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We obtain constraints on first- and second-generation scalar leptoquarks using the available data on
dilepton (Drell-Yan) and monojet searches at the CERN Large Hadron Collider. Assuming that the
leptoquark interactions respect the Standard Model gauge symmetries as well as lepton and baryon
numbers, we show that the study of dilepton production enlarges the exclusion region on the mass and
coupling plane with respect to the pair production searches for first-generation leptoquarks. Moreover, the
monojet channel leads to a larger excluded parameter region for moderate to large values of the leptoquark

Yukawa coupling than the presently available experimental results.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) has gathered a
large amount of data that has been used not only to probe
the Standard Model (SM), but also to look for new physics.
The SM does not have any state that couples to lepton-
quark pairs; therefore, the discovery of such a state would
be an indubitable sign of physics beyond the SM. In fact
this is an ongoing search by the LHC collaborations; see,
for instance, Refs. [1,2].

Leptoquarks are particles which interact with quark-
lepton pairs. They appear in a plethora of models where
quarks and leptons are treated on the same footing. The first
appearance of leptoquarks was in the Pati-Salam model
[3.4] and they are also present in grand unified theories [5],
composite models [6], or in supersymmetric models with
violation of R parity [7]. Leptoquarks modify the low-
energy physics which, in turn, leads to constraints on their
masses and couplings. For instance, leptoquarks might
contribute to the decay of mesons [8], induce flavor-
changing neutral currents (FCNCs) [4,8], give rise to
lepton-flavor-violating decays [9], and contribute to the
radiative correction to Z physics [10,11]. Recently some
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anomalies were observed that point towards lepton flavor
universality violation in neutral- and charged-current proc-
esses [12-21]. One possible explanation for the departures
from the SM is the existence of leptoquarks with masses
O(TeV); see, for instance, Refs. [22-37] and references
therein.

Since leptoquarks carry color, they can be pair produced
via QCD [38] at the LHC and the main advantage of this
channel is that the production cross section depends only
on the leptoquark mass. Presently most of the LHC
searches for leptoquarks are based on their pair production.
The LHC RUN 1 data excludes first- (second-)generation
scalar leptoquarks with masses smaller than 1050
(1080) GeV [39,40] provided the leptoquark decays exclu-
sively into a charged lepton and a jet. The already available
results from LHC Run 2 expands these limits to 1435 and
1520 GeV for first- and second-generation leptoquarks,
respectively [2,41].

Leptoquarks can also be produced singly in association
with a lepton through its coupling to a quark-lepton pair
[42-45]. In fact, this process has a larger phase space than
the leptoquark pair production and for O(1) couplings and
100% branching ratio into a charged lepton plus an up
quark, the bounds [O(1.3-1.7) TeV] from the Run 1 data
of the LHC can be even stronger than the pair production
ones [46]. At the LHC it is also possible to look for indirect
signs of leptoquarks in the production of charged lepton
pairs [42,45,47,48].

Leptoquarks coupling to a neutrino and a quark give rise
to monojet events due to their single production. In this
case, the leptoquark decay leads to a hard missing trans-
verse energy spectrum peaking around half the leptoquark
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mass. It is interesting to notice that models where lepto-
quarks couple to dark matter [49] with sizable branching
ratios could also be constrained by these monojet searches.
At the same time they alleviate other constraints due to the
diminished leptoquark branching ratio to an SM lepton plus
a quark. Moreover, the LHC collaborations also searched
for leptoquarks in the monobottom [50-52] and monotop
quark [53,54] channels which have been explored in the
search for dark matter. These channels constitute alter-
natives to pair production in the case where the third-
generation leptoquarks are too heavy.

If leptoquarks are too heavy to be pair produced at the
LHC, single production and indirect effects in lepton pair
production remain as alternatives to search for these
particles [42]. In this work we study the attainable bounds
on first- and second-generation scalar leptoquarks using the
available data on lepton pair production and the monojet
searches for dark matter [55]. Our results depend on the
leptoquark mass as well as its Yukawa coupling to quark-
lepton pairs. As a consequence, they will yield more
information on the leptoquark properties if a signal is
observed, complementing the leptoquark pair production
searches. We show that the study of dilepton production
enlarges the exclusion region in the plane mass and
coupling with respect to the pair production searches.
Additionally, the monojet channel for first-generation
leptoquarks also leads to a larger exclusion region than
the canonical #+#~jj and /*vjj (with £ =e and pu)
topologies for moderate and large values of the leptoquark
Yukawa coupling. The monojet channel is also able to
probe a larger fraction of the parameter space than the
JFE™ss final state [56].

II. ANALYSES FRAMEWORK

In order to describe the leptoquark interactions at the
presently available energies we assume that leptoquarks are
the only accessible states from an extension of the SM.
Moreover, we impose that their interactions respect the SM
gauge symmetry SU(3), ®SU(2), ®U(1)y. Furthermore,
due to the stringent bounds coming from proton lifetime
experiments the leptoquark interactions are required to
respect baryon and lepton numbers. Within these hypoth-
eses, there are five distinct possibilities for scalar lepto-
quarks [57]: two SU(2), singlet states (S; and ), two
doublet states (R, and R,) and one triplet (S;), whose
interactions with quarks and leptons are

Lo = (91085 i1, + giriiger)St + GirdgerS)
+ g3 it Tl - S5+ hoy RY gty €

+ horGregrRy + hy Ry dgityt) (2.1)

where ¢; (£;) stands for the left-handed quark (lepton)
doublet, ug, dg, and ey are the singlet components of the

fermions, 7; are the Pauli matrices, and we denote the charge-
conjugated fermion fields by y* = Cig’. Moreover, we omit

the flavor indices of the fermions. The couplings of the
leptoquarks to the electroweak gauge bosons are determined
by the SU(3), ® SU(2), ® U(1), gauge invariance.

At low energies, leptoquarks give rise to FCNC proc-
esses [4,8,58] that are very constrained. In order to avoid
stringent bounds, we assume that the scalar leptoquarks
couple only to a single generation of quarks and just one of
leptons. In fact, we consider that the leptoquarks interact
with the same generation of quarks and leptons.
Notwithstanding, there is a residual amount of FCNC
due to the mixing in the quark sector that leads to bounds
on leptoquark couplings to the first two generations
[59,60]. Moreover, data on decays of pseudoscalar mesons,
like the pions, put stringent bounds on leptoquarks unless
their couplings are chiral—that is, they are either left- or
right-handed [8,59,60]. As a rule of a thumb, the low-
energy data constrain first-generation-leptoquark masses to
be larger than 0.5-1.0 TeV for leptoquark Yukawa cou-
plings of the order of the proton charge e [61].

In our analysis we focus on leptoquarks that conserve
fermion number F = 3B + L, i.e., the states R, and R,.
For the sake of simplicity, we assume that leptoquarks
belonging to a given SU(2), multiplet are degenerate.
We study the following scenarios that satisfy the described
low-energy bounds:

(1) R, coupling only to the first generation, i.e., only to
down quarks, electrons and its neutrino. We label
this scenario as RY.

(2) R, coupled to the first generation and exhibiting
only left-handed interactions (s, = 0). In this case
the leptoquarks interact with up quarks, electrons
and the respective neutrino. We refer to this scenario
as RY.

(3) R, coupling only to the second generation—that is
to strange quarks, muons and the corresponding
neutrinos. We call this scenario RS.

These scenarios allows us to obtain bounds on other
leptoquarks. For instance, the constraints on R, (second
scenario) originating from the dilepton data can be easily
translated into bounds on the singlet S; or the third
component of the triplet §3. On the other hand, the dilepton
limits in the first scenario can be readily transposed to S,
and one component of §3. Furthermore, the R; case is the
one leading to the strongest constraints on second-gener-
ation leptoquarks.

In order to study leptoquarks at the LHC we consider
their indirect effects in Drell-Yan processes [42]

pp—ete Jutuym +X (2.2)
as well as in monojet searches
pp = j+ EFss, (2.3)

In the Drell-Yan 8 TeV analyses we use the data in
Ref. [62] that contain the ete™ and u™p~ invariant
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FIG. 1.
leptoquark is represented by the dashed line.

mass distribution in the fiducial region defined by the
leading (subleading) lepton having p% > 40 GeV
(30 GeV) and both leptons within the rapidity range
|| < 2.5. These results are given at the QED Born level
which simplifies the comparison with the leptoquark

\d\d:e,/

Sample of diagrams generated by MADGRAPH5_AMC®@NLO in the NLO evaluation of the Drell-Yan production. The

predictions. Since the 13 TeV Drell-Yan analyses have
not been released by ATLAS and CMS we use the data on
searches for new resonances decaying into lepton pairs
given 1in Refs. [63,64]. More specifically, the data we
use is

Channel Kinematical range # bins Int. Lum. Data set

ete” 116 < m,, < 1500 GeV 12 20.3 fb~! ATLAS 8 TeV [62] Table 6
whrp 116 < m,, < 1500 GeV 12 20.3 fb~! ATLAS 8 TeV [62] Table 9
ete” 80 < m,, < 6000 GeV 9 36.1 fb~! ATLAS 13 TeV [63] Table 6
whtu 80 < m,,, < 6000 GeV 9 36.1 fb~! ATLAS 13 TeV [63] Table 7
ete” 120 < m,, < 1800, GeV 6 36. fb~! CMS 13 TeV [64] Table 2
whtu 120 < m,, < 1800, GeV 6 36. fb~! CMS 13 TeV [64] Table 3

As for the monojet analysis, we use the CMS results [55]
at 13 TeV with an integrated luminosity of 35.9 fb~!. The
CMS analysis is done as a counting experiment in 22
independent signal regions satisfying EF® > 250 GeV,

7> 100 GeV and |5;| < 4.5. For each of the above
experiments and channels, we extract from the experimen-
tal publications the observed event rates in each bin Nf)bs,
the background expectations N{Jkg, and the SM predictions
Niy as well as the statistical and systematic errors.

In order to confront the leptoquark predictions with the
available data, first we simulate the processes (2.2) and (2.3)
using MADGRAPH5_AMC@NLO [65] with the UFO files for
our effective lagrangian generated with FEYNRULES [66,67].
The counterterms needed for the next-to-leading-order
(NLO) evaluation of the Drell-Yan process are evaluated
using the package NLOCT [68]. Moreover, in NLO calcu-
lations, MADGRAPH5_ AMC@NLO automatically includes
not only the SM one-loop and real emission contributions,
but also the z-channel leptoquark exchange at tree level (see
the first diagram of Fig. 1), as well as the virtual corrections
involving leptoquarks (as in the second and third diagrams in

'We merged the two last bins in Ref. [63] to ensure Gaus-
sianity. The last bin of Ref. [64] (denoted by 1800,) is for
m,,(m,,) > 1800 GeV.

Fig. 1) and its contribution to the real emission (last diagram
of Fig. 1). For further details, see Refs. [69,70].

The 8 TeV Drell-Yan simulation is carried out in next-to-
leading-order QCD at the parton level while the 13 TeV
dilepton analyses are done at leading order using PYTHIA
[71] to perform the parton shower, while the fast detector
simulation is carried out with DELPHES [72]. In the jet plus
missing transverse momentum analysis we merge the
Monte Carlo simulations containing zero, one and two
jets and perform the jet matching. In order to account for
higher-order corrections and additional detector effects we
normalize bin by bin our dilepton simulations to the
corresponding ones performed by the experimental collab-
orations. Then we apply these correction factors to our
simulated distributions taking into account the leptoquark
contributions.

In order to perform the statistical analysis we define a y?
function for the dilepton analysis given by2

(N

sig(mR’ /1) + Nliakg - Ni)bs>2

i i2
Nobs + Gbkg

X7 (mg,2) = Z

i

, (2.4)

’In the Drell-Yan analysis, we estimate the effect of the
systematic uncertainties by means of a simplified treatment in
terms of two pulls [73,74].
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where N, are the signal events obtained for the different
models using the corrections factors and aékg are the

uncertainties on the background obtained by the experi-
ments. Here mp (1) stands for the leptoquark mass (Yukawa
coupling). On the other hand, for the monojet searches we
use a Gaussian likelihood containing the correlation
between the different bins obtained in Ref. [55]

xlznonojet(mR’ ’1) = Z(Nilg (mR’ /1) + Nliakg - Nébs)(dz)i_jl
i.j

X (Nj

sig(Mg.A) + N{)kg — Ny (2.5)

where 67 = 6;p; jo; and p is the correlation matrix. Finally,
the combined results are obtained with the following y:

)(gombined(mR’/?') = E )Ciz(mRai)v

i

(2.6)

where i runs over the different searches (Drell-Yan,
dilepton and monojet).

III. RESULTS

We start our analyses considering the first-generation
scenarios. In Fig. 2 we present the results of our analyses
for the Rg case. The left panel of this figure depicts the
excluded regions at 95% C.L. for each of the four data sets
described in the previous section. The shaded purple region
on the left of the curve is excluded by the Drell-Yan
analysis of the ATLAS 8 TeV search. The blue area is
excluded by the CMS monojet analysis at 13 TeV, while the

1.0 I
0.8 |
0.6 F |
~< |
04 - ’ | ——— ATLAS - Drell-Yan 8 TeV ||
. e CMS - monojet 13 TeV
| CMS - dilepton 13 TeV
| e ATLAS - dilepton 13 TeV
0.2} | Pair production 8 TeV
| — — — Pair production 13 TeV
1000 1500 2000 2500 3000 3500 4000

még

CMS and ATLAS dilepton analysis of 13 TeV data exclude
the yellow and red regions, respectively. Finally, for the
sake of comparison, the solid and dashed black lines show
the exclusion from the pair production experimental
searches at 8 and 13 TeV, respectively. As we can see,
the most stringent limits from masses above 1 TeV originate
from the ATLAS data on the search for new resonances
decaying into ete™ pairs [63]. On the other hand, in the
low-mass region (~I1 TeV) the monojet data leads to
stronger limits on the leptoquark R, than the dilepton
analysis.

When we combine the three data sets on dileptons, as
shown by the dashed blue curve in the right panel of Fig. 2,
we see that the bounds are basically due to the ATLAS
13 TeV data on dileptons, except for masses smaller than
700 GeV where the stronger limits come from the 8 TeV
Drell-Yan analysis. Furthermore, the inclusion of the
monojet data in the combined y? strengthens the limits
for low leptoquark masses, as shown by the solid blue
curve. It is important to keep in mind that the combination
of dilepton and monojet constraints is only possible
because we assumed that the leptoquarks belonging to
the multiplet R, are degenerate.

We expect stronger constraints on the RS scenario than
on the RY one since the former couples to up quarks while
the latter couples to down quarks. This indeed happens as
shown in Fig. 3. In the left panel the purple, blue, yellow
and red shaded regions correspond respectively to
95% C.L. limits from 8 TeV ATLAS Drell-Yan, 13 TeV
CMS monojet, 13 TeV CMS dilepton and 13 TeV ATLAS
dilepton searches. Moreover, the black solid and dashed

1.0

0.8

0.6
0.4
02f Combined all
= == Combined w/o monojet
1000 1500 2000 2500 3000 3500 4000
m

RS

FIG. 2. Excluded regions at 95% C.L. for the RS scenario. Left: Limits from the ATLAS Drell-Yan search at 8 TeV (purple) [62], the
CMS monojet search at 13 TeV (blue) [55], the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [63,64], and
the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2,39-41]. Right: Combined
limits including all searches (solid blue) and excluding only the monojet one (dashed blue).
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FIG. 3. Excluded regions at 95% C.L. for the R} scenario. Left: Limits from the ATLAS Drell-Yan search at 8 TeV (purple) [62], the
CMS monojet search at 13 TeV (blue) [55], the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [63,64], and
the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2,39-41]. Right: Combined
limits including all searches (solid blue) and excluding only the monojet one (dashed blue).

lines denote the 95% C.L. experimental constraints from
pair production at 8 and 13 TeV.

We learn from the left panel of this figure that for masses
below 1 TeV the monojet data give rise to tighter bounds
than the dilepton study. On the other hand, for larger
masses the ATLAS dilepton data at 13 TeV and the ATLAS
8 TeV Drell-Yan data lead to similar constraints. Despite
the lower integrated luminosity and energy the 8 TeV Drell-
Yan limits are similar to the 13 TeV ones since the Drell-
Yan cuts and presentation of the data are more suitable for
the present study.

The right panel of Fig. 3 contains the limits obtained by
combining the dilepton data sets only (dashed blue curve)
as well as limits including the monojet one (solid blue line).
In this scenario, the combined dilepton bounds are tighter
than the separate limits. Moreover, the inclusion of the
monojet data gives rise to stronger limits for masses
below 1 TeV.

The scenario R; provides the strongest limits on second
generation leptoquarks due to its coupling to strange
quarks. We display in Fig. 4 the results for this scenario,
with the same color coding as in the previous figures. The
most stringent dilepton limits come from the 8 TeV Drell-
Yan analysis with the ATLAS and CMS 13 TeV data
leading to similar weaker constraints; see the left panel of
this figure. Moreover, the impact of the monojet is similar
to the ones of the other cases: the monojet data leads to the
best bounds for small to moderate Yukawa couplings, due
to the small dilepton cross section at small couplings. This
fact can be clearly seen in the left panel of this figure which
depicts the results from combining only the dilepton

searches (blue dashed curve) or including the monojet
data set (solid blue line). The left panel shows also that, for
this scenario, the pair production searches still give the
strongest constraints.

IV. DISCUSSION

The indirect leptoquark signal in the Drell-Yan process is
complementary to the pair production searches since it is
able to probe higher leptoquark masses. On the other hand,
the indirect analysis requires the introduction of the
unknown leptoquark Yukawa coupling. To illustrate this
point let us focus on the 8 TeV data and first-generation
leptoquarks. From the left panel of Fig. 2 we see that the
analysis of indirect effects on the Drell-Yan production
expands the excluded region by the pair production search
for Yukawa couplings 4 2 0.5. In fact, the 8 TeV indirect
limits are still more stringent than the direct searches at
13 TeV for Yukawa couplings 4 2 0.7. Moreover, when we
consider all available 13 TeV data, the indirect limits are
stronger than the pair production ones for Yukawa cou-
plings 42 0.5 and extend the exclusion region to lepto-
quark masses of the order of 3.5 TeV if the leptoquark
Yukawa coupling is 4 ~ 1.

The importance of the indirect effects is even more
dramatic when we consider the R% scenario where the scalar
leptoquark couples to up quarks. Indeed, Fig. 3 shows that the
8 TeV Drell-Yan limits are more stringent than the presently
available 13 TeV direct search limits for Yukawa couplings
A 2 0.25. In addition, the combined 8 and 13 TeV dilepton
data allow the exclusion of leptoquarks with mass smaller
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FIG. 4. Excluded regions at 95% C.L. for the RS scenario. Left: Limits from the ATLAS Drell-Yan search at 8 TeV (purple) [62], the
CMS monojet search at 13 TeV (blue) [55], the CMS and ATLAS dilepton searches at 13 TeV (yellow and red, respectively) [63,64], and
the pair production experimental searches at 8 and 13 TeV (black solid and black dashed, respectively) [2,39-41]. Right: Combined
limits including all searches (solid blue) and excluding only the monojet one (dashed blue).

than 7 TeV provided the Yukawa coupling is 1 ~ 1. In the
case of second-generation leptoquarks, scenario R;, the
impact of the leptoquarks in the dilepton invariant mass
spectrum is much smaller due to its coupling to strange
quarks. Therefore, the indirect limits turn out to be milder
than the pair production ones that proceed through strong
interactions; see Fig. 4.

At this point it is interesting to compare our findings
with previous works that analyzed indirect effects of
leptoquarks at the LHC. For very large leptoquark masses
their exchange in the #-channel can be encoded by a four-
fermion dimension-six operator [75—77]. This method has
two shortcomings since it does not properly take into
account the leptoquark interference with the SM contribu-
tion, as well as, the leptoquark propagator [76]. In any case,
the available limits using this procedure are much weaker
than the ones presented here. These drawbacks can be
mitigated with the addition of form factors to the four-
fermion contact interactions [78] leading to similar results
to the ones obtained here for the Run 1 data. However, for a
specific model it is better to fit it directly to data, thus
avoiding any ambiguity and also allowing the evaluation of
higher-order corrections.

Our monojet analyses lead to limits that complement the
dilepton studies at low leptoquark masses (smaller than
1 TeV). For large Yukawa coupling, e.g., 4 ~ 1, the monojet
analysis excludes leptoquarks with masses up to 2 TeV
(950 GeV) for first- (second-)generation leptoquarks.
Notwithstanding, for this region of Yukawa couplings
the indirect dilepton process leads to much stronger
constraints. Furthermore, our results indicate that the

monojet channel and the single production of leptoquarks
decaying into a charged lepton and a jet [46] have similar
capabilities to search for these particles. On the other hand,
for second-generation leptoquarks the monojet search is not
competitive with respect to the dilepton analysis.

Confronting the monojet bounds on first-generation
leptoquarks with ones originating from the ongoing studies
of the #+#~jj and #*vjj topologies [2], we learn that the
monojet search leads to tighter bounds than these pair
production searches only for Yukawa couplings 4 2 0.7 in
the R% scenario. Furthermore, our results show that the
monojet channel extends considerably the exclusion limits
originating from leptoquark pair production followed by
their decay into a jet and a neutrino, i.e., the j jEr}’iSS
channel [56].

We can also abandon the hypothesis of the degeneracy of
leptoquarks belonging to the same multiplet if we consider
separately the dilepton and monojet constraints. In this
case, we have to examine the couplings of each component
of the leptoquark multiplets:

(1) The dilepton bounds on Rg apply to all leptoquarks
that couple to electrons and down quarks, that is, S,
the components 1 and 2 of §3, the down component
of R, with right-handed couplings, and the up
component of i?g (of course).

(2) The dilepton constraints on R, are the same for S, the

third component of §3 and the up (down) component
of R, with left-handed (right-handed) coupling.
(3) The monojet analyses labeled Rg are the same for S,

the third component of §3 and the down component
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of RY. Our R} monojet study is valid for the

components 1 and 2 of §3 and the down component
of R, with left-handed couplings.

Finally, let us comment on models containing lepto-
quarks that address the anomalies observed in lepton flavor
universality. In general (see for instance Ref. [27]), the
proposed O(TeV) leptoquarks mediate transitions between
the second and third families due to strong e — y conversion
constraints. Our results for the RS scenario indicate that
indirect effects on the upu~ production will not strengthen
the direct pair searches for scalar leptoquarks. Some models
also present vector leptoquarks. However, even the direct
search limits on them depend upon two additional param-
eters needed to describe their SU(3) gauge interactions,
therefore rendering the analyses much more involved
[79,80]. High-p; observables involving the processes
pp — tr and pp — Tu are more sensitive to leptoquarks
mediating interactions with the third generation which are
also relevant to the observed B anomalies [81-83]. The
relevant monojet channel, by its turn, might involve bottom
jets and should benefit more from a dedicated analysis of
b-tagged jets [50].

V. CONCLUSIONS

In this work, we have considered collider constraints on
first- and second-generation leptoquarks. In particular, we
studied the R, scalar leptoquark model with couplings only
to the right-handed down (strange) quark and the first-
(second-)generation lepton doublet, and the R, scalar
leptoquark model with couplings only to the right-handed
up quark and the first-generation left-handed lepton dou-
blet. Stringent experimental bounds on leptoquarks come
from their pair production followed by their prompt decays.
This production mechanism is independent of the lepto-
quark Yukawa couplings. For large leptoquark Yukawa
couplings, on the other hand, single production becomes
important. This is especially relevant for couplings with the

first-generation quarks because of their large parton dis-
tribution functions.

Our results show the importance of the search for
leptoquark effects in the Drell-Yan process since it allows
to extend considerably the reach in leptoquark mass for
moderate to large leptoquark Yukawa couplings. For
example, the scalar R, (R,) leptoquark model with cou-
plings to the first-generation quark is excluded up to ~3.2
(~5.6) TeV for A~ 1, overcoming the pair production
limits <1.5 TeV. In addition, we showed that the monojet
channel is a viable alternative to further probe leptoquarks.
Moreover, should a signal arise at the LHC, these kind of
processes would give more information on the leptoquark
properties, given their dependence on the leptoquark mass
and Yukawa coupling.

Finally, we discussed how to interpret the results
obtained in this work if we abandon the hypothesis of
degeneracy of the leptoquarks belonging to the same SU(2)
multiplet and the possible connection to constraints on the
singlet (S;) or each component of the triplet (S3) scalar
leptoquark models.
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