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

ffiffiffi
s

p ¼ 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) GeVare excluded for β ¼ 1.0ð0.5Þ, 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.

DOI: 10.1103/PhysRevD.99.032014

I. INTRODUCTION

The standard model (SM) of particle physics displays
a symmetry between the quark and lepton families.
Leptoquarks (LQs) are new bosons that would manifest
a fundamental connection 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], technicolor models [10–12],
and superstring-inspired models [13]. LQs are color-triplet
scalar or vector bosons carrying both lepton and baryon
numbers, and they decay either to a charged lepton 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
Lagrangian [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.
The interactions of scalar LQs with SM particles are

completely determined by three parameters [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 a 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 λ2LQ=ð4πÞ ¼ 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 conse-
quence, 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 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<1080ð760ÞGeV
for β ¼ 1.0ð0.5Þ, in proton-proton (pp) collisions at 8 TeV,
and ATLAS excludes LQs with mLQ < 1160 GeV for

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 99, 032014 (2019)

2470-0010=2019=99(3)=032014(26) 032014-1 © 2019 CERN, for the CMS Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.99.032014&domain=pdf&date_stamp=2019-02-27
https://doi.org/10.1103/PhysRevD.99.032014
https://doi.org/10.1103/PhysRevD.99.032014
https://doi.org/10.1103/PhysRevD.99.032014
https://doi.org/10.1103/PhysRevD.99.032014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


β ¼ 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 a charged lepton + b quark, limits can be
extracted directly from the LQ results. If the couplings of the
RPV operators are sufficiently small, however, the super-
partners 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 nonzero 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].

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, 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 end cap sections. Forward calorimeters extend the
pseudorapidity coverage provided by the barrel and end cap
detectors. Muons are measured in gas-ionization detectors
embedded in the steel flux-return yoke outside 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), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors 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.

III. DATA AND SIMULATED SAMPLES

The dataset used in this paper was collected by CMS
during the 2016 pp LHC run at

ffiffiffi
s

p ¼ 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 require-
ments. These triggers supply the data for the μμjj and μνjj
channels, as well as for the eμ sample used in the tt̄þ jets
background estimate for the μμjj channel.
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 [38]
LO and CTEQ6.6 [39] NLO parton distribution function
(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 Sec. I. Displaced SUSY samples are produced with
PYTHIA 8.212 using the Snowmass “Points and Slopes
point 1a” parameter set [40] for t̃ masses from 200 to
1200 GeV, in 100 GeV steps, and for cτ ¼ 0.1, 1, 10, and
100 cm. The lighter, left-handed top squark is the lightest

FIG. 1. Dominant leading-order Feynman diagrams for the pair production of LQs at the LHC.
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supersymmetric particle (LSP) in this model, while the
heavier right-handed top squark has a mass beyond the
relevant kinematic regime. Production cross sections for t̃
are calculated at NLOþ next-to-leading logarithmic (NLL)
precision with PROSPINO version 2 [41] and NLL-fast
programs version 3.0 [42,43], using the CTEQ6L1 PDF set.
Standard model backgrounds considered include

Z=γ� þ jets, tt̄þ jets, W þ jets, single top quark produc-
tion, and diboson ðWW=WZ=ZZÞ þ jets. The Z=γ� þ jets,
W þ jets, and diboson samples are generated at NLO using
MADGRAPH5_aMC@NLO version 2.3.3 [44,45]. Single top
quark and tt̄þ jets samples are generated at NLO using
POWHEG v2 [46–49] and MADGRAPH5_aMC@NLO [50].
All backgrounds use PYTHIA 8.212 for fragmentation and
hadronization.
The W þ jets and Z=γ� þ 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 [51]. Single top quark and diboson samples
are normalized to NLO inclusive cross sections calculated
with MCFM version 6.6 [52–55]. The tt̄þ jets sample is
normalized to calculations at the NNLO level in QCD
including resummation of next-to-next-to-leading logarith-
mic (NNLL) soft gluon terms produced with Topþþ 2.0
[56–62].
Signal and background events are generated using the

NNPDF3.0 PDF sets [63], with the full CMS detector
geometry and response simulated using GEANT4 [64,65].
All samples use the CUETP8M1 underlying event tune [66],
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 leptons and jets and the
triggering efficiency match those measured in data.

IV. EVENT RECONSTRUCTION
AND SELECTION

The CMS particle-flow event algorithm [67] 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 p⃗miss

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

T is referred to as pmiss
T .

Hadronic jets are reconstructed using the anti-kT algo-
rithm [68,69] with a size parameter of 0.4. Jet momentum is
determined as the vectorial sum of all particle momenta in
the jet, and it 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 addi-
tional tracks and calorimetric energy depositions, increas-
ing the apparent jet momentum. To mitigate this effect,
tracks identified to be originating from pileup vertices 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, photonþ jet, Z þ jet,
and multijet events are used to determine any residual
differences between the jet energy scale in data and in
simulation and appropriate corrections are made [70].
These jet energy 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 pseu-
dorapidity jηj < 2.4, pT > 50 GeV and to be separated
from all selected muons by ΔR > 0.5, where ΔR ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
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 they are identified using the combined
secondary vertex algorithm [71]. 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 jηj <

2.4 in concentric stations with detection 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 end caps.
The pT resolution in the barrel and end caps is better than
10% for muons with pT up to 1 TeV [72]. Muons are
required to have pT > 53 GeV and jηj < 2.4 to be fully
efficient with respect to the trigger, and they 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 cosmic 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
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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 ΔR ¼
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 [72]. 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

jηj < 2.5. The electron momentum is estimated by com-
bining 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% [73]. In this analysis
electrons are used as a control data sample for a tt̄þ 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 tt̄þ 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 configuration 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
p⃗miss
T are each paired with a jet in a similar manner to the

μμjj channel, using instead the LQ transverse masses

mLQ
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

Tp
jet
T ð1 − cos½Δϕðl; jetÞ�Þ

q
of the muon-jet

and p⃗miss
T -jet systems, where in this case l represents the

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

V. ESTIMATION OF STANDARD MODEL
BACKGROUNDS

A. The μμjj channel

The main backgrounds that can mimic the LQ signal in
the μμjj channel are Z=γ� þ jets and tt̄þ jets events.
Backgrounds are estimated and validated using a selec-

tion 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 ΔR > 0.3. The invariant mass of the
dimuon system (mμμ) is required to be greater than 50 GeV,

and the SμμjjT of the event is required to be greater than

300 GeV, where SμμjjT is defined as the scalar sum of the pT
of the two jets and two muons in the event.
The Z=γ� þ jets background is estimated with events that

satisfy the preselection, in a data control 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 nor-
malization, 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� 0.01ðstatÞ �
0.09ðsystÞ 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 tt̄þ jets background is estimated using an indepen-

dent eμ data sample. Events are selected that contain one
electron and one muon, and must satisfy all requirements
of the μμjj preselection, 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 selection, 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 tt̄þ jets simulation, and use of
the eμ control sample in data reduces the systematic
uncertainties associated with this background.
Background contributions from single top quark,

W þ jets, and diboson events are estimated from simula-
tion. 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 SμμjjT , 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.

B. The μνjj channel

As in the μμjj channel, a background-dominated pre-
selection is used to calculate and validate the SM back-
ground 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 p⃗miss

T by Δϕ > 0.8, and the
momentum vector of the highest-pT jet to be separated
from p⃗miss

T by Δϕ > 0.5. Further requirements include
mμν

T > 50 GeV, pmiss
T > 55 GeV, and SμνjjT > 300 GeV,
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where SμνjjT is defined as the scalar sum of the pT of the
two jets matched to leptons (l ¼ 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 þ jets and tt̄þ 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 þ jets
background control region requires no b-tagged jets, while
the tt̄þ jets control sample requires at least one b-tagged
jet. TheW þ jets data normalization scale factor is found to
be 0.93� 0.01ðstatÞ, and the tt̄þ jets data normalization
scale factor is found to be 0.98� 0.01ðstatÞ. As the scale
factors do not depend on the kinematic distributions, no
further systematic uncertainty is applied. These data nor-
malization scale factors are then applied to simulated events
passing the final selections.
Backgrounds from single top quark, Z=γ� þ jets, and

diboson events are estimated from simulation. Background
from QCD multijets is shown to be negligible using data
control regions.
After preselection, discriminating variables are identi-

fied, as with the μμjj channel. In the μνjj channel, these
variables are SμνjjT , mμν

T , and mμj, where mμν
T and mμj are

defined as the muon-p⃗miss
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.

VI. FINAL SELECTION

A. 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 eachmLQ. The signal-to-
background separation is optimized with a full three-
dimensional optimization using the Punzi significance
[74] for a discovery potential of 5 standard deviations at
95% confidence level (C.L.). This method is optimal for
both making a discovery and for setting limits, and it 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,
themμν

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 be attributed to the shapes of the
signal distributions of the different variables, as seen in
Figs. 2 and 3.

B. Systematic uncertainties

Systematic uncertainties in the LQ signal production
cross sections vary from 14% to 50% across the full LQ
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mass range. They are estimated by varying the PDF
eigenvectors within their uncertainties and the renormali-
zation 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 separately 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 param-
eters in the limit setting. The effects of these systematic
uncertainties in signal acceptance and total background
yield are shown for the μμjj and μνjj channels in Tables I
and II, 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 [75]. Uncertainties due to the jet energy scale
and the muon energy scale are estimated by propagating 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 extrapo-
lation of the distributions of the final selection variables
from the control to signal regions, are estimated for the
Z=γ� þ jets, tt̄þ jets, W þ jets, and diboson backgrounds.
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In the μμjj channel the uncertainty in the Z=γ� þ jets
background normalization is estimated by varying the
normalization scale factor described in Sec. VA up and
down by its statistical and systematic uncertainties added

in quadrature. The uncertainty in the tt̄þ 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 þ jets and tt̄þ jets normalizations
are estimated by varying the normalization scale factors
described in Sec. V B up and down by their statistical
uncertainties.
Other sources of systematic uncertainty considered are

the luminosity measurement [35], muon identification and
isolation [72], pileup [76], trigger efficiency, and track
reconstruction efficiency. The uncertainty from the PDF
prediction is estimated by varying the NNPDF3.0 eigenvec-
tors within their uncertainties, following the PDF4LHC
prescription [77,78]. A further uncertainty in the b tagging
efficiency is applied only in the μνjj channel [71], 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 I and II are
only relevant for large values of mLQ, where the total
uncertainty is dominated by the statistical uncertainty in the
simulated background samples.

VII. RESULTS

A. 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 ¼ 950 GeV. Kinematic distri-
butions 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-SμμjjT event that
can be seen in Fig. 5 (upper left) that merits mention. The
background estimate for high-mass final selections for
SμμjjT > 3000 GeV is 0.0þ0.1

−0.0 . However, this event is unlike
a signal 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 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 the Appendix.

TABLE I. 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
tt̄þ jets normalization � � � 0.0–0.3
tt̄þ jets shape � � � 0.0–0.0
W þ jets normalization � � � 0.0–0.1
W þ jets shape � � � 0.0–0.0
Z=γ� þ jets normalization � � � 3.4–7.3
Z=γ� þ 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

TABLE II. 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
tt̄þ jets normalization � � � 0.1–0.5
tt̄þ jets shape � � � 0.0–0.0
W þ jets normalization � � � 0.3–0.5
W þ jets shape � � � 1.6–8.7
Z=γ� þ jets normalization � � � 0.6–1.4
Z=γ� þ 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
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B. Limit setting

Limits are set on the LQ pair production cross section σ as
a function of scalar mLQ, using the asymptotic approxima-
tion [79] of the modified frequentist CLs approach [80,81],
utilizing the ratio of the confidences in the signal+back-
ground to background hypotheses. The systematic uncer-
tainties 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 observed in data control
regions. These limits have been compared to the so-called
“LHC-style” fully frequentist CLs limits [82] and are found to
be in good agreement with the expected and observed limits
for all final selections, but with slightly more conservative
systematic uncertainties in the low background regime.
The 95% C.L. upper limits on σβ2 or σ2βð1 − βÞ as a

function of scalar mLQ are shown, together with the NLO
predictions for the scalar LQ pair production cross section,
in Fig. 8. Systematic 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 ¼ 1.0 ð0.5Þ, compared to the median expected limits of
1515(1260) GeV.
Limits are also set at 95% C.L. 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 uncorre-
lated. 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 ¼ 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 Sec. I.
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% C.L. 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 ¼ 0 cm using the
prompt LQ limits, taking into account the assumed t̃
branching ratio, t̃ → bμ ¼ 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
exclusion limits are 1150, 940, and 305 GeV for cτ ¼ 0.1,
1.0, and 10.0 cm. Following the formulation in Ref. [83]
these limits can be translated into lower bounds on the
coupling strength of the RPV term in the SUSY Lagrangian,
in this case λ0233 cosðθÞ, where cosðθÞ represents the mixing
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the dashed lines represent the median expected limits, and the
inner dark green and outer light yellow bands represent the 68%
and 95% confidence intervals. The σtheory curves and their blue
bands represent the theoretical scalar LQ pair production cross
sections and the uncertainties on the cross sections due to the
PDF prediction and renormalization and factorization scales,
respectively.
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angle between the left- and right-handed eigenstates of the
top squarks. Using the expression for the partial width
Γðt̃→blÞ¼3Γðt̃→bμÞ≈3cðλ0233cosðθÞÞ2mt̃=16π [83], the
excluded regions correspond to λ0233 cosðθÞ < 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 com-
plementary sensitivity to dedicated searches for long-lived
particles [32], which generally require particles with longer
decay lengths in their triggers.

VIII. SUMMARY

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

ffiffiffi
s

p ¼ 13 TeV in 2016 with
the CMS detector at the LHC, corresponding to an
integrated luminosity of 35.9 fb−1. Limits are set at
95% confidence level on the product of the scalar lepto-
quark pair production cross section and β2 (2β½1 − β�) in
the μμjj (μνjj) channels, as a function of the leptoquark
massmLQ. Second-generation leptoquarks with masses less
than 1530(1285) GeV are excluded for β ¼ 1.0 ð0.5Þ, 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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APPENDIX: 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 III and IV, respectively.
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FIG. 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 III. Event yields after final selections for the μμjj analysis. “Other bkg.” includes W þ jets and single top quark production.
Uncertainties are statistical unless otherwise indicated.

mLQ (GeV) Signal Z=γ� þ jets tt̄þ jets Diboson Other bkg. All bkg. (statþ 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 0.19þ0.28

−0.19 2.41þ0.62
−0.59 � 0.24 2

1450 6.90� 0.04 1.06� 0.04 0.58� 0.58 0.50� 0.11 0.19þ0.28
−0.19 2.32þ0.65

−0.62 � 0.22 2

1500 5.24� 0.03 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1550 3.99� 0.02 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1600 3.06� 0.02 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1650 2.35� 0.01 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1700 1.79� 0.01 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1750 1.38� 0.01 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1800 1.07� 0.01 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1850 0.821� 0.004 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1900 0.636� 0.003 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

1950 0.491� 0.003 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

2000 0.377� 0.002 1.05� 0.05 0.59� 0.59 0.47� 0.11 0.19þ0.28
−0.19 2.30þ0.66

−0.63 � 0.23 2

TABLE IV. Event yields after final selections for the μνjj analysis. “Other bkg.” includes Z=γ� þ jets and single top quark production.
Uncertainties are statistical unless otherwise indicated.

mLQ (GeV) Signal W þ jets tt̄þ jets Diboson Other bkg. All bkg. (statþ 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

(Table continued)
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6Université Libre de Bruxelles, Bruxelles, Belgium

7Ghent University, Ghent, Belgium
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72cUniversità di Trento, Trento, Italy

73aINFN Sezione di Pavia, Pavia, Italy
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77cUniversità del Piemonte Orientale, Novara, Italy

78aINFN Sezione di Trieste, Trieste, Italy
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112Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain

113Universidad Autónoma de Madrid, Madrid, Spain
114Universidad de Oviedo, Oviedo, Spain

115Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
116University of Ruhuna, Department of Physics, Matara, Sri Lanka

117CERN, European Organization for Nuclear Research, Geneva, Switzerland
118Paul Scherrer Institut, Villigen, Switzerland

119ETH Zurich—Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
120Universität Zürich, Zurich, Switzerland

121National Central University, Chung-Li, Taiwan
122National Taiwan University (NTU), Taipei, Taiwan

123Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
124Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey

125Middle East Technical University, Physics Department, Ankara, Turkey
126Bogazici University, Istanbul, Turkey

127Istanbul Technical University, Istanbul, Turkey
128Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov, Ukraine

129National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
130University of Bristol, Bristol, United Kingdom

131Rutherford Appleton Laboratory, Didcot, United Kingdom
132Imperial College, London, United Kingdom

133Brunel University, Uxbridge, United Kingdom
134Baylor University, Waco, Texas, USA

135Catholic University of America, Washington, DC, USA
136The University of Alabama, Tuscaloosa, Alabama, USA

137Boston University, Boston, Massachusetts, USA
138Brown University, Providence, Rhode Island, USA

139University of California, Davis, Davis, California, USA
140University of California, Los Angeles, California, USA

141University of California, Riverside, Riverside, California, USA
142University of California, San Diego, La Jolla, California, USA

143University of California, Santa Barbara—Department of Physics, Santa Barbara, California, USA
144California Institute of Technology, Pasadena, California, USA
145Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
146University of Colorado Boulder, Boulder, Colorado, USA

147Cornell University, Ithaca, New York, USA
148Fermi National Accelerator Laboratory, Batavia, Illinois, USA

149University of Florida, Gainesville, Florida, USA
150Florida International University, Miami, Florida, USA
151Florida State University, Tallahassee, Florida, USA

152Florida Institute of Technology, Melbourne, Florida, USA
153University of Illinois at Chicago (UIC), Chicago, Illinois, USA

154The University of Iowa, Iowa City, Iowa, USA
155Johns Hopkins University, Baltimore, Maryland, USA
156The University of Kansas, Lawrence, Kansas, USA

A.M. SIRUNYAN et al. PHYS. REV. D 99, 032014 (2019)

032014-24



157Kansas State University, Manhattan, Kansas, USA
158Lawrence Livermore National Laboratory, Livermore, California, USA

159University of Maryland, College Park, Maryland, USA
160Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

161University of Minnesota, Minneapolis, Minnesota, USA
162University of Mississippi, Oxford, Mississippi, USA

163University of Nebraska-Lincoln, Lincoln, Nebraska, USA
164State University of New York at Buffalo, Buffalo, New York, USA

165Northeastern University, Boston, Massachusetts, USA
166Northwestern University, Evanston, Illinois, USA

167University of Notre Dame, Notre Dame, Indiana, USA
168The Ohio State University, Columbus, Ohio, USA
169Princeton University, Princeton, New Jersey, USA
170University of Puerto Rico, Mayaguez, Puerto Rico
171Purdue University, West Lafayette, Indiana, USA

172Purdue University Northwest, Hammond, Indiana, USA
173Rice University, Houston, Texas, USA

174University of Rochester, Rochester, New York, USA
175Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA

176University of Tennessee, Knoxville, Tennessee, USA
177Texas A&M University, College Station, Texas, USA

178Texas Tech University, Lubbock, Texas, USA
179Vanderbilt University, Nashville, Tennessee, USA

180University of Virginia, Charlottesville, Virginia, USA
181Wayne State University, Detroit, Michigan, USA

182University of Wisconsin—Madison, Madison, Wisconsin, USA

aDeceased.
bAlso at Vienna University of Technology, Vienna, Austria.
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