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Abstract

A search for pair production of scalar and vector leptoquarks (LQs) each decaying
to a muon and a bottom quark is performed using proton-proton collision data col-
lected at

√
s = 13 TeV with the CMS detector at the CERN LHC, corresponding to

an integrated luminosity of 138 fb−1. No excess above standard model expectation is
observed. Scalar (vector) LQs with masses less than 1810 (2120) GeV are excluded at
95% confidence level, assuming a 100% branching fraction of the LQ decaying to a
muon and a bottom quark. These limits represent the most stringent to date.
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1 Introduction
The standard model (SM) of particle physics describes the interactions of elementary particles
to high accuracy. There remain, however, observations of particle physics that are not fully
explained, such as the similarities between the quark and lepton families. In some theoretical
models of physics with extensions beyond the SM, these similarities are a manifestation of a
deeper symmetry between the two types of particles, and there naturally arise particles that
bridge the two families. Leptoquarks (LQs) are new bosons that would manifest this funda-
mental 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 sub-
structure [9], technicolor models [10–12], and superstring-inspired models [13]. Particles with
similar decay modes are also found in R-parity violating supersymmetry [14–23]. Leptoquarks
are color-triplet scalar or vector bosons carrying both lepton and baryon numbers. They gen-
erally decay either to a charged lepton and a quark, or to a neutrino and a quark. In recent
years, there have been a number of observed tensions with the SM in measurements of B me-
son decays and tests of lepton universality [24–35], often present in measurements of processes
involving muons and third-generation quarks, as well as in precision measurements of the
anomalous magnetic moment of the muon [36–38]. These tensions have increased interest in
LQs and significant theoretical literature [39–43] has re-examined the phenomenological and
historical constraints of LQ models and searches, in particular removing the traditional con-
straint that LQs should decay within the same generation of quarks and leptons. Leptoquarks
may provide a tree-level explanation of some anomalies in scenarios where the LQ-lepton-
quark coupling is not restricted to remain in one generation [40]. At hadron colliders, LQs can
be produced singly or in pairs. The dominant leading-order (LO) processes for pair produc-
tion 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 pair production of LQs at the LHC.

Interpretations of direct searches for LQs are typically based on a general model where LQ-
lepton-quark interactions are added to the SM Lagrangian [44]. The interactions of scalar LQs
with SM particles are completely determined by three parameters [44]: 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. Vector LQs are further dependent on an additional
parameter κ that relates to their anomalous magnetic and electric quadrupole moments [45].
Values of κ = 0 and 1 are considered in this analysis, corresponding to the minimal coupling
and Yang–Mills scenarios, respectively. Leptoquark pair production cross sections (σ) are in-
dependent of λLQ over many orders of magnitude [44]. In this analysis, λLQ has been set to 1,
which will produce LQs that decay very close to the point of production [40] and ensures the
pair production cross sections and results are independent of λLQ.
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Pair production of LQs is characterized by final states with two leptons and two jets with large
transverse momentum pT. Previous limits on scalar LQ pair production decaying to muons
and jets in proton-proton (pp) collisions have been published by the CMS and ATLAS Collabo-
rations [46–49]. The CMS result excludes, at 95% confidence level (CL), LQs decaying to muons
and light (u, d, s) quarks with mLQ < 1.5 (1.3) TeV for β = 1 (0.5) [47], and ATLAS excludes
LQs decaying to muons and b quarks with mLQ < 1.7 TeV for β = 1 [49]. Previous limits on
vector LQs have been reported by CMS [46] and ATLAS [49], where ATLAS excludes vector
LQs decaying to muons and b quarks with mLQ < 1.5 (1.8) TeV for β = 1 in the minimal cou-
pling (Yang–Mills) scenario. The present analysis searches for scalar and vector LQs that decay
to a muon and a bottom quark, using data collected by the CMS detector during the 2016–2018
pp LHC runs at

√
s = 13 TeV. Results are presented for a value of β = 1, corresponding to

maximal production of the µµbb final state, as well as in the range 0 < β < 1.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. 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 def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [50].

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [51]. The second
level, known as the high-level trigger, 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 [52].

3 Event reconstruction
The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [53]. The
global event reconstruction (also called particle-flow event reconstruction [54]) aims to recon-
struct and identify each individual particle in an event, with an optimized combination of all
subdetector information. In this process, the identification of the particle type (photon, electron,
muon, charged or neutral hadron) plays an important role in the determination of the particle
direction and energy. Photons (e.g., coming from π0 decays or from electron bremsstrahlung)
are identified as ECAL energy clusters not linked to the extrapolation of any charged particle
trajectory to the ECAL. Electrons (e.g., coming from photon conversions in the tracker mate-
rial or from B hadron semileptonic decays) are identified as primary charged particle tracks
and potentially many ECAL energy clusters corresponding to these track extrapolations to the
ECAL and to possible bremsstrahlung photons emitted along the way through the tracker ma-
terial. Muons (e.g., from B hadron semileptonic decays) are identified as tracks in the central
tracker consistent with either a track or several hits in the muon system, and associated with
calorimeter deposits compatible with the muon hypothesis. Charged hadrons are identified as
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charged particle tracks neither identified as electrons, nor as muons. Finally, neutral hadrons
are identified as HCAL energy clusters not linked to any charged hadron trajectory, or as a
combined ECAL and HCAL energy excess with respect to the expected charged hadron energy
deposit.

Jets originating from bottom quarks are identified using the DEEPJET discriminator [55], a mul-
ticlass jet flavor tagging algorithm that uses deep learning and exploits low-level features from
a high number of jet constituents. A working point with a 75% efficiency to identify b jets and
a 1% misidentification probability for light jets is used in this analysis [56, 57].

The energy of photons is obtained from the ECAL measurement. The energy of electrons is
determined from a combination of the track momentum at the main interaction vertex, the cor-
responding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached
to the track. The energy of muons is obtained from the corresponding track momentum. The
energy of charged hadrons is determined from a combination of the track momentum and the
corresponding ECAL and HCAL energy deposits, corrected for the response function of the
calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energy deposits.

For each event, hadronic jets are clustered from these reconstructed particles using the infrared
and collinear safe anti-kT algorithm [58, 59] with a distance parameter of 0.4. Jet momentum
is determined as the vectorial sum of all particle momenta in the jet, and is found from Monte
Carlo (MC) simulation to be, on average, within 5–10% of the true momentum over the whole
pT spectrum and detector acceptance. Additional pp interactions within the same or nearby
bunch crossings (pileup) can contribute additional tracks and calorimetric energy depositions
to the jet momentum. To mitigate this effect, charged particles identified to be originating from
pileup vertices are discarded and an offset correction is applied to correct for remaining contri-
butions [60]. 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, photon+jet, Z+jet, and multijet events are used to account for any residual differences
in the jet energy scale between data and simulation [61]. The jet energy resolution amounts
typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [61]. Additional selection cri-
teria are applied to each jet to remove jets potentially dominated by anomalous contributions
from various subdetector components or reconstruction failures [60].

Muons are measured in the range |η| < 2.4, with detection planes made using three technolo-
gies: drift tubes, cathode strip chambers, and resistive plate chambers. The single muon trig-
ger efficiency exceeds 90% over the full η range, and the efficiency to reconstruct and identify
muons is greater than 96%. Matching muons to tracks measured in the silicon tracker results
in a relative pT resolution of 1% in the barrel and 3% in the endcaps for muons with pT up to
100 GeV, and of better than 7% in the barrel for muons with pT up to 1 TeV [62]. Muons are
required to be isolated from tracks arising from electromagnetic and hadronic activity in the
event that may otherwise mimic muon signatures in the detector.

The missing transverse momentum vector p⃗miss
T is computed as the negative vector pT sum of

all the particle-flow candidates in an event, and its magnitude is denoted as pmiss
T [63]. The

p⃗miss
T is modified to account for corrections to the energy scale of the reconstructed jets in the

event.
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4 Data and simulated samples
The data set used in this paper was collected by the CMS detector during the 2016–2018 pp
LHC runs at

√
s = 13 TeV and corresponds to an integrated luminosity of 138 fb−1 [64–66]. The

integrated luminosities for the 2016, 2017, and 2018 data-taking years have 1.2–2.5% individual
uncertainties [64–66], while the overall uncertainty for the 2016–2018 period is 1.6%. Events
are selected using triggers that require at least one muon with pT > 50 GeV, with no isolation
requirements.

Signal samples are produced in 100 GeV steps for values of mLQ between 300–3000 GeV at LO
in quantum chromodynamics (QCD) with MADGRAPH5 aMC@NLO [67, 68] versions 2.2.2 and
2.3.3 using the triplet scalar S3 model of Ref. [39]. For this analysis, the LQ (LQ) is forced to
decay 100% to LQ → µ−b (LQ → µ+b), giving rise to a µ−µ+bb final state. These samples are
used to study the signal efficiency.

The main SM background processes in this final state are tt+jets and Z/γ∗+jets produc-
tion. Other minor contributions from SM processes include diboson (WW/WZ/ZZ)+jets,
tt + Z/W/H (ttV), single top quark production, and W+jets. Background from QCD mul-
tijets is negligible and is not considered in this analysis.

The Z/γ∗+jets and W+jets samples are generated at next-to-LO (NLO) using MAD-
GRAPH5 aMC@NLO with FXFX merging [69]. Diboson samples are generated at NLO using
MADGRAPH5 aMC@NLO. Single top quark, tt+jets, and ttV samples are generated at NLO us-
ing POWHEG v2 [70–73] and MADGRAPH5 aMC@NLO [74]. All of these samples are showered
using PYTHIA 8.212 [75], to take into account the fragmentation and hadronization processes.

Signal and background events are generated for 2016 (2017-2018) samples using the NNPDF3.0
NLO (3.1 LO) parton distribution function (PDF) sets [76], with the full CMS detector geometry
and response simulated using GEANT4 [77, 78]; all samples use the CUETP8M1 [79] (CP2 for
signal, CP5 for SM backgrounds) [80]) underlying event tune, with additional pp interactions
overlaid and corrected to match the distribution measured in data.

The scalar LQ pair production cross sections are calculated with MADGRAPH5 aMC@NLO us-
ing the tool from Ref. [81] with NLO QCD corrections [81–83] and the PDF4LHC15 [84] NLO
PDF set, and are used for comparison with data and background estimations in the statistical
analysis. For the vector LQ interpretation, LQ production cross sections are calculated at LO in
QCD using a singlet U1 model in which the LQ couples only to left-handed fermions [81] with
the NNPDF3.1 LO PDF sets [76]. The scalar LQ simulated samples are again used for the signal
efficiency. It has been shown that relevant vector LQ pair production kinematic distributions
agree within 10% with equivalent scalar pair production, for mLQ > 500 GeV [40].

The simulated samples are corrected so that the detector response and resolution for both
leptons and jets (including b tagged jets) and the trigger efficiency match those measured in
data [61, 62].

5 Background estimation
The main SM processes that can mimic the LQ signal in this channel are Z/γ∗+jets, tt+jets,
and to a lesser extent diboson production. Backgrounds are estimated and validated using a
selection dominated by background events, referred to as the preselection. This preselection
requires two muons with pT > 53 GeV, to remain fully efficient with respect to the trigger
requirements, and at least two jets with pT > 50 GeV, at least one of which is tagged as a
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Figure 2: Comparison of data and background mµµ distribution at the preselection level for the
Z/γ∗+jets and tt+jets (left) and diboson and ttV (right) background control regions, with the
corresponding data-to-background ratio shown below. For Z/γ∗+jets, the control region is a
mµµ window of 80–100 GeV around the Z peak, and for tt+jets is a window of 100–250 GeV.
For diboson and ttV processes, the normalization is performed simultaneously, with a control
region again of 80–100 GeV around the Z peak, but with a third lepton requirement (to remain
orthogonal to the Z/γ∗+jets control region) and no b tag requirement (to diminish the statis-
tical uncertainty). The error bars are the data statistical uncertainties, while the shaded band
represents the combined statistical and systematic uncertainty in the full background estimate.
The signal contribution in all control regions is negligible.

bottom jet. Each event is required to have only two muons, and a veto on a third muon or an
electron with pT > 20 GeV is imposed. No requirement is placed on the muon charges. The
muons are required to be separated from each other by ∆R =

√
(∆η)2 + (∆ϕ)2 > 0.3, where ϕ

is the azimuthal angle (in radians) with respect to the counterclockwise beam axis. There are
two requirements of mµµ > 50 GeV and Sµµ jj

T > 300 GeV, where mµµ is the invariant mass of the

dimuon system, and Sµµ jj
T is defined as the scalar pT sum of the two leading jets and two muons

in the event.

The Z/γ∗+jets, tt+jets, diboson, and ttV contribution estimates make use of background-
dominated data control regions (CRs) after the preselection. Background shapes are taken from
simulation, and show good shape agreement with the data in the CRs. For normalization, the
simulation is compared to data in the different CRs, and the measured data normalization scale
factors are applied to simulated events in the analysis. The Z/γ∗+jets and tt normalizations
are computed iteratively, then held constant to compute the simultaneous diboson and ttV
normalization. For Z/γ∗+jets, the CR is a mµµ window of 80–100 GeV around the Z peak, and
for tt+jets it is a window of 100–250 GeV. Both are computed at the preselection level. For
diboson and ttV processes, the normalization is performed simultaneously, with a CR again
80 < mµµ < 100 GeV around the Z peak, but with the preselection modified by the additional
request of a third lepton (to remain orthogonal to the Z/γ∗+jets CR) and no b tag requirement
(to diminish the statistical uncertainty). Background contributions from single top quark and
W+jets events are estimated from simulation. The CR mµµ distributions, after application of
the data normalization scale factors, are shown in Fig. 2. The signal contribution in all control
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regions is negligible.

The background predictions are validated at the preselection level by comparing them with
data in all relevant kinematic distributions. Distributions at preselection of the muon and jet
pT spectra are shown in Fig. 3. There is good agreement apart from in the high pT regions of
the jet spectra, where there is a tendency for the simulation to overestimate the rate. The small
discrepancy is not important since the analysis sensitivity is dependent on the final selections
discussed in Section 6.1, and the jet pT distributions play a limited role in the final selection.
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Figure 3: Comparison of data and background pT distribution at the preselection level for the
leading two muons and jets. The error bars are the data statistical uncertainties, while the
shaded band represents the combined statistical and systematic uncertainty in the full back-
ground estimate.

6 Results
6.1 Final selection optimization

In order to separate signal from background, a final selection is defined for each mLQ hy-
pothesis. Multivariate techniques are used to increase the signal sensitivity compared to an
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analysis based on a set of independent selection criteria. A boosted decision tree (BDT) is
trained on background and signal events at a modified preselection level for each mLQ hypoth-
esis. The modified preselection requires additional selection criteria of mµµ > 250 GeV and
mµµ jj > mLQ, to maintain the separation of the CR from the signal regions and reduce train-
ing bias in background-enriched and signal-depleted regions. An iterative procedure identifies
eleven minimally-correlated kinematic variables with strong signal-to-background separation
power to use as the input variables to the BDTs:

• invariant masses: mµµ and mµµ jj;

• reconstructed LQ invariant masses mµ j1 and mµ j2, defined by pairing the two muons
and jets such as to minimize the mass difference;

• final-state momenta of muons and jets: pT(µ1), pT(µ2), pT(j1), and pT(j2);

• combined momenta: Sµµ jj
T and pmiss

T ;

• ∆R separation between the dimuon pair and the leading-pT jet momentum vectors.
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Figure 4: Comparison of data and background BDT discriminant distributions at the prese-
lection level for LQ mass hypotheses of 1500 GeV (upper left), 1800 GeV (upper right), and
2000 GeV (lower). The error bars are the data statistical uncertainties, while the shaded band
represents the combined statistical and systematic uncertainty in the full background estimate.
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Training samples are constructed using the full MC data set, with random event sampling from
the background and signal simulated samples. The Gradient Boost [85–87] algorithm is used
for the BDT training, avoiding input variables that are too highly correlated, and studies of the
independent training and testing events show no evidence of overtraining. Examples of the
BDT response at the preselection level are shown in Fig. 4.

The signal-to-background separation is optimized individually for each mLQ using the relevant
BDT discriminant as the sensitive variable. The figure of merit in the optimization is the Punzi
significance [88] for a discovery potential of 5 standard deviations. This method is optimal for
both making a discovery and for setting limits, and is valid in cases with low background event
counts. A constant BDT discriminant selection is used for signal mass points mLQ > 1800 GeV
to avoid instabilities in the optimization due to a limited event count in the simulated samples.
The signal efficiency for each mLQ hypothesis, defined as the number of events passing final
selection divided by the total number of generated events, is shown in Fig. 5. The discrete
nature of the final selection for each LQ candidate mass produces the observed variation in the
efficiency. The background rejection ranges from 55 to 96% and is above 90% for all mLQ >
600 GeV.
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Figure 5: Total signal selection efficiency, defined as the number of events passing the final
selection divided by the number of generated events. The discrete nature of the individual
BDT training and final selection for each LQ candidate mass produces the observed variation
in the efficiency. Relative uncertainties are less than one percent in all cases.

A detailed table of the event counts in data, expected background, and expected signal at final
selection is available in the HEPData record for this analysis [89]. These data are also rep-
resented visually in Fig. 6. The x axis shows the final selection event yields for each of the
individual mLQ hypotheses shown on the y axis. Each bin on the y axis represents an inde-
pendent mLQ hypothesis. For example, the uppermost bin is a comparison of the yields after
final selection in the mLQ = 300 GeV signal mass hypothesis. The hatched band represents the
combined statistical and systematic uncertainty in the full background estimate.
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Figure 6: Data, background, and signal event yields after final selections, for each scalar mLQ
hypothesis. Each bin on the y axis represents an independent mLQ hypothesis. The hatched
band represents the combined statistical and systematic uncertainty in the full background
estimate.

6.2 Systematic uncertainties

Theoretical uncertainties in the LQ signal production cross sections vary from 13 to 36% across
the mLQ range of 300–2500 GeV. They are estimated by varying the PDF eigenvectors within
their uncertainties and the renormalization and factorization scales by factors of one-half and
two [81].

Systematic uncertainties in the background yields and in the signal efficiency are calculated
for each final selection by running the full analysis with separately varied detector conditions,
particle momenta, or scale factors. These yields are compared to those for the nominal analysis,
and the differences from nominal are used in the analysis of uncertainties.

Systematic uncertainties in the jet energy resolution [61] and muon momentum resolution [62]
are measured by smearing the jet and muon momenta, including high-pT specific corrections
for muons [90]. Uncertainties due to the jet energy scale and the muon momentum scale are es-
timated by propagating up and down the uncertainties in the applied jet and muon momentum
corrections.

Shape uncertainties of the main background predictions are estimated by independently vary-
ing the factorization and normalization scales in the simulation by factors of one-half and two.
The PDF uncertainty is estimated by varying the NNPDF eigenvectors within their uncertain-
ties, following the PDF4LHC prescription [84, 91].

The uncertainties in the Z/γ∗+jets, tt+jets, diboson, and ttV background normalizations are
estimated by varying the normalization scale factors described in Section 5 up and down by
their statistical uncertainties.

Other sources of systematic uncertainty include: the luminosity measurement [64–66]; muon
reconstruction, identification, and isolation [62]; b tagging efficiency [56, 57]; pileup [92]; trig-
ger efficiency and prefiring (L1 trigger incorrectly assigned to an earlier bunch crossing); top
pT reweighting (to account for differences in top quark pT spectra observed in data and sim-
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Table 1: Systematic uncertainties in signal efficiency and background yields in the combined
2016–2018 data set, shown as a range over all final selections (second and third columns) as
well as for the mLQ = 1800 GeV point (rightmost two columns). The last two rows show the
total systematic and statistical uncertainties in the simulated samples.

300 ≤ mLQ ≤ 3000 GeV mLQ = 1800 GeV
Uncertainty Signal (%) Background (%) Signal (%) Background (%)
b jet tagging efficiency 2–16 1–23 9 6
Jet energy resolution <1 1–17 <1 6
Jet energy scale 0–2 1–22 <1 9
Integrated luminosity 4 0–1 4 1
Muon energy resolution <1 0–14 <0.1 5
Muon energy scale 0–3 3–32 <1 12
Muon identification 2 <1 2 1
Muon isolation <1 <1 <1 <1
Muon reconstruction 1–63 0–8 17 2
Muon trigger 0–1 <1 1 <1
L1 prefire weighting 1 0–3 1 2
Pileup <1 0–18 <1 4
PDF — 5–29 — 16
Top quark pT reweighting — 3–4 — 4
tt normalization — 1–2 — 1
tt shape — 3–23 — 19
Diboson normalization — 0–13 — 2
Diboson shape — 0–10 — 1
Z/γ∗+jets normalization — 1–25 — 4
Z/γ∗+jets shape — 0–12 — 3
Total syst. uncertainty 5–65 7–72 20 32
Total stat. uncertainty 0–3 22–100 <1 100

ulation) [93]; and track reconstruction efficiency. For LQ mass hypotheses above 1 TeV, the
systematic uncertainties in the muon reconstruction efficiency become dominant and have a
significant effect on the signal samples. These large uncertainties are due to limited numbers of
very high momentum muons in the data control samples used to derive the data-to-simulation
correction factors.

The effects of these systematic uncertainties in signal efficiency and total background yield are
shown in Table 1. The maximum values given in Table 1 are only relevant for large values of
mLQ, where the total uncertainty is dominated by the statistical uncertainty in the simulated
background samples. For most values of mLQ, the systematic uncertainties are at the lower
end of the range, as can be seen in the two rightmost columns of the table, which shows the
uncertainties for the mLQ = 1800 GeV signal point.

6.3 Limit setting

The data are compared to background predictions after the final selections have been applied.
No significant excess above the predicted background is identified for any mLQ. Limits are
set on the LQ pair production cross section as a function of mLQ, obtained using the asymp-
totic approximation [94] of the modified frequentist CLs approach [95, 96], which uses the ratio
of the tail probabilities in the signal+background to background hypotheses. The systematic
uncertainties described above are introduced as nuisance parameters in the limit setting proce-
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Figure 7: The expected and observed upper limits at 95% CL on the product of the LQ pair
production cross section and the branching fractions β2 as a function of mLQ. The black solid
line represents the observed limits, the dotted line is for the median expected limits, and the
inner dark-green and outer light-yellow bands are for the 68 and 95% CL intervals. The solid
blue line and corresponding blue band represents the theoretical scalar LQ pair production
cross sections and the uncertainties on the cross sections due to the PDF prediction and renor-
malization and factorization scales, respectively. Similarly, the dash-dotted (dashed) line and
corresponding band represents the cross sections of theoretical vector LQ pair production and
uncertainties in the minimal coupling (Yang–Mills) scenario.



12

dure 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 CRs. Individual data sets from different years are treated separately, then
statistically combined into a single limit on the full data set. Most systematic uncertainties are
treated as fully uncorrelated across years in the combination, with the exception of PDF, pileup,
and shape uncertainties, which are fully correlated, and the integrated luminosity uncertainty,
which is partially correlated.

The 95% CL upper limits on σβ2 as a function of mLQ are shown in Fig. 7, together with the
NLO (LO) predictions for the scalar (vector) LQ pair production cross sections. Theoretical
uncertainties in the LQ signal production cross sections are shown as a band around the signal
production cross section. Uncertainties in the vector model cross sections are larger than in
the scalar model because of the LO assumptions in the interference of the helicity states of the
vector model [81, 97]. The discrete nature of the final selection for each LQ candidate mass
produces the observed variation in the observed limit. By comparing the observed upper limit
with the theoretical cross section values, scalar LQs with mLQ < 1810 GeV are excluded under
the assumption of β = 1, in agreement with the median expected limit of 1810 GeV. Vector
LQs with mLQ < 2120 (2460) GeV are excluded in the minimal coupling (Yang–Mills) scenario,
under the assumption of β = 1, compared to the median expected limit of 2200 (2580) GeV.

Figure 8 shows the expected and observed exclusion limits at 95% CL as a function of the scalar
LQ mass and β. Scalar LQs with mLQ < 1540 GeV are excluded for β = 0.5, compared to the
median expected limit of 1560 GeV.
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Figure 8: The expected and observed exclusion limits at 95% CL as a function of the leptoquark
mass and the branching fraction β. The solid line represents the observed limits, the dashed
line represents the median expected limits, and the inner dark-green and outer light-yellow
bands represent the 68 and 95% CL intervals. The area left of the observed limit is excluded.
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7 Summary
A search has been performed for pair production of leptoquarks (LQs) decaying to muons and
bottom quarks using proton-proton collision data collected at

√
s = 13 TeV in 2016–2018 with

the CMS detector at the LHC, corresponding to an integrated luminosity of 138 fb−1. Limits are
set at 95% confidence level on the product of the scalar LQ pair production cross section and
β2, as a function of the LQ mass mLQ, where β is the branching fraction of the LQ decaying to
a muon and a bottom quark. Scalar LQs with mLQ < 1810 GeV are excluded for β = 1. The
results are also presented as a function of β, and scalar LQs with mLQ < 1540 GeV are excluded
for β = 0.5. A further interpretation is performed with a vector LQ model, and vector LQs with
mLQ < 2120 (2460) GeV are excluded in the minimal coupling (Yang–Mills) scenario for β = 1.
These represent the most stringent limits to date on these models.
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A. Lintuluoto , S. Maier , S. Mitra , M. Mormile , Th. Müller , M. Neukum, M. Oh ,
M. Presilla , G. Quast , K. Rabbertz , B. Regnery , N. Shadskiy , I. Shvetsov ,
H.J. Simonis , M. Toms35 , N. Trevisani , R. Ulrich , R.F. Von Cube , M. Wassmer ,
S. Wieland , F. Wittig, R. Wolf , X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,

https://orcid.org/0000-0003-1661-9513
https://orcid.org/0000-0001-9813-8646
https://orcid.org/0000-0002-1546-7880
https://orcid.org/0000-0002-6839-0063
https://orcid.org/0000-0002-2722-7526
https://orcid.org/0000-0002-8117-5376
https://orcid.org/0000-0002-4745-5470
https://orcid.org/0000-0002-5892-1377
https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-9288-8144
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X
https://orcid.org/0000-0002-2008-8148
https://orcid.org/0000-0002-2388-5548
https://orcid.org/0000-0002-2511-1490
https://orcid.org/0000-0002-4430-1695
https://orcid.org/0000-0003-2479-8419
https://orcid.org/0000-0003-2081-7141
https://orcid.org/0000-0001-9598-6623
https://orcid.org/0000-0001-6341-9982
https://orcid.org/0000-0002-0176-2360
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-3478-9081
https://orcid.org/0000-0001-9794-8292
https://orcid.org/0000-0003-4409-702X
https://orcid.org/0000-0002-9892-4601
https://orcid.org/0000-0001-9430-5419
https://orcid.org/0000-0003-2711-8984
https://orcid.org/0000-0002-5295-1460
https://orcid.org/0000-0002-5215-3258
https://orcid.org/0000-0003-0713-811X
https://orcid.org/0000-0002-4785-3057
https://orcid.org/0000-0002-4692-9304
https://orcid.org/0000-0001-9806-0244
https://orcid.org/0000-0003-3681-9272
https://orcid.org/0000-0003-1491-0446
https://orcid.org/0000-0002-2702-8201
https://orcid.org/0000-0002-3522-5926
https://orcid.org/0000-0001-6445-6160
https://orcid.org/0000-0002-8369-7506
https://orcid.org/0000-0003-1697-2130
https://orcid.org/0000-0002-1320-1712
https://orcid.org/0009-0005-6482-7466
https://orcid.org/0000-0003-1533-0945
https://orcid.org/0000-0001-6030-3191
https://orcid.org/0000-0003-1299-1879
https://orcid.org/0009-0008-4191-6716
https://orcid.org/0009-0002-9905-0667
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0002-4238-0991
https://orcid.org/0000-0002-2802-8203
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-7366-7098
https://orcid.org/0000-0003-1111-249X
https://orcid.org/0000-0003-4439-5748
https://orcid.org/0000-0003-1803-0999
https://orcid.org/0009-0008-7130-100X
https://orcid.org/0000-0002-1383-1837
https://orcid.org/0000-0001-6232-3591
https://orcid.org/0000-0002-5804-6226
https://orcid.org/0000-0002-7366-6562
https://orcid.org/0000-0001-6195-3102
https://orcid.org/0000-0001-9850-6170
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-4423-2631
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0001-7327-1870
https://orcid.org/0000-0002-1029-0318
https://orcid.org/0000-0001-9127-7408
https://orcid.org/0000-0002-1194-2306
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0009-0009-8755-3698
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-2351-9265
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0002-4683-6669
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0003-2167-498X
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0002-7031-9434
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0003-1014-8677
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0000-0001-6004-6180
https://orcid.org/0000-0002-5960-6803
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0002-3184-1457
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0003-2444-1014
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0001-7379-4540
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0009-0005-5995-6685
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0009-0006-6551-0660
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0009-0008-4575-5729
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0001-9894-2095
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-7703-3973
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0002-0029-493X


25

Greece
G. Anagnostou, G. Daskalakis , A. Kyriakis, A. Papadopoulos34, A. Stakia

National and Kapodistrian University of Athens, Athens, Greece
P. Kontaxakis , G. Melachroinos, A. Panagiotou, I. Papavergou , I. Paraskevas ,
N. Saoulidou , K. Theofilatos , E. Tziaferi , K. Vellidis , I. Zisopoulos

National Technical University of Athens, Athens, Greece
G. Bakas , T. Chatzistavrou, G. Karapostoli , K. Kousouris , I. Papakrivopoulos ,
E. Siamarkou, G. Tsipolitis, A. Zacharopoulou

University of Ioánnina, Ioánnina, Greece
K. Adamidis, I. Bestintzanos, I. Evangelou , C. Foudas, P. Gianneios , C. Kamtsikis,
P. Katsoulis, P. Kokkas , P.G. Kosmoglou Kioseoglou , N. Manthos , I. Papadopoulos ,
J. Strologas

HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
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