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Leptoquark (LQ) models have received increased interest in recent year as compelling explanations
of the charged-current B-meson anomalies known as R, and the resulting indication of lepton-
flavor non-universality. Atthe LHC, leptoquarks can be searched for in various channels, including
pair, single, and resonant production, as well as Drell-Yan. We summarize these different channels
and their complementarity. Furthermore, we review the current status of the leptoquark models
that can address the R,y anomalies. To that end, we consider the most recent data sets from high-
pr tails at the LHC and low-energy precision measurements and highlight their complementary.
Moreover, we comment on the future perspectives for LHC searches for these models.
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1. Introduction

Leptoquarks are hypothetical particles that are introduced in many BSM theories, such as
Pati-Salam models, GUTs, or technicolor. LQs unify matter by carrying both Baryon and lepton
number. Thus, semi-leptonic transitions offer a unique possibility to probe these exotic states.
A list of all LQs and their interactions with the SM fermions has been compiled in [1, 2]. In
recent years, there has been an increased interest in LQ models as they can be used to address
the charged current B-meson anomalies. For the latest status update, see [3]. If confirmed, these
anomalies would indicated lepton-flavor non-universality and possibly new physics contributing
to the b — ctv transitions. Therefore, models with dominant LQs couplings to third generation
SM fermions are particularly relevant in light of these anomalies. Only three LQs are in principle
capable of explaining the Rj,(-) anomalies [4], namely one vector LQ dubbed U; ~ (3, 1),/3 and two
scalar LQs named S| ~ (3, 1), ,3 and Ry ~(3,2)7/¢. Their interaction Lagrangians are given by

gf = [XlL]iaquI&y + [xf]i(,ciillllea +H.c., (]a)
Lg‘ = [ylL]iaS@fs&z + [yf]i(,SlzZl.Cea +H.c., (1b)
iIl?lzt = [y5)ialtitasRo + [y5 liaGieaRe + Hee.. (1c)

In the following, we will review the different channels that are employed for LQ searches at the
LHC in Sec. 2. Thereafter, in Sec. 3 we will analyze the three LQ models mentioned above in light
of the B-anomalies, paying special attention to the complementarity of high- and low-energy data.

2. Experimental studies

Due to the nature of LQs, flavor experiments provide an ideal laboratory to constrain the
flavor patterns of their couplings with precision measurements of semi-leptonic transitions. These
low-energy analyses are usually performed in an Effective Field Theory (EFT) setup, see e.g. [5, 6].
Subsequently, the EFT coefficients can be related to the couplings and masses of the LQ models by
matching calculations. With the LHC run-II, also the high-p7 data sets collected by the ATLAS and
CMS experiments became competitive for studying LQ models. At these higher energies, analyses
are often performed in the full model rather than in the corresponding EFT due to questions
regarding the validity of the EFT approach. However, EFT analyses of LQ models are also possible
at high-pr, see e.g. [7]. In the following, we will focus on direct searches for LQ models.

2.1 High-pr searches for leptoquarks at the LHC

LQs can be produced in different ways at the LHC, leading to various experimental signatures.
The most important channels for LQ searches at the LHC are shown in Fig. 2 and include: (a) LQ pair
production, which is QCD initiated and proportional to the strong coupling; (b) single production
of a resonant LQ in quark-gluon fusion; (c) non-resonant Drell-Yan production, where the LQ is
mediated in the #- or u-channel; and (d) resonant s-channel LQ production in quark-lepton fusion
processes, which are initiated by the small lepton contribution to the proton PDFs [8]. In the
following, we will only focus on LQs coupled dominantly to third generation fermions (¢, b, 7, v;).

Fig. 2a shows the constraints on the coupling {1 = [le]33 in Eq. (1)} and mass of a vector LQ
(such as the Uy), as derived from the different channels measured by the CMS collaboration [9].
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Figure 1: Feynman diagrams contributing to LHC searches for the U; LQ (dominantly coupled to third
generation fermions) in final states containing b jets and 7 leptons.

Since pair production is QCD initiated, its constraint (red) does not depend on the LQ couplings
and thus sets a lower bound for the LQ mass. Single production (green) is particularly sensitive to
small masses, where the LQ can go on-shell. On the other hand, non-resonant Drell-Yan production
(yellow) approximately constrains the coupling-over-mass ratio, and thus provides the dominating
limits for high masses. Overall, an important complementarity of the different channels can be
observed, yielding the combined limit (black). The resonant LQ production in quark-lepton fusion
is not included here, and was only recently analyzed for scalar LQs in [10]. Similar to the single
production it is mostly sensitive to the low mass region, where the LQ can go on-shell. While
the quark-lepton fusion channel is not yet competitive, it might offer a unique possibility to probe
resonant LQs signals in the future with higher statistics at the upcoming HL-LHC.

2.2 Third generation leptoquark production in association with b-tagged jets

A crucial feature of signals from LQs coupled to the third generation fermions are associated
b-jets. As shown in Fig. 2 for the example of a U; LQ, these b-jets can be produced not only
in the final state by the LQ decay, but also in the initial state through a gluon splitting in to a
bb pair. Requiring associated b-jets can significantly reduce the background for LQ searches and
thus improve the sensitivity [11]. This is further highlighted in Fig. 2b, where the constraints on
the effective U; mass Ay = My/ [le]33 as a function of the relative strength of the coupling to
right-handed fermions Sg is shown for an ATLAS [12] and a CMS [13] Drell-Yan search. For both
cases, the constraints derived from the “b-tag” channel, where at least one b-jet is required in the
final state, is more sensitive than the “b-veto” channel. Moreover, due to an inconclusive ~30
excess in the CMS search (gray), it is less sensitive than the ATLAS search, which is not optimized
for LQ signals and where this excess is not observed. See also [14] for an optimized LQ search by
ATLAS.

3. Leptoquark models in light of the B-meson anomalies R,

As mentioned in Sec. 1, LQ models can offer a compelling explanation of the R,(-) anomalies

P and the SM predictions RSM given by [3]

with the current experimental world averages R D D)

B(B — DY ry) RO =0.342+0.026, R =0.298 +0.004,

, withte{u, e}, D
BB DUy Mihlelnel RSP =0.287+0.012, RSM=0.254+0.005.

RD(*) = (2)
As stated before, only the three LQ models commonly named Uy, S, and R, with their Lagrangians
given in Eq. (1), are capable of addressing these anomalies [4]. We will discuss them in turn below
based on [7], see also [4, 16].
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(a) Constraints from various LQ channels. (b) Importance of tagging associated b-jets.

Figure 2: (a): Constraints from CMS searches for various LQ channels. Fig. taken from [9] (CC BY 4.0).
(b): Comparison of different ATLAS and CMS Drell-Yan searches, and of channels with and without
associated b-tagged jets in the final state. Shown are the constraints on the effective NP scale of the U; LQ
(xR 133

Ay as a function of the coupling strength to right-handed fermions Sg = Bars
e

Fig. taken from [15].

3.1 Current status of the Uy, S1, and R, leptoquark models in light of the B-anomalies

The current status of the R explanation by the Uj, S;, and R, models is summarized in
Fig. 3, where the available range of couplings that are required for the explanation of the anomalies
is shown for a reference LQ mass of 2 TeV. The preferred region by the B-anomalies is shown in
blue, whereas electroweak constraints are given in gray. The limits from the Drell-Yan ATLAS
searches [12, 17] for pp — 77/7v derived with the HighPT package [18] are shown in red, with
the HL-LHC projections indicated by the dashed lines. The preferred region determined from a
combined fit is shown in green. The different shadings refer to the 1o~ and 20 ranges in all cases.

The complementarity of the different data sets is visible for all three models considered. In
particular, the Drell-Yan constraints break the flat directions of the flavor and the electroweak fits.
For the U} and S| models we find a good agreement between the different data sets.! Forthe R, LQ,
on the other hand, the different data sets are already in tension (< 20-) and future HL-LHC data will
be able to rule out this model.”

3.2 Future perspectives for the U; vector leptoquark

Also for the case of a U; LQ, future high-p Drell-Yan measurements will be able to rule
out large parts of the parameter space. Fig. 4 shows in orange/purple the U; parameter region
able to explain the measured Ry, values in the coupling-vs-mass plane (g = V2 [le]33). On
the left, only couplings to left-handed fermions are considered, whereas equal coupling strength
for left- and right-handed fermions is assumed on the right. The plots are overlaid with the LHC
constraints from LQ pair production and the Drell-Yan measurements from ATLAS [12] (green)
and CMS [13] (gray). The scenario with only left-handed couplings is less constrained than the
scenario with left- and right-handed couplings by current LHC data. As mentioned before, the

For the §; LQ, [ yf] 33 couples the 7 lepton to the top quark rather than the bottom and is thus only weakly constrained
by LHC data, due to the suppressed top PDF.

2The R, LQ requires larger couplings to explain the B-anomalies, and is thus more constrained by LHC data.
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Figure 3: Constraints on the couplings of the Uj, Si, and R, LQs that can address the charged-current
B-anomalies. The 1o and 20 contours from “Flavor” (Rp ) ), “LHC” (Drell-Yan), and “EW” (electroweak)
limits are shown in blue, red, and gray respectively, whereas the “Combined” fit is given in green. The HL-
LHC projections for 3 ab™! are given by the dotted and dashed lines. Figure adapted and updated from [7].
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Figure 4: (a): Coupling-vs-mass plot for the U; LQ coupled to left-handed fermions only. The region
preferred by the R -) measurements is given in orange and different LHC limits are shown. (b): Same plot
as (a), but considering also couplings to right-handed fermions with equal strength. Fig. adapted from [15].

CMS limits are relaxed due to a ~ 30 excess in this search, which is not observed by ATLAS, see
also [14]. Thus, if interpreted as a sign of NP, the CMS results would indicate a preference for right-
handed couplings [15]. Furthermore, the dotted lines represent the HL-LHC projections which
indicate that the U; scenario with right-handed couplings can be completely probed with future
data, highlighting the importance of Drell-Yan data for scrutinizing the origin of the B-anomalies.

4. Conclusion

We have presented the current status of LQ searches at the LHC, discussed the different
channels for these searches, and highlighted their complementarity. In addition, we discussed the
improvement in sensitivity for third generation LQ models, when considering associated b-jets in
the final state signatures. Thereafter, we focused on LQ models that can address the R () anomalies.
In particular, we showed the crucial complementarity of low-energy flavor, electroweak, and high-
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pr Drell-Yan data in scrutinizing LQ models addressing these anomalies. Future data by LHC
run-IIT and the HL-LHC will allow to further constrain these models and might help to unravel the
origin of the B-anomalies. Not only future Drell-Yan data will be relevant for that, but with the
increased statistics at HL-LHC, resonant LQ production in quark-lepton fusion will become a new
and promising channel for discovery of LQ states.
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