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CMS has recently reported [A. M. Sirunyan et al. (CMS Collaboration), Search for pair production of
second-generation leptoquarks at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. D 99, 032014 (2019).] a moderate excess in
the μνjj final state in a second-generation leptoquark search, but they have disregarded it because the
excess is not present in the μμjj final state and because they do not observe the expected resonant peak in
the distributions. As a proof of concept, we show that a simple leptoquark model including second- and
third-generation couplings with non-negligible single- and nonresonant production in addition to usual pair
production could explain the data—excess (μνjj), lack of excess (μμjj), and missing peak in the
distributions—while being in agreement with collider constraints. We take this result and analysis as a
starting point of a reconsideration of the ATLAS and CMS second-generation leptoquark searches. We also
discuss which consequences and modifications should be performed in the searches to test if this deviation
would correspond to a new physics signal. We observe that low-energy flavor constraints can be avoided by
adding heavier particles to the model.
DOI: 10.1103/PhysRevD.99.095004

I. INTRODUCTION

Since the Higgs boson discovery in 2012 [1–3], practi-
cally all experimental high energy physics results have
stuck to the Standard Model (SM) predictions. Among the
most notorious exceptions are the B-anomalies,

RKð�Þ ¼ BðB → Kð�ÞμμÞ
BðB → Kð�ÞeeÞ ;

at a significance level of ∼3.5–4σ [4–7] and

RDð�Þ ¼ BðB → Dð�Þτν̄Þ
BðB → Dð�ÞllÞ

����
l¼e;μ

at ∼4σ [8–11]. After a broad variety of new physics (NP)
models [12–16] attempting to explain these anomalies
while not being ruled out by all other experimental results,
leptoquarks seem to be the explanation that best accom-
modates data [6,16,17].
Although B-physics results by BABAR [18,19], Belle [9],

and LHCb [4,5,8] indicate a possible presence of lepto-
quark NP, this is all at the level of a low-energy effective

field theory (EFT) [6,16,17,20–24]. A current challenge is
to look for leptoquark traces in observables where these
new particles could be actually either produced on-shell
and thendecayedor either exchanged in a t-channel Feynman
diagram. This kind of observables should be investigated in
the general purpose LHC experiments ATLAS and CMS.
In the last few years, ATLAS and CMS have developed

an interesting leptoquark search program. This program
consist in specific searches for leptoquarks of first [25–28],
second [25–27,29,30] and third generation [31–33] as well
as other related searches [34–36]. Since leptoquarks carry
color charge they are produced through QCD gauge
couplings, and most analyses of a given generation consist
in searches of pair produced leptoquarks with the corre-
sponding decay of each leptoquark to a lepton and a quark
in the corresponding generation. The sensitivity to each
generation is complex and depends on the sensitivity and
efficiency for tagging each lepton and quark.
Along this article we discuss the available second-

generation leptoquark searches by ATLAS and CMS which
study the final states μμjj and μνjj. Since the early LHC,
both experiments have published searches of this kind.
In particular, ATLAS begun with searches in both final
states for early Run I [25] but for some unknown reason
the following results considered only the μμjj final state
[26,29], overlooking μνjj. On the other hand, CMS has
always published results considering both final states
[27,30]. Interestingly, if no b-tag veto is applied on the jets,
since the neutrino flavor cannot be identified, then the μνjj
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final state is also sensitive to one of the leptoquarks decaying
to third generation. Therefore, both final states have different
contributions from second- and third-generation couplings.
In this work, we discuss the latest second-generation

leptoquark search at LHC and we refer to it as the CMS
paper Ref. [30]. This paper analyzes second-generation
leptoquarks in the final states μμjj and μνjj for a
luminosity of 35.9 fb−1 at a center of mass energy of
13 TeV for the first time. They find a 2.25σ excess in the
μνjj final state and no excess in μμjj. In addition, they
report that the kinematic distributions do not show the
expected peak from on-shell leptoquarks. Although this
hint is still too small to be considered as a NP signal, these
results motivated us to explore the possibility that the
excess could be originated by a leptoquark with diagonal
couplings to second and also third generation, and whose
couplings are large enough to have single- and nonresonant
amplitudes that could hide pair-production resonant effects.
We understand it as pair production when there are two
leptoquarks on-shell, single production when there is only
one leptoquark on-shell, and nonresonant in all other cases,
as for instance a leptoquark in the t channel. Nonresonant
effects and multigeneration leptoquarks have already been
considered in the literature in other scenarios [37–39]. In
this article, we propose a simple leptoquark model with
these features and we study its capability to qualitatively
reproduce the results in CMS paper Ref. [30]. We obtain
some quantitative results; however, a more detailed quan-
titative analysis should be performed by the CMS
Collaboration using all their available data. We find that
the series of results obtained in this work should encourage
ATLAS and CMS to reconsider second-generation lepto-
quark searches and include third-generation physics in their
hypothesis as well as in their analysis of the final states.
This paper is divided as follows. In Sec. II, we present

a simple leptoquark model that could account for the
observed features. In Sec. III, we study its qualitative
phenomenology: we find the latest bounds in its parameter
space, we chose a benchmark point to study and we
describe qualitatively how this model will provide more
events to the μνjj final state than to μμjj. In Sec. IV, we
perform a series of simulations and a quantitative com-
parison to the available data. In Sec. V, we discuss some
topics related to potential changes in the simulation and in
the model and we also briefly discuss other anomaly
observed in CMS paper [30]. We end with our conclusions
in Sec. VI. We include an Appendix where we discuss some
low-energy flavor constraints and how they can be avoided
by adding more particles to the model.

II. SIMPLE LEPTOQUARK MODEL

For simplicity, we assume that there is only one kind of
leptoquark involved in the production of the μμjj and μνjj
final states. If a given leptoquark decays to μj and also νj
then its electric charge can be either 1=3 or 2=3. As we

show along the text (Secs. III C and V), the former is more
favored. Therefore, we assume a leptoquark with Q ¼ 1=3.
The main objective in this work is to address the results

in CMS paper Ref. [30]. Just for the sake of concreteness,
we will work with a leptoquark that is also involved in a
possible solution for the B-anomalies, as for instance S3 or
S1 [6,16,22,23,40–43]. We choose to work with the S1
leptoquark with quantum numbers S1 ∼ ð3̄; 1Þ1=3, where
each number denotes the representation under the SM
Group ðSUð3ÞC; SUð2ÞLÞUð1ÞY . Being a SUð2Þ singlet, S1
does not present constraints coming from other multiplet
partners of different charge. Its quark-lepton interaction
Lagrangian can be written as [44]

L ⊃ yLLij Q̄Ci;a
L S1ϵabl

j;b
L þ yRRij ūCiR S1e

j
R þ yRRij d̄CiR S1ν

j
R; ð1Þ

where ϵ is the antisymmetric tensor and yXXij the NP
couplings constants.
Throughout this work, we take the following ansatz for

the coupling constants,

yLL ¼

0
B@

0 0 0

0 y22 y23
0 y32 y33

1
CA; ð2Þ

and yRRij ¼ yRRij ¼ 0. This ansatz is specified at the TeV
scale. Although we present this model from a phenom-
enological point of view in order to perform a proof of
concept on the CMS paper Ref. [30], one may observe that
the pattern of a leptoquark coupled mainly to second and
third generations at the TeV scale can be expected in
models where leptoquarks are pseudo-Nambu Goldstone
bosons of a strongly interacting heavy sector [45,46].
For simplicity, we take all yij to be real and non-negative.
However, they could have different signs without affecting
our results. The ansatz in Eq. (2) avoids first-generation
constraints by forbidding leptoquark interactions with
electrons and certain flavor constraints by forbidding
right-handed currents [44,47]. As shown in Secs. III and
IV, to account for the reported results in [30] leptoquark
single- and nonresonant production have to be competitive
with pair production. For TeV scale masses, this can be
achieved by assuming some components in yij are of Oð1Þ
[16,48]. For simplicity, we will assume in the following that

y23; y32 ≪ 1: ð3Þ

Since along the text we have only y22;33 non-negligible,
then when referring to a leptoquark coupling to second or
third generation, it means diagonally coupled to both lepton
and quark of the given generation. The case where y32 and
y23 are non-negligible is discussed in Sec. V.
With these assumptions and the Lagrangian in Eq. (1),

this particle has the following open channels:
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S−1=3 → cμ−; tτ−; sνi; bνi: ð4Þ
The leptoquark width is determined by

ΓS1=3 ¼
X

qi¼ui;di

X
Lj¼lj;νj

jyqiLj
j2

16πM3
S1=3

ðM2
S1=3

−m2
qi −m2

Lj
Þ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M4

S1=3
− 2M2

S1=3
ðm2

qi þm2
Lj
Þ þ ðm2

qi −m2
Lj
Þ2

q
jyuilj j ¼ ðVTyLL�Þij
jydiνj j ¼ ðyLLUÞij: ð5Þ

Assuming VCKM ≈ 1, using the unitarity of the neutrino
mixing matrix UPMNS, and assuming a top quark mass
negligible compared to MS1=3 , we can easily derive the
branching ratios

BRðS−1=3→ cμ−Þ¼
X
i

BRðS−1=3 → sνiÞ¼
y222

2ðy222þy233Þ

BRðS−1=3→ tτ−Þ¼
X
i

BRðS−1=3 → bνiÞ¼
y233

2ðy222þy233Þ
:

ð6Þ

If one is agnostic to flavor and assumes y22 ≈ y33, the
branching ratios obey thatX

i

BRðjνiÞ ≈ 2BRðjμÞ: ð7Þ

The difference between neutrinos and muons resides in
that neutrinos are produced with both second- and third-
generation jets due to y33 ≠ 0 while muons are produced
only with second-generation c-jets. As seen in Sec. III, this
difference between neutrinos and muons can help under-
stand the differences between the μμjj and μνjj channels in
CMS paper Ref. [30].
To study this interplay between the two generations

relevant to νj decays, it is useful to define the parameter

r ¼ y33
y22

: ð8Þ

The branching ratios can then be written as

BRðS−1=3 → cμ−Þ ¼
X
i

BRðS−1=3 → sνiÞ ¼
1

2ð1þ r2Þ

BRðS−1=3 → tτ−Þ ¼
X
i

BRðS−1=3 → bνiÞ ¼
r2

2ð1þ r2Þ
ð9Þ

The branching ratio to second and third generation are
plotted as a function of r in Fig. 1. For r < 1, the second
generation is preferred while for r > 1 the third generation
dominates.

As discussed in Sec. III, when the third generation
branching ratio dominates, the model can avoid tensions in
purely second generation final states such as μμjj without
sacrificing a larger event yield in channels sensitive to third
generation couplings such as μνjj. This corresponds to the
parameter region where y22 ≤ y33 which implies r ≥ 1.

III. PHENOMENOLOGY FOR THE S1=3

LEPTOQUARK

We are interested in the final states μνjj and μμjj at the
LHC running at a center of mass energy of

ffiffiffi
s

p ¼ 13 TeV.
To study the phenomenology of the S1=3 leptoquark, it is
important to determine the region to explore in parameter
space: the smaller the leptoquark mass MS1=3 and the
couplings yij, the more favored is pair production, whereas
the larger they are, the more favored is single- and nonreso-
nant production [16,48]. Since CMS paper Ref. [30]
observes that kinematic distributions in the deviation lack
the characteristic mass peak expected for on-shell lepto-
quarks, it is convenient to explore a region in parameter
space where μνjj and μμjj nonresonant production could
hide on-shell characteristic kinematic distributions. We find
that the region determined by

MS1=3 ∼Oð1 TeVÞ
y22; y33 ∼Oð1Þ ð10Þ

successfully achieves the above requirements, while keeping
the physics perturbative and within the scope of current
LHC analyses. We plot in Fig. 2 the size of the different
contributions to the total cross section (with basic cuts as
outlined in Ref. [30]) of both μμjj and μνjj final states as a
function of the coupling y22 for fixed r and LQmass.We find
that for y22 ≳ 0.4 resonant pair production becomes sub-
leading. In the following paragraphs, we investigate which

2nd generation: s

3rd generation: b

0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

r

B
R

y22>y33 y22<y33y22 = y33

FIG. 1. Branching ratio for the second and third generations as
a function of the parameter r [see Eq. (8)]. The branching ratios to
each specific channel is the half of the plotted branching ratio to
the corresponding generation.
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are the current limits and potential issues in parameter space,
we define a benchmark point, and we study the main
production mechanisms for the relevant states μνjj and
μμjj in the region of parameter space indicated in Eq. (10)
and in which lies the benchmark point.

A. Current direct limits

The region in parameter space defined in Eq. (10) may
yield single, nonresonant, and pair production within the
same order of magnitude. However, given the available
LHC experimental results in direct leptoquark searches, the
main direct bounds come from pair-production-like mech-
anisms. In the following paragraphs, we obtain the con-
straints coming from this kind of search. However, one
should be cautious in the limit setting procedure as the
competitiveness of single and nonresonant production
would affect signal and background control regions needed
to set the limits. Since we are considering a region in
parameter space where single and nonresonant dominates
over resonant pair production, we expect that NP affects
more the background estimation than the signal counting.
Therefore, assuming only on-shell pair production NP in a
scenario where single and nonresonant mechanisms may
not be negligible would yield stronger limits than what they
actually are, since backgrounds estimated through data-
driven techniques would be underestimated. Work in the
direction of considering nonresonant effects in existing
searches can be found in Refs. [49,50].
The decaying channels and branching ratios for S−1=3 are

indicated in Eqs. (4) and (9). We can identify here as
potentially problematic the channels tτ−, bþ Emiss

T ,
sþ Emiss

T and cμ−. We investigate these four channels
bearing in mind that the results on the latter are the ones we
are reconsidering in this work.

We can derive constraints on our model by recasting
existing searches. As the searches focus on pair production,
they assume a branching ratio scheme to set an upper bound
on the cross section. tτ− and bþ Emiss

T are recast from third-
generation leptoquark searches in the tt̄τþτ− final state [31]
and the supersymmetric search of sbottom pair production
through the bb̄þ Emiss

T final state [35,36] for the case of zero
neutralino mass, respectively. Limits on sþ Emiss

T final state
are obtained from recasting the squark pair production
search designed for first and second generation in final state
jjþ Emiss

T [51]. To use the limits found in these searches, the
branching ratio to their corresponding final states has to be
adapted to the point in parameter space of our model. cμ− is
recast from second-generation leptoquark searches [29,30]
which assume a BRðS−1=3 → cμ−Þ of either 1 or 1=2. Due to
the multiplet structure, S1=3 has a maximum branching ratio
of 1=2 to any decay channel. This weakens the limits set on
MS1=3 for third-generation searches as the maximum cross
section allowed can increase by a factor of at most 4.
If we parametrize the branching ratios with r [Eqs. (8)

and (9)], we can recast the limits set by each search to a
limit on MS1=3 for each r as can be seen in Fig. 3. As the
third-generation branching ratios increase with r, third-
generation searches set upper bounds on the allowed r.
On the other hand, second-generation branching ratios
decrease with r and second-generation searches set a lower
bound on r for each MS1=3 . Observe that since any
branching ratio is bounded by 1=2, then all leptoquark
masses whose cross section is less than 4 times the limit set
by the searches are allowed for any value of r.
Figure 3 summarizes the above described analysis recast

as limits on the allowed values of r for each possibleMS1=3 .
We indicate a benchmark point defined in the following
paragraphs. As expected from the previous discussion, for
MS1=3 large enough r is no longer bounded.

pair production

single production

non–resonant

full 2 4

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

y22

[fb
–

1
]

pair production

single production

non–resonant

full 2 4

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

y22

[fb
–

1
]

FIG. 2. Pair, single-, and nonresonant production contributions to the final states μμjj and μνjj as a function of y22. Other parameters
are fixed at r ¼ 1.7 andMS1=3 ¼ 950 GeV. In both cases for y22 ≳ 0.4, resonant pair production becomes subleading. Due to the relative
size of the couplings for each generation, y33=y22 ¼ r ¼ 1.7, the nonresonant contribution is the dominant for μνjj, whereas the single-
production contribution dominates for μμjj.

EZEQUIEL ALVAREZ and MANUEL SZEWC PHYS. REV. D 99, 095004 (2019)

095004-4



B. Benchmark point

Following the excluded regions in Fig. 3 and motivated
by the roughly two standard deviation excess in CMS paper
Ref. [30], we consider the benchmark point defined by

y33 ¼ 1.2

y22 ¼ 0.7

MS1=3 ¼ 950 GeV: ð11Þ
This point is indicated in Fig. 3.
The benchmark point yields a width of Γ ∼ 7.5% of the

mass, with branching ratios within the constraints on pair
production from Refs. [35,36], BRðS−1=3 → tτ−Þ ¼ 0.37
and BRðS−1=3 → cμ−Þ ¼ 0.13. It should be noted that a
large y33 allows the third generation to act as a escape valve
against constraints from second-generation leptoquark
searches and to populate the μνjj final state.
It is worth noting that this benchmark point, having large

couplings to enhance nonresonant production, is likely to
yield potential problems in flavor physics [16,22,23,
41–44,52] which should be addressed in detail. With this

purpose, we perform in the Appendix an overview of the
major flavor constraints on this kind of proposals. In
particular, we find that adding heavier leptoquarks to the
model provides a possible solution to tensions in different
low-energy observables. Another possibility is to reduce
the couplings absolute value while keeping their ratio. This
still provides an excess in μνjj over μμjj, but at the price of
loosing nonresonant features in the kinematic distributions.

C. S1=3 contribution to final states μμjj
and μνjj at the LHC

Having stated the region inparameter space tobe explored,
the current bounds on it, and a specific benchmark point,
we study the production mechanisms for the final states
μμjj and μνjj in which S1=3 will have a relevant contri-
bution. One of the main goals in this section is to
qualitatively understand how the presented model and
benchmark point can yield larger contributions to μνjj
than to μμjj to better agree with the results in CMS paper
Ref. [30]. We can distinguish two relevant differences:
(i) leptoquark branching ratios (relevant to pair production
and decay), and (ii) quark abundances in the proton PDF
(relevant to single and nonresonant production). Observe
that to study the different relative contribution to the final
states μμjj and μνjj, only the latter has a dependence on
the chosen MS1=3 and absolute value of the couplings.
When producing the final states μμjj and μνjj through

QCD pair production pp → S1=3S−1=3 (see Fig. 4), the
process is dominated by gluon fusion due to the QCD
gauge coupling between gluons and leptoquarks. The
cross section for processes involving pair production can
be approximated as

σðgg → ðS1=3 → l1q1ÞðS−1=3 → l2q2ÞÞ
≃ σðgg → S1=3S−1=3ÞBRðS1=3 → l1q1Þ
× BRðS−1=3 → l2q2Þ:

As such, the relevant information from the couplings is
their ratio r and only the branching ratios yield the
difference between the μμjj and μνjj channels.

700 800 900 1000 1100
0

1

2

3

4

5

MS1/3 [GeV]

r

Benchmark point

tt bb+MET

jj CMS 36 fb–1

jj ATLAS 3 fb–1
ss+MET

FIG. 3. Excluded regions in the MS1=3 vs r plane. The dashed
line represents the limits from CMS paper Ref. [30] assuming no
NP effects. The μμjj ATLAS limit is recast from Ref. [29], the
ttττ limits is recast from Ref. [31], the bbþ Emiss

T limit is recast
from Ref. [36], and the ssþ Emiss

T limits is recast from Ref. [51].

g

g

s+ 1 / 3

s−1/3

µ+

c

µ−

c

(a)

g

g

s

s−1/3

µ+

c

s, b

s+ 1 / 3

(b)

FIG. 4. Representative QCD pair-production mechanism diagrams for the final states (a) μμjj and (b) μνjj. As r increases the μνjj
final state is considerably preferred over μμjj.
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As we study y22 ≈ y33, we see in Eq. (6) that we can
expect approximately 4 times more μνjj than μμjj. The
reason is that y33 ≠ 0 opens a channel to third-generation
decays. This effect alone could explain the observed
difference between channels, but, as is reported in [30],
the absence of a peak in the distributions indicates that
single- and nonresonant production should also be taken
into account. In pair production, all final states come from
on-shell particles, whereas this is not valid for single- and
nonresonant production. In these channels, this argument
exclusively on the branching ratios no longer applies, and
one should consider different arguments.
In contrast to pair production, which is produced from a

gg initial state, single- and nonresonant productions require
quarks in the initial state. This generates a new imbalance
that favors μνjj over μμjj. We show in Figs. 5 and 6 some
representative Feynman diagrams for the single- and
nonresonant production mechanism. As can be seen, there
is a difference between the partonic processes relevant in
each channel. We refer in the following paragraphs to
partonic processes with disregard to whether the quarks and
leptons involved are particles or antiparticles. There is an
imbalance when comparing

sg → μνjj vs cg → μμjj ð12Þ
because the PDF abundance of the s-quark is larger than
the c-quark. Moreover, when analyzing the analogous
diagrams but at the third-generation level in a 5-flavor
scheme, the process

bg → μνjj ð13Þ
does not have its counterpart which would require top-
quark in the proton PDF. This imbalance between up-type
and down-type quarks enhances μνjj over μμjj.
There are also other sources of imbalance between

the μμjj and μνjj channels. In single- and nonresonant

production, it can be found that the initial state cg
contributes to the final state μνjj channel, whereas the
s=bg initial state does not have its corresponding diagram
contributing to the final state μμjj. This can be seen
through the single-resonant representative Feynman dia-
grams in Fig. 5. This effect is not due to quark abundances
in the proton but to the definition of the channels.
The above paragraphs indicate how we can expect a larger

deviation in μνjj than in μμjj for many production
processes. This difference increases still more as we increase
r ¼ y33=y22 for pair production, because the difference
between third- and second-generation branching ratios
grows, and for single- and nonresonant production because
b-associated diagrams have a larger coupling constant.
Considering the benchmark point defined in Eq. (11), there

g

g
c

c

µ+
c

µ−

cs−1/3

(a)

g

g
c

c

µ+
s, b

s, bs−1/3

(b)

g

g
s, b

s, b

c

µ−

cs−1/3

(c)

FIG. 5. Representative single-production mechanism diagrams for the final states (a) μμjj and (b) and (c) μνjj. Notice how cg initial
state contributes to μμjj and μνjj, whereas b=sg initial state only contributes to μνjj.

gg

c µ+

µ−

c
c

s−1/3

(a)

gg

c µ+

s, b
s, b

s−1/3

(b)

gg

s, b

µ−

c
c

s−1/3

(c)

FIG. 6. Representative nonresonant production mechanism
diagrams for the final states (a) μμjj and (b) and (c) μνjj. As
in single-resonant production, notice that the cg initial state
contributes to μμjj and μνjj, whereas the b=sg initial state only
contributes to μνjj.
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is still room to increase the difference between the μμjj and
μνjj channels while keeping the model within the exper-
imental bounds discussed in the above paragraphs.

IV. CONTRASTING S1=3 LEPTOQUARK
TO CMS RESULTS

In previous sections, we have defined a model and a
region in its parameter space which we have argued favors
an excess in the final state μνjj over μμjj. We have justified
that this region in parameter space would also hide a peak
in kinematic distributions because of single- and nonreso-
nant processes involved in the production of the mentioned
final states. Along this section, we probe this model
through a given benchmark point [Eq. (11)] and test the
validity of our reasoning. We begin with a brief description
of the CMS paper Ref. [30], we then describe our
simulations and then present the results, which correspond
to compare our simulations with the CMS available results.

A. CMS second-generation leptoquark search results

The CMS Collaboration reported in Ref. [30] a search
for second-generation leptoquark pair production in the
μμjj and μνjj channels. To discriminate against SM
backgrounds, three kinematic variables are selected for
each channel: SμμjjT , mμμ and mmin

μj for μμjj and SμνjjT , mT
μν

and mμj for μνjj. ST is the transverse momentum scalar
sum while mij and mT

ij are the invariant mass and invariant
transverse mass of the corresponding particles, respec-
tively. The μj pairs are selected by minimizing the (trans-
verse) mass difference between the leptoquark candidates
for the μμjj (μνjj) channels.
Different cuts in these kinematic variables define differ-

ent signal regions. Each cut corresponds to a function of
the mass of the leptoquark for which the signal region is
optimized. The leptoquark mass for which the cuts are
optimized is varied between 200 and 2000 GeV. Since each
cut is a monotonically growing function of the mass of the
candidate leptoquark, a given mass signal region is a subset
of events of the lower mass signal regions. To define each
signal region that is optimized for a leptoquark of given
mass MS1=3 , Ref. [30] uses the variable MLQ. It should be
stressed thatMLQ is not amass, but a signal region optimized
for a leptoquark of mass MS1=3 ¼ MLQ. Further details on
these signal regions can be found in CMS paper Ref. [30].
The collaboration reports event yields in each signal

region and there is a qualitative different result for the
observed vs expected number of events in each final state.
There is a deficit in the μμjj channel for the signal regions
MLQ ∼ 600–800 GeV, with a significance in a specific bin
of about 2–3 standard deviations. On the other hand there is
an excess in the μνjj channel for MLQ ∼ 900–1100 GeV.
This excess is maximum at MLQ ¼ 950 GeV, where the
expected background events is 16.9� 1.0� 1.7 and the
measured data is 30 events [30]. Including a Poissonian

uncertainty for the data and adding all uncertainties in
quadrature yields a significance of 2.25 standard devia-
tions. Observe that because of the correlation between each
signal region MLQ is not possible at this level to perform
a multi-MLQ analysis for the deficit or the excess. In the
following sections, we focus on the excess in μνjj rather
than in the deficit in μμjj. In CMS paper Ref. [30], it is
stated that the given excess does not show a characteristic
peak in the mμj distribution, which would be characteristic
from leptoquark pair production since final particles would
come from on-shell NP particles.
Our goal is to reproduce the excess in the μνjj final state

without significantly altering μμjj. We discuss the deficit in
μμjj in Sec. V.

B. Simulation

To reproduce an excess in one channel without getting
in tension with the other, and to show that single- and
nonresonant production wash out the peak in the mμj
distribution, we focus on a qualitative analysis at the
parton level for the benchmark point detailed in Eq. (11).
Prospects for a more detailed analysis are discussed in
Sec. V.
We have implemented our model using Feynrules [53]

and loaded it into Madgraph 5 [54]. We have simulated
pp → μμjj and pp → μνjj including S1=3 single-, non-
resonant, and pair production at

ffiffiffi
s

p ¼ 13 TeV. The signal
events have been generated using a Leading Order matrix
element and the MSTW2008 PDF set [55], with the
renormalization and factorization scales set to MS1=3

[56,57] with the same cuts as in CMS paper Ref. [30].
After generation, expected events in each signal region are
obtained assuming an efficiency of 30%. This estimation
comes from the reported acceptance times efficiencies in
CMS paper Ref. [30], taking into account that detector
acceptances for pair production are close to unity. We discuss
different efficiencies in Sec. V. Regarding NLO-QCD effects
we have considered the available UFO model in Ref. [48].
However, at the current level of development this model sets
a maximum of one NP vertex for NLO processes and,
therefore, we cannot generate several of the required relevant
diagrams. Despite this, we have been able to compute pair-
production and qg → S1=3l NLO corrections, reproducing
the results of Ref. [48] which yield K ≈ 1.56 for pair
production and K ≈ 1.38=1.3=1.65 for b=c=sg → S1=3jl,
respectively. Therefore, and taking the approximate agree-
ment of these K-factors into account, we estimate an overall
K-factor of K ¼ 1.5 that includes nonresonant effects.
Simulations were computed in a 5-flavor scheme.

However, we also performed the simulation in a 4-flavor
scheme and verified that results remain qualitatively
unchanged. Since we simulate up to parton level we do
not need to perform a matching to avoid double counting.
Further discussion about the simulations, its parameters

and its approximations is given in Sec. V.
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FIG. 7. mμj kinematic distribution at the (a) μμjj and (b) μνjj final states for only NP diagrams. The red (dashed) line corresponds to
only pair-production diagrams, whereas the blue (dotted) line includes, in addition, single- and nonresonant production.
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FIG. 8. Top row: Comparison between data, SM, and SMþ NP events for (a) μμjj and (b) μνjj final states. Bottom row: Comparison
between μμjj and μνjj NP event yields in (a) absolute value (b) relative deviation from SM.
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C. Results

With the simulated samples one can study the difference
between considering only pair production and taking into
account both single- and nonresonant behavior. This differ-
ence is made clear in the kinematic distributions, such as
themmin

μj (mμj) for the μμjj (μνjj) final state, as can be seen
in Fig. 7. It is seen in both final states that the pair-
production peak iswashedout by the single- andnonresonant
effects. The single- and nonresonant Feynman diagrams
discussed in Sec. III C provide the kinematics to yield events
with mmin

μj and mμj considerably different to the mass of the
leptoquark involved in the process.
In this benchmark point, the event yield in each signal

region for each final state μμjj and μνjj can be compared
to data reported in [30]. Because of the qualitative
discussion in Sec. III C, and mainly because of the PDF
abundance of the involved initial state quarks, we expect
NP to provide a larger contribution to the μνjj than to the
μμjj final state.
The SM backgrounds have been taken to be those

reported in [30] and they have been combined with our
simulated samples in order to have a comparison as seen in
Fig. 8. The top row in the figure shows both channels
separated while the bottom row compares both channels
together, both in absolute value and in its deviation for their
respective SM background. As it can be seen, the μνjj final
state has both a larger absolute NP event yield [Fig. 8(c)]
and a larger relative deviation [Fig. 8(d)] from background
than μμjj.
The largest deviation in the μνjj final state reported in

[30], located at the MLQ ¼ 950 GeV bin, is reduced from
2.25σ to 0.75σ in this NP benchmark point.
Therefore, in addition to the wash-out of the peak in the

kinematic distributions, this shows quantitatively that the
NP model can provide an explanation of the moderate
excess in the μνjj final state while keeping without
considerable change the events in the μμjj final state.

V. DISCUSSION

The results obtained in the previous section reflect the
differences qualitatively discussed in Sec. III between the
two channels studied in second-generation leptoquark
searches when the proposed NP has a multigeneration
nonresonant phenomenology. This is the main goal in this
work. Along this section, we briefly discuss related topics
which, in case the experimental deviation is established,
should be further developed. We first discuss on the
agreement between the model and the data: we begin by
considering how our results could be affected if we perform
a more detailed simulation, we then study how our model
assumptions can be modified and what differences does this
alteration inflict upon the analysis and results, we also
discuss why the hypothesis of electric charge Q ¼ 1=3 is
favored over a leptoquark with Q ¼ 2=3, and finally we

examine the reported deficit in the μμjj final state and
possible explanations in case that corresponds to a NP effect.
The results reported in the previous section have been

obtained using the benchmark point on the parameter space
defined in Eq. (11). The simulations have been done at
parton level using a fixed NLO K-factor with an assumed
fixed efficiency of 30% (see Ref. [30]). A more sophisti-
cated study should include NLO generation, showering,
hadronization, and detector simulation. The wanted fea-
tures of the model are already present at the qualitative level
and are maintained as long as r ∼ 1–3, the y22 ∼ y33 ∼Oð1Þ
and MS1=3 ≈ 1 TeV. Therefore, a reasonable modification
in the efficiencies could be compensated by modifying the
yij coefficients and/or the mass within the aforementioned
values to still hold the results in Sec. IV. In particular,
observe that the region around the benchmark point in
Fig. 3 allows for considerable more enhancement of μνjj
over μμjj. To verify the above, we have also considered
efficiencies ranging from 0.1 to 0.4, including cases with
larger values for the μμjj final state, and we have been
able to qualitatively reproduce the same results as with
the benchmark point by varying only y22 and y33 from 0.5
to 2.0. In any case, if the studied excess became more
significant, it would be essential that experimentalists
unfold the data and publish the information required for a
full quantitative comparison.
The chosen benchmark point includes the simplistic

assumptions made in Sec. II. If one seeks a flavor hierar-
chical model, this may require non-negligible y32 and y23.
IfVCKM ≈ 1, y23 opens the cτ channel while y32 opens the tμ
channel. This enlarges the leptoquark width, diminishing
BRðjμÞ while maintaining

P
i BRðjνiÞ ¼ 1=2 because of

the neutrino mixing matrix. As the final states do not target
top quarks nor tau leptons, this increases still more the
difference between μμjj and μνjj final states in pair
production. Single and nonresonant production remains
relatively unchanged if one does not alter the values of y22
and y33.
In Sec. II, we decided to work with the Q ¼ 1=3

leptoquark, although also a Q ¼ 2=3 leptoquark could
yield the same final states. The reason for this decision is
clear after the discussion in Sec. III C. A leptoquark with
charge Q ¼ 2=3 would require more up-type instead of
down-type quarks in the initial state to enhance the μνjj
final state, since this leptoquark connects the neutrinos
with Q ¼ 2=3 quarks, whereas in addition the third-
generation decay would be to τb̄, which is not exactly
νj and acceptance analyses should be performed after the
τ decay to investigate in which specific cases one could
obtain an enhancement of μνjj over μμjj. Therefore, the
reasonable decision is to assume a leptoquark with electric
charge Q ¼ 1=3 in which case all the wanted features
come out naturally.
Along this article we have focused in the excess reported

by the CMS paper Ref. [30] in the μνjj final state.
However, the same paper reports a deficit in the μμjj final
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state at lower signal regions MLQ ≈ 600 GeV–800 GeV.
If one should try to interpret this with leptoquarks, single-
and nonresonant production come in handy as they can
interfere with the SM. This interference is larger for smaller
values in MLQ. We computed with Madgraph 5 [54] the
interference between NP and SM main backgrounds
Z þ jets and found that, in the benchmark point detailed
in Eq. (11), the interference is always destructive in μμjj.
However, the strength of this interference is negligible and
cannot account for the deviation. We have also investigated
if another leptoquark of mass ∼600 GeV could be pro-
ducing such an effect. We find in general that the
interference in the μμjj final state is destructive, but
is not possible to reach the observed strength in the data
while keeping the model from being ruled out by other
direct leptoquark searches. It is interesting to notice that, on
the other hand, the μνjj final state interferes with the SM
background W þ jets, but its sign can be adjusted by the
relative sign between the PMNS component U22 and the
CKM matrix. As a curiosity, if one compares S1=33 and S1=31

as separate candidates with the same coupling constants,
the interference in μνjj is of opposite sign. This could be
potentially useful to distinguish models.

VI. CONCLUSIONS

Throughout this article, we have considered single-,
nonresonant, and pair-production effects from a leptoquark
with diagonal couplings to the second and third generation
in the final states μμjj and μνjj. We have shown that a
nonresonant excess in the μνjj final state and a fainter
excess in the μμjj final state is a pattern of this NP if the
couplings are large enough and couple more to the third
than the second generation.
We have presented a simple leptoquark model withOð1Þ

couplings to second and third generation and a mass of
Oð1 TeVÞ. On one hand, the strength of these couplings
assures that single- and nonresonant effects are important,
and any kinematic resonant effect in the final states is
washed out. On the other hand, a larger coupling to third
generation favors the μνjj final state by mainly two
reasons: (i) as long as there is no b-jet veto, since the ν
is not flavor-tagged, a produced leptoquark can decay to jν
where j can be a b. (ii) Single- and nonresonant production
requires quarks in the initial state, and there is a larger
abundance of the down-type quarks that produce the μνjj
final state than their same-generation up-type quarks,
whose corresponding diagrams would yield μμjj; with
μνjj having also gc initial states. We have performed a
simple simulation including the NP indicated by this model
and compared our results to the recent CMS paper Ref. [30],
where a nonresonant excess in the μνjj has been reported.
We have found that this simple leptoquark model can easily
accommodate the data better than SM alone and provide
the features previously described. In particular, if we take

the bin reported as the largest excess in μνjj in CMS paper
Ref. [30], thenourmodel reduces the significance from2.25σ
to 0.75σ while the μμjj final state is barely affected.
This work indicates that an excess of this kind, if

produced by NP, would not be properly distinguished by
current second-generation leptoquark searches at the LHC.
The analysis in this article points out that to observe a NP
signal of this kind, experimentalists should test b-tag on the
jets. In this case, the μνjj sample will enhance its excess
for the b-tagged events, whereas the excess should diminish
in the b-tag veto sample. Moreover, if the statistic is large
enough then pairing the b-jet with the ν and the light
jet with the μ in the μνjj sample could enhance a possible
peak depending on the absolute value of the couplings.
In addition to all this, it would be important for the present
work if ATLAS would include the μνjj final state in their
analyses.
We have also discussed general features of the NP

model. We find that the parameter space of the model has
room for variations and still reproduce the same qualita-
tive results. We have found that the large couplings
required to yield nonresonant effects would enter into
conflict with low-energy observables. We discuss in the
Appendix how adding a new heavier leptoquark could
avoid low-energy flavor problems, and present the details
of a model where this is accomplished. We also discussed
another feature of the CMS paper Ref. [30] that consists
in a deficit in the μμjj final state with respect to the
SM expected background in the signal regions MLQ ≈
600 GeV–800 GeV. We show that SM and NP interfer-
ence has negative sign in this final state. However, we
cannot fulfill the observed deficit within this simple
leptoquark model while keeping the model from being
ruled out by other direct searches. It would be interesting
to further investigate these or other leptoquark models to
also accommodate the deficit in μμjj, probably with more
light leptoquarks without altering present results.
Summarizing, we have shown that current second-

generation leptoquark searches in the μμjj and μνjj
final states are also sensitive to diagonal couplings to
third generation as long as b-jet veto is not applied.
Nevertheless, a b-tag handle can be useful to differentiate
potential NP. We have presented a simple model that
reproduces an excess recently found in CMS and that was
disregarded because only second-generation couplings
were taken into account.
This article suggests that leptoquark searches at the LHC

should take into account nonresonant effects and multi-
generation couplings.
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APPENDIX: FLAVOR CONSTRAINTS
OVERVIEW

Throughout this Appendix, we examine constraints
coming from low-energy flavor physics that could enter
into conflict with the large couplings required in the model
presented in the article. We find that such large couplings of
Oð1Þ would be ruled out by flavor constraints. This could
be avoided if other heavier particles are added to the model
to cancel low-energy bounds while slightly affecting
collider observables. As a matter of fact, since the low-
energy contributions go in general as ðcoupling=massÞ2,
whereas contributions to collider physics observables have
an exponential suppression in the mass due to the energy
availability in the PDFs, this kind of cancellation is in
general possible.
Since at this stage a new particle would be added ad-hoc to

cancel the low-energy constraints, and in order to emphasize
that we are presenting a proof of concept for the second-
generation leptoquark searches, we explicitly present this
alteration of the original model in the Appendix. The
objective of this Appendix is to show that is possible and
with a variety of solutions to have the required cancellations
at low energy while having the nonresonant observed excess
in μνjj.
We take as a departure point the model presented in

Sec. II. We assume that the running of the couplings from the
TeV scale to the low energy due to the renormalization group
equations is subleading as is usually done [58,59]. This
running can be computed as in Ref. [58–60] and is expected
to be a small contribution. In any case, in the following
paragraphs we show that the cancellations that take place due
to adding a new particle have still a freedom of choice that
could cancel as well this kind of contributions.
We find that the most severe constraint to the model from

low-energy observables comes from the sensitive decay
B → Kð�Þνν [41,43] which was constrained to be [61]

Rð�Þ
νν ¼ BRðB → Kð�ÞννÞ

BRðB → Kð�ÞννÞSM
Rνν < 3.9

R�
νν < 2.7 ðA1Þ

at 90% confidence level. The relevant leptoquark effects
can be parametrized as

R�
νν ¼

P
i;jjδijCSM

L þ δCij
L j2

3jCSM
L j2

CSM
L ¼ −6.38ð6Þ

δCij
L ¼ πv2

2αemVtbV�
ts

y3jy�2i
M2

S1=3
; ðA2Þ

where the sum is over the neutrinos flavor. Considering our
ansatz and the central values reported in Ref. [62] for every
quantity, Eq. (A1) yields

jy33y�22j
M2

S1=3
< 0.045

�
1

TeV

�
2

: ðA3Þ

Here we used the central value for Vts coming from indirect
measurements assuming CKM unitarity [62]. However, for
the sake of completeness, we also show in the following
analysis the limits coming from direct bounds on Vts due
to measurements of b-jet fractions in t → Wj which is
Vts < 0.21 at 95% C.L. [63,64]; and does not assume CKM
unitarity.
Since our original model ansatz in Sec. II would in

general not satisfy bounds in Eq. (A3), we add a second
heavier S01 with the same ansatz but different couplings
y022;33 and all others y0ij ¼ 0. This converts the bounds in
Eq. (A3) into���� y33y�22M2

S1=3
þ y033y

0�
22

M02
S1=3

���� < 0.045

�
1

TeV

�
2

: ðA4Þ

With a correct relative sign assignment to the couplings it is
possible to obtain a cancellation to the flavor contribution
and satisfy Eq. (A4), while having nonresonant effects at
the collider observables μμjj and μνjj as shown below.
Regarding other flavor constraints in this new model with

a second heavier leptoquark, charged currents b → clν
effects must be considered. LFU tests give hints on lep-
toquarks that couple to τ-leptons while constraining cou-
plings to e, μ leptons. The chosen ansatz does not produce
scalar and tensor operators in the effective theory due to the
absence of right-handed couplings; the leptoquark contri-

bution rescales the SMEFT [22,41,43,44]. For B → Dð�Þ
s lν,

the leptoquark leading contribution is proportional to

y3l

�
y�3l þ

Vcs

Vcb
y�2l

�
ðA5Þ

It is easy to see that this vanishes for l ¼ e, μ but not for τ.
Considering RD� , the leptoquark effects at leading order are

RD

RSM
D

¼ RD�

RSM
D�

¼ 1.237� 0.053 ≈ 1þ 2gVL

gVL
¼ v2

4

�jy33j2
M2

S1=3
þ jy033j2

M02
S1=3

�
: ðA6Þ

Therefore, RD� implies

2.466 <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
jy33j

TeV
MS1=3

�
2

þ
�
jy033j

TeV
M0

S1=3

�
2

s
< 3.096

ðA7Þ
at the 1σ level.
Charged current effects are also seen in meson decays

such as Bc → lν and Ds → lν [22,44]. The only relevant

decays in the benchmark point (due to yð
0Þ

23 ¼ yð
0Þ

32 ¼ 0) at

leading order in v=Mð0Þ
S1=3

are
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ΓBc→τν ¼
G2

F

8π
f2Bc

m3
Bc

�
1 −

m2
τ

m2
Bc

�
2 m2

τ

m2
Bc

jVcbj2
�
1þ v2

2M2
S1=3

jy33j2 þ
v2

2M02
S1=3

jy033j2
�

ΓDs→μν ¼
G2

F

8π
f2Ds

m3
Ds

�
1 −

m2
μ

m2
Ds

�
2 m2

μ

m2
Ds

jVcsj2
�
1þ v2

2M2
S1=3

jy22j2 þ
v2

2M02
S1=3

jy022j2
�
:

Constraints from these decays require form factors computed by lattice QCD [62]. These expressions show that the
leptoquark effect in these decays produces a rescaling of Vcb and Vcs. Assuming that this scaling could be detected within
the measured uncertainty in the CKM elements, the more relevant constraint would come from Vcs, which is measured with
a percent-level precision [62]. Therefore,
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FIG. 9. Collider phenomenology of two S1 in the benchmark point ðMS1=3 ; y22; y33Þ ¼ ð950 GeV; 0.7; 1.2Þ and ðM0
S1=3

; y022; y
0
33Þ ¼

ð1500 GeV; 0.7; 3Þ. This model avoids the discussed flavor constraints, and it has still freedom in the parameters of the heavier
leptoquark as shown in Figs. 10 and 11.
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jVcsj → jVcsj
�
1þ v2

4M2
S1=3

jy22j2 þ
v2

4M02
S1=3

jy022j2
�

ðA8Þ

implies �
jy22j

TeV
MS1=3

�
2

þ
�
jy022j

TeV
M0

S1=3

�
2

< 1.13 ðA9Þ

at the 1σ level.
Having expressed quantitatively the constraints coming

from low-energy precision physics, we proceed to find
possible solutions that can provide nonresonant effects in
collider observables while being safe to these constraints.
In order to explicitly construct a model, we choose a
new benchmark point BP0 where one leptoquark has mass

MS1=3 ¼ 950 GeV and the second leptoquark has mass
M0

S1=3
¼ 1500 GeV. The only nonzero couplings are

ðy22; y33Þ ¼ ð0.7; 1.2Þ and ðy022; y033Þ ¼ ð0.7; 3Þ, which
yields an exact cancellation in Eq. (A4) while still having
couplings below the perturbative limit. We have performed
the same simulation as in Sec. IV and obtained the results
shown in Fig. 9. As it can be seen, this model with two
leptoquarks again reproduces the sought phenomenology
regarding CMS paper [30] and, as a matter of fact, the
presence of the heavy leptoquark is hardly seen in the
phenomenology. The excess in theMLQ ¼ 950 GeV bin in
μνjj is reduced in this case from 2.25 to 0.65, in contrast to
0.75 for the case of only one leptoquark.
Since the main collider phenomenology is produced

by the 950 GeV leptoquark, we can examine up to which
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FIG. 10. Allowed region in parameter space of the heavier leptoquark where the Kð�Þνν constraint is satisfied once the lighter
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extent the parameters of the heavier leptoquark are deter-
mined by the flavor constraints. In Fig. 10, we study which
is the freedom in the heavier leptoquark parameters to still
satisfy the Kð�Þνν constraint. In Fig. 11, we analyze the
freedom in parameter space for the heavier leptoquark

regarding constraints coming from Rð�Þ
D and Vcs.

Summarizing, we have verified that it is possible to have
nonresonant effects in μμjj and μνjj, with an excess in the
latter, while avoiding the discussed flavor constraints. Of
course, our model has too many arbitrary features, but it
could be worth it to study the extent to which these features
could be obtained from a more complete theory.
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