physics Letters B as doi:10.1016/j.physletb.2019.01.005.

c© 2019 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

∗See Appendix A for the list of collaboration members

ar
X

iv
:1

80
6.

05
26

4v
2 

 [
he

p-
ex

] 
 2

8 
Ja

n 
20

19

http://dx.doi.org/10.1016/j.physletb.2019.01.005
http://creativecommons.org/licenses/by/4.0




1

1 Introduction
The standard model (SM) of particle physics provides a description of the fundamental par-
ticles and their interactions, and its predictions have been confirmed experimentally with in-
creasing precision over the last several decades. Supersymmetry (SUSY) [1–8], one of the most
promising extensions of the SM, addresses several open questions for which the SM has no
answer, such as the hierarchy problem and the origin of dark matter. The theory postulates a
new fundamental symmetry that assigns to each SM particle a SUSY partner whose spin dif-
fers by one half, causing the SUSY partner of an SM fermion (boson) to be a boson (fermion).
In addition to stabilising the Higgs boson (H) mass via cancellations between quantum loop
corrections including the top quark and its superpartner, SUSY provides a natural dark matter
candidate, if R-parity [9] is conserved, in the form of the lightest SUSY particle (LSP), which is
assumed to be massive and stable.

SUSY particles (sparticles) that are coloured, the squarks and gluinos, are produced via the
strong interaction with significantly larger cross sections than colourless sparticles of equal
masses, at the Large Hadron Collider (LHC). However, if the squarks and gluinos are too
heavy to be produced at the LHC, the direct production of colourless sparticles, such as the
electroweak superpartners (charginos (χ̃±1 ), neutralinos (χ̃0

2), and sleptons (˜̀)), would be the
dominant observable SUSY process.
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Figure 1: Diagram of slepton pair production with direct decays into leptons and the lightest
neutralino.

Supersymmetric models predict charged sleptons ( ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R), the superpartners of
the charged left-handed and right-handed SM leptons, which can be produced at proton-proton
(pp) colliders in direct electroweak pair production. At sufficiently heavy slepton masses, the
sleptons undergo a two-body decay into one of the heavier neutralinos or a chargino, while
direct decays to a neutralino LSP are favoured for light slepton masses. This Letter presents a
search for directly produced selectrons and smuons (ẽL, µ̃L, ẽR, µ̃R), under the assumption of
direct decays ˜̀→ `χ̃0

1 with 100% branching ratio, as sketched in Fig. 1. The final state contains
little or no hadronic activity and provides a clean signature composed of two opposite-charge
(OC), same-flavour (SF) leptons (dielectron or dimuon pairs) and large missing transverse mo-
mentum (pmiss

T ) from the two LSPs that escape detection.

The main SM backgrounds resulting in two OC SF leptons and no reconstructed jets are pp→ tt
(if both jets from the top decays are out of acceptance) and pp → WW → 2`2ν, both of which
involve W bosons that decay into an electron or a muon with equal probability, resulting in
the same number of dielectron and dimuon events as electron-muon events (different flavour,
DF). This flavour symmetry is used in the analysis to predict the number of background SF
leptons based on the number of DF leptons in the signal region (SR) in data, after correcting for
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differences in trigger and lepton reconstruction efficiencies. The Drell–Yan (DY) process would
also be a main background in the analysis, but is greatly suppressed by the SR requirements.
The pp → ZZ → 2`2ν and pp → WZ → 3`ν processes can also result in two OC SF leptons.
These contributions are taken from Monte Carlo (MC) simulation after comparing data and
simulation predictions in control regions (CR).

The data set of proton-proton collisions used for this search was collected in 2016 with the
CMS detector at a centre-of-mass energy of

√
s = 13 TeV, and corresponds to an integrated lu-

minosity of 35.9 fb−1. Interpretations of the search results are given in terms of simplified SUSY
model spectra [10, 11]. Searches for SUSY in these final states were performed previously by
the ATLAS [12] and CMS [13] Collaborations at

√
s = 8 TeV, by the ATLAS [14] Collaboration

at
√

s = 13 TeV, and a complementary search targeting scenarios where the mass difference
between the LSP and the slepton is small has been performed by the ATLAS Collaboration [15]
at
√

s = 13 TeV.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and
6 m in diameter, that provides an axial magnetic field of 3.8 T. Within the solenoid volume are
various particle detection systems. Charged-particle trajectories are measured by silicon pixel
and strip trackers, covering 0 < φ ≤ 2π in azimuth and |η| < 2.5, where the pseudorapidity η
is defined as − log[tan(θ/2)], with θ being the polar angle of the trajectory of the particle with
respect to the counterclockwise-beam direction. A lead tungstate crystal electromagnetic calor-
imeter (ECAL), and a brass and scintillator hadron calorimeter surround the tracking volume.
The calorimeters provide energy and direction measurements of electrons and hadronic jets.
Muons are detected in gas-ionisation detectors embedded in the steel flux-return yoke outside
the solenoid. The detector is nearly hermetic, allowing for transverse momentum (pT) balance
measurements, in the plane perpendicular to the beam direction. A two-tier trigger system
selects events of interest for physics analysis. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [16].

3 Event samples
The search is based on samples of dielectron and dimuon events. As mentioned in Section 1,
DF events are used to predict the contribution of background SF events in the SR. The SF and
DF samples are collected with a variety of isolated and non-isolated dilepton triggers. Triggers
that include loose isolation criteria on both leptons require pT > 23 GeV (electron) or 17 GeV
(muon) on the highest pT lepton. The other lepton is then required to have pT > 12 GeV (elec-
trons) or 8 GeV (muons). In addition, dilepton triggers without isolation requirements are used
to increase the signal efficiency. These require pT > 33 (30) GeV for both leptons in the dielec-
tron (electron-muon) case. The dimuon trigger requires either pT > 27 (8) GeV for the highest
(next-to-highest) pT muon during early data taking periods, with an increase of the thresholds
to pT > 30 (11) GeV for the highest (next-to-highest) pT muon during remaining data taking
periods. The data collected with these triggers are used for the data-driven background pre-
diction as well as to collect the events in the SR with a higher leading lepton pT requirement
of 50 GeV. The lepton pseudorapidity coverage for the triggers is |η| < 2.5 (2.4) for electrons
(muons). The trigger efficiencies are measured in data using events selected by a suite of jet
triggers and are found to be 90–96%.
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The main SM backgrounds are estimated using data control samples, while simulated events
are used to predict backgrounds from diboson (ZZ and WZ) production. Simulated events are
also used extensively in the analysis to estimate systematic uncertainties. Next-to-leading order
(NLO) and next-to-NLO (NNLO) cross sections [17–28] are used to normalise the simulated
background samples. For the signal samples we use NLO plus next-to-leading-logarithmic
(NLL) calculations for left- or right-handed sleptons, with all the other sparticles except the
LSP assumed to be heavy and decoupled [29–31].

The gg → ZZ process is generated at LO with MCFM 7.0 [32], and all other diboson produc-
tion processes [33, 34], and tt [35] and the production of single top quark associated with a
W boson [36], are generated at NLO with no additional partons with POWHEG v2. Simulated
samples of DY processes are generated with MADGRAPH5 aMC@NLO 2.3.3 program [17] to
leading order precision with up to four additional partons in the matrix element calculation.
Simulated VVV and ttV (V= W, Z) events are simulated with the same generator but at NLO
precision. The NNPDF3.0 [37] LO (NLO) parton distribution functions (PDFs) are used for
the samples generated at LO (NLO). The matrix element calculations performed with these
generators are interfaced with PYTHIA [38], including the CUETP8M1 tune [39, 40] for the sim-
ulation of parton showering and hadronisation. Double counting of partons generated with
MADGRAPH5 aMC@NLO and PYTHIA is removed using the MLM [41] and FXFX [42] matching
schemes in the LO and NLO samples, respectively. The detector response is simulated with a
GEANT4 model [43] of the CMS detector. The simulation of new-physics signals is performed
using the MADGRAPH5 aMC@NLO 2.2.2 program at LO precision, with up to two additional
partons in the matrix element calculation. Events are then interfaced with PYTHIA for fragmen-
tation and hadronisation and simulated using the CMS fast simulation package [44]. The slep-
ton decays are also simulated with PYTHIA. Multiple pp interactions, also known as pileup, are
superimposed on the hard collision, and the simulated samples are reweighed in such a way
that the number of collisions per bunch crossing accurately reflects the distribution observed
in data. Corrections are applied to the simulated samples to account for differences between
simulation and data in the trigger and reconstruction efficiencies.

4 Object selection
The particle-flow (PF) algorithm [45] reconstructs and identifies particle candidates in the event,
referred to as PF objects. To select collision events we require at least one reconstructed ver-
tex, and the one with the largest value of summed physics object p2

T is taken to be the primary
pp interaction vertex. The physics objects used for the primary vertex selection are the objects
returned by a jet finding algorithm [46, 47] applied to all charged tracks associated with the
vertex, plus the corresponding associated pmiss

T . Its vector ~pmiss
T is defined as the projection

onto the plane perpendicular to the beam axis of the negative vector sum of the momenta of
all reconstructed PF objects in the event, and its magnitude is pmiss

T . Electrons are reconstructed
by associating tracks with ECAL clusters. They are identified using a multivariate approach
based on information on ECAL cluster shapes, track reconstruction quality, and the matching
between the track and the ECAL cluster [48]. Electrons coming from reconstructed photon con-
versions are rejected. Muons are reconstructed from tracks in the muon system associated with
tracks in the tracker. The identification uses the quality of the track fit and the number of asso-
ciated hits in the tracking detectors [49]. For both electrons and muons, the impact parameter
with respect to the primary vertex is required to be within 0.5 mm in the transverse plane and
less than 1 mm along the beam direction. A lepton isolation variable is defined as the scalar
pT sum of all PF objects in a cone around the lepton, excluding identified electrons or muons.
The effect of additional pp interactions in the same or nearby bunch crossings (pileup) can be
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mitigated by only considering charged PF objects that are compatible with the primary vertex
and the per-event average expected pileup contribution is subtracted from the neutral compo-
nent of the isolation. The isolation sum is required to be smaller than 10 (20)% of the electron
(muon) pT. A shrinking cone-size with increasing pT is chosen that ensures high efficiency for
leptons from Lorentz-boosted boson decays [50]. This varying cone size is chosen as the fol-
lowing ∆R =

√
(∆φ)2 + (∆η)2 = 0.2 for pT < 50 GeV, = 10 GeV/pT for 50 < pT < 200 GeV,

and 0.05 for pT > 200 GeV.

Isolated charged particle tracks identified by the PF algorithm are selected with a looser criteria
than the leptons defined above, and are used as a veto on the presence of additional charged
leptons from vector boson decays. Isolation is evaluated by summing the pT of all charged PF
objects within a cone of ∆R = 0.3 and with the longitudinal impact parameter |∆z| < 1 mm
relative to the primary vertex. PF objects identified as charged hadrons (electrons or muons)
are required to have pT > 10 (5) GeV and an isolation value less than 10 (20)% of the object pT.

Jets are clustered from PF objects, excluding charged hadrons not associated with the primary
vertex that are assumed to be the result of pileup interactions, using the anti-kT clustering
algorithm [46] with a distance parameter of 0.4 as implemented in the FASTJET package [47, 51].
Jets are required to have |η| < 2.4 and pT > 25 GeV, where the pT is corrected for non-uniform
detector response and pileup effects [52, 53]. Jets reconstructed within ∆R < 0.4 of any of
the selected leptons are removed from the event. Corrections to the jet energy are propagated
to pmiss

T using the procedure developed in Ref. [52]. At least two jets of pT above 35 GeV are
selected for CRs of this analysis, and events are vetoed that contain jets with pT above 25 GeV
in the SR.

Events are selected for the SR by requiring two OC SF leptons (e±e∓ or µ±µ∓) with pT > 50
(20) GeV for the highest (next-to-highest) pT lepton and |η| < 2.4 for both leptons. For the
background prediction methods a sample of lepton pairs is selected, with a pT threshold of 25
(20) GeV for the leading (subleading) lepton. The highest minimum pT value is chosen because
it efficiently suppresses backgrounds while maintaining signal acceptance efficiency. Events
with additional leptons, identified with the looser requirement that the isolation sum should
be less than 40% of the lepton pT, are vetoed. Leptons must be spatially separated by ∆R >
0.1 to avoid reconstruction efficiency differences between electrons and muons in events with
collinear leptons. All events containing leptons in the transition region between the barrel and
endcap of the ECAL, 1.4 < |η| < 1.6, are rejected to ensure similar acceptance for electrons
and muons. The same lepton selection criteria are used for a control sample of OC DF pairs,
e±µ∓. The selection requirements have been chosen in order to maximise the lepton selection
efficiency while maintaining a similarity between electron and muon efficiencies.

5 Search strategy
The slepton SRs are designed to suppress expected backgrounds from SM processes, while
maintaining sensitivity to different assumptions on the masses of the ˜̀ and χ̃0

1. To suppress
backgrounds due to low-mass resonances and Z boson production, the dilepton invariant mass
is required to be above 20 GeV, and to be either below 76 or above 106 GeV. Little or no hadronic
activity is expected in the direct production of sleptons at pp colliders when assuming a 100%
branching ratio for ˜̀→ `χ̃0

1. As a result, events are rejected if they contain jets with pT above
25 GeV. Furthermore, events with two leptons and an additional isolated and charged PF candi-
date passing the selections described in Section 4 are vetoed in order to reduce the background
from events with more than two isolated leptons.
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The kinematic variable MT2 [54, 55] is used to reduce backgrounds from tt and WW processes.
This variable was first introduced to measure the mass of pair-produced particles, each decay-
ing to the same final state, consisting of a visible and an invisible particle. It is defined as:

MT2 = min
~p miss

T
(1)+~p miss

T
(2)=~p miss

T

[
max

(
M(1)

T , M(2)
T

)]
, (1)

where ~pmiss
T

(i) (i = 1, 2) are trial vectors obtained by decomposing ~pmiss
T . The transverse masses

M(i)
T =

√
2pvis

T pmiss
T

(i)[1− cos(∆φ)] are obtained by pairing either of these trial vectors with one
of the two leptons.

The ∆φ is the angle between the pT of the lepton (noted as pvis
T ) and~pmiss

T
(i). The minimisation is

performed over all trial momenta satisfying the ~pmiss
T constraint. When building MT2 from the

two selected leptons and ~pmiss
T , denoted as MT2(``), its distribution exhibits a sharp decrease

above the mass of the W boson for tt and WW events and is therefore well suited to suppress
these backgrounds. For this reason a requirement of MT2(``) > 90 GeV is imposed in this
search.

The SR is divided into four bins of pmiss
T : 100–150, 150–225, 225–300, and ≥300 GeV. The selec-

tion results in a signal selection efficiency that ranges from 20 to 30% assuming a massless LSP.
The simplified models do not assume that smuon and selectron masses should be the same, so
the results are presented for dielectron and dimuon pairs separately. Since the search for com-
bined SF dilepton pairs (i.e. dielectrons + dimuons) is able to employ additional background
estimation techniques which lower the overall background uncertainty, the corresponding re-
sults are also quoted separately.

6 Standard model background predictions
The backgrounds from the SM processes are divided into four categories. Flavour-symmetric
(FS) background processes are those processes that result in DF pairs (e±µ∓) as often as SF
pairs (µ±µ∓, e±e∓). The dominant contributions to this category are due to top quark pair
production and WW production, but also processes such as Z→ τ±τ∓ are estimated with this
method.

Diboson production, ZZ and WZ, can yield OC SF leptons, and this contribution is estimated
from simulation. The ZZ process can result in a final state with two leptons originating from
one Z boson decay and two neutrinos from the other Z boson decay. The WZ process can give
rise to a final state with three leptons and pmiss

T , which can satisfy the signal selection criteria if
one of the leptons fails the identification or acceptance requirements.

The contribution from DY (Z → e±e∓ and Z → µ±µ∓) is small in the SR due to the large pmiss
T

requirement. The contribution is estimated using simulated events after relaxing the Z boson
veto and a transfer factor rout/in that gives the contribution of DY events outside of the Z boson
mass window of 76–106 GeV. Furthermore, leptons from Z → τ±τ∓ decays are vetoed, as this
background is FS. The transfer factor rout/in is measured in a DY enriched CR as the ratio of
events outside of the Z boson mass over the events compatible with the Z boson mass. From
simulation studies a systematic uncertainty of 50% is found to cover any dependencies of the
transfer factor rout/in on the pmiss

T and the MT2, and is assigned to the method.

Finally, a very minor background, referred to in the following as Rare backgrounds, originates
from triboson production, or processes resulting in non-FS leptons, such as ttZ, tZq and tWZ.
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The simulation is also used to estimate this contribution, with a conservative systematic uncer-
tainty of 50% assigned in place of QCD scale and PDF variations.

6.1 Flavour-symmetric backgrounds

This paper presents limits on the direct production of sleptons, selectrons and smuons in the SF,
dielectron and dimuon final states. For the results in the dielectron and dimuon final states, the
SM dielectron (Ne+e−) and dimuon (Nµ+µ−) backgrounds are obtained using event counts in the
DF sample (NDF) multiplied by a translation factor Ree/DF and Rµµ/DF respectively, according
to

Ne+e− = Ree/DF × NDF, Nµ+µ− = Rµµ/DF × NDF. (2)

For the results in the SF final state, prediction of SF backgrounds (NSF) is similarly obtained
using event counts in the DF sample (NDF), multiplied by a translation factor, RSF/DF, according
to

NSF = RSF/DF × NDF. (3)

The translation factors Ree/DF and Rµµ/DF are estimated through a measurement of the rate of
dielectron and dimuon events to DF events in a dedicated CR. The translation factor RSF/DF is
measured, similarly to the Ree/DF and Rµµ/DF, as the rate of SF events to DF events in a dedi-
cated CR. Another method to estimate the SF yields is measuring the difference for electrons
and muons in reconstruction, identification and trigger efficiencies. As the second method uses
information of both electrons and muons, it cannot be used for the estimation of the Ree/DF and
Rµµ/DF. However, it is combined with the results from the initial measurement of RSF/DF using
the weighted average according to their uncertainties as described in Ref. [56], and results in
a reduction in the systematic uncertainty that comes from the combination of the two meth-
ods. The first method estimates directly the translation factors Ree/DF, Rµµ/DF and RSF/DF in a
data CR enriched in tt events, requiring exactly two jets, 100 < pmiss

T < 150 GeV, and exclud-
ing the dilepton invariant mass range 70 < m`` < 110 GeV to reduce contributions from DY
production. The RSF/DF, Ree/DF and Rµµ/DF are computed using the observed yield of the SF, di-
electron and dimuon events compared to the observed yield of DF events, RSF/DF = NSF/NDF,
Ree/DF = Ne+e−/NDF and Rµµ/DF = Nµ+µ−/NDF respectively. Data and simulation agree within
2% in this region. A 4% systematic uncertainty on the translation factor is assigned from sim-
ulation studies, as the maximal magnitude of the systematic needed to cover discrepancies in
the translation factor as a function of some SR variables. The main SF backgrounds estimated
with the method described above are tt and WW. Simulation studies show that the WW is the
dominating FS process at high pmiss

T and that there is no dependence on the RSF/DF, Ree/DF and
Rµµ/DF factors arising from the different processes.

The second method utilises a factorised approach. The ratio of muon to electron reconstruction
and identification efficiencies, rµ/e, is measured in a CR enriched in DY events by requiring
at least two jets, pmiss

T < 50 GeV, and 60 < m`` < 120 GeV. Assuming factorisation for the
efficiencies of the two leptons, the ratio of efficiencies for muons and electrons is measured as
rµ/e =

√
Nµ+µ−/Ne+e− . This ratio depends on the lepton pT due to the trigger and reconstruc-

tion efficiency differences, especially at low lepton pT, and a parametrisation as a function of
the pT of the less energetic lepton is used:

rµ/e = rµ/e,c +
α

pT
. (4)

Here rµ/e,c and α are constants that are determined from a fit to data and cross-checked using
simulation. These fit parameters are determined to be rµ/e,c = 1.140± 0.005 and α = 5.20±
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0.16 GeV. In addition to the fit uncertainty, a 10% systematic uncertainty is assigned to account
for variations observed when studying the dependence of rµ/e on pmiss

T and on the pT of the
more energetic lepton.

The trigger efficiencies for the three flavour combinations are used to define the factor RT =√
εT

µ±µ∓εT
e±e∓/εT

e±µ∓ , which takes into account the difference between SF and DF channels.

The efficiencies, εT
µ±µ∓ , εT

e±e∓ and εT
e±µ∓ , are calculated as the fraction of events in a control

sample recorded with non-leptonic triggers that would also pass the dimuon, dielectron and
electron-muon trigger selection, respectively. The efficiencies are measured to range between
90–96% depending on the flavour composition of the dilepton trigger, and a systematic uncer-
tainty of 3% is assigned to each trigger efficiency, which is the maximal deviation between the
efficiencies in data and MC. This results in the final value of RT = 1.052± 0.043, where the
uncertainty is due to the error propagation of the uncertainties on the individual efficiencies to
RT.

The factorised approach measures RSF/DF according to RSF/DF = 0.5(rµ/e + r−1
µ/e)RT where the

factor of 0.5 is due to the assumption that the number of produced DF events is twice the
number of produced events in each SF sample (ee and µµ). The summation of the rµ/e with
its inverse leads to a reduction in the associated uncertainty. As the parameterisation of rµ/e
in the factorised approach has to be applied on an event-by-event basis, no constant result for
RSF/DF can be given. However, the RSF/DF from the first method can be compared to the results
from the second method by estimating the RSF/DF through dividing the number of predicted
SF events by the observed DF events in each SR. Both factors range from 1.08 to 1.1 over all SRs
and since the predictions from the two methods agree well they are combined using a weighted
average.

6.2 Diboson backgrounds

Although a Z boson veto is applied, the ZZ process can still enter the SR through an off-shell Z
boson. This contribution is estimated from simulated events, validated in a data CR with four
identified leptons. The selections for the CR and SR are exclusive, and the physics process in
the CR (ZZ where both Z bosons decay to charged leptons) has similar kinematics as the pro-
cess it is designed to validate. In order for the CR to accurately reflect the kinematics in the SR,
the same jet veto as in the SR is applied in the CR. In addition, for the CR the Z boson candidate
with the invariant mass best (next best) compatible with the Z boson mass is required to have
76 < m`` < 106 GeV (50 < m`` < 130 GeV). A generator-level pT dependent NNLO/NLO
K factor of 1.1–1.3, taking into account missing electroweak corrections [57–59], is applied to
the qq → ZZ process cross-sections. The smaller contribution from the gg → ZZ process is
normalised to the NLO calculation [21]. After subtracting contributions to the CR from other
processes, as determined by simulation, a simulation-to-data scale factor of 0.94± 0.07 is ob-
tained. This scale factor is used to correct the ZZ background prediction from simulation in the
SR, where one Z boson decays to charged leptons, and the other Z boson decays to neutrinos.
A systematic uncertainty of 7% results from the limited number of events in the CR. The distri-
bution of MT2 in the ZZ CR is shown in Fig. 2, where the pT of the two leptons most compatible
with the Z boson is added to the pmiss

T and the other two leptons are used to form the MT2, and
show a good agreement between data and simulation.

A difference in the pmiss
T and MT2(``) distributions is observed after applying the qq → ZZ

NNLO/NLO K factor as a function of different generator level kinematic variables. An uncer-
tainty is then assigned to the method based on the difference in the pmiss

T shape for MC events in
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the SR before and after the application of the K factor. Additional systematic uncertainties are
considered in the background prediction, originating from the jet energy scale, the variation of
the renormalisation and factorisation scales, the PDF choice, and the uncertainties in the lepton
reconstruction and isolation efficiencies, and in the trigger modelling.

The WZ process result in SF events when one of the three leptons is not reconstructed (lost).
The two detected leptons are of the SF when the lepton from W decay is lost, but they can be
either SF or DF, with equal probability, when the lost lepton is from the Z boson decay. In the
first case the background contribution is estimated from simulation, whereas in the second case
it is covered by the data-driven FS prediction method.

Just as for the ZZ background, the prediction from simulation is validated in a CR enriched
in WZ events. We select events with three leptons, the same jet veto as applied in the SR
and a requirement of pmiss

T > 70 GeV. The invariant mass of the two SF leptons must be
within 76 < m`` < 106 GeV. To increase the purity of the WZ, events are required to have
MT > 50 GeV, where MT is calculated from pmiss

T and the lepton from the W boson. The dis-
tribution of MT2 in the WZ CR is shown in Fig. 2, where the MT2 is constructed with the two
leptons compatible with the Z boson and show a good agreement between data and simula-
tion. After subtracting contributions from other processes, a simulation-to-data scale factor of
1.06 with a systematic uncertainty of 6% resulting from the limited number of events in the CR
is obtained and applied to the prediction from simulation in the SR. An additional uncertainty
of 5% is added (in quadrature) to cover possible differences in the identification and isolation
efficiencies between data and simulation in the third lepton low pT region. Finally, uncertain-
ties due to the jet energy scale, the lepton efficiencies, the trigger modelling, the PDF choice,
and the renormalisation and factorisation scales are taken into account when computing the
expected WZ yields in the SR.
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Figure 2: Upper: Distribution of MT2 for the ZZ (left) and WZ (right) CRs, in simulation
(coloured histograms) and with the corresponding event counts observed in data (black points).
Lower: Ratio of data to simulation, with the filled band representing the statistical uncertainty
on the data and the simulations.
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7 Results
The observed number of events in data in the SR are compared with the stacked SM back-
ground estimates as shown in Fig. 3 (SF events), and summarised in Table 1 for SF events and
in Table 2 for dielectron and dimuon events, separately. The MT2 shape of the stacked SM
background estimates, the observed data and three signal scenarios are shown in Fig. 4, for SF
events, with all SR selection applied except the MT2 requirement. Applying the MT2 require-
ment in the SR is greatly suppressing the tt and Drell–Yan contributions.

Table 1: The predicted SM background contributions, their sum and the observed number of
SF events in data. The yields expected for several signal scenarios are provided as a reference.
The uncertainties associated with the background yields stem from statistical and systematic
sources. The last bin is inclusive above 300 GeV.

pmiss
T [GeV] 100–150 150–225 225–300 ≥300
FS bkg. 96+13

−12 15.3+5.6
−4.5 4.4+3.6

−2.3 1.1+2.5
−1.0

ZZ 13.5± 1.5 9.78± 1.19 2.84± 0.56 1.86± 0.12
WZ 6.04± 1.19 2.69± 0.88 0.86± 0.45 0.21± 0.20

DY+jets 2.01+0.39
−0.23 0.00 + 0.28 0.00 + 0.28 0.00 + 0.28

Rare processes 0.69± 0.44 0.68± 0.47 0.00 + 0.20 0.05± 0.12

Total prediction 118+13
−12 28.4+5.9

−4.8 7.9+3.7
−2.4 3.2+2.6

−1.1

Data 101 31 7 7

m˜̀ = 450 GeV, mχ̃0
1
= 20 GeV 1.03±0.09 2.67±0.15 2.67±0.15 8.09±0.26

m˜̀ = 400 GeV, mχ̃0
1
= 20 GeV 2.25±0.21 5.05±0.31 6.28±0.35 13.0±0.50

m˜̀ = 350 GeV, mχ̃0
1
= 20 GeV 3.97±0.30 10.9±0.49 11.2±0.50 15.9±0.59
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Figure 3: Upper: Distribution of pmiss
T for the resulting SM background yields estimated in

the analysis SR (coloured histograms) with the corresponding event counts observed in data
(black points), selecting only SF events. Lower: Ratio of data to SM prediction, with the filled
band representing the statistical uncertainty on the data and the estimated backgrounds and
the systematic uncertainty on the estimated backgrounds.

At high pmiss
T values, the uncertainties in the background prediction are driven by the statistical

uncertainty in the number of events in the DF sample used to derive the FS background. There
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Table 2: The predicted SM background contributions, their sum and the observed number of
dielectron (upper) and dimuon (lower) events in data. The uncertainties associated with the
yields stem from statistical and systematic sources. The last bin is inclusive above 300 GeV.

Dielectron events
pmiss

T [GeV] 100–150 150–225 225–300 ≥300
FS bkg. 36.1+6.6

−6.3 5.7+2.5
−2.1 1.6+1.5

−1.1 0.41+1
−0.5

ZZ 5.17± 0.68 3.79± 0.58 1.18± 0.31 0.69± 0.07
WZ 2.65± 0.68 1.16± 0.45 0.39± 0.33 0.21± 0.20

DY+jets 0.98+0.14
−0.15 0.00 + 0.28 0.00 + 0.28 0.00 + 0.28

Rare processes 0.02± 0.14 0.26± 0.21 0.00 + 0.11 0.06± 0.04

Total prediction 45+6.7
−6.4 11.0+2.6

−2.3 3.2+1.6
−1.2 1.4+1.1

−0.6

Data 45 10 2 2

Dimuon events
pmiss

T [GeV] 100–150 150–225 225–300 ≥300
FS bkg. 61.3+9.1

−8.5 9.8+3.9
−3.2 2.8+2.4

−1.7 0.70+1.7
−0.8

ZZ 8.33± 0.99 5.98± 0.80 1.67± 0.42 1.17± 0.10
WZ 3.40± 0.91 1.53± 0.73 0.47± 0.30 0.00 + 0.06

DY+jets 1.03+0.33
−0.14 0.00 + 0.28 0.00 + 0.28 0.00 + 0.28

Rare processes 0.66± 0.41 0.42± 0.35 0.00 + 0.16 0.00 + 0.11

Total prediction 75+9.2
−8.7 17.7+4.1

−3.4 4.8+2.5
−1.8 1.9+1.7

−0.8

Data 56 21 5 5

is agreement between observation and SM expectation given the systematic and statistical un-
certainties.

8 Interpretation
The results are interpreted in terms of the simplified model described in Section 1. Upper
limits on the cross section, assuming branching ratios of 100%, have been calculated at 95%
confidence level (CL) using the CLs criterion and an asymptotic formulation [60–63], taking
into account the statistical and systematic uncertainties in the signal yields and the background
predictions. Systematic uncertainties are modelled using a log-normal distribution in the fit,
except for the FS uncertainty where the distribution of the nuisance parameter is modelled
using the gamma function. The uncertainties are correlated among the SRs and are considered
as such in a combined fit to all SRs simultaneously.

8.1 Systematic uncertainty in the signal yield

The systematic uncertainties associated with the signal are shown in Table 3, and described
below. The uncertainty in the measurement of the integrated luminosity is 2.5% [64]. A flat
uncertainty of 5% is associated to the lepton identification and isolation efficiency in the signal
acceptance [48, 49], an uncertainty of up to 2.5 (3)% in the electron (muon) efficiency of the sig-
nal using fast simulation, and dedicated corrections for fast simulation to match the data are
applied. The uncertainty on the trigger efficiency is measured to be 3%, as described in Sec-
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Figure 4: Upper: Distribution of MT2 for the resulting SM background yields estimated in the
analysis SR (coloured histograms) with the corresponding event counts observed in data (black
points), and three signal scenarios (hatched lines), selecting only SF events and assuming the
production of both left and right-handed sleptons. Lower: Ratio of data to SM prediction,
with the filled band representing the statistical uncertainty on the data and the estimated back-
grounds and the systematic uncertainty on the estimated backgrounds.

tion 6.1. The uncertainty in the jet energy scale is assessed by shifting the jet energy correction
factors for each jet by one standard deviation up and down and recalculating the kinematic
quantities. The result varies between 1 and 16% depending on the signal kinematics. The
uncertainty due to the simulation of pileup for simulated background processes is taken into
account by varying the expected cross section of inelastic collisions by 5% [65], and amounts to
0.5–7% depending on the signal scenario. Varying the unclustered energy, and the electron and
muon scales, up and down by their 1σ variations and evaluating the effect on the pmiss

T , results
in systematic uncertainties of 0.5–8%, 0.5–4%, and 0.5–20% respectively. The large variation
associated to the muon energy scale is due to the poor muon momentum resolution at high pT,
and the quoted value is driven by one signal scenario containing such high pT muon events.
The theoretical uncertainties are those related to the uncertainty on the QCD renormalisation
(µR) and factorisation (µF) scales, and of the PDF. The systematic uncertainties associated with
the µR and µF scales are evaluated using weights derived from the SysCalc code applied to sim-
ulated signal events [66]. For renormalisation and factorisation scales the Stewart–Tackmann
prescription [67] is followed, that treats the theory uncertainties in analyses with a jet selection.
This procedure results in an uncertainty of 1–11%. Finally the statistical uncertainty in the num-
ber of simulated events is also considered and found to be in the range 0.5–20%, depending on
the signal scenario.

8.2 Interpretations using simplified models

Upper limits on the direct slepton pair production cross section are displayed in Fig. 5 for three
scenarios: assuming the existence of both flavour mass degenerate left- and right-handed slep-
tons, for only left-handed sleptons, and for only right-handed sleptons. Similarly, the limits on
direct selectron and smuon production are displayed in Figs. 6 and 7, respectively. The Figs. 5-
7 also show the 95% CL exclusion contours, as a function of the ˜̀ and χ̃0

1 masses. Note that
the cross section at a given mass for right-handed sleptons is expected to be about one third
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Figure 5: Cross section upper limit and exclusion contours at 95% CL for direct slepton produc-
tion of two flavours, selectrons and smuons, as a function of the χ̃0

1 and ˜̀masses, assuming the
production of both left- and right-handed sleptons (upper) or production of only left- (lower
left) or right-handed (lower right). The region under the thick red dotted (black solid) line
is excluded by the expected (observed) limit. The thin red dotted curves indicate the regions
containing 95% of the distribution of limits expected under the background-only hypothesis.
The thin solid black curves show the change in the observed limit due to variation of the signal
cross sections within their theoretical uncertainties.
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Figure 6: Cross section upper limit and exclusion contours at 95% CL for direct selectron
production as a function of the χ̃0

1 and ˜̀ masses, assuming the production of both left- and
right-handed selectrons (upper), or production of only left- (lower left) or right-handed (lower
right) selectrons. The region under the thick red dotted (black solid) line is excluded by the
expected (observed) limit. The thin red dotted curves indicate the regions containing 95%
of the distribution of limits expected under the background-only hypothesis. For the right-
handed selectrons, only the +1σ expected line (thin red dotted curve) is shown as no exclusion
can be made at −1σ. The thin solid black curves show the change in the observed limit due to
variation of the signal cross sections within their theoretical uncertainties.
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Figure 7: Cross section upper limit and exclusion contours at 95% CL for direct smuon pro-
duction as a function of the χ̃0

1 and ˜̀masses, assuming the production of both left- and right-
handed smuons (upper), or production of only left- (lower left) or right-handed (lower right)
smuons. The region under the thick red dotted (black solid) line is excluded by the expected
(observed) limit. The thin red dotted curves indicate the regions containing 95% of the distribu-
tion of limits expected under the background-only hypothesis. For the right-handed smuons,
only the +1σ expected line (thin red dotted curve) is shown as no exclusion can be made at
−1σ. The thin solid black curves show the change in the observed limit due to variation of the
signal cross sections within their theoretical uncertainties.
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Table 3: List of systematic uncertainties taken into account for the signal yields.

Source of uncertainty Uncertainty (%)
Integrated luminosity 2.5
Lepton reconstruction/isolation eff. 5
Trigger modelling 3
Fast simulation electron efficiency 1–2.5
Fast simulation muon efficiency 1–3
Jet energy scale 1–15
Pileup 0.5–7
Fast simulation pmiss

T modelling 0.5–20
Unclustered energy shifted pmiss

T 0.5–8
Muon energy scale shifted pmiss

T 0.5–20
Electron energy scale shifted pmiss

T 0.5–4
Renormalisation/factorisation scales 1–11
PDF 3
MC statistical uncertainty 0.5–20

of that for left-handed sleptons. The analysis probes slepton masses up to approximately 450,
400, or 290 GeV, assuming both left- and right-handed, left-handed only, or right-handed slep-
tons, and a massless LSP. For models with high slepton masses and light LSPs the sensitivity
is driven by the highest pmiss

T bin. The sensitivity is reduced at higher LSP masses due to the
effect of the lepton acceptance. In the case of selectrons (smuons), the limits corresponding to
these 3 scenarios are 350, 310 and 250 GeV (310, 280, and 210 GeV). Since the dimuon data yield
in the highest pmiss

T bin is somewhat higher than predicted, the observed limits in this channel
are weaker than expected in the absence of signal. These results improve the previous 8 TeV
exclusion limits by 100–150 GeV in the slepton mass [13].

9 Summary
A search for direct slepton (selectron or smuon) production, in events with opposite-charge,
same-flavour leptons, no jets, and missing transverse momentum has been presented. The
data comprise a sample of proton-proton collisions collected with the CMS detector in 2016 at
a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 35.9 fb−1. Ob-
servations are in agreement with Standard Model expectations within the statistical and sys-
tematic uncertainties. Exclusion limits are provided assuming right-handed only, left-handed
only and right-and left-handed two flavour slepton production scenarios (mass degenerate se-
lectrons and smuons). Slepton masses up to 290, 400 and 450 GeV respectively are excluded at
95% confidence level, assuming a massless LSP. Exclusion limits are also provided assuming a
massless LSP and right-handed only, left-handed only and right-and left-handed single flavour
production scenarios, excluding selectron (smuon) masses up to 250, 310 and 350 GeV (210, 280
and 310 GeV), respectively. These results improve the previous exclusion limits measured by
the CMS experiment at a centre-of-mass energy of 8 TeV by 100-150 GeV in slepton masses.
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A. Escalante Del Valle, M. Flechl, R. Frühwirth1, V.M. Ghete, J. Hrubec, M. Jeitler1, N. Krammer,
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D. Krücker, W. Lange, A. Lelek, T. Lenz, K. Lipka, W. Lohmann17, R. Mankel, I.-A. Melzer-
Pellmann, A.B. Meyer, M. Meyer, M. Missiroli, G. Mittag, J. Mnich, V. Myronenko, S.K. Pflitsch,
D. Pitzl, A. Raspereza, M. Savitskyi, P. Saxena, P. Schütze, C. Schwanenberger, R. Shevchenko,
A. Singh, N. Stefaniuk, H. Tholen, A. Vagnerini, G.P. Van Onsem, R. Walsh, Y. Wen,
K. Wichmann, C. Wissing, O. Zenaiev

University of Hamburg, Hamburg, Germany
R. Aggleton, S. Bein, A. Benecke, V. Blobel, M. Centis Vignali, T. Dreyer, E. Garutti, D. Gonzalez,
J. Haller, A. Hinzmann, M. Hoffmann, A. Karavdina, G. Kasieczka, R. Klanner, R. Kogler,
N. Kovalchuk, S. Kurz, V. Kutzner, J. Lange, D. Marconi, J. Multhaup, M. Niedziela,
D. Nowatschin, A. Perieanu, A. Reimers, O. Rieger, C. Scharf, P. Schleper, S. Schumann,
J. Schwandt, J. Sonneveld, H. Stadie, G. Steinbrück, F.M. Stober, M. Stöver, D. Troendle, E. Usai,
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INFN Sezione di Bari a, Università di Bari b, Politecnico di Bari c, Bari, Italy
M. Abbresciaa ,b, C. Calabriaa,b, A. Colaleoa, D. Creanzaa ,c, L. Cristellaa ,b, N. De Filippisa,c,
M. De Palmaa,b, A. Di Florioa ,b, F. Erricoa,b, L. Fiorea, A. Gelmia,b, G. Iasellia ,c, S. Lezkia ,b,
G. Maggia ,c, M. Maggia, G. Minielloa,b, S. Mya ,b, S. Nuzzoa,b, A. Pompilia ,b, G. Pugliesea,c,
R. Radognaa, A. Ranieria, G. Selvaggia ,b, A. Sharmaa, L. Silvestrisa,14, R. Vendittia,
P. Verwilligena, G. Zitoa

INFN Sezione di Bologna a, Università di Bologna b, Bologna, Italy
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C. Schwick, M. Seidel, M. Selvaggi, A. Sharma, P. Silva, P. Sphicas43, A. Stakia, J. Steggemann,
M. Tosi, D. Treille, A. Tsirou, V. Veckalns44, W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
W. Bertl†, L. Caminada45, K. Deiters, W. Erdmann, R. Horisberger, Q. Ingram, H.C. Kaestli,
D. Kotlinski, U. Langenegger, T. Rohe, S.A. Wiederkehr

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
M. Backhaus, L. Bäni, P. Berger, N. Chernyavskaya, G. Dissertori, M. Dittmar, M. Donegà,
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M. Grothe, M. Herndon, A. Hervé, U. Hussain, P. Klabbers, A. Lanaro, A. Levine, K. Long,
R. Loveless, T. Ruggles, A. Savin, N. Smith, W.H. Smith, N. Woods

†: Deceased
1: Also at Vienna University of Technology, Vienna, Austria
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5: Also at Université Libre de Bruxelles, Bruxelles, Belgium
6: Also at Institute for Theoretical and Experimental Physics, Moscow, Russia
7: Also at Joint Institute for Nuclear Research, Dubna, Russia
8: Now at British University in Egypt, Cairo, Egypt
9: Also at Zewail City of Science and Technology, Zewail, Egypt
10: Now at Helwan University, Cairo, Egypt
11: Also at Department of Physics, King Abdulaziz University, Jeddah, Saudi Arabia
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