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Motivated by the long-standing discrepancy in lepton flavor universality ratios 𝑅𝐷 and 𝑅𝐷∗ we
assess the status of scalar leptoquark states 𝑅2, 𝑅̃2, and 𝑆1 which can in principle provide a desired
enhancement ofB(𝐵 → 𝐷 (∗)𝜏𝜈) in a minimal setup with two Yukawa couplings only. We consider
unavoidable low-energy constraints, 𝑍-pole measurements as well as high-𝑝𝑇 constraints. After
setting mass of each leptoquark to 1.5 TeV we find that of all considered states only 𝑆1 leptoquark,
coupled to both chiralities of leptons and quarks, is still a completely viable solution. On the other
hand, the scenario with 𝑅2 is in growing tension with Γ(𝑍 → 𝜏𝜏) and with the LHC constraints on
the di-tau tails at high-𝑝𝑇 while the 𝑅̃2 scenario is excluded by the B(𝐵 → 𝐾 (∗)𝜈𝜈) observable.
We comment on the future experimental tests of 𝑆1 scenario. Furthermore, a scenario of the 𝑆1

leptoquark coupled exclusively to right-handed SM fermions and a right-handed neutrino 𝑁𝑅 is
also investigated as a potential solution for the 𝑅𝐷 (∗) with possible effects also in B(𝐵 → 𝐾𝜈𝜈) .
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1. Introduction

During the last twelve years, the experimental observations indicating the lepton flavor univer-
sality violation (LFUV) in 𝑏 → 𝑐ℓ𝜈 transitions motivated numerous studies of the BSM physics
potentially leading to it. Specifically, the observable 𝑅𝐷 (∗) = B(𝐵 → 𝐷 (∗)𝜏𝜈)/(𝐵 → 𝐷 (∗)ℓ𝜈) is
measured to be larger than its Standard Model (SM) prediction, with the combined deviation of
3.2𝜎, given the HFLAV average [1]. Among different SM extensions, the low scale leptoquarks
seem to be the most successful in providing the effect in 𝑅𝐷 (∗) while being consistent with numer-
ous other low- and high-energy observables. In the past the different leptoquark solutions were
proposed in order to accommodate for the two anomalies - 𝑅𝐾 (∗) and 𝑅𝐷 (∗) [2, 3], but since then the
LHCb collaboration has reexamined the results in the 𝑏 → 𝑠ℓℓ modes [4] finding the observable to
completely agree with the SM. However, the anomaly in the 𝑏 → 𝑐ℓ𝜈 persists, and the one O(1) TeV
leptoquark model coupled to the third generation leptons remains the viable option to accommodate
for the experimental excess. We reexamine the minimal leptoquark setup in [5]. Specifically, we
investigate three different minimal leptoquark scenarios to find that only the 𝑆1 scenario with both
left- and right-handed interactions accommodates the anomaly and is still consistent with other
observables.

In addition to the puzzle in the 𝑏 → 𝑐ℓ𝜈 transitions, the Belle II collaboration recently measured
an excess in the branching ratio B(𝐵+ → 𝐾+𝜈𝜈) = 2.35(67) × 10−5 [6], 2.7𝜎 larger than the
SM prediction. While the minimal leptoquark setup presented in [5] does not accommodate for
the newly measured excess, we propose one additional minimal setup in [7] that accommodates for
both excesses, namely the 𝑆1 leptoquark coupled to the right-handed neutrinos.

2. EFT framework for 𝑅𝐷 (∗)

The part of the low energy effective theory (LEFT) Lagrangian responsible for the 𝑏 → 𝑐ℓ𝜈

transition is

L𝑏→𝑐ℓ𝜈 ⊃ −2
√

2𝐺𝐹𝑉𝑐𝑏
[ (

1 + 𝑔𝑉𝐿

)
(𝑐𝐿𝛾𝜇𝑏𝐿)

(
𝜏𝐿𝛾𝜇𝜈𝜏𝐿

)
+ 𝑔𝑉𝑅

(𝑐𝑅𝛾𝜇𝑏𝑅)
(
𝜏𝐿𝛾𝜇𝜈𝜏𝐿

)
+ 𝑔𝑆𝐿 (𝑐𝑅𝑏𝐿) (𝜏𝑅𝜈𝜏𝐿) + 𝑔𝑇 (𝑐𝑅𝜎𝜇𝜈𝑏𝐿)

(
𝜏𝑅𝜎𝜇𝜈𝜈𝜏𝐿

)
+

+ 𝑔̃𝑆𝑅 (𝑐𝐿𝑏𝑅) (𝜏𝐿𝑁𝑅) + 𝑔̃𝑇 (𝑐𝐿𝜎𝜇𝜈𝑏𝑅) (𝜏𝐿𝜎𝜇𝜈𝑁𝑅)
]
+ h.c.

(1)

where we list only the subset that is relevant after matching the minimal models discussed in
Sections 3. The important assumption through the paper is that the new physics is coupled only to
the third generation leptons. We also added one singlet fermion 𝑁𝑅, also referred to as right-handed
neutrino (RHN), since we consider the case of a light 𝑅̃2 leptoquark coupling to the RHN on tree
level. After calculating the amplitudes and accounting for the proper form factors (see the discussion
in [5]), we find that the expression for 𝑅𝐷 (∗) is

𝑅𝐷 (∗)

𝑅SM
𝐷 (∗)

=
��1 + 𝑔𝑉𝐿

��2 + 𝑎𝐷 (∗)
𝑆

(��𝑔𝑆𝐿 ��2 + ��𝑔̃𝑆𝑅 ��2) + 𝑎𝐷 (∗)
𝑇

(
|𝑔𝑇 |2 + |𝑔̃𝑇 |2

)
+ 𝑎𝐷 (∗)

𝑆𝑉 Re
[
(1 + 𝑔𝑉𝐿

) 𝑔∗𝑆𝐿
]
+ 𝑎𝐷 (∗)

𝑇𝑉 Re
[
(1 + 𝑔𝑉𝐿

) 𝑔∗𝑇
] (2)
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where for the case of 𝐷 meson in the final state, the coefficients are

𝑎𝐷𝑆 = 1.08(1), 𝑎𝐷𝑇 = 0.83(5), 𝑎𝐷𝑆𝑉 = 1.54(2), 𝑎𝐷𝑇𝑉 = 1.09(3), (3)

and for the case of the 𝐷∗ meson

𝑎𝐷
∗

𝑆 = 0.037(4), 𝑎𝐷
∗

𝑇 = 8.56(35), 𝑎𝐷
∗

𝑆𝑉 = −0.107(11), 𝑎𝐷
∗

𝑇𝑉 = −2.91(11) . (4)

We have to stress that in this case the RHN is massless.

3. Leptoquark models for 𝑅𝐷 (∗)

In the following section, we present three different scalar leptoquark models that provide the
enhancing effect in the 𝑅𝐷 (∗) and study the constraints coming the other low- and high-energy
observables, such as direct searches at colliders, high-𝑝𝑇 tails in 𝑝𝑝 → 𝜏𝜏 and 𝑝𝑝 → 𝜏𝜈 (using
HighPT package [8, 9]), 𝑍 → 𝜏𝜏, 𝜏 → ℓ𝜈𝜈 and 𝐵𝑠-meson mixing. As for 𝐵 → 𝐾𝜈𝜈, for these
models, we use it as a constraint, rather than trying to accommodate the excess. We set all leptoquark
masses in this section to 1.5 GeV.

3.1 𝑅2 and 𝑅̃2

First we consider the 𝑅2 leptoquark, whose quantum numbers are (3, 2, 7/6) [10] and the model
is described via

L𝑅2 = 𝑦
𝑖 𝑗

𝑅
𝑄
𝑎

𝑖 𝑒 𝑗𝑅
𝑎
2 + 𝑦

𝑖 𝑗

𝐿
𝑢𝑅𝑖𝑅

𝑇,𝑎

2 𝜖𝑎𝑏𝐿𝑏𝑗 + h.c. , (5)

and we consider the minimal coupling texture of only two non-zero Yukawa couplings, namely 𝑦𝑏𝜏
𝑅

and 𝑦𝑐𝜏
𝐿

in the down-quark mass basis. The results are shown on the left side of Figure 1 and we
can see that the effects in 𝑅𝐷 (∗) , the high-𝑝𝑇 tails and the 𝑍 → 𝜏𝜏 are incompatible with each other,
rendering the model unviable.

The second model is 𝑅̃2 leptoquark with the quantum numbers (3, 2, 1/6) and is described by

L𝑅̃2
= −𝑦̃𝑖 𝑗

𝐿
𝑑
𝑖
𝑅𝑎2 𝜖

𝑎𝑏𝐿 𝑗 ,𝑏 + 𝑦̃𝑖𝑁𝑅 𝑄
𝑖,𝑎
𝑅𝑎2 𝑁𝑅 + h.c. (6)

where on top of the SM fermions we added a singlet state 𝑁𝑅 , i.e. the right-handed neutrino. Once
again, we consider a minimal texture of two non-zero Yukawa couplings - 𝑦̃𝑏𝜏

𝐿
and 𝑦̃𝑠𝑁

𝑅
. The results

are shown on the right side of the Figure 1 where we can see that the model can accommodate for
the excess in 𝑅𝐷 (∗) but the effect in B(𝐵 → 𝐾𝜈𝜈) is too large, also making the model not viable.

3.2 Left- and right-handed 𝑆1

The 𝑆1 leptoquark quantum numbers are (3, 1, 1/3) and its Lagrangian is the following:

L𝑆1 = 𝑦
𝑖 𝑗

𝐿
𝑄𝐶
𝑖

𝑎

𝜖𝑎𝑏 𝐿𝑏𝑗 𝑆1 + 𝑦𝑖 𝑗𝑅 𝑢
𝐶
𝑖
𝑒 𝑗 𝑆1 + h.c. (7)

For the minimal setup of Yukawa couplings we choose 𝑦𝑏𝜏
𝐿

and 𝑦𝑐𝜏
𝑅

defined in the mass basis of the
down-type quarks, as before. The results are shown on the Figure 2 and we can see that in this case
the model can provide the desired effect in 𝑅𝐷 (∗) and at the same time it is consistent with other
observables.
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R̃2

Figure 1: Left - the 𝑅2 scenario where blue, yellow and gray region represent the regions allowed up to
2𝜎 by 𝑅𝐷 (∗) , 𝑍 → 𝜏𝜏 and high-𝑝𝑇 tails, respectively. Right - the 𝑅2 scenario where blue and red region
represent the allowed region up to 2𝜎 by 𝑅𝐷 (∗) and 𝐵 → 𝐾𝜈𝜈, respectively and the gray region is excluded
by the high-𝑝𝑇 tails. The dashed line represents the upper limit where the branching ratio for the 𝐵𝑐 → 𝜏𝜈

would exceed the 30%.

Figure 2: Plot showing combined constraints on the Yukawa couplings of the 𝑆1 model specified in
Eqs. (7): Blue and yellow regions respectively depict the 2𝜎 consistency with 𝑅𝐷 (∗) and B(𝑍 → 𝜏𝜏). The
latter is comparable with the constraint marked with dashed lines corresponding to the region allowed by
B(𝜏 → 𝜇𝜈̄𝜇𝜈𝜏) to 2𝜎. Note that in this case the gray regions are not allowed by the experimental studies of
high-𝑝𝑇 tails of 𝑝𝑝 → 𝜏𝜈, 𝜏𝜏 (to 2𝜎 as well). Green regions are the result of the global fit at 1- and 2𝜎 CL.
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Figure 3: In the left plot we show 𝑦𝑅
𝑏𝑁

vs 𝑦𝑅𝑐𝜏 as obtained from the requirement of 2𝜎 consistency with
𝑅

exp
𝐷 (∗) , for two values of 𝑚𝑁𝑅

. Similarly, in the right one we show 𝑦𝑅
𝑏𝑁

vs 𝑦𝑅
𝑠𝑁

deduced from the consistency
with 𝑅𝜈𝜈 (exp)

𝐾
. The lower limit on 𝑦𝑅

𝑏𝑁
from the left plot is indicated in the right one.

Given the allowed region on the Figure 2, one can make a series of predictions. More
specifically, we have B(𝐵𝑐→𝜏𝜈)𝑆1

B(𝐵𝑐→𝜏𝜈)SM ∈ [1.13, 1.48], B(𝐵𝑠→𝜏𝜏 )𝑆1

B(𝐵𝑠→𝜏𝜏 )SM ∈ [0.73, 0.98], B(𝐵→𝐾𝜏𝜏 )𝑆1

B(𝐵→𝐾𝜏𝜏 )SM ∈

[0.73, 0.98] and B(𝐵→𝐾 (∗) 𝜈𝜈)𝑆1

B(𝐵→𝐾 (∗) 𝜈𝜈)SM ∈ [1.001, 1.02] at 2𝜎 level. Also for the angular observables

𝐹𝐷
∗

𝐿 = 0.44(1) , 𝑃𝐷
∗

𝜏 = −0.53(3) , 𝐴𝐷
∗

fb = −0.05(1) , 𝐴𝐷fb = 0.33(1) , (8)

that should be compared to the SM predictions 𝐹𝐷
∗,SM

𝐿
= 0.46(1), 𝑃𝐷

∗,SM
𝜏 = −0.51(2), 𝐴𝐷,SM

fb =

0.3600(4), and 𝐴𝐷
∗,SM

fb = −0.06(1).

4. Right-handed 𝑆1 in 𝑅𝐷 (∗) and 𝐵 → 𝐾𝜈𝜈

Finally, we consider the 𝑆1 leptoquark that has only right-handed interactions and couples to
the right-handed neutrino 𝑁𝑅. The Lagrangian with the minimal texture is the following:

L ⊃ 𝑦𝑅𝑐𝜏 𝑐
𝑐𝑃𝑅𝜏 𝑆1 + 𝑦𝑅𝑠𝑁 𝑠𝑐𝑃𝑅𝑁𝑅 𝑆1 + 𝑦𝑅𝑏𝑁 𝑏𝑐𝑃𝑅𝑁𝑅 𝑆1 + h.c. , (9)

where there are only three non-zero Yukawa couplings. In this model we let the RHN to be massive.
The results are shown on the Figure 3 where it can be seen that there is a region in parameter space
in which we successfully accommodate for both 𝑅𝐷 (∗) and B(𝐵 → 𝐾’inv’) for RHN masses up to
1 GeV.

Very few observables are affected by such minimal model, but massive RHN leaves a couple of
very specific signatures. Most notably, in the angular observables that differentiate between lepton
polarizations, such as 𝜏-polarization asymmetry

𝑃𝐷,SM
𝜏 = 0.325(3) , 𝑃𝐷𝜏 (𝑚𝑁𝑅

= 0 GeV) = 0.25(2) , 𝑃𝐷𝜏 (𝑚𝑁𝑅
= 1 GeV) = 0.28(2)

𝑃𝐷
∗,SM

𝜏 = −0.51(2) , 𝑃𝐷
∗

𝜏 (𝑚𝑁𝑅
= 0 GeV) = −0.39(4) , 𝑃𝐷

∗
𝜏 (𝑚𝑁𝑅

= 1 GeV) = −0.43(3),
(10)

and also in observables that are directly proportional to RHN mass, such as B(𝐵𝑠 → ’inv’) which
is exactly 0 in the SM, but (3 ± 1) × 10−6 for right-handed neutrino mass of 1 GeV.
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5. Conclusion

In this work we revisited some possibilities of explaining the hint of LFUV in the 𝑅𝐷 (∗) by
extending the SM by one scalar leptoquark with minimal setup. We explored three different scenarios
and found that only the 𝑆1 scenario with both right- and left-handed interactions provide the desired
effect in 𝑅𝐷 (∗) while being consistent with other observables. In addition, we have presented one
more scenario in order to explain both the excess in 𝑅𝐷 (∗) and B(𝐵 → 𝐾𝜈𝜈). Namely, the 𝑆1

leptoquark with only right-handed interactions. The model affects very few observables, but we
find it has a specific signature in angular observables. More specifically, the presence of the right-
handed neutrino can be inferred from precise measurements of tau polarizations in semileptonic
decays, specifically the 𝑃𝜏 observable.

References

[1] S. Banerjee et al. [Heavy Flavor Averaging Group (HFLAV)], [arXiv:2411.18639 [hep-ex]].

[2] D. Bečirević, I. Doršner, S. Fajfer, N. Košnik, D. A. Faroughy and O. Sumensari, Phys. Rev.
D 98 (2018) no.5, 055003 doi:10.1103/PhysRevD.98.055003 [arXiv:1806.05689 [hep-ph]].

[3] D. Bečirević, I. Doršner, S. Fajfer, D. A. Faroughy, F. Jaffredo, N. Košnik and O. Sumensari,
Phys. Rev. D 106 (2022) no.7, 075023 doi:10.1103/PhysRevD.106.075023 [arXiv:2206.09717
[hep-ph]].

[4] R. Aaij et al. [LHCb], Phys. Rev. Lett. 131 (2023) no.5, 051803
doi:10.1103/PhysRevLett.131.051803 [arXiv:2212.09152 [hep-ex]].

[5] D. Bečirević, S. Fajfer, N. Košnik and L. Pavičić, Phys. Rev. D 110 (2024) no.5, 5
doi:10.1103/PhysRevD.110.055023 [arXiv:2404.16772 [hep-ph]].

[6] I. Adachi et al. [Belle-II], Phys. Rev. D 109 (2024) no.11, 112006
doi:10.1103/PhysRevD.109.112006 [arXiv:2311.14647 [hep-ex]].

[7] D. Bečirević, S. Fajfer, N. Košnik and L. Pavičić, Phys. Lett. B 861 (2025), 139285
doi:10.1016/j.physletb.2025.139285 [arXiv:2410.23257 [hep-ph]].

[8] L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari and F. Wilsch, high-𝑝𝑇 Drell-
Yan tails beyond the standard model,” Comput. Phys. Commun. 289 (2023), 108749
doi:10.1016/j.cpc.2023.108749 [arXiv:2207.10756 [hep-ph]].

[9] L. Allwicher, D. A. Faroughy, F. Jaffredo, O. Sumensari and F. Wilsch, JHEP 03 (2023), 064
doi:10.1007/JHEP03(2023)064 [arXiv:2207.10714 [hep-ph]].

[10] I. Doršner, S. Fajfer, A. Greljo, J. F. Kamenik and N. Košnik, Phys. Rept. 641 (2016), 1-68
doi:10.1016/j.physrep.2016.06.001 [arXiv:1603.04993 [hep-ph]].

6


	Introduction
	EFT framework for RD(*)
	Leptoquark models for RD(*)
	R2 and 2
	Left- and right-handed S1

	Right-handed S1 in RD(*) and BK 
	Conclusion

