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Abstract

A search is presented for physics beyond the standard model in final states with two
opposite-sign, same-flavor leptons, jets, and missing transverse momentum. The data
sample corresponds to an integrated luminosity of 2.3 fb−1 of proton-proton colli-
sions at

√
s = 13 TeV collected with the CMS detector at the LHC in 2015. The anal-

ysis uses the invariant mass of the lepton pair, searching for a kinematic edge or a
resonant-like excess compatible with the Z boson mass. Both search modes use sev-
eral event categories in order to increase the sensitivity to new physics. These cate-
gories are based on the rapidity of the leptons, the multiplicity of jets and b jets, the
scalar sum of jet transverse momenta, and missing transverse momentum. The ob-
servations in all signal regions are consistent with the expectations from the standard
model, and the results are interpreted in the context of simplified models of super-
symmetry.
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1 Introduction
Supersymmetry (SUSY) [1–8] is one of the most appealing extensions of the standard model
(SM), assuming a new fundamental symmetry that assigns a new fermion (boson) to every
SM boson (fermion). SUSY resolves the hierarchy problem of the SM by stabilizing the Higgs
boson mass via additional quantum loop corrections from the top super-partner (top squark),
which compensate the correction due to the top quark. If R-parity [9] is conserved the lightest
state predicted by the theory is stable and potentially massive, providing a candidate for Dark
Matter. Many SUSY models also lead to the unification of the electroweak and strong forces at
high energies.

This paper presents a search for signatures of SUSY in events with two opposite-sign, same-
flavor leptons (electrons or muons), jets, and missing transverse momentum. A dataset of
pp collisions collected with the CMS detector at the CERN LHC at a center-of-mass energy√

s = 13 TeV in 2015 was used, corresponding to an integrated luminosity of 2.3 fb−1. The
dilepton topology is expected to occur in SUSY models where a neutralino decays to either an
on-shell Z boson or a virtual Z/γ boson which in turn decays to leptons and the lightest SUSY
particle (LSP), or into a lepton and its supersymmetric partner (slepton), the latter decaying into
another lepton and the LSP. Decays involving an on-shell Z boson are expected to produce an
excess of events compatible with the Z boson mass, while decays involving off-shell Z bosons or
sleptons are expected to produce a characteristic edge shape in the invariant mass distribution
of the dilepton system [10].

The CMS Collaboration published a version of this analysis using a
√

s = 8 TeV dataset, ob-
serving a 2.6 σ local significance excess compatible with an edge shape located at a dilepton
invariant mass of 78.7± 1.4 GeV [11]. The ATLAS collaboration reported the absence of any
excess in a similar signal region, but observed a 3.0 σ excess in dilepton events compatible with
the Z boson mass [12]. Both of these excesses warrant scrutiny using the 13 TeV dataset and are
analyzed here with minor changes with respect to the 8 TeV searches.

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. The bore of the solenoid is outfitted
with 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 pseudo-
rapidity η is defined as η = − log[tan(θ/2)], with θ being the polar angle of the trajectory of
the particle with respect to the beam direction. A crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter surround the tracking volume. The calorimetry
provides high resolution energy and direction measurements of electrons and hadronic jets. A
preshower detector consisting of two planes of silicon sensors interleaved with lead is located
in front of the ECAL at |η| > 1.479. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. The detector is nearly hermetic, allowing for
energy balance measurements in the plane transverse to the beam direction. A two-tier trigger
system selects the most interesting pp collision events for use in physics analysis. A more de-
tailed description of the CMS detector, its coordinate system, and the main kinematic variables
used in the analysis can be found elsewhere [13].
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3 Datasets, triggers, and object selection
Events are collected with a set of isolated dilepton triggers that require a transverse momentum
pT > 17 GeV for the leading lepton and pT > 12 (8)GeV for the subleading electron (muon),
and |η| < 2.5 (2.4) for electrons (muons). In order to retain high signal efficiency, in particular
for Lorentz-boosted dilepton systems, non-isolated dilepton triggers with pT > 33 (27)GeV for
the first electron (muon) and pT > 33 (8)GeV for the second electron (muon) are also used. The
trigger efficiencies are measured in data using events selected by a suite of jet triggers.

Events are selected by requiring two opposite-charge, same flavor leptons (e±e∓ or µ±µ∓) with
pT > 20 GeV and pseudorapidity |η| < 2.4. The distance between the leptons is requested
to be at least

√
∆φ2 + ∆η2 = ∆R > 0.3 to avoid reconstruction efficiency differences between

electrons and muons in events with very collinear leptons. This requirement is relaxed to ∆R >
0.1 when the mass of the dilepton system is consistent with a Z boson to preserve acceptance
for Z bosons with large transverse momentum. To ensure symmetry in acceptance between
electrons and muons, all events with one of these two leptons in the barrel-endcap transition
region of the ECAL, 1.4 < |η| < 1.6, are rejected. A control sample of different flavor leptons
(eµ or µe) is defined using the same lepton selection criteria. All the parameters above have
been chosen in order to maximize the lepton selection efficiency while keeping the electron and
muon efficiencies similar.

Electrons, reconstructed by associating tracks with ECAL clusters, are identified using a mul-
tivariate approach based on information on the cluster shape in the ECAL, track quality, and
the matching between the track and the ECAL cluster [14]. Additionally, electrons from pho-
ton conversions are rejected. Muons are reconstructed from tracks found in the muon system
associated with tracks in the tracker. They are identified based on the quality of the track fit
and the number of associated hits in the tracking detectors. For both lepton flavors, the impact
parameter with respect to the reconstructed vertex with the largest p2

T sum of associated tracks
(primary vertex) is required to be within 0.5 mm in the transverse plane and below 1 mm along
the beam direction. The lepton isolation, defined as the scalar pT sum of all particle candidates,
excluding the lepton itself, in a cone around the lepton, divided by the lepton pT, is required to
be smaller than 0.1 (0.2) for electrons (muons). A cone-size, varying with lepton pT, is chosen
to be ∆R = 0.2 for pT < 50 GeV, ∆R = 10 GeV/pT for 50 < pT < 200 GeV, and ∆R = 0.05 for
pT > 200 GeV.

A particle flow (PF) technique [15, 16] is used to reconstruct particle candidates in the event. Jets
are clustered from these candidates, excluding charged hadrons not associated to the primary
vertex, using the anti-kT clustering algorithm [17] implemented in the FASTJET package [18, 19]
with a distance parameter of 0.4. Each jet is required to have pT > 35 GeV where the pT is
corrected for non-uniform detector response and multiple collision (pileup) effects [20, 21], and
|η| < 2.4. A jet is removed from the event if it lies within ∆R < 0.4 of any of the selected leptons.
The scalar sum of all jet transverse momenta is referred to as HT. The magnitude of the negative
vector pT sum of all the PF candidates is referred to as Emiss

T . Corrections to the jet energy are
propagated to the Emiss

T using the procedure developed for 7 TeV data [20]. Identification of jets
originating from b-quarks is performed with the combined secondary vertex algorithm, using
a working point in which the typical efficiency for b quarks is around 65% and the mistagging
rate for light-flavor jets is around 1.5% [22].

While the main SM backgrounds are estimated using data control samples, simulated events
are used to estimate uncertainties and minor SM background components. Next-to-leading
order (NLO) and next-to-NLO cross sections [23–28] are used to normalize the simulated back-
ground samples, while NLO plus next-to-leading-logarithm (NLL) calculations [29] are used
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for the signal samples. Simulated samples of Drell–Yan (DY) production associated with jets
(DY + jets), γ + jets, V + V, and ttV (V = W, Z) events are generated with the MADGRAPH

MC@NLO v2.2.2 event generator [23], while POWHEG v1 [30] is used for tt and single top quark
production. The matrix element calculations performed with these generators are interfaced
with PYTHIA 8 [31] for the simulation of parton showering and hadronization. The NNPDF3.0
parton distribution functions (PDF) [32] are used for all samples. The detector response is sim-
ulated with a GEANT4 model [33] of the CMS detector. The simulation of new physics signals
is performed using the MADGRAPH5 AMC@NLO program at LO precision with up to 2 addi-
tional partons in the matrix elements calculations. Events are then interfaced with PYTHIA 8 for
fragmentation and hadronization, and simulated using the CMS fast simulation package [34].
Multiple pp interactions are superimposed on the hard collision and the simulated samples
are reweighted to reflect the beam conditions. Normalization scale factors are applied to the
simulated samples to account for differences between simulation and data in the trigger and
reconstruction efficiencies.

4 Signal models
This search targets different modes of neutralino decays into final states with two opposite-
sign, same-flavor leptons, jets, and Emiss

T originating from the LSPs. In order to study these
processes, two simplified models have been considered for the two search modes: one produc-
ing a resonant lepton signature through an on-shell Z boson for the “on-Z” search, and another
producing an edge-like distribution in the invariant mass of the leptons, for the “edge” search.

The first of these simplified models represents gauge mediated supersymmetry breaking SUSY
models [35] and is referred to as the GMSB scenario. The model assumes the production of a
pair of gluinos (g̃) that decay into a pair of quarks (u, d, s, c, or b) and the lightest neutralino
χ̃0

1. This neutralino decays into an on-shell Z boson and a massless gravitino (G̃) as seen in
Fig. 1 (left). At least one of the Z bosons decays into a pair of leptons producing the signature
targeted by the on-Z search.

The signal model for the edge search, referred to as slepton-edge, assumes the production of a
pair of bottom squarks, which decay to the next-to-lightest neutralino χ̃0

2 and a b-quark. Two
decay modes of the χ̃0

2 are considered each with 50% probability. In the first one, the χ̃0
2 decays

to a Z boson and the lightest neutralino χ̃0
1, which is stable. The Z boson can be on or off-shell,

depending on the mass difference between the neutralinos, and decays according to its SM
branching fractions. The second one features subsequent two-body decays with an intermedi-
ate slepton ˜̀: χ̃0

2 → ˜̀` → ``χ̃0
1. The masses of the sleptons (ẽ,µ̃) are assumed degenerate and

equal to the average of the χ̃0
2 and χ̃0

1. The masses of the b̃ and χ̃0
2 are free parameters, while

mχ̃0
1

is fixed at 100 GeV. This scheme allows the position of the signal edge to vary along the in-
variant mass distribution according to the mass difference between the χ̃0

2 and χ̃0
1. The mass of

the χ̃0
1 has been chosen in such a way that the difference to the χ̃0

2 mass is above 50 GeV, setting
the minimum possible edge position at 50 GeV. An example for one of the possible decays is
shown in Fig. 1 (right).

5 Signal regions
Signal regions for the on-Z and edge searches follow two principles: first, they are designed to
provide sensitivity to a range of new physics models, including the simplified models defined
above, and second, they are designed to investigate excesses in the 8 TeV datasets reported by
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Figure 1: Diagrams for gluino and b̃ pair production and decays realized in the simplified
models. The GMSB model targeted by the on-Z search is shown on the left. On the right,
the slepton-edge model features characteristic edges in the m`` spectrum given by the mass
difference of the χ̃0

2 and χ̃0
1.

the ATLAS and CMS Collaborations [11, 12]. The selections described below are applied in
addition to the dilepton selection described in Section 3.

5.1 On-Z signal regions

The on-Z search is divided into a total of three signal region (SR) categories with dilepton
invariant mass (m``) in the range 81 < m`` < 101 GeV. The first two, referred to as “SRA” (2–3
jets and HT > 400 GeV) and “SRB” (≥4 jets), focus on events with low and high jet multiplicity.
These categories are further divided according to the number of b-tagged jets and Emiss

T . One
additional signal region, namely “ATLAS SR”, is defined corresponding to the region showing
a 3.0 σ excess in the 8 TeV dataset of the ATLAS Collaboration [12]. The selection details are
specified in Section 7.

5.2 Edge search signal regions

The signal regions in the edge search remain largely unchanged with respect to the search
performed with the 8 TeV dataset [11]. The requirements on the jet multiplicity and Emiss

T are
similar to the previous analysis, namely Emiss

T > 100 (150)GeV if at least three (two) jets are
present. The relative centrality expected in the decays of heavy particles, combined with the
performance of the detector in the barrel region compared to the endcaps, motivates a division
of the event sample depending on the |η| of the leptons. The signal region is defined as central
if both leptons lie within |η| < 1.4 and as forward if at least one of the leptons is located outside
of this |η| range. Furthermore, two exclusive bins are defined in the number of b-tagged jets,
one without and one with at least one such jet.

The improvements in the CMS reconstruction algorithms for the 13 TeV data taking lead to a
few differences between the 8 and 13 TeV signal regions. The lepton identification algorithms
have been updated for the 13 TeV data taking, with the most relevant improvement being the
use of a new electron identification algorithm based on a multivariate discriminator [14]. The
jet momentum threshold has been lowered from 40 GeV to 35 GeV given the improved pile-up
rejection achieved at

√
s = 13 TeV, and the maximum |η| has been reduced from to 3.0 to 2.4,

to match the tracker acceptance. The isolation definition has also been modified to include a
variable cone size. The rejection of non-prompt leptons has been improved as a consequence
of all these changes. Finally, additional non-isolated double-lepton triggers have been added
to recover efficiency for very boosted dilepton systems, although the increase in efficiency for
the edge signal regions has been found to be small (<4%).

A counting experiment is performed in five distinct regions of the m`` spectrum with events
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split among the four exclusive (0 or >=1 b-tagged jet, central or forward) and two inclusive
(central or forward) categories. The five mass regions include the three that were present in the
8 TeV analysis (the low-mass region: 20 < m`` < 70 GeV, the on-Z region: 81 < m`` < 101 GeV,
and the high-mass region: m`` > 120 GeV), as well as the two regions immediately adjacent to
the Z peak (70 < m`` < 81 GeV and 101 < m`` < 120 GeV). The mass spectrum in the current
analysis thus covers all m`` values above 20 GeV.

In order to directly compare the result obtained at 13 TeV with those obtained at 8 TeV, results
for the signal regions are also given inclusively in the number of b-tagged jets, Nb-jets ≥ 0. A
summary of all signal regions is given along with the experimental results in Section 7.

6 Standard model background predictions
The backgrounds from SM processes are divided into two types. Those that produce opposite-
flavor (OF) pairs (e±µ∓) as often as same-flavor (SF) pairs (µ±µ∓, e±e∓) are referred to as
flavor-symmetric (FS) backgrounds. Among them, the dominant contribution arises from top
quark-antitop quark production; sub-leading contributions from WW, Z/γ∗(→ ττ), tW single-
top quark production, and leptons from hadron decays are also present. The other category of
backgrounds includes flavor-correlated lepton production and only contributes with SF lep-
tons. The dominant contributions arise from DY production in association with jets, where the
Emiss

T arises from mismeasurement of the jet energies. Smaller contributions come from WZ
and ZZ production, as well as rare processes such as ttZ. These backgrounds are referred to as
“Other SM” in this paper.

6.1 Flavor-symmetric backgrounds

The contribution of flavor-symmetric processes in the SF channels is estimated from the OF
control sample. While there is a production symmetry between the two channels at particle
level, it can be distorted by the different trigger, reconstruction, and identification efficiencies
for electrons and muons. The background estimate is therefore obtained from the observed OF
yield by applying a multiplicative correction factor, RSF/OF. This factor is determined by two
independent methods, a direct measurement in a control region enriched in FS backgrounds,
and from the measurement of lepton efficiencies, factorized into the effects of reconstruction,
identification, and trigger.

The direct measurement is performed in the region with Njets = 2 and 100 < Emiss
T < 150 GeV,

excluding the mass range 70 < m`` < 110 GeV to reduce background contributions from res-
onant Z-boson production. Here, RSF/OF is evaluated using the observed yield of SF and OF
events, 4RSF/OF = NSF/NOF. The applicability of this value in the signal region is confirmed by
comparing it with the RSF/OF value obtained in the signal region for tt simulated events. The
difference between both values is found to be smaller than its statistical uncertainty (3%). The
latter value is assigned as the systematic uncertainty in the measurement.

For the factorized approach, the ratio of muon to electron reconstruction and identification
efficiencies, rµ/e, is measured in a DY-enriched region with Njets ≥ 2 and Emiss

T < 50 GeV and
requiring 60 < m`` < 120 GeV, resulting in a large sample of e±e∓ and µ±µ∓ events with
similar kinematics to the signal region in terms of jet multiplicity. Assuming the factorization
of lepton efficiencies in an event, the efficiency ratio is measured as rµ/e =

√
Nµ+µ−/Ne+e− . A

systematic uncertainty of 10% (20%) is assigned to rµ/e in the central (forward) lepton rapidity
selection based on studies of its dependency on the lepton kinematics, the amount of Emiss

T , and
the jet multiplicity. The trigger efficiencies for the three different flavor combinations are used
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to define the factor RT =
√

εT
µ±µ∓εT

e±e∓/εT
e±µ∓ , which takes into account the difference between

SF and OF channels at the trigger level. The final correction is RSF/OF = (1/2)(rµ/e + r−1
µ/e) RT.

Here, rµ/e is summed with its inverse, leading to a large reduction of the associated uncertainty.

The results of the direct measurement and the factorization method are shown in Table 1. Since
the results are in agreement and are obtained on independent data samples, they are combined
using the weighted average. The resulting correction is RSF/OF = 1.03± 0.05 (1.08± 0.07) for
the central (forward) lepton rapidity selection.

Table 1: Summary of RSF/OF values obtained in data and simulation using the direct and fac-
torized methods, and the final combination.

Central Forward
Data MC Data MC

(1/2)(rµ/e + r−1
µ/e) 1.01 ± 0.01 1.01 ± 0.01 1.02 ± 0.04 1.03 ± 0.05

RT 1.00 ± 0.07 1.02 ± 0.06 1.04 ± 0.09 1.04 ± 0.06
RSF/OF
From factorization 1.01 ± 0.07 1.03 ± 0.06 1.06 ± 0.10 1.05 ± 0.08
Direct measurement 1.05 ± 0.06 1.05 ± 0.03 1.10 ± 0.09 1.08 ± 0.04
Weighted average 1.03 ± 0.05 1.04 ± 0.03 1.08 ± 0.07 1.07 ± 0.04

6.2 Drell–Yan-like backgrounds

The Emiss
T from the DY background is estimated from Emiss

T templates obtained from a data con-
trol region. The main premise of this estimate based on data is that Emiss

T in Z+ jets events orig-
inates from the limited detector resolution when measuring the objects making up the hadronic
system that recoils against the Z boson. We estimate the shape of the Emiss

T distribution from a
control sample of γ + jets events where the jet system recoils against a photon instead of a Z
boson. Signal regions requiring at least one b-tagged jet can lead to a small amount of addi-
tional Emiss

T due to the neutrinos in semileptonic b quark decays. To account for this effect, the
Emiss

T templates are extracted from a control sample of γ + jets events with at least one b-tagged
jet.

The γ+ jets events in data are selected with a suite of single-photon triggers with pT thresholds
varying from 22 to 165 GeV. The triggers with thresholds below 165 GeV are prescaled such
that only a fraction of accepted events are recorded, and the events are weighted by the trigger
prescales to match the integrated luminosity collected with the signal dilepton triggers. In
order to account for kinematic differences between the hadronic systems in the γ + jets and the
Z + jets sample, the γ + jets sample is reweighted such that the boson pT distribution matches
that of the Z + jets sample. This reweighting is performed for each signal region, where the
same requirements are applied to the Z + jets and the γ + jets samples. The resulting Emiss

T
distribution is then normalized to the observed data yield in the region Emiss

T < 50 GeV where
Z + jets is the dominant background.

The control sample used to estimate this background does not need to have a high purity of
photons, since the Emiss

T is assumed to originate from jet mismeasurement. However, it is re-
quired that the photon-like object be well measured so as to not contribute to the Emiss

T mis-
measurement. The stability of the photon selection is tested by repeating this background
measurement after tightening the photon ID requirements, and it is found that the results
are consistent with the measurement done using the looser selection. In order to ensure the
photon-like object is sufficiently well-measured and that the Emiss

T in the γ + jets sample comes
primarily from the mismeasurement of the jet system, the following conditions are required:
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∆φ(Emiss
T , γ) > 0.4, a veto on events where the photon can be connected to a pattern of hits in

the pixel detector, and the photon to be matched to a jet within a cone of ∆R = 0.4. The require-
ment ∆φ(Emiss

T , γ) > 0.4 protects against under-measurement of the photon energy, which is
much more likely for calorimeter-based quantities than over-measurement. Finally, the elec-
tromagnetic fraction of the matched jet (fraction of jet energy deposited in the electromagnetic
calorimeter with respect to the total energy deposited in both, the electromagnetic and hadronic
calorimeter) is required to be >0.7.

The dominant uncertainties in the Emiss
T template prediction come from the limited size of the

samples used. The uncertainty in the prediction takes into account the statistical uncertainty
of the γ + jets sample in the signal Emiss

T regions, which ranges from 10–50%. The statistical
uncertainty of the normalization for Emiss

T < 50 GeV is included and ranges from 4–10%, as
shown in Table 2. A closure test of the method is performed in simulation, using γ + jets to
predict the yield of Z+ jets. An uncertainty is assigned from the results of this test as either the
largest discrepancy between the γ + jets prediction and the Z + jets yield for each Emiss

T region,
or the MC statistical uncertainty, whichever is larger. The values are listed in Table 3 and vary
between 4 and 50%, depending on the Emiss

T region. Finally, the impact of photon purity on the
estimate is studied in data by repeating the prediction with a tighter photon selection. Since
the difference from the nominal prediction was smaller than the statistical uncertainty in all
regions, no additional uncertainty was assigned.

Table 2: Statistical uncertainties in the normalization of the Emiss
T template prediction in the

Emiss
T < 50 GeV range, for each signal region. These are taken as a systematic uncertainty in the

background prediction. The definitions of SRA, SRB, and ATLAS SR are found in Section 5.1
and Table 4.

Signal region SRA SRB ATLAS SR
b tagging b-jet veto ≥ 1 b tag b-jet veto ≥ 1 b tag —
Uncertainty 4 % 10 % 3 % 6 % 3 %

Table 3: Systematic uncertainties in percentage for the Emiss
T template method from the MC

closure test, shown for all the on-Z signal regions. The definitions of SRA, SRB, and ATLAS SR
are found in Section 5.1 and Table 4.

Emiss
T (GeV) 0–50 50–100 100–150 150–225 225–300 ≥ 300

SRA, b-jet veto 1 4 4 5 15 35
SRA, ≥1 b tag 1 3 5 10 30 40
SRB, b-jet veto 1 2 4 10 20 25
SRB, ≥1 b tag 2 3 10 10 50 50
ATLAS SR 2 2 10 10 10

6.2.1 Other standard model processes with a Z boson

The method using Emiss
T templates only predicts instrumental Emiss

T from jet mismeasurement
and thus does not include the genuine Emiss

T from neutrinos expected in processes like W(`ν)Z(``),
Z(``)Z(νν), or rarer processes such as ttZ. These processes contribute a small fraction of the
overall background and are determined with MC simulation. The MC prediction is compared
to data in 3- and 4-lepton control regions. Agreement is observed, and a conservative uncer-
tainty of 50% is assigned based on the limited statistics of these regions at higher jet multiplici-
ties.
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6.2.2 Drell–Yan background in the edge search

A procedure was designed to propagate the estimations obtained using the Emiss
T templates for

the on-Z regions to the off-Z mass regions. For this reason, a ratio rout/in is measured in the
DY-dominated control region where rµ/e is also obtained. The numerator of this ratio is the
number of SF events outside of the Z boson mass window, while the denominator is the SF
yield within this window. Opposite-flavor yields in both the numerator and denominator are
subtracted from the respective same-flavor yields in order to correct for FS contributions in the
region where rout/in is measured. The final ratio is unity for the mass region between 81 and
101 GeV, and varies between 2% and 7% for the other mass ranges, with values decreasing as a
function of the invariant mass. The final contribution to the edge-like signal regions is then the
on-Z prediction multiplied by this ratio for each of the signal regions. An uncertainty of 25% is
assigned to rout/in to cover its dependencies on Emiss

T and the jet multiplicity.

7 Results
The observed number of events in the different signal regions is compared with the background
estimates obtained with the methods explained above for the on-Z and the edge searches. The
results for the 16 exclusive signal regions of the on-Z search and the additional ATLAS signal
region are presented in Table 4. A graphical representation of these results can be seen in Fig. 2
(upper), where the background prediction has been divided into its three components: FS, DY,
and other processes with a Z boson, in order to illustrate their relative contributions in the
different signal regions.

The edge-like search features two distinct m`` spectra according to the centrality of the leptons,
each of which is divided into five bins. This leads to a total of 10 mutually exclusive signal
regions that are further divided according to the presence or absence of any b-tagged jet in
the event. To be consistent with the 8 TeV search, the information without any selection on
the number of b-tagged jets is also provided. Table 5 summarizes the SM predictions and the
observations in all these signal regions. A graphical representation of these results is shown in
Fig. 2 (lower), including the relative contributions of the different backgrounds.

The agreement between the observation and the prediction is found to be better than 1 σ in
most of the regions. The largest deviation found corresponds to a local significance of 1.8 σ.
This result is compatible with the null hypothesis provided the large number of signal regions.

Figure 3 (upper) shows the Emiss
T distribution for the on-Z ATLAS signal region, while Fig. 3

(lower), shows the m`` distribution for the edge region without any selection on the number
of b-tagged jets and with central leptons, as in the region where CMS reported the excess at√

s = 8 TeV. The comparison between the observation and prediction in these two regions of
interest does not indicate the presence of any excess with respect to the SM expectation. The
3.0 σ discrepancy between observation and prediction in the first bin of the m`` distribution
in Fig. 3 (lower), has been studied in detail in several control regions with similar kinematic
properties, and also by modifying the trigger, identification and isolation parameters of the
leptons. Since no sign of any systematic effect has been found, we conclude this to be consistent
with a statistical fluctuation.

8 Interpretation
The results of the analysis are interpreted in terms of simplified models. In order to quantify
the sensitivity of the on-Z and edge searches, two simulated samples with a scan of mass points
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Table 4: Observed and predicted yields for the on-Z search. The signal regions SRA and
SRB are binned as a function of the b jet multiplicity and the missing transverse momentum.
In the ATLAS SR, the transverse momenta of the two highest pT leptons are included when
calculating HT, and an additional requirement is imposed on the angle between the Emiss

T and
the two leading jets ∆φEmiss

T ,j1,j2 > 0.4.

Njets/ HT Nb-jets Emiss
T (GeV) Predicted Observed

0

100–150 29.1 +5.3
−4.7 28

SRA 150–225 9.1 +3.2
−1.9 7

225–300 3.4 +2.5
−1.0 6

2–3 jets >300 2.1 +1.4
−0.7 6

and HT > 400 GeV ≥1

100–150 14.3 +4.4
−3.2 21

150–225 6.9 +3.6
−2.3 6

225–300 6.1 +3.6
−2.3 1

>300 1.5 +2.4
−0.9 3

0

100–150 23.6 +4.9
−3.7 20

SRB 150–225 8.2 +3.4
−2.1 10

225–300 0.8 +1.2
−0.2 2

≥ 4 jets

>300 1.5 +2.4
−0.9 0

≥1

100–150 44.7 +7.7
−6.6 45

150–225 16.8 +5.1
−3.9 23

225–300 0.6 +1.2
−0.3 4

>300 1.5 +2.4
−0.9 3

ATLAS–SR:

HT + p`1
T + p`2

T > 600 GeV Emiss
T > 225 GeV ∆φEmiss

T ,j1,j2 > 0.4 12.3+4.0
−2.8 14

of the GMSB and slepton-edge models have been produced. Upper limits on the cross section
multiplied by the branching ratio have been calculated at a 95% confidence level (CL) using
the CLS criterion and an asymptotic formulation [36–39], taking into account the statistical and
systematic uncertainties in the signal yields and the background predictions.

8.1 Systematic uncertainty in the signal yield

The systematic uncertainties in the signal yield have been evaluated by comparing the yields
obtained after making a variation on the source of the systematic effect and the nominal yields.
The uncertainty related to the measurement of the integrated luminosity is 2.7% [40]. The un-
certainty in the corrections used to account for lepton identification and isolation efficiency
differences between data and simulation is 2–4% in the signal acceptance. The uncertainty in
the b tagging efficiency and mistag probability are 2–5% except for the edge signal regions
without b tags, where they can range up to 20%. A further systematic uncertainty of 1–6% is
considered on the scale factors correcting for the differences between fast and GEANT4 simula-
tions for leptons. Dilepton trigger efficiencies ranging between 87% and 96%, and depending
on the lepton flavor, are measured in data and applied as an overall scale factor to the signal
simulation with a systematic uncertainty of 5%. The uncertainty in the jet energy scale varies
between 0% and 8% depending on the signal kinematics. The uncertainty associated with the
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Figure 2: Overview of the results in all signal regions of the on-Z search (upper) and edge
search (lower). The labels (c) and (f) refer to central and forward leptons. The data points in
black are compared to the background expectation, which is shown as a solid blue line, together
with its uncertainty, shown as a light blue band. The background components are shown as a
stacked histogram with solid white color for the FS background, solid dark green for DY and
dark purple for others.

modeling of initial-state radiation (ISR) is 1–3%. The uncertainty in the correction to account
for the pileup in the simulation is evaluated by shifting the inelastic cross section by ±5% and
amounts to less than 6% on signal acceptance. Finally the statistical uncertainty on the number
of simulated events is also considered and found to be in the range 1–20%, where the regions
with low population of signal due to the acceptance in Emiss

T and/or b-tag multiplicity are most
affected. These uncertainties are summarized in Table 6.
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Table 5: Results for the edge-like search in all 30 signal regions. The non-FS component
of the total background is given separately in the brackets. All signal regions require Emiss

T
>150 (100) GeV if Njets ≥ 2 (3).

Nb-jets ≥ 0 Nb-jets = 0 Nb-jets ≥ 1
m`` range (GeV) Pred. Obs. Pred. Obs. Pred. Obs.

Central

20–70
477 ± 30 445 130 ± 13 135 347 ± 24 310

( 4.8 ± 1.4) ( 3.6 ± 1.1) ( 1.2 ± 0.3)

70–81
134 ± 13 131 40 ± 6 33 94 ± 10 98

( 2.7 ± 0.8) ( 2.1 ± 0.6) ( 0.7 ± 0.2)

81–101
254 ± 18 275 95 ± 11 107 160 ± 14 168
( 62 ± 8) ( 46 ± 8) ( 16 ± 2)

101–120
166 ± 15 165 48 ± 7 43 118 ± 12 122

( 2.1 ± 0.6) ( 1.6 ± 0.5) ( 0.5 ± 0.2)

>120
477 ± 30 518 112 ± 12 144 365 ± 25 374

( 1.6 ± 0.5) ( 1.2 ± 0.4) ( 0.4 ± 0.1)

Forward

20–70
111 ± 12 136 36 ± 6 45 75 ± 10 91

( 1.6 ± 0.4) ( 1.2 ± 0.4) ( 0.4 ± 0.1)

70–81
47 ± 7 50 15 ± 4 14 32 ± 6 36

( 1.2 ± 0.3) ( 0.9 ± 0.3) ( 0.3 ± 0.1)

81–101
100 ± 10 92 45 ± 6 39 55 ± 8 53
( 24 ± 3) ( 18 ± 3) ( 6.0 ± 1.2)

101–120
78 ± 10 51 22 ± 5 15 55 ± 8 36

( 1.0 ± 0.3) ( 0.7 ± 0.2) ( 0.2 ± 0.1)

>120
308 ± 25 306 85 ± 10 95 223 ± 20 211

( 0.7 ± 0.2) ( 0.5 ± 0.2) ( 0.2 ± 0.1)

8.2 Interpretation using simplified models

Since the GMSB model leads to a signature containing at least 6 jets in the final state, most of
the sensitivity of the on-Z search is provided by the high jet multiplicity signal regions defined
within the SRB category. We only consider the number of observed and predicted events in
these regions to set limits on this model. The expected and observed limits are presented in
Fig. 4. We exclude gluino masses up to 1.28 (1.03) TeV for large (small) neutralino masses. These
results show an improvement with respect to the 8 TeV result where we obtained an observed
and expected limits for gluino masses from 1.0 to 1.1 TeV.

The edge search is interpreted using the slepton-edge model, combining all the invariant mass,
|η|, and mutually exclusive b tag regions. Figure 5 shows the exclusion contour in the plane
of the masses of the bottom squark and the second neutralino. We exclude bottom squark
masses up to 620 GeV at low χ̃0

2 masses. The slight decrease in sensitivity at a neutralino mass
of ∼250 GeV corresponds to a kinematic edge located at ∼150–200 GeV. In this case the signal
is spread evenly across all mass regions, while in the case of low (high) χ̃0

2 masses, the ma-
jority of signal events fall into the low- (high-) mass bin, which increases the sensitivity for
these mass points. The expected upper limits in the bottom squark/neutralino mass plane are
similar to the limits set by the 8 TeV analysis. In two parameter regions the expected limits
are slightly improved due to the introduction of new signal regions. The introduction of the
below-Z and above-Z signal region increases the sensitivity of the analysis for sbottom masses
of about 550 GeV and neutralino masses of around 250 GeV. The second improvement is the



12 8 Interpretation

P
re

di
ct

io
n

D
at

a

0.5
1

1.5
2

 [GeV]miss
TE

0 50 100 150 200 250 300 350

E
ve

nt
s 

/ 2
5 

G
eV

1

10

210

310
Data

 templatesmiss
TE

FS background

Other SM

 (13 TeV)-12.3 fb

CMS

 > 600 GeV
T

) + H
1,2

(lep
T

 pΣ
) > 0.4

1,2
, jetmiss

T
(Eφ∆

 2≥ jetsN

 [GeV] ll m
50 100 150 200 250 300

 E
ve

nt
s 

/ 1
0 

G
eV

0

50

100

150

200

250
 (13 TeV)-12.3 fb

CMS Central signal region
Data
Flavor symmetric
Z+jets
Other SM
Total uncertainty

Slepton signal model
 = 175 GeV0

2
χ∼

 = 450 GeV, m
b
~m

 = 175 GeV0

2
χ∼

 = 550 GeV, m
b
~m

 = 175 GeV0

2
χ∼

 = 650 GeV, m
b
~m

  
P

re
di

ct
io

n
D

at
a

0

0.5

1

1.5

2

Figure 3: The Emiss
T and m`` distributions are shown for data and background predictions in the

on-Z ATLAS signal region (upper) and for the region where CMS reported an excess in Run
1 (lower). The “Other SM” category includes WZ, ZZ, and other rare SM backgrounds taken
from MC. The red lines in the m`` distribution correspond to three different slepton-edge signal
hypotheses overlaid on top of the background distribution.

categorization according to the number of b-tagged jets that gives additional sensitivity close to
the sbottom and neutralino mass diagonal where events with zero b-tagged jets become impor-
tant since the produced b jets have less energy and are often not identified. The observed upper
limits in the region with small neutralino masses have been largely improved with respect to
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Table 6: List of systematic uncertainties taken into account for the signal yields and typical
values.

Source of uncertainty Uncertainty (%)
Luminosity 2.7
Pileup 0–6
b tag modeling 2–20
Lepton reconstruction and isolation 2–4
Fast simulation scale factors 1–6
Trigger modeling 5
Jet energy scale 0–8
ISR modeling 1–3
Statistical uncertainty 1–20
Total uncertainty 7–32

the 8 TeV results from 500 to approximately 620 GeV.

9 Summary
A search for physics beyond the standard model has been presented in the opposite-sign, same-
flavor lepton final state using a data sample of pp collisions collected at a center-of-mass energy
of 13 TeV, corresponding to an integrated luminosity of 2.3 fb−1, recorded with the CMS detec-
tor in 2015. Searches are performed for signals that either produce a kinematic edge, or a peak
at the Z boson mass, in the dilepton invariant mass distribution. Comparing the observation to
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estimates for SM backgrounds obtained from data control samples, no statistically significant
evidence for a signal has been observed. Notably, this is true for the two event selections where
excesses of 2.6 and 3.0 σ significance had been observed by the CMS and ATLAS collaborations
in their respective 8 TeV results [11, 12].

The search for events containing an on-shell Z boson is interpreted in a model of gauge-
mediated supersymmetry breaking, where the Z bosons are produced in decay chains initiated
through gluino pair production, and where the branching ratios have been fixed to 100% to
produce the desired topology. Gluino masses below 1.28 TeV for high neutralino masses and
1.03 TeV for low neutralino masses have been excluded, extending the previous exclusion limits
derived from a similar analysis at 8 TeV by almost 200 GeV.

The search for an edge is interpreted in a simplified model based on bottom squark pair pro-
duction, where dilepton mass edges are produced in decay chains containing the two lightest
neutralinos and a slepton, where again the branching ratios have been fixed to produce the de-
sired topology. Bottom squark masses below 550 and 620 GeV have been excluded, depending
on the χ̃0

2 mass. These limits are similar to previous exclusion limits except for low χ̃0
2 masses

where the excluded limits have been extended by about 100 GeV.
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R. Schöfbeck, M. Tytgat, W. Van Driessche, E. Yazgan, N. Zaganidis
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Basilicata c, Potenza, Italy, Università G. Marconi d, Roma, Italy
S. Buontempoa, N. Cavalloa ,c, G. De Nardo, S. Di Guidaa ,d ,14, M. Espositoa,b, F. Fabozzia,c,
A.O.M. Iorioa ,b, G. Lanzaa, L. Listaa, S. Meolaa ,d ,14, P. Paoluccia,14, C. Sciaccaa ,b, F. Thyssen
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J.B. Sauvan, C. Schäfer, C. Schwick, M. Seidel, A. Sharma, P. Silva, M. Simon, P. Sphicas46,
J. Steggemann, M. Stoye, Y. Takahashi, M. Tosi, D. Treille, A. Triossi, A. Tsirou, V. Veckalns47,
G.I. Veres21, N. Wardle, A. Zagozdzinska35, W.D. Zeuner

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

Institute for Particle Physics, ETH Zurich, Zurich, Switzerland
F. Bachmair, L. Bäni, L. Bianchini, B. Casal, G. Dissertori, M. Dittmar, M. Donegà, P. Eller,
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J.f. Tsai, Y.M. Tzeng

Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
B. Asavapibhop, G. Singh, N. Srimanobhas, N. Suwonjandee

Cukurova University, Adana, Turkey
A. Adiguzel, S. Cerci50, S. Damarseckin, Z.S. Demiroglu, C. Dozen, I. Dumanoglu, S. Girgis,
G. Gokbulut, Y. Guler, E. Gurpinar, I. Hos, E.E. Kangal51, O. Kara, A. Kayis Topaksu,
U. Kiminsu, M. Oglakci, G. Onengut52, K. Ozdemir53, D. Sunar Cerci50, B. Tali50, S. Turkcapar,
I.S. Zorbakir, C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey
B. Bilin, S. Bilmis, B. Isildak54, G. Karapinar55, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey
E. Gülmez, M. Kaya56, O. Kaya57, E.A. Yetkin58, T. Yetkin59

Istanbul Technical University, Istanbul, Turkey
A. Cakir, K. Cankocak, S. Sen60

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov,
Ukraine
B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk, P. Sorokin

University of Bristol, Bristol, United Kingdom
R. Aggleton, F. Ball, L. Beck, J.J. Brooke, D. Burns, E. Clement, D. Cussans, H. Flacher,
J. Goldstein, M. Grimes, G.P. Heath, H.F. Heath, J. Jacob, L. Kreczko, C. Lucas, D.M. Newbold61,
S. Paramesvaran, A. Poll, T. Sakuma, S. Seif El Nasr-storey, D. Smith, V.J. Smith

Rutherford Appleton Laboratory, Didcot, United Kingdom
K.W. Bell, A. Belyaev62, C. Brew, R.M. Brown, L. Calligaris, D. Cieri, D.J.A. Cockerill,
J.A. Coughlan, K. Harder, S. Harper, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous,
A. Thea, I.R. Tomalin, T. Williams

Imperial College, London, United Kingdom
M. Baber, R. Bainbridge, O. Buchmuller, A. Bundock, D. Burton, S. Casasso, M. Citron,
D. Colling, L. Corpe, P. Dauncey, G. Davies, A. De Wit, M. Della Negra, P. Dunne, A. Elwood,
D. Futyan, Y. Haddad, G. Hall, G. Iles, R. Lane, C. Laner, R. Lucas61, L. Lyons, A.-
M. Magnan, S. Malik, L. Mastrolorenzo, J. Nash, A. Nikitenko48, J. Pela, B. Penning, M. Pesaresi,
D.M. Raymond, A. Richards, A. Rose, C. Seez, A. Tapper, K. Uchida, M. Vazquez Acosta63,
T. Virdee14, S.C. Zenz

Brunel University, Uxbridge, United Kingdom
J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, D. Leslie, I.D. Reid, P. Symonds, L. Teodorescu,
M. Turner



29

Baylor University, Waco, USA
A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika

The University of Alabama, Tuscaloosa, USA
O. Charaf, S.I. Cooper, C. Henderson, P. Rumerio

Boston University, Boston, USA
D. Arcaro, A. Avetisyan, T. Bose, D. Gastler, D. Rankin, C. Richardson, J. Rohlf, L. Sulak, D. Zou

Brown University, Providence, USA
G. Benelli, E. Berry, D. Cutts, A. Garabedian, J. Hakala, U. Heintz, J.M. Hogan, O. Jesus, E. Laird,
G. Landsberg, Z. Mao, M. Narain, S. Piperov, S. Sagir, E. Spencer, R. Syarif

University of California, Davis, Davis, USA
R. Breedon, G. Breto, D. Burns, M. Calderon De La Barca Sanchez, S. Chauhan, M. Chertok,
J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, M. Gardner, W. Ko, R. Lander,
C. Mclean, M. Mulhearn, D. Pellett, J. Pilot, F. Ricci-Tam, S. Shalhout, J. Smith, M. Squires,
D. Stolp, M. Tripathi, S. Wilbur, R. Yohay

University of California, Los Angeles, USA
R. Cousins, P. Everaerts, A. Florent, J. Hauser, M. Ignatenko, D. Saltzberg, E. Takasugi,
V. Valuev, M. Weber

University of California, Riverside, Riverside, USA
K. Burt, R. Clare, J. Ellison, J.W. Gary, G. Hanson, J. Heilman, P. Jandir, E. Kennedy, F. Lacroix,
O.R. Long, M. Malberti, M. Olmedo Negrete, M.I. Paneva, A. Shrinivas, H. Wei, S. Wimpenny,
B. R. Yates

University of California, San Diego, La Jolla, USA
J.G. Branson, G.B. Cerati, S. Cittolin, M. Derdzinski, R. Gerosa, A. Holzner, D. Klein,
V. Krutelyov, J. Letts, I. Macneill, D. Olivito, S. Padhi, M. Pieri, M. Sani, V. Sharma, S. Simon,
M. Tadel, A. Vartak, S. Wasserbaech64, C. Welke, J. Wood, F. Würthwein, A. Yagil, G. Zevi Della
Porta

University of California, Santa Barbara, Santa Barbara, USA
R. Bhandari, J. Bradmiller-Feld, C. Campagnari, A. Dishaw, V. Dutta, K. Flowers, M. Franco
Sevilla, P. Geffert, C. George, F. Golf, L. Gouskos, J. Gran, R. Heller, J. Incandela, N. Mccoll,
S.D. Mullin, A. Ovcharova, J. Richman, D. Stuart, I. Suarez, C. West, J. Yoo

California Institute of Technology, Pasadena, USA
D. Anderson, A. Apresyan, J. Bendavid, A. Bornheim, J. Bunn, Y. Chen, J. Duarte, A. Mott,
H.B. Newman, C. Pena, M. Spiropulu, J.R. Vlimant, S. Xie, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, USA
M.B. Andrews, V. Azzolini, B. Carlson, T. Ferguson, M. Paulini, J. Russ, M. Sun, H. Vogel,
I. Vorobiev

University of Colorado Boulder, Boulder, USA
J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, T. Mulholland, K. Stenson,
S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, J. Chaves, J. Chu, S. Dittmer, K. Mcdermott, N. Mirman, G. Nicolas Kaufman,
J.R. Patterson, A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao, J. Thom, J. Tucker,
P. Wittich, M. Zientek



30 A The CMS Collaboration

Fairfield University, Fairfield, USA
D. Winn

Fermi National Accelerator Laboratory, Batavia, USA
S. Abdullin, M. Albrow, G. Apollinari, S. Banerjee, L.A.T. Bauerdick, A. Beretvas, J. Berryhill,
P.C. Bhat, G. Bolla, K. Burkett, J.N. Butler, H.W.K. Cheung, F. Chlebana, S. Cihangir,
M. Cremonesi, V.D. Elvira, I. Fisk, J. Freeman, E. Gottschalk, L. Gray, D. Green, S. Grünendahl,
O. Gutsche, D. Hare, R.M. Harris, S. Hasegawa, J. Hirschauer, Z. Hu, B. Jayatilaka, S. Jindariani,
M. Johnson, U. Joshi, B. Klima, B. Kreis, S. Lammel, J. Linacre, D. Lincoln, R. Lipton,
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21: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
University, Budapest, Hungary
22: Also at University of Debrecen, Debrecen, Hungary
23: Also at Indian Institute of Science Education and Research, Bhopal, India
24: Also at Institute of Physics, Bhubaneswar, India
25: Also at University of Visva-Bharati, Santiniketan, India
26: Also at University of Ruhuna, Matara, Sri Lanka
27: Also at Isfahan University of Technology, Isfahan, Iran
28: Also at University of Tehran, Department of Engineering Science, Tehran, Iran
29: Also at Plasma Physics Research Center, Science and Research Branch, Islamic Azad
University, Tehran, Iran
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