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Abstract

A search for pair production of second-generation leptoquarks is performed using
proton-proton collision data collected at

√
s = 13 TeV in 2016 with the CMS detector

at the CERN LHC, corresponding to an integrated luminosity of 35.9 fb−1. Final states
with two muons and two jets, or with one muon, two jets, and missing transverse
momentum are considered. Second-generation scalar leptoquarks with masses less
than 1530 (1285) GeV are excluded for β = 1.0 (0.5), where β is the branching fraction
for the decay of a leptoquark to a charged lepton and a quark. The results of the
search are also interpreted as limits on the pair production of long-lived top squarks
in an R-parity violating supersymmetry model that has a final state with two muons
and two jets. These limits represent the most stringent limits to date on these models.
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1 Introduction
The standard model (SM) of particle physics displays a symmetry between the quark and lep-
ton families. Leptoquarks (LQs) are new bosons that would manifest a fundamental connec-
tion between quarks and leptons and are predicted by numerous extensions of the SM, such as
grand unified theories [1–8], composite models with lepton and quark substructure [9], tech-
nicolor models [10–12], and superstring-inspired models [13]. LQs are color-triplet scalar or
vector bosons carrying both lepton and baryon numbers, and decay either to a charged lep-
ton and a quark, or to a neutrino and a quark. Interpretations of direct searches for LQs are
typically based on a general model where LQ-lepton-quark interactions are added to the La-
grangian [14]. Recently, interest in LQs has increased as they may provide an explanation for
the observation of anomalies in the decays of B mesons by the Belle [15–17], BABAR [18, 19],
and LHCb [20–23] Collaborations.

At hadron colliders, LQs can be produced singly or in pairs. This analysis concentrates on pair
production of scalar LQs. The dominant leading-order (LO) processes for pair production of
LQs at the LHC involve gluon-gluon fusion and quark-antiquark annihilation, shown in Fig. 1.
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Figure 1: Dominant leading-order Feynman diagrams for the pair production of LQs at the
LHC.

The interactions of scalar LQs with SM particles are completely determined by three parame-
ters [14]: the LQ mass mLQ, the Yukawa coupling at the LQ-lepton-quark vertex λLQ, and the
branching fraction β of the LQ decay to a charged lepton and a quark. The decay of an LQ to a
neutrino and a quark is complementary to the decay to a charged lepton and a quark and has
a branching fraction of 1− β. Vector LQs are further dependent on two couplings which relate
to the anomalous magnetic and electric quadrupole moments of the vector LQ [24].

As can be seen in Fig. 1, the dominant pair production processes have no LQ-lepton-quark
vertices, and thus the production cross sections do not depend on λLQ. The mean lifetime of
the LQ is dependent on λLQ. For λLQ & 10−6.5 [14], TeV-scale LQs will have decay lengths that
are less than the resolution of the impact parameter measurement of the CMS detector [25].
As is customary, the value of λLQ has been set such that λ2

LQ/(4π) = αem, where αem is the
electromagnetic coupling. Therefore the LQs considered in this analysis always decay very
close to the point of production and are referred to as prompt. As a consequence, the limits set
on the pair production cross sections can be considered independent of λLQ for λLQ & 10−6.5.

Pair production of LQs is characterized by final states with two leptons and two jets with large
transverse momentum pT. This analysis assumes no flavor mixing between generations, to be
consistent with experimental constraints on lepton flavor violation and flavor-changing neutral
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currents [26, 27]. In this scenario, second-generation LQs will always decay to either a muon
and a charm quark, or to a neutrino and a strange quark. Values of 1.0 and 0.5 are considered
for β, corresponding to maximal production of the two final states µµjj and µνjj. Previous
limits on second-generation scalar LQ pair production have been published by the CMS and
ATLAS Collaborations [28, 29]. The CMS result excludes LQs with mLQ < 1080 (760) GeV for
β = 1.0 (0.5), in proton-proton (pp) collisions at 8 TeV, and ATLAS excludes LQs with mLQ <
1160 GeV for β = 1.0, at 13 TeV. The most stringent limits on vector LQs have been reported by
CMS [28].

Other models of physics beyond the SM, such as R-parity violating (RPV) supersymmetry
(SUSY) [30], can lead to the same final states as LQ production. Supersymmetry postulates
a symmetry between fermions and bosons, which gives rise to superpartner particles for all
known SM particles. In some SUSY scenarios, one of the two top quark superpartners (top
squark, t̃) is the lightest SUSY particle and when R-parity is violated can decay to a bottom (b)
quark and a charged lepton. For t̃ pair production and direct t̃ decays to charged lepton + b
quark, limits can be extracted directly from the LQ results. If the couplings of the RPV opera-
tors are sufficiently small, however, the superpartners will have long lifetimes, and will travel
through part or all of the detector before decaying. In this scenario, referred to in this paper as
displaced SUSY [31], the t̃ has a finite but non-zero lifetime, and decays to a charged lepton of
any flavor and a bottom quark within a distance, cτ, between 0.1 and 100 cm, where τ is the
t̃ mean lifetime. We assume the t̃ decays with equal probability to electrons, muons, and tau
leptons. This analysis is sensitive to the low-lifetime, high-mass region of phase space where
dedicated searches for displaced SUSY lose sensitivity [32].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. 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. [33].

Events of interest are selected using a two-tiered trigger system [34]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 µs. The
second level, known as the high-level trigger (HLT), consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces the
event rate to around 1 kHz before data storage.

3 Data and simulated samples
The data set used in this paper was collected by CMS during the 2016 pp LHC run at

√
s =

13 TeV and corresponds to an integrated luminosity of 35.9± 0.9 fb−1 [35]. Events are selected
using triggers that require at least one muon with pT > 50 GeV, with no isolation requirements.
These triggers supply the data for the µµjj and µνjj channels, as well as for the eµ sample used
in the tt+jets background estimate for the µµjj channel.
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Signal samples are produced in 50 GeV steps for scalar mLQ between 200 and 2000 GeV using
an effective theory based on Ref. [14] at LO with PYTHIA 8.212 [36]. These samples are used
to study the acceptance of the signal. The production cross sections, calculated using next-to-
leading order (NLO) QCD corrections [37] with the CTEQ6L1 [? ] LO and CTEQ6.6 [38] NLO
PDF sets, are used for comparison with data in the limit setting procedure. The search limits
are independent of λLQ for sufficiently large values of λLQ, as discussed in Section 1. Displaced
SUSY samples are produced with PYTHIA 8.212 using the Snowmass “Points and Slopes point
1a” parameter set [39] for t̃ masses from 200 to 1200 GeV, in 100 GeV steps, and for cτ = 0.1,
1, 10, and 100 cm. The lighter, left-handed top squark is the lightest supersymmetric particle
in this model, while the heavier right-handed top squark has a mass beyond the relevant kine-
matic regime. Production cross sections for t̃ are calculated at NLO + next-to-leading logarith-
mic (NLL) precision with PROSPINO version 2 [40] and NLL-fast programs version 3.0 [41, 42],
using the CTEQ6L1 PDF set.

Standard model backgrounds considered include Z/γ∗+jets, tt+jets, W+jets, single top quark
production, and diboson (WW/WZ/ZZ)+jets. The Z/γ∗+jets, W+jets, and diboson samples are
generated at NLO using MADGRAPH5 aMC@NLO version 2.3.3 [43, 44]. Single top quark and
tt+jets samples are generated at NLO using POWHEG v2 [45–48] and MADGRAPH5 aMC@NLO

[49]. All backgrounds use PYTHIA 8.212 for fragmentation and hadronization.

The W+jets and Z/γ∗+jets samples are normalized to next-to-next-to-leading order (NNLO)
inclusive cross sections calculated with FEWZ versions 3.1 and 3.1.b2, respectively [50]. Single
top quark and diboson samples are normalized to NLO inclusive cross sections calculated with
MCFM version 6.6 [51–54]. The tt+jets sample is normalized to calculations at the NNLO level in
QCD including resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms
produced with Top++2.0 [55–61].

Signal and background events are generated using the NNPDF3.0 parton distribution function
(PDF) sets [62], with the full CMS detector geometry and response simulated using GEANT4 [63,
64]. All samples use the CUETP8M1 underlying event tune [65], with additional pp interactions
(the pileup distribution) overlaid and corrected to match the distribution measured in data.

The simulated samples are corrected so that the detector response and resolution for both lep-
tons and jets and the triggering efficiency match those measured in data.

4 Event reconstruction and selection
The CMS particle-flow event algorithm [66] aims to reconstruct and identify each individual
particle in an event, with an optimized combination of information from the various elements
of the detector. The reconstructed vertex with the largest value of summed physics-object p2

T
is taken to be the primary pp interaction vertex. The physics objects in this context are jets
clustered using the jet finding algorithm with all tracks assigned to the vertex as inputs, and
the associated missing transverse momentum ~pmiss

T , taken as the negative vector sum of the pT
of those jets. The magnitude of the ~pmiss

T is referred to as pmiss
T .

Hadronic jets are reconstructed using the anti-kT algorithm [67, 68] with a size parameter of
0.4. Jet momentum is determined as the vectorial sum of all particle momenta in the jet, and is
found from simulation to be within 5 to 10% of the true momentum over the whole pT spectrum
and detector acceptance. Additional pp interactions within the same or nearby bunch crossings
can contribute additional tracks and calorimetric energy depositions, increasing the apparent
jet momentum. To mitigate this effect, tracks identified to be originating from pileup vertices
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are discarded, and an offset correction is applied to correct for remaining contributions. Jet
energy corrections are derived from simulation to bring the measured response of jets to that
of particle level jets on average. In situ measurements of the momentum balance in dijet, pho-
ton+jet, Z+jet, and multijet events are used to determine any residual differences between jet
energy scale in data and in simulation and appropriate corrections are made [69]. These jet en-
ergy corrections are propagated to the pmiss

T . Additional selection criteria are applied to each jet
to remove jets potentially dominated by instrumental effects or reconstruction failures. Jets are
required to have pseudorapidity |η| < 2.4, pT > 50 GeV, and to be separated from all selected
muons by ∆R > 0.5, where ∆R =

√
(∆η)2 + (∆φ)2 and φ is the azimuthal angle in radians. At

least two jets are required for both the µµjj and µνjj channels, with no jet flavor requirement.
Jets originating from b quarks are used to estimate backgrounds in data control regions, and
are identified using the combined secondary vertex algorithm [70]. Jets are considered as b-
tagged if they pass the ‘loose’ working point, with an 80% b jet identification efficiency and a
10% rate of erroneous b jet identification. Simulated samples are corrected on a jet-by-jet basis
using correction factors to agree with b-tagged distributions measured in data.

Muons are measured in the pseudorapidity range |η| < 2.4 in concentric stations with detec-
tion planes made using three technologies: drift tubes, cathode strip chambers, and resistive
plate chambers. Hits in the muon tracking system are combined into hit segments. Muons are
reconstructed as tracks by combining these hit segments with hits in the silicon tracker, with a
reconstruction optimized for high pT muons. Matching muons to tracks measured in the silicon
tracker results in a relative pT resolution for muons with pT < 100 GeV of 1% in the barrel and
3% in the endcaps. The pT resolution in the barrel and endcaps is better than 10% for muons
with pT up to 1 TeV [71]. Muons are required to have pT > 53 GeV and |η| < 2.4 to be fully
efficient with respect to the trigger, and are required to satisfy a set of identification criteria
optimized for high pT. Segments in at least two muon stations are required to be geometrically
matched to a track in the silicon tracker, with at least one hit from a muon chamber in each
station included in the muon track fit. In order to suppress muons from hadron decays and to
allow for a more precise pT measurement, at least five strip tracker layers with hits associated
with the muon are required, and at least one hit in the pixel detector. To reject muons from cos-
mic rays, the transverse impact parameter of the muon track with respect to the primary vertex
is required to be less than 2 mm, and the longitudinal distance of the track with respect to the
primary vertex is required to be less than 5 mm. An isolation requirement is imposed, as the
signal produces isolated muons. The pT sum of all tracks from the primary vertex (excluding
the muon track itself) in a cone of ∆R = 0.3 around the muon track, divided by the muon pT,
is required to be less than 0.1. This relative isolation is shown to be independent of pileup [71].
In the µµjj channel at least two muons are required, with no charge requirement. In the µνjj
channel exactly one muon is required.

Electrons are measured in the pseudorapidity range |η| < 2.5. The electron momentum is esti-
mated by combining the energy measurement in the ECAL with the momentum measurement
in the tracker. The momentum resolution for electrons with pT ≈ 45 GeV from Z → ee decays
ranges from 1.7% to 4.5% [72]. In this analysis electrons are used as a control data sample for
a tt+jets background estimate in the µµjj channel, and electrons with pT > 53 GeV are vetoed
in the µνjj channel to avoid overlap with this control region. With this high veto threshold the
selection is kept as inclusive as possible for signal. The tt+jets background is small in the mass
region of interest, which is above 1 TeV.

The LQ candidates are reconstructed using the pairing where the two reconstructed masses
are closest. In the µµjj channel the two highest pT muons and two highest pT jets that pass
the selection criteria above are considered. Each muon is paired with a jet in the configura-
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tion that minimizes the LQ-LQ invariant mass difference. In the µνjj channel the two highest
pT jets are considered together with the required single muon. The muon and ~pmiss

T are each
paired with a jet in a similar manner to the µµjj channel, using instead the LQ transverse masses

mLQ
T =

√
2p`T pjet

T (1− cos[∆φ(`, jet)]) of the muon-jet and ~pmiss
T -jet systems, where in this case `

represents the muon or neutrino in the decay. This method correctly matches the decay prod-
ucts of the two LQs in 50 to 70% of signal events, increasing with mLQ.

5 Estimation of standard model backgrounds
5.1 The µµjj channel

The main backgrounds that can mimic the LQ signal in the µµjj channel are Z/γ∗+jets and
tt+jets events.

Backgrounds are estimated and validated using a selection dominated by background events,
referred to as the preselection. The preselection applies criteria that are looser than any final
selection. This preselection requires at least two muons with pT > 53 GeV and at least two jets
with pT > 50 GeV. The muons are required to be separated from one another by ∆R > 0.3. The
invariant mass of the dimuon system (mµµ) is required to be greater than 50 GeV, and the Sµµjj

T

of the event is required to be greater than 300 GeV, where Sµµjj
T is defined as the scalar sum of

the pT of the two jets and two muons in the event.

The Z/γ∗+jets background is estimated with events that satisfy the preselection, in a data con-
trol region around the Z peak that is not in the search region. The background shape is taken
from simulation, which shows good shape agreement with the data in the control region. For
normalization, the simulation is compared to data in a window 80 < Mµµ < 100 GeV around
the Z peak, and a measured data normalization scale factor of 0.98± 0.01 (stat)± 0.09 (syst) is
applied to simulated events passing the final selection criteria. The systematic uncertainty is
assigned to account for the dependence of the scale factor on event kinematic properties. All
final selections require Mµµ > 100 GeV, to reduce the Z/γ∗ background, and to maintain the
separation of the control region from the search region.

The tt+jets background is estimated using an independent eµ data sample. Events are selected
that contain one electron and one muon, and must satisfy all requirements of the µµjj prese-
lection, other than the normal two muon requirement. No charge requirement is placed on
the electron and muon. This sample is corrected for differences between the µµ and eµ selec-
tion, such as those based on identification and isolation, as well as on trigger efficiency. The
kinematic distributions of this sample are found to be in good agreement with the tt+jets simu-
lation, and use of the eµ control sample in data reduces the systematic uncertainties associated
with this background.

Background contributions from single top quark, W+jets, and diboson events are estimated
from simulation. Background from QCD multijets is shown to be negligible using data control
regions.

Background predictions are validated at the preselection level by comparing them with data.
Good agreement is seen in all relevant kinematic distributions. Three kinematic variables are
identified that have strong discrimination power between signal and background. In the µµjj
channel, these variables are Sµµjj

T , mµµ, and mmin
µj , where mmin

µj is defined as the smaller of the
two muon-jet invariant masses that represent the LQ and LQ candidates. A comparison of
these main kinematic variables is shown in Fig. 2 at the preselection level.
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Figure 2: Comparison of data and background at the preselection level for the µµjj channel, for
the variables used for final the selection optimization: mµµ (upper), mmin

µj (lower left), and Sµµjj
T

(lower right). ‘Other background’ includes W+jets, single top quark, and diboson backgrounds.
The hashed band represents the combined statistical and systematic uncertainty in the full
background estimate.

5.2 The µνjj channel

As in the µµjj channel, a background-dominated preselection is used to calculate and validate
the SM background estimates. This preselection requires exactly one muon with pT > 53 GeV
and at least two jets with pT > 50 GeV. The direction of the muon in the event is required
to be separated from ~pmiss

T by ∆φ > 0.8, and the momentum vector of the highest-pT jet to be
separated from ~pmiss

T by ∆φ > 0.5. Further requirements include mµν
T > 50 GeV, pmiss

T > 55 GeV,
and Sµνjj

T > 300 GeV, where Sµνjj
T is defined as the scalar sum of the pT of the two jets matched

to leptons (` = µ, ν), the muon, and the pmiss
T in the event.

The main backgrounds that can mimic the LQ signal in the µνjj channel are W+jets and tt+jets
events. Both backgrounds are calculated using simulated samples normalized to the number of
events in two separated data control regions. They are estimated with events that, in addition to
satisfying the µνjj preselection, also satisfy 70 < Mµν

T < 110 GeV. The events are then separated
into two control regions, further enriched in their respective background processes, using b
tagging. The W+jets background control region requires no b-tagged jets, while the tt+jets
control sample requires at least one b-tagged jet. The W+jets data normalization scale factor
is found to be 0.93± 0.01 (stat), and the tt+jets data normalization scale factor is found to be
0.98± 0.01 (stat). As the scale factors do not depend on the kinematic distributions, no further
systematic uncertainty is applied. These data normalization scale factors are then applied to
simulated events passing the final selections.

Backgrounds from single top quark, Z/γ∗+jets, and diboson events are estimated from simu-
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lation. Background from QCD multijets are shown to be negligible using data control regions.

After preselection, discriminating variables are identified, as with the µµjj channel. In the µνjj
channel, these variables are Sµνjj

T , mµν
T , and mµj, where mµν

T and mµj are defined as the muon-
~pmiss

T transverse mass and the muon-jet invariant mass for the combination that minimizes the
LQ-LQ transverse mass difference. Distributions for these variables in events satisfying the
preselection are shown in Fig. 3.
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Figure 3: Comparison of data and background at the preselection level for the µνjj channel,
for the variables used for final selection criteria optimization: mµν

T (upper), mµj (lower left),
and Sµνjj

T (lower right). ‘Other background’ includes Z/γ∗+jets, single top quark, and diboson
backgrounds. The hashed band represents the combined statistical and systematic uncertainty
in the full background estimate.

6 Final selection
6.1 Final selection optimization

For both the µµjj and µνjj channels, the previously described kinematic variables identified
as having strong discrimination power between signal and background are used to define a
final selection for each mLQ. The signal-to-background separation is optimized with a full
three-dimensional optimization using the Punzi significance [73] for a discovery potential of
5 standard deviations at 95% confidence level (CL). This method is optimal for both making a
discovery and for setting limits, and is valid in cases with low background event counts. In the
µµjj channel, the mµµ is required to be greater than 100 GeV to exclude the background control
region. In the µνjj channel, the mµν

T is required to be greater than 110 GeV for the same reason.
The lower bounds of the final selection criteria for the three variables are shown as a function
of scalar mLQ in Fig. 4. The behavior of the different variable responses to the optimization can
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be attributed to the shapes of the signal distributions of the different variables, as seen in Figs. 2
and 3.
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Figure 4: Lower bounds of the final selection criteria for the three variables for the µµjj (left)
and µνjj (right) channels as a function of scalar mLQ.

6.2 Systematic uncertainties

Systematic uncertainties in the LQ signal production cross sections vary from 14 to 50% across
the full LQ mass range. They are estimated by varying the PDF eigenvectors within their
uncertainties and the renormalization and factorization scales by factors of one-half and two.

Systematic uncertainties in the background yields and in the signal acceptance for both the µµjj
and µνjj channels are calculated for each final selection by running the full analysis with sepa-
rately varied detector quantities, particle momenta, or scale factors. These yields are compared
to those for the nominal analysis, and the differences are propagated as log-normal nuisance
parameters in the limit setting. The effects of these systematic uncertainties in signal accep-
tance and total background yield are shown for the µµjj and µνjj channels in Tables 1 and 2,
respectively.

Systematic uncertainties in the jet energy resolution and muon energy resolution are measured
by smearing the jet and muon momenta, including high-pT specific corrections for muons [74].
Uncertainties due to the jet energy scale and the muon energy scale are estimated by propagat-
ing jet and muon energy corrections.

Uncertainties in the shapes of the main backgrounds are estimated by varying the factorization
and normalization scales in the simulation by factors of 1/2 and 2. These uncertainties, which
include the uncertainty in the extrapolation of the distributions of the final selection variables
from the control to signal regions, are estimated for the Z/γ∗+jets, tt+jets, W+jets, and diboson
backgrounds.

In the µµjj channel the uncertainty in the Z/γ∗+jets background normalization is estimated by
varying the normalization scale factor described in Section 5.1 up and down by its statistical
and systematic uncertainties added in quadrature. The uncertainty in the tt+jets normalization
is estimated by varying the µµ/eµ correction factor up and down by its statistical uncertainty.
In the µνjj channel the uncertainties in the W+jets and tt+jets normalizations are estimated by
varying the normalization scale factors described in Section 5.2 up and down by their statistical
uncertainties.

Other sources of systematic uncertainty considered are: the luminosity measurement [35],
muon identification and isolation [71], pileup [75], trigger efficiency, and track reconstruction
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efficiency. The uncertainty from the PDF prediction is estimated by varying the NNPDF3.0
eigenvectors within their uncertainties, following the PDF4LHC prescription [76, 77]. A fur-
ther uncertainty in the b tagging efficiency is applied only in the µνjj channel [70], where the
control region is defined via b tagging. For most values of mLQ the systematic uncertainties are
at the lower end of the range. The maximum values given in Tables 1 and 2 are only relevant
for large values of mLQ, where the total uncertainty is dominated by the statistical uncertainty
in the simulated background samples.

Table 1: Range of systematic uncertainties in the signal acceptance and background yields for
the µµjj analysis. The last two lines show the total systematic uncertainty and the total statistical
uncertainty in the simulated samples, respectively.

µµjj uncertainty Signal (%) Background (%)
Jet energy resolution 0.0 – 0.4 0.3 – 4.8
Jet energy scale 0.1 – 1.8 0.4 – 4.9
Integrated luminosity 2.5 – 2.5 0.3 – 0.9
Muon energy resolution 0.0 – 0.2 0.0 – 3.8
Muon energy scale 0.0 – 0.2 1.3 – 6.2
Muon ID/Isolation 6.1 – 6.8 1.2 – 2.9
PDF 1.9 – 4.0 0.4 – 4.6
Pileup 0.0 – 0.3 0.2 – 5.9
Trigger 0.1 – 0.7 0.0 – 0.5
Tracking efficiency 1.0 – 2.0 0.1 – 0.9
tt+jets normalization — 0.0 – 0.3
tt+jets shape — 0.0 – 0.0
W+jets normalization — 0.0 – 0.1
W+jets shape — 0.0 – 0.0
Z/γ∗+jets normalization — 3.4 – 7.3
Z/γ∗+jets shape — 1.5 – 6.2
Diboson shape — 0.7 – 9.2
Total syst. uncertainty 7.2 – 8.5 5.0 – 12
Total stat. uncertainty 0.5 – 1.0 0.6 – 29

7 Results
7.1 Data comparison with background after final selection

The data are compared to background predictions after the final selections have been applied.
Comparisons of the kinematic distributions, after the final selection, for data and simulation
for two mLQ hypotheses are shown in Fig. 5. No significant excess above the predicted back-
ground is seen for any mLQ, within uncertainties. The largest difference between data and
the background estimate is a roughly two standard deviation excess in the µνjj channel for
mLQ = 950 GeV. Kinematic distributions of the small excess of events in this region do not look
like signal events, lacking the characteristic mass peak expected of LQs. There is one high-Sµµjj

T
event that can be seen in Fig. 5 (upper left) that merits mention. The background estimate for
high mass final selections for Sµµjj

T > 3000 GeV is 0.0+0.1
−0.0. However, this event is unlike a sig-

nal event. In particular, the invariant masses of the two LQ candidates in this event are not
compatible with LQ pair production.

Comparisons of background, data, and signal for each set of final selections can be seen in
Figs. 6 and 7. The y axis shows the final selection event yields for each of the individual mLQ
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Table 2: Range of systematic uncertainties in the signal acceptance and background yields for
the µνjj analysis. The last two lines show the total systematic uncertainty and the total statistical
uncertainty in the simulated samples, respectively.

µνjj uncertainty Signal (%) Background (%)
Jet energy resolution 1.2 – 2.3 3.4 – 6.1
Jet energy scale 0.0 – 0.8 0.7 – 6.7
Integrated Luminosity 2.5 – 2.5 0.5 – 1.4
Muon energy resolution 0.0 – 0.1 0.2 – 4.7
Muon energy scale 0.0 – 0.2 0.4 – 2.9
Muon ID/Isolation 3.0 – 3.1 0.5 – 2.5
PDF 0.4 – 0.8 0.9 – 5.6
Pileup 0.0 – 0.3 0.6 – 3.1
Trigger 4.2 – 7.5 0.8 – 5.5
Tracking efficiency 0.5 – 1.0 0.1 – 0.7
b tagging efficiency — 1.4 – 3.6
tt+jets normalization — 0.1 – 0.5
tt+jets shape — 0.0 – 0.0
W+jets normalization — 0.3 – 0.5
W+jets shape — 1.6 – 8.7
Z/γ∗+jets normalization — 0.6 – 1.4
Z/γ∗+jets shape — 0.0 – 0.0
Diboson shape — 0.5 – 8.4
Total syst. uncertainty 6.1 – 8.7 6.6 – 13
Total stat. uncertainty 0.1 – 1.3 0.2 – 19

hypotheses shown on the x axis. All the bins are correlated in these plots, as the events selected
for each mLQ are a strict subset of the events selected for the lower mass LQ. The product of
acceptance and efficiency of the signal for all final selections, as well as detailed tables of the
event counts in data, background, and signal, are shown in Appendix A.

7.2 Limit setting

Limits are set on the LQ pair production cross section σ as a function of scalar mLQ, using the
asymptotic approximation [78] of the modified frequentist CLs approach [79, 80], utilizing the
ratio of the confidences in the signal+background to background hypotheses. The systematic
uncertainties listed above are introduced as nuisance parameters in the limit setting procedure
using log-normal probability functions. Uncertainties of a statistical nature are described by
Γ distributions with widths determined by the number of events in simulated samples or ob-
served in data control regions. These limits have been compared to the so-called ‘LHC-style’
fully-frequentist CLs limits [81] and are found to be in good agreement with the expected and
observed limits for all final selections, but with slightly more conservative systematic uncer-
tainties in the low background regime.

The 95% CL upper limits on σ β2 or σ 2β(1− β) as a function of scalar mLQ are shown, together
with the NLO predictions for the scalar LQ pair production cross section, in Fig. 8. System-
atic uncertainties in the LQ signal production cross sections are shown as a band around the
signal production cross section. By comparing the observed upper limit with the theoretical
cross section values, second-generation scalar LQs with masses less than 1530 (1150) GeV are
excluded under the assumption that β = 1.0 (0.5), compared to the median expected limits of
1515 (1260) GeV.
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Figure 5: Comparison of data and background distributions of Sµµjj
T (left), mmin

µj (upper right),
and mµj (lower right), for the µµjj channel (upper plots) and the µνjj channel (lower plots).
Events after final selections with mLQ = 1400 GeV are shown in the upper plots, and with
mLQ = 1100 GeV in the lower plots. The hashed band represents the combined statistical and
systematic uncertainty in the full background estimate. ‘Other background’ includes W+jets,
single top quark, and diboson backgrounds in the µµjj channel, and Z/γ∗+jets, single top
quark, and diboson backgrounds in the µνjj channel.

Limits are also set at 95% CL for β values from 0 to 1 for both the µµjj and µνjj channels, as well
as for the combination of both channels. In the combination, all systematic uncertainties are
treated as fully correlated and all statistical uncertainties are treated as fully uncorrelated. The
resulting two-dimensional limit plot is shown in Fig. 9. The combination of the two channels
improves the mass exclusion, particularly for low values of β. Using the combined channels,
second-generation scalar LQs with masses less than 1285 GeV can be excluded for β = 0.5,
compared with an expected limit of 1365 GeV.

The results in the µµjj channel are also interpreted in the context of the displaced SUSY model
described in Section 1. Studies in both simulation and data have shown that tracking efficiency
remains at ∼100% for the lifetimes and corresponding impact parameters considered [32],
which allows interpretation of the results for a displaced signal to be made with the same final
selections and systematic uncertainties as previously used for a prompt signal. The 95% CL
expected and observed limits on the displaced SUSY t̃ pair production cross section are shown
in Fig. 10. The limits are presented in two dimensions as a function of t̃ mass and lifetime.
The expected and observed limits have been extrapolated to cτ = 0 cm using the prompt LQ
limits, taking into account the assumed t̃ branching ratio, t̃ → bµ = 1/3. This extrapolation
connects these results to the prompt kinematic range and is motivated by the fact that prompt
top squark pair production is kinematically very similar to that for LQs. The observed exclu-
sion limits are 1150, 940, and 305 GeV for cτ = 0.1, 1.0, and 10.0 cm. Following the formulation
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Figure 6: Data and background event yields after final selections for the µµjj analysis, as a
function of scalar mLQ. ‘Other background’ includes W+jets and single top quark production.
The selection criteria for each bin are detailed in Table 1. All the bins are correlated, as the
events selected for each mLQ are a strict subset of the events selected for the lower mass LQ.
The hashed band represents the combined statistical and systematic uncertainty in the full
background estimate.
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in Ref. [82] these limits can be translated into lower bounds on the coupling strength of the
RPV term in the SUSY Lagrangian, in this case λ′233cos(θ), where cos(θ) represents the mixing
angle between the left- and right-handed eigenstates of the top squarks. Using the expression
for the partial width Γ(̃t → b`) = 3Γ(̃t → bµ) ≈ 3c(λ′233cos(θ))2mt̃/16π [82], the excluded
regions correspond to λ′233cos(θ) < 5.4× 10−8, 1.9× 10−8, and 1.0× 10−8, respectively, for the
mass and lifetime limits described above. These limits provide complementary sensitivity to
dedicated searches for long-lived particles [32], which generally require particles with longer
decay lengths in their triggers.

8 Summary
A search has been presented for pair production of second-generation leptoquarks using proton-
proton collision data collected at

√
s = 13 TeV in 2016 with the CMS detector at the LHC, cor-

responding to an integrated luminosity of 35.9 fb−1. Limits are set at 95% confidence level on
the product of the scalar leptoquark pair production cross section and β2 (2β(1 − β)) in the
µµjj (µνjj) channels, as a function of the leptoquark mass mLQ. Second-generation leptoquarks
with masses less than 1530 (1285) GeV are excluded for β = 1.0 (0.5), an improvement of 370
(525) GeV compared to previously published results. Two-dimensional limits are set in the β–
mLQ plane. The results in the µµjj search are interpreted in the context of an R-parity violating
supersymmetry model with long-lived top squarks. These limits represent the most stringent
limits to date on these models.
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A Efficiencies and event yields
The product of signal acceptance and efficiency for optimized final selections as a function of
mLQ in the µµjj (left) and µνjj (right) channels is shown in Fig. 11. Event yields at final selection
level for the µµjj and µνjj analyses are shown in Tables 3 and 4, respectively.
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Figure 11: The product of signal acceptance and efficiency for optimized final selections as a
function of mLQ in the µµjj (left) and µνjj (right) channels.
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Table 3: Event yields after final selections for the µµjj analysis. ‘Other bkg.’ includes W+jets
and single top quark production. Uncertainties are statistical unless otherwise indicated.

mLQ (GeV) Signal Z/γ∗+jets tt+jets Diboson Other bkg. All bkg. (stat + syst) Data
200 531700 ± 4700 2973 ± 7 5467 ± 56 369 ± 2 519 ± 10 9328 ± 57 ± 444 9317
250 232900 ± 1800 1675 ± 5 2972 ± 41 241 ± 2 324 ± 8 5213 ± 42 ± 250 5102

300 100460 ± 760 793 ± 3 1298 ± 26 138 ± 1 189 ± 6 2419 ± 27 ± 117 2360

350 46160 ± 340 3878 ± 2 538 ± 16 81.0 ± 1.0 98.0 ± 4.1 1105 ± 17 ± 57 1113

400 22610 ± 160 202 ± 1 237 ± 10 51.9 ± 0.8 55.2 ± 3.1 546 ± 11 ± 29 572

450 12039 ± 86 132 ± 1 121 ± 7 32.2 ± 0.7 31.8 ± 2.3 316 ± 78 ± 18 299

500 6672 ± 48 79.0 ± 0.7 54.1 ± 4.6 20.9 ± 0.5 20.2 ± 1.9 174 ± 5 ± 11 147

550 3848 ± 27 52.0 ± 0.5 26.1 ± 3.0 14.4 ± 0.5 13.1 ± 1.5 106 ± 3 ± 8 78

600 2328 ± 16 34.7 ± 0.4 12.9 ± 1.9 10.0 ± 0.3 9.44 ± 1.27 67.0 ± 2.4 ± 5.2 44

650 1461 ± 10 26.0 ± 0.3 9.90 ± 1.80 6.55 ± 0.30 6.70 ± 1.10 49.0 ± 2.1 ± 3.9 26

700 948 ± 7 18.2 ± 0.3 4.68 ± 1.07 4.36 ± 0.24 4.53 ± 0.91 32.0 ± 1.4 ± 2.6 16

750 630 ± 4 12.4 ± 0.2 3.47 ± 0.93 3.17 ± 0.20 3.04 ± 0.74 22.0 ± 1.2 ± 1.9 11

800 424 ± 3 9.18 ± 0.16 2.62 ± 0.83 2.45 ± 0.19 2.26 ± 0.63 16.5 ± 1.1 ± 1.6 8

850 293 ± 2 6.93 ± 0.13 3.89 ± 1.23 1.88 ± 0.17 2.05 ± 0.60 14.8 ± 1.4 ± 1.1 7

900 206 ± 1 5.55 ± 0.11 2.34 ± 0.88 1.44 ± 0.15 1.49 ± 0.50 10.8 ± 1.0 ± 0.9 6

950 147 ± 1 4.41 ± 0.10 0.22 ± 0.13 1.31 ± 0.15 1.11 ± 0.43 7.04 ± 0.48 ± 0.71 5

1000 103.9 ± 0.7 3.66 ± 0.09 0.72 ± 0.42 1.10 ± 0.13 0.73 ± 0.33 6.21 ± 0.56 ± 0.59 4

1050 75.0 ± 0.5 3.23 ± 0.09 0.47 ± 0.33 0.93 ± 0.12 0.60 ± 0.31 5.24 ± 0.48 ± 0.56 4

1100 54.9 ± 0.3 2.71 ± 0.07 0.60 ± 0.43 0.69 ± 0.10 0.60 ± 0.31 4.60 ± 0.54 ± 0.48 3

1150 40.3 ± 0.2 2.39 ± 0.07 0.04 ± 0.04 0.69 ± 0.10 0.41 ± 0.25 3.53 ± 0.28 ± 0.42 3

1200 29.7 ± 0.2 1.86 ± 0.06 0.19 ± 0.19 0.63 ± 0.10 0.41 ± 0.25 3.10 ± 0.33 ± 0.42 3

1250 22.2 ± 0.1 1.68 ± 0.06 0.22 ± 0.22 0.56 ± 0.10 0.20 ± 0.19 2.65 ± 0.31 ± 0.34 2

1300 16.4 ± 0.1 1.13 ± 0.04 0.30 ± 0.30 0.53 ± 0.10 0.12 ± 0.19 2.15 ± 0.37 ± 0.27 2

1350 12.3 ± 0.1 1.26 ± 0.05 0.46 ± 0.46 0.53 ± 0.10 0.20 ± 0.19 2.45 ± 0.51 ± 0.24 2

1400 9.24 ± 0.05 1.14 ± 0.04 0.54 ± 0.54 0.54 ± 0.11 0.19 +0.28
−0.19 2.41 +0.62

−0.59 ± 0.24 2

1450 6.90 ± 0.04 1.06 ± 0.04 0.58 ± 0.58 0.50 ± 0.11 0.19 +0.28
−0.19 2.32 +0.65

−0.62 ± 0.22 2

1500 5.24 ± 0.03 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1550 3.99 ± 0.02 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1600 3.06 ± 0.02 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1650 2.35 ± 0.01 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1700 1.79 ± 0.01 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1750 1.38 ± 0.01 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1800 1.07 ± 0.01 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1850 0.821 ± 0.004 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1900 0.636 ± 0.003 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

1950 0.491 ± 0.003 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2

2000 0.377 ± 0.002 1.05 ± 0.05 0.59 ± 0.59 0.47 ± 0.11 0.19 +0.28
−0.19 2.30 +0.66

−0.63 ± 0.23 2
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Table 4: Event yields after final selections for the µνjj analysis. ‘Other bkg.’ includes Z/γ∗+jets
and single top quark production. Uncertainties are statistical unless otherwise indicated.

mLQ (GeV) Signal W+jets tt+jets Diboson Other bkg. All bkg. (stat + syst) Data
200 116600 ± 1500 5672 ± 26 15816 ± 51 1049 ± 5 2732 ± 15 25270 ± 59 ± 1171 26043
250 51050 ± 580 2635 ± 16 4662 ± 28 575 ± 3 1155 ± 10 9029 ± 34 ± 431 9519

300 23840 ± 250 1259 ± 10 2066 ± 18 346 ± 3 611.7 ± 7 4284 ± 22 ± 197 4669

350 11580 ± 120 757 ± 7 964 ± 13 200 ± 2 335 ± 5 2256 ± 16 ± 122 2379

400 6051 ± 58 418 ± 5 461 ± 9 131 ± 2 176 ± 4 1187 ± 11 ± 70 1279

450 3280 ± 32 248 ± 3 228 ± 6 86.4 ± 1.6 108 ± 3 671 ± 8 ± 47 737

500 1911 ± 18 177 ± 3 119 ± 4 58.8 ± 1.3 67.6 ± 2.7 422 ± 6 ± 40 430

550 1165 ± 10 99.2 ± 1.8 69.2 ± 3.4 44.0 ± 1.2 42.9 ± 2.1 255 ± 4 ± 19 270

600 7089 ± 6 70.9 ± 1.5 43.4 ± 2.7 31.1 ± 1.0 28.6 ± 1.7 174 ± 3 ± 13 179

650 453 ± 4 53.8 ± 1.3 26.8 ± 2.1 22.9 ± 0.91 19.7 ± 1.4 123 ± 3 ± 10 130

700 301 ± 3 36.0 ± 1.9 16.7 ± 1.7 17.0 ± 0.78 14.8 ± 1.2 84.6 ± 2.4 ± 7.1 93

750 199 ± 2 22.7 ± 0.7 11.6 ± 1.4 13.3 ± 0.71 9.89 ± 0.96 57.5 ± 2.0 ± 5.2 68

800 136 ± 1 14.0 ± 0.5 7.60 ± 1.15 8.58 ± 0.52 7.60 ± 0.83 37.7 ± 1.6 ± 4.3 57

850 94.7 ± 0.8 10.5 ± 0.4 4.88 ± 0.92 7.46 ± 0.52 6.51 ± 0.81 29.3 ± 1.4 ± 3.5 45

900 65.9 ± 0.5 8.96 ± 0.34 3.43 ± 0.79 6.14 ± 0.48 5.56 ± 0.75 24.1 ± 1.2 ± 2.4 35

950 47.1 ± 0.4 5.96 ± 0.25 2.36 ± 0.65 4.85 ± 0.42 3.70 ± 0.55 16.9 ± 1.0 ± 1.7 30

1000 33.9 ± 0.3 5.40 ± 0.24 1.66 ± 0.55 4.30 ± 0.41 3.30 ± 0.52 14.7 ± 0.9 ± 1.5 26

1050 24.4 ± 0.2 4.20 ± 0.20 1.48 ± 0.52 3.90 ± 0.40 2.54 ± 0.45 12.1 ± 0.8 ± 1.3 20

1100 18.0 ± 0.1 4.16 ± 0.22 1.29 ± 0.49 3.31 ± 0.38 1.83 ± 0.33 10.6 ± 0.7 ± 1.2 15

1150 13.4 ± 0.1 3.05 ± 0.17 0.76 ± 0.38 2.87 ± 0.35 1.29 ± 0.28 7.97 ± 0.61 ± 0.92 13

1200 9.98 ± 0.07 3.02 ± 0.18 0.56 ± 0.32 2.29 ± 0.31 1.09 ± 0.23 6.96 ± 0.54 ± 0.81 11

1250 7.42 ± 0.05 2.68 ± 0.17 0.74 ± 0.37 2.07 ± 0.30 0.59 ± 0.14 6.08 ± 0.52 ± 0.72 11

1300 5.58 ± 0.04 1.61 ± 0.11 0.74 ± 0.37 1.79 ± 0.28 0.73 ± 0.14 4.87 ± 0.49 ± 0.55 9

1350 4.21 ± 0.03 1.03 ± 0.07 0.74 ± 0.37 1.50 ± 0.25 0.70 ± 0.14 3.97 ± 0.48 ± 0.43 7

1400 3.19 ± 0.02 1.01 ± 0.08 0.74 ± 0.37 1.33 ± 0.26 0.69 ± 0.14 3.76 ± 0.48 ± 0.39 7

1450 2.42 ± 0.02 1.45 ± 0.12 0.56 ± 0.32 1.32 ± 0.26 0.65 ± 0.14 3.97 ± 0.45 ± 0.44 7

1500 1.84 ± 0.01 1.29 ± 0.11 0.56 ± 0.32 1.32 ± 0.26 0.58 ± 0.14 3.75 ± 0.45 ± 0.41 7

1550 1.40 ± 0.01 1.12 ± 0.10 0.56 ± 0.32 1.32 ± 0.26 0.49 ± 0.14 3.49 ± 0.45 ± 0.39 6

1600 1.07 ± 0.01 1.07 ± 0.10 0.56 ± 0.32 1.27 ± 0.26 0.46 ± 0.14 3.35 ± 0.45 ± 0.37 6

1650 0.82 ± 0.01 0.88 ± 0.09 0.56 ± 0.32 1.27 ± 0.26 0.44 ± 0.14 3.15 ± 0.44 ± 0.35 6

1700 0.629 ± 0.004 0.99 ± 0.11 0.56 ± 0.32 1.05 ± 0.24 0.42 ± 0.14 3.01 ± 0.44 ± 0.32 6

1750 0.487 ± 0.003 0.91 ± 0.11 0.38 ± 0.27 0.98 ± 0.23 0.38 ± 0.14 2.65 ± 0.39 ± 0.30 5

1800 0.373 ± 0.002 0.91 ± 0.11 0.38 ± 0.27 0.96 ± 0.24 0.36 ± 0.14 2.61 ± 0.40 ± 0.29 5

1850 0.287 ± 0.002 0.88 ± 0.11 0.20 ± 0.20 0.90 ± 0.23 0.32 ± 0.14 2.30 ± 0.35 ± 0.28 4

1900 0.221 ± 0.001 0.74 ± 0.10 0.20 ± 0.20 0.86 ± 0.24 0.31 ± 0.14 2.11 ± 0.35 ± 0.25 3

1950 0.170 ± 0.001 0.69 ± 0.10 0.20 ± 0.20 0.83 ± 0.24 0.30 ± 0.14 2.02 ± 0.35 ± 0.24 3

2000 0.132 ± 0.001 0.68 ± 0.10 0.29 ± 0.20 0.29 ± 0.09 0.30 ± 0.14 1.47 ± 0.28 ± 0.15 2
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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, M. Incea ,b,
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, R. Vendittia,
P. Verwilligena, G. Zitoa



30

INFN Sezione di Bologna a, Università di Bologna b, Bologna, Italy
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31: Also at Università degli Studi di Siena, Siena, Italy
32: Also at Scuola Normale e Sezione dell’INFN, Pisa, Italy
33: Also at Kyunghee University, Seoul, Korea
34: Also at International Islamic University of Malaysia, Kuala Lumpur, Malaysia
35: Also at Malaysian Nuclear Agency, MOSTI, Kajang, Malaysia
36: Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico city, Mexico
37: Also at Warsaw University of Technology, Institute of Electronic Systems, Warsaw, Poland
38: Also at Institute for Nuclear Research, Moscow, Russia
39: Now at National Research Nuclear University ’Moscow Engineering Physics Institute’
(MEPhI), Moscow, Russia
40: Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia
41: Also at University of Florida, Gainesville, USA
42: Also at P.N. Lebedev Physical Institute, Moscow, Russia
43: Also at California Institute of Technology, Pasadena, USA
44: Also at Budker Institute of Nuclear Physics, Novosibirsk, Russia
45: Also at Faculty of Physics, University of Belgrade, Belgrade, Serbia
46: Also at INFN Sezione di Pavia a, Università di Pavia b, Pavia, Italy
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