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We present a combined analysis of the existing hints for, and constraints on, the first generation
fermion couplings of all ten leptoquark (LQ) representations. At the precision frontier we study
the bounds from K — 7vv, K — nt*¢~, K° — K° mixing, D° — D° mixing and parity violation
experiments (APV and Qyeax), as well as a potential resolution of the Cabibbo Angle Anomaly
(CAA) via LQ contributions to the S-decay. Although the CAA could be explained by the
LQ representations ®3, V3, we observe that the necessary parameter space is excluded by other
observables barring cancellations between different contributions. On the high-energy side we
consider direct searches for single resonant production and pair production of LQs as well as
Drell-Yan-like LQ signatures. Particular emphasis is placed on the recent CMS analysis of lepton
flavor universality in non-resonant di-lepton pairs. The measured deviations from SM predictions
could be a signature of z-channel contributions from Dy, 0y, D3, V), Vz(KfL # 0) or V3.
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1. Introduction

Leptoquarks (LQs) are hypothetical beyond the Standard Model (BSM) particles that couple
to a quark and a lepton at tree-level [1]. In recent years they attracted wide attention since they can
explain the flavor anomalies, deviations from Standard Model (SM) predictions that hint at BSM
lepton flavor universality (LFU) violation. These flavor anomalies include the discrepancies in
R(D(*)) [2-7], b — st¢ transitions [8—14] and the muon anomalous magnetic moment a,, [15, 16]
with significances >30 [17-21], ~60 [22, 23] and 4.20 [24], respectively. They provide motivation
to look for LQ effects in both precision and high-energy observables. We focus on LQs coupling to
first generation fermions, since experimentally the sensitivity to these couplings is the highest and
further anomalies emerged that can be traced back to first generation new physics (NP).

1.1 Cabibbo-Angle-Anomaly (CAA)

The first of these anomalies is the CAA, a deficit in first row CKM unitarity. Expressed
analytically,
Vud® + Vas|* + Vi |* = 0.9985(5) 1)

was found to be smaller than unity [25], where V is the CKM matrix. This could be explained
via a first generation new physics (NP) contribution to super-allowed S-decays [26, 27], since the
experimental value of V,,4 is determined based on this process. Using the SM hypothesis, one
would then extract

Via = Vaa (14 C1°) . @)
instead of the unitary CKM matrix V,,4 of the Lagrangian alone, where Clef“ quantifies the NP
contribution as defined in Eq. (14) of Ref. [28]. If Cﬂ’e has the right sign and magnitude, the CAA

is resolved [27-31].

1.2 Nonresonant Drell-Yan-like (DY-like) Production of Di-Leptons

In addition, the CMS Collaboration recently published an analysis of nonresonant DY-like
di-lepton events [32], finding values smaller than unity in the LFU ratio

R _ do(pp — p"p)/dmy, 3)
e do(pp — e*e) fdmee

as shown by the black markers on the left of Fig. 2. The ~40 deviation from SM predictions in

the high invariant di-electron mass bin (mg; > 1800 GeV) also points towards LFU violating NP
interacting with first generation fermions [27, 28].

2. Setup
We consider all ten possible LQ representations given in Table 1 and their possible couplings
to the first generation weak eigenstates of the SM fermions. These are given by
Lig= A Q%nLdl + AR ded] + 1) d°ed] + AR Qed; + ARE DY ait,L + A, D dinoL
+ A3 O%ima(T - @3)'L + KlL Q_y,uLVI“ + Kf d_yﬂer‘ + & ﬁy,,ef/i” + KZLR Q_Cy'ueVé“T
4 kRE Aoy, LV + Ry, LV + k3 Oy (7 V) L+,
“)
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Field | @ & & & o3|V, V, Vv, V, V,
sU3.|3 3 3 3 3[3 3 3 3 3
su2r| 1 1 2 2 3|1 1 2 2 3
oy |4 -4 304 R[4 % 3 f

Table 1: The ten possible representations of scalar and vector LQs under the SM gauge group.

where Q and L represent the left-handed first generation quark and lepton SU(2)r, doublets, e, d and
u the right-handed SU(2) singlets, the superscript ¢ stands for charge conjugation and 7; are the
Pauli matrices. More information about our conventions for the LQ Lagrangian is given in Ref. [33].
After spontaneous EW symmetry breaking and the transition from the SM fermion weak eigenstates
to the mass eigenstates, the first generation LQs also couple to the left-handed second and third
generation fermion mass eigenstates [28]. These couplings are however Cabibbo-suppressed.

3. Observables

3.1 Low-Energy Precision Observables

At the low-energy precision frontier we analyze the LQ effects in S-decays that would explain
the CAA, in parity violation experiments (PV) including APV [34, 35] and Qweax [36, 371, in kaon
decays including K* — n*¢*¢~ [38—40] and K* — n*vv [41] as well as in meson mixing including
KY — K% and D° — DV [42]. The corresponding diagrams are shown in the upper row of Fig. 1.

3.2 High-Energy Direct Searches

On the high-energy side, we consider the direct searches for pair production (PP) [43, 44],
single production (SP) [45-47] and single resonant production (SRP) [48, 49] of LQs as well as the
Drell-Yan-like (DY-like) production of di-leptons with LQ #-channel contributions [32, 47, 50, 51],
displayed in the lower row of Fig. 1.

LQ

Lo u elv elv . 19 4] d» . d
d v LQ ﬁ 5 d 0 A 0
e u K elvy elv K
+ > + 12 < < s
v P ‘3—>— 3}” Ea Tt v
(CAA) PV) (kaon decays) (meson mixing)
g L ) L
) q q q
%&77< q q LQ
= q t LQ*
<% ¢ LQ\\
g g q ¢ q q e
(PP) (SP) (SRP) (DY-like)

Figure 1: Upper row: Feynman diagrams depicting the LQ contributions to the low-energy precision
observables. The white arrows indicate charge-conjugate fermions, as explained in Appendix A of Ref. [33].
Lower row: Feynman diagrams for the LQ channels accessible to high-energy searches at LHC [28].
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Figure 2: Left: The ratio RP*® /RMC  measured by CMS [32], compared to R>V-Q/RSM  for the best
pHulee “uufee pplee ! upfee

fits of the various LQ models. The data points marked by circles (squares) correspond to measurements
where none (at least one) of the leptons were detected in the CMS end caps. Right: Exclusion plots for
the LQ representations @3 (top) and @, (/lgL # 0) (bottom) showing the contraints and preferred parameter
regions from the low-energy precision observables and high-energy searches [28]. The parameter regions
above the colored lines are excluded. We use the angle S to distinguish between the up (8 = 6.) and down
basis (8 = 0) for the quarks, 6. being the Cabibbo angle. See Ref. [28] for more information.

4. Phenomenological Analysis

On the left of Fig. 2, we show the best fits for the scalar first generation LQs to the CMS
di-lepton data, indicated by the colored lines. The LQ models are preferred by ~2.90 over the
SM contribution alone [28]. On the right we show the limits and preferred regions in parameter
space for @3, ®, (/lfL # 0). Plots for the remaining LQ representations can be found in Ref. [28].
Both @3, V3 can yield the right contribution to C fl" ¢ in Eq. 2 to alleviate the CAA, the required
parameter space for @3 is indicated by the black solid line. It is excluded both by the kaon decay
(magenta) and the meson mixing (orange and cyan) limits. Although these depend on the angle £,
they cannot be avoided simultaneously and, barring cancellations between different LQ couplings,
they are therefore stringent. The same is true for V3. The PV limits (brown) feature different levels
of restrictiveness depending on the LQ representation, a detailed analysis of the PV limits is given
in Ref. [52]. @, (/1§L # 0) features allowed parameter space that would explain the deviations
from SM predictions measured by CMS (yellow). This is also true for the LQ representations
@, D, (/lzLR £0),V1,W (KfL # 0) and Vj that interfere constructively with the SM contribution.

5. Conclusions

We analyzed the sensitivity of different observables to first generation LQ couplings as well as
the extent to which such models can explain the anomalies pointing towards LFU violation in the
first generation. More data both at the high-energy and precision frontier is needed to consolidate
the deviation from SM predictions in the DY-like di-lepton production and to potentially single out
the LQ representation at its origin. We showed that a minimal explanation of the CAA via a single
first generation LQ coupling is not viable.
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