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Abstract

We discuss a model with a SU(2)L doublet vector leptoquark (LQ), motivated by the
recent experimental results relating to the lepton universality of B → D(∗)τντ . We find
that scalar operators predicted by the LQ are favored to explain the deviations, taking
into account the recent LHCb result. We investigate the extensive phenomenology of
the model and conclude that Bs → ττ , Bu → τντ and high-pT di-τ lepton signatures at
the LHC will probe the interesting parameter region in the near future.
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1 Introduction

The semi-tauonic B-meson decays, B→D(∗)τν , have been interesting processes to measure
the lepton flavor universality (LFU):

RD ≡ BR(B → Dτ ντ)

BR(B → Dℓνℓ)
, RD∗ ≡ BR(B → D∗τ ντ)

BR(B → D∗ℓνℓ)
, (1.1)

where ℓ denotes light charged leptons. Interestingly, deviations from the SM predic-
tions [1–4]#1 have been reported by the BaBar [9, 10], Belle [11–15] and LHCb [16–20]
collaborations.#2 Last and early this years, the LHCb collaboration reported the first re-
sult of RD∗ along with RD [21] and another RD∗ data [22], respectively. These latest mea-
surements are consistent with the previous world average within the uncertainty, but the
resulting world average prefers larger (smaller) deviation in RD (RD∗). The current signif-
icance of the deviation is 3-4 σ [23] and the new physics (NP) interpretations are updated
in Refs. [23–26].#3 One of the significant points, compared with the previous result, is the
revival of the NP interpretation with scalar operators. The relevant interaction, in addition
to the SM contribution, is

Heff = 2
√

2GFVcb

[
CSLOSL +CSROSR

]
, (1.2)

#1Recently the dispersive matrix approach of the form factors found the larger RD∗ [5, 6] based on the
Fermilab-MILC lattice result [7] while this method produce the 3σ tension in the angular observable [8].

#2RD(∗) are defined by ℓ= e, µ for the BaBar/Belle and ℓ= µ for the LHCb.
#3See Tab. 6 of Ref. [23] for the recent summary of the situation.
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with

OSL = (cPLb)(τPLντ), OSR = (cPRb)(τPLντ), (1.3)

where PL = (1− γ5)/2 and PR = (1+ γ5)/2. The NP contribution is taken into account by
the Wilson coefficients (WCs), CX (X = SL, SR), normalized by the SM factor of 2

√
2GFVcb.

It has been well known that the Bc lifetime constrains the scalar interpretation [27–32].
However, the recent result makes it possible to explain the deviations at the 1σ level using
the scalar operators [25]. Furthermore, the only scalar contributions enhance the polar-
ization observable, FD∗

L ,#4 where the SM prediction is slightly lower than the measure-
ment [34].

A famous mediator that induces sizable semileptonic scalar contribution is a charged
Higgs in a generic two Higgs doublet model (2HDM). This possibility has been thoroughly
surveyed [?, 25, 35–49] and it is found that sizable contribution to WC is possible only in
OSL . It is noted that the type-II 2HDM can contribute to OSR , but the contribution is not
favored since the sign of CSR is always negative.

A leptoquark (LQ) is considered to be one of the best candidates for the RD(∗) anomaly
explanation. There are three kinds of LQs widely investigated so far [50]. In this paper,
we focus on an isodoublet vector LQ (V2) that significantly contributes to CSR . Recently,
the LQ is studied motivated by RK(∗) anomaly [51–53] and RD(∗) anomaly [53, 54]. The
contribution of the V2 LQ to CSR could be positive and solves the anomalies. This LQ
possibility is very interesting in view of the current status, but has not been well studied.
In this work, we construct an effective model with V2 from the phenomenological point of
view. We study correlations between RD(∗) and other observables, and discuss how to test
this LQ possibility.

Before the recent LHCb result, the V2 LQ could not explain the RD∗ within 2σ [55].
The situation, however, changes: the current minimal χ2 for RD∗ becomes 3.7 with OSR [23]
which should be compared to χ2

SM = 13.6. It would be timely to analyze the model with V2.
Compared to the previous work [53], that appeared before the LHCb results, new parts are
as follows. First, we assign a τ number to V2. This assignment forbids a proton decay and
suppresses many flavor violating processes. The underlying theory is beyond our scope, but
our setup would be a guiding principle to construct a concrete model. We study relevant
flavor phenomenology in this effective model. We newly examine correlations between
RD(∗) and other observables, and find that Bs → ττ is greatly enhanced. Second, we find
that B→ τντ , that is not studied in Ref. [53], excludes the simplest setup for the explanation
of RD(∗) . We rescue the possibility by adding one more interaction. Third, we investigate the
LHC implication of the model with the help of the public tool HighPT [56]. We conclude
that signals with two oppositely charged τ leptons in the final states will also probe the
interesting parameter region in the near future.

The outline of the paper is given as follows. In Sec. 2 we introduce the working model
for the V2 LQ and summarize the model parameters. In Sec. 3 we discuss the relevant flavor

#4See Ref. [33] for the explicit definitions.
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observables and investigate the phenomenology. Then we also consider the constraint from
the LHC and discuss the future prospect. Sec. 4 is devoted to summary and discussion.

2 Model setup

In this section we introduce the working model and four-fermi interactions relevant to the
phenomenology.

2.1 Simplified model with the V2 LQ

We shall consider an extended SM model with a SU(2)L doublet vector LQ, V2. The charge
assignment of V2 is (SU(3)c, SU(2)L, U(1)Y ) = (3, 2, 5/6) and the field is described as

V2 =

V4/3
2

V1/3
2

 , (2.1)

where the electromagnetic charges of the upper and lower component are 4/3 and 1/3,
respectively. This charge assignment is the same as that of a X boson in the SU(5) grand
unified theory (GUT). In this paper we do not specify the UV completion, and simply assign
τ number and mass to this doublet. As a result, a disastrous rapid proton does not occur
since the di-quark coupling is forbidden by the τ number conservation.

Under this assumption the couplings between V2 and SM fermions relevant to our phe-
nomenology are given by

LV2 = hi j
1 (d

C
i γµPLLb

j)ε
abVµ,a

2 +hi j
2 (Q

C,a
i γµPRe j)ε

abVµ,b
2 +hi j

3 (Q
C
i γµPRu j)V

µ∗
2 +h.c.

(2.2)

where indices i, j and a, b are labels of flavor and SU(2)L. It is noted that those interactions
change the fermion number by 2 units: |∆F |= 2 where F = 3B+L and, B and L are baryon
and lepton numbers, respectively. By assigning the τ number to V2 we can eliminate h3

that triggers a dangerous proton decay [57–59].#5 Thanks to the τ charge assignment, the
structure of the interaction is described as

hi j
1 =


0 0 h13

1

0 0 h23
1

0 0 h33
1

 , hi j
2 =


0 0 h13

2

0 0 h23
2

0 0 h33
2

 , h3 = 0. (2.3)

Assuming that those elements are real, we consider flavor and collider phenomenology in
the next section. Now, the terms in LV2 are decomposed as

LV2 = +hi3
1 (d

C
i γµPLτ)V4/3,µ

2 −hi3
1 (d

C
i γµPLντ)V

1/3,µ
2

−hi3
2 (d

C
i γµPRτ)V4/3,µ

2 +hi3
2 (u

C
i γµPRτ)V1/3,µ

2 +h.c.. (2.4)

#5τ-flavored U1 LQ is discussed in Ref. [60].
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The mass eigenstates are given by replacing as (uL, dL)→ (V †
QuL, dL)

LV2 = +hi3
1 (d

C
i γµPLτ)V4/3,µ

2 −hi3
1 (d

C
i γµPLντ)V

1/3,µ
2

−hi3
2 (d

C
i γµPRτ)V4/3,µ

2 +(V∗
Qh2)

i3(uC
i γµPRτ)V1/3,µ

2 +h.c., (2.5)

where VQ denote Cabbibo-Kobayashi-Maskawa matrix [61, 62].

2.2 Four-fermi couplings

The interactions in Eq. (2.5) contribute to the semileptonic operators through V 4/3 and V 1/3

exchanges:

LNDSL =−
hi3

1 hk3∗
1

m2
V2

(
dkγµPRdi

)
(τγ

µPLτ)−
hi3

1 hk3∗
1

m2
V2

(
dkγµPRdi

)
(ντγ

µPLντ)

−
hi3

2 hk3∗
2

m2
V2

(
dkγµPLdi

)
(τγ

µPRτ)−
(V ∗

Qh2)
i3(V ∗

Qh2)
k3∗

m2
V2

(
ukγµPLui

)
(τγ

µPRτ)

+
2hi3

1 hk3∗
2

m2
V2

(
dkPRdi

)
(τPLτ)+

2hi3
1 (V

∗
Qh2)

k3∗

m2
V2

(ukPRdi)(τPLντ)

+
2hi3

2 hk3∗
1

m2
V2

(
dkPLdi

)
(τPRτ)+

2(V ∗
Qh2)

i3hk3∗
1

m2
V2

(
dkPLui

)
(ντPRτ) , (2.6)

where the masses of V4/3
2 and V1/3

2 are assumed to be degenerate and mV2 denotes the LQ
mass. We categorize these four-fermi interactions, based on the induced processes:

(i) down type neutral current (τ),

(ii) down type neutral current (ντ ),

(iii) up type neutral current,

(iv) charged current.

Our main goal of this paper is to find the correlation between RD(∗) , to which h33
1 × h23∗

2
dominantly contributes, and other observables. We introduce the following hierarchical
coupling structure,

hi j
1 =


0 0 ε

0 0 ε

0 0 O(1)

 , hi j
2 =


0 0 ε

0 0 O(1)

0 0 ε

 , (2.7)

where ε is a small dimensionless parameter.
It is noted that |hi3

1,2|2 does not trigger lepton flavor violating processes, although it
is important in collider phenomenology as we will see later. At O(ε0), we focus on the
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combination of h33
1 h23∗

2 , that contributes to categories (i) and (iv). At O(ε1), we have 8
combinations that involve all of four categories. Those 9 combinations and the relevant
flavor processes are summarised in Tab. 1. Below, we summarize the parameterizations in
the four categories.

(i) Down type neutral current (τ)

In the categories (i), the induced operators are

Hτ
eff =−

αGFVtdiV
∗

tdk√
2π

(
Cki

S Oki
S +Cki′

S Oki′
S +Cki

P Oki
P +Cki′

P Oki′
P

+Cki
9 Oki

9 +Cki′
9 Oki′

9 +Cki
10Oki

10 +Cki′
10Oki′

10

)
+h.c., (2.8)

where

Oki
S = (dkPRdi)(ττ), Oki

P = (dkPRdi)(τγ5τ),

Oki
9 = (dkγµPLdi)(τγ

µ
τ), Oki

10 = (dkγµPLdi)(τγ
µ

γ5τ), (2.9)

and the primed operators are obtained by exchanging PL ↔ PR. Matching onto the WCs at
the LQ scale is

Cki
S =−Cki

P =

√
2π

αGFVtdiV
∗

tdk

hi3
1 hk3∗

2
m2

V2

, Cki′
S =Cki′

P =

√
2π

αGFVtdiV
∗

tdk

hi3
2 hk3∗

1
m2

V2

,

Cki
9 =Cki

10 =− π√
2αGFVtdiV

∗
tdk

hi3
2 hk3∗

2
m2

V2

, Cki′
9 =−Cki′

10 =− π√
2αGFVtdiV

∗
tdk

hi3
1 hk3∗

1
m2

V2

. (2.10)

The relative factor of 2 and sign difference between scalar and vector operators come from
the Fierz identities. It is noted that h1 ×h1 and h2 ×h2 contribute to vector operators while
h1 ×h2 contributes to scalar operators. As we will see below, we find that the scalar opera-
tors are correlated with the charged current, while vector operators are independent of RD(∗)

because of the structure. We note that there is a chirality enhancement in purely leptonic
meson decays with the contribution of the scalar operators.

(ii) Down type neutral current (ντ)

The induced operators involving ντ are

Hν
eff =−

√
2GFα

π
VtdiV

∗
tdk

Cki
R
(
diγ

µPRdk
)(

ντγµPLντ

)
, (2.11)

where

Cki
R =−

hi3
1 hk3∗

1
m2

V2

π√
2GFαVtdiV

∗
tdk

. (2.12)
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Coupling product V4/3
2 V1/3

2

h33
1 ×h23∗

2

(i) b → sττ̄ (iv) b → cτντ

Bs → ττ , B → Kττ
B → D(∗)τντ

Bc → τντ , Bu → τντ

h33
1 ×h13∗

2

(i) b → dττ̄ (iv) b → uτντ

Bd → ττ , B → πττ
B → D(∗)τντ

Bu → τντ , B → πτντ

h33
1 ×h33∗

2
(i) bb̄ → ττ (iv) t → bτντ

ϒ(nS)→ ττ —

h33
1 ×h13∗

1
(i) b → dττ (ii) b → dντντ

Bd → ττ , B → πττ Bd → νντ , B → πντντ

h33
1 ×h23∗

1
(i) b → sττ (ii) b → sντντ

Bs → ττ , B → Kττ Bs → ντντ , B → Kντντ

h13
1 ×h23∗

2
(i) s → dττ (iv) c → dτντ

— Dd → τντ

h23
1 ×h23∗

2
(i) ss → ττ (iv) c → sτντ

— Ds → τντ

h13
2 ×h23∗

2
(i) s → dττ (iii) c → uττ

— —

h33
2 ×h23∗

2
(i) b → sττ (iii) t → cττ

Bs → ττ , B → Kττ —

Table 1. Summary table for the relevant flavor processes. In the first row we list up the category and
parton level processes and if it exists mesonic in the second row. Processes with the strikethrough
are prohibited by the symmetry argument or suppressed by the neutrino mass.
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The combination of hi3
1 hk3∗

1 contributes to this category mediated by the V 1/3 LQ and only
vector operators are generated. As a result M1 → ντντ process is suppressed by the neutrino
mass and negligible in our setup where M denotes a meson. Therefore we focus on M1 →
M2ντντ .

(iii) Up type neutral current

The h2×h2 combination only gives the operators involving τ and up-type quarks. h23
2 ×h33∗

2
and h23

2 ×h13∗
2 induce tcττ and cuττ vector operators respectively. Regarding the latter in-

teraction, it is difficult to obtain the constraint at the tree level in flavor physics because of
the heavy τ mass with respect to the charm mass. Although t → cττ transition is kinemat-
ically allowed, the experimental sensitivity is several orders away from the prediction even
at the high luminosity (HL) LHC [64]. Therefore we will not discuss the physics induced
by those terms anymore.

(iv) Charged current

Finally, we discuss the charged current involving τ . This interaction contributes to RD(∗) ,
and described by the h1 ×h∗2 combination. The resulting semitauonic scalar operator is

HCSR = 2
√

2GFVkiC
ukdi
SL

(ukPRdi)(τPLντ). (2.13)

where the coefficient at the LQ scale, µLQ, is evaluated as

Cukdi
SR

(µLQ) =−∑
n

V kn
Q√

2GFV ki
Q

hi3
1 hn3∗

2
m2

V2

. (2.14)

We note that i = 3, k = 2 corresponds to Eq. (1.2). The operator triggers M−
1 → τντ and

M1 → M2τντ decays. It is noted that the former again receives the chirality enhancement
while the enhancement in the case with M1 = D(s) is moderate due to mD(s) ≃ mτ .

3 Phenomenology

In this section, we discuss the phenomenology in this model, assuming the LQ couplings
are aligned as in Eq. (2.7). In Sec. 3.1, we study the processes where our predictions
are not suppressed by ε nor CKM λ in the Wolfenstein parameterization [63]. The LHC
phenomenology of O(ε0) will be given in Sec. 3.2. In Sec. 3.3, we discuss our predictions
at O(ε0) and O(λ ). Finally the O(ε) phenomenology is given in Sec. 3.4.

3.1 Flavor phenomenology at O(ε0) and O(λ 0)

First of all, we consider the b → cτν̄τ transition corresponding to the category (iv). As
discussed above, the semileptonic charged current is generated by the V1/3

2 exchange, and

7



it is proportional to h33
1 ×h23∗

2 . The induced operator, OSR , at the LQ scale is evaluated as

Ccb
SR
(µLQ) ≃ 0.18

(
2TeV
mV2

)2(h33
1 h23∗

2
−0.5

)
. (3.1)

We adopt the generic formula given in Ref. [23] for the prediction of RD(∗) . It is known that
the imaginary part of CSR is not helpful to fit the current RD(∗) result and hence we assume
those couplings to be real. The constraint on WC from high-pT di-τ search, which we see
later in this section, is almost independent of the LQ scale. As a benchmark, we set the
LQ mass to mV2 = 2TeV. To connect the coefficient to the B meson scale, µb = 4.2 GeV,
we use the renormalization group evolution (RGE) for the dimension-six operators at the
QCD next-to-leading and the electroweak leading orders including the top-quark threshold
corrections [65–68]. We also include the QCD one-loop matching corrections [69]. As a
result we approximately obtain

CSR(µb) = 2.0CSR(µLQ). (3.2)

Thanks to the LHCb downward (upward) shift of RD∗ (RD), we find that CSR can explain the
anomaly within 2σ .

Next we consider the Bs → ττ decay, that is predicted by the operators in the category
(i). This process is correlated with RD(∗) in our model. Using the operators in Eq. (2.9) the
branching ratio is given as

BR(Bs → ττ) =
τBs f 2

Bs
mBsG

2
Fm2

τα2|VtbVts|2

16π3

√
1− 4m2

τ

m2
Bs

×
∣∣∣∣∣(Csb

10 −Csb′
10 )+

m2
Bs

2mbmτ

(Csb
P −Csb′

P )

∣∣∣∣∣
2

+
m4

Bs

4m2
bm2

τ

(
1− 4m2

τ

m2
Bs

)∣∣∣Csb
S −Csb′

S

∣∣∣2
 .

(3.3)

We note that the coefficient in the SM is estimated as Csb,SM
10 (µb) = −4.3 [70, 71]. In our

model, the scalar semileptonic operator is induced at the tree level, so that the leptonic
meson decay has the chirality enhancement. Currently the LHCb with Run 1 data sets the
leading upper limit on the decay as [72]

BR(Bs → ττ̄)≤ 6.8×10−3. (3.4)

The future prospects of the Run 3 and the HL LHC are estimated in Ref. [73]: compared to
the current bound the sensitivities will be improved by factor of 5 and 13, respectively.

It is noted that other LQ, S1, R2 and U(2) flavored U1 do not contribute to a single scalar
operator. Given that RD(∗) anomaly is explained by OSR in the V2 LQ scenario, the coupling
product, h33

1 ×h23
2 , should be sizable. As shown in Eqs. (2.10) and (3.3), the sizable h33

1 ×h23
2

enhances BR(Bs → ττ), so that it is a key prediction to test this model. This correlation has

8



Figure 1. Correlation between RD(∗) and BR(Bs → ττ) is shown. Colored lines are prediction of V2

LQ model. The star mark corresponds to the SM prediction. Blue dotted lines are excluded by the
Bs → ττ measurement. Blue solid lines (red solid lines) will be probed at Run 3 (HL LHC). 1, 2, 3σ

contours for RD(∗) are shown in black.

not been pointed out in the previous works to our best knowledge. In Fig. 1, we show the
correlation between RD(∗) and BR(Bs → ττ). The colored line is the model prediction. Blue
dashed region is excluded by the current Bs → ττ constraint. Blue and red solid lines are
expected to be probed at the Run 3 and the HL LHC. The green would not be uncovered.
We see that the Run 3 and the HL LHC data will be the interesting probe of the 2 σ region.
For the SM prediction that is depicted by a star symbol, we adopt the latest HFLAV2023
average of RD = 0.298 and RD∗ = 0.254.#6

The same semitauonic scalar operator which again corresponds to the category (iv)
largely enhances Bc → τντ branching ratio. Although RD∗ is not largely deviated from
the SM prediction, RD∗ and BR(Bc → τντ) has a correlation:

BR(Bc → τντ) = BR(Bc → τντ)SM

∣∣∣∣∣1+ m2
Bc

mb +mc
Ccb

SR

∣∣∣∣∣
2

, (3.5)

where BR(Bc → τντ)SM ≃ 0.022 [23]. In the numerical evaluation, mb = 4.18 GeV and
mc(mb) = 0.92 GeV are used. The upper bound of the coupling product from BR(Bs → ττ)

indirectly set that of BR(Bc → τντ) as

BR(Bc → τν)≤ 8%. (3.6)

This satisfies the current conservative limit, BR(Bc → τντ)≲ 60% [31] while future lepton
colliders can test the SM prediction at O(1)% accuracy [77–79].

#6It is noted if we rely on the Lattice predictions of RD = 0.299 and RD∗ = 0.265 [7, 25, 74], where RD∗ is
shifted by 0.01, the model prediction goes through the 1 σ region. On the other hand, if we adopt RD = 0.290
and RD∗ = 0.248 [2] where the form factor is also fitted also with full angular data from the Belle [75,76], the
V2 prediction contour goes though the 2 σ region.
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Figure 2. The contributing Feynman diagrams for ττ final state at the LHC. Both V4/3
2 (left) and

V1/3
2 (right) contribute to the high-pT signature.

The coupling product also contributes to Bs → Kττ corresponding to the category (i).
The current limit announced by the BaBar collaboration is BR(Bs → Kττ) ≤ 2.25×10−3

[80] where the SM prediction is O(10−7) [81]. Unlike Bs → ττ and Bc → τντ , the en-
hancement is not significant due to a lack of the chirality enhancement and hence we skip
this channel.

3.2 LHC phenomenology at O(ε0)

Since the LQ has a TeV-scale mass, the direct search at the LHC is a powerful tool to
probe the scenario. V2 is pair-produced by the strong interaction at the hadron collider.
Depending on the subsequent decays, we can set the lower limit on the V2 mass. The sizable
h33

1 and h23
1 respectively lead the following decays: V1/3

2 → bντ , V4/3
2 → bτ , V1/3

2 → cτ and
V4/3

2 → sτ . The LQ mass has been directly constrained as MLQ ≳ 1.5TeV from the searches
for the LQ pair-production [82–85]. Furthermore, it is known that the high-pT region is
important to prove the new physics scenario that explains the RD(∗) anomaly [41, 86–94].
In our model, V4/3

2 also contributes to the di-τ final state, so that the searches for di-τ with
high-pT [95, 96] provide the better probe than the τν searches studied in Refs. [97–100].
See Fig. 2 for the contributing Feynman diagrams. We study the bounds from the di-τ
and mono-τ signatures at the LHC. We constructed the χ2 function based on the high-pT

bins of Refs. [96, 100] using HighPT [56] as a function of couplings and draw the upper
bounds on the LQ couplings where mV2 = 2TeV is fixed. It is found that the mediator mass
dependence in di-τ final state is mild in terms of the four-fermi interactions. We note that
the study of the interplay between RD(∗) and collider physics in this model has not been
done before.

In Fig. 3 solid and dotted purple lines show the current bound and future prospect of
the LHC experiment, respectively. The shaded region is excluded. We overlaid the current
constraint and future sensitivity of the Run 3 and the HL LHC from Bs → ττ with solid,
dashed and dotted blue lines. The regions favored by RD(∗) are shown in orange and yellow:
χ2 ≤ 6.18 (orange) and χ2 ≤ 11.83 (yellow). We see that the Run 3 Bs → ττ will test
the whole orange region and at the HL LHC, both high-pT and the B-factory probe the
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Figure 3. RD(∗) favored region, constraint from Bs → ττ and di-τ searches at the LHC are shown on
h33

1 vs. h23
2 . We fixed the V2 LQ mass to 2 TeV. Orange and yellow regions correspond to χ2 ≤ 6.18

(orange) and χ2 ≤ 11.83 (yellow) for the RD(∗) data, respectively. Blue shaded region is excluded by
the current Bs → ττ and dashed and dotted contours denote the future prospect for the Run 3 and
HL LHC. Purple shaded region is also excluded by the high-pT di-τ searches at the LHC. The future
projection is shown in the dotted contour.

remaining interesting parameter region.
We briefly summarize the difference in the prediction of the other LQ scenarios:

• BR(Bs → ττ) is largely enhanced, while, for instance, it is not in the S1 LQ case.
Although R2 and U(2) flavored U1 LQ enhance BR(Bs → ττ), the former (latter)
has CT (CVL) contribution in RD(∗) too. Therefore the degree of the enhancement
in BR(Bs → ττ) is mild for the other LQs. Since the coupling strength to explain
the deviation is larger than the U1 LQ model, we can test this scenario with smaller
amount of the data.

• Furthermore, as is shown in Ref. [55], polarization observables in B → D(∗)τντ are
helpful to distinguish those scenarios. Especially τ polarization will be a key observ-
able.

• The larger signal rate in di-τ is predicted at the LHC, compared to the U1 LQ. This
is because that the larger couplings are necessary to explain RD(∗) , and both V4/3

2 and
V1/3

2 contribute to the processes. Therefore the LHC data in high-pT di-τ channel
will be very important to probe the model.
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Figure 4. χ2(RD, RD∗) and RBu as a function of Ccb
SR
(µb). Ccb

SR
= (0.88+ 2.45i)Cub

SR
is fixed for RBu .

The meaning of the color is the same as in Fig. 1. The blue dashed line is excluded by the current
bound from Bs → ττ . The shaded cyan region is excluded by the current Bu → τντ .

3.3 Flavor phenomenology at O(ε0) and O(λ 1)

The leptonic B meson decay, Bu → τντ , also constrain our model.#7 This decay is enhanced
by the scalar operator, although it is suppressed by an off-diagonal CKM element. Similar
to the Bc decay, we can derive the numerical formula as

BR(Bu → τντ) = BR(Bu → τντ)SM

∣∣∣1+3.75Cub
SR

∣∣∣2 . (3.7)

The SM prediction is estimated as BR(Bu → τντ)SM ≃ 0.95× 10−4 with |Vub| = 0.409×
10−2.#8 Cub

SR
at the LQ scale is estimated as

Cub
SR
(µLQ)≃ (0.15+0.44i)

(
2TeV
mV2

)2(h33
1 h23∗

2
−0.5

)
. (3.8)

It is noted that the coefficient in Eq. (3.8) is bigger than that of Eq. (3.1) because of the
factor of (VcbVus)/Vub = 0.84+2.46i.

The current experimental world average is BR(Bu → τντ)= (1.09±0.24)×10−4 [101].
There is a notorious discrepancy between the inclusive and the exclusive determinations:
|Vub|inc = 4.25(1±0.07)×10−3 and |Vub|exc = 3.70(1±0.04)×10−3. Therefore, we assign
14% uncertainty to the SM amplitude. On the other hand, the experimental result has 22%
uncertainty. Combining those uncertainties at 2σ , we allow 70% uncertainty and set the
following criteria:

RBu =
BR(Bu → τντ)

BR(Bu → τντ)SM
≤ 1.7. (3.9)

#7This constraint has not been pointed out in the previous work [53].
#8This is the average of inclusive and exclusive Vub.
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Figure 5. The contributing Feynman diagrams for ττ final state at the LHC in the presence of non-
vanishing h13

2 , h23
2 , h33

1 . In addition the one in Fig. 2, h13
2 induces dd → ττ and uu → ττ processes

mediated by V4/3
2 and V1/3

2 .

It is noted that the following observables,

Rpl =
BR(Bu → τντ)

BR(Bu → µνµ)
, Rps =

Γ(Bu → τντ)

Γ(Bd → π+lν l)
(3.10)

are free from Vub and useful to test the NP [102]. The corresponding SM predictions are
RSM

pl = 222 and RSM
ps = 0.54±0.04.#9 The current experimental constraint is given as Rexp

ps =

0.73±0.14 while Rps is not measured due to the large uncertainty in BR(Bu → µνµ) [103].
At 2σ level, this leads to RBu ≲ 2, that is weaker than the constraint in Eq. (3.9).

The Belle II with 50 ab−1 of the data will measure Rpl and Rps at 12% and 7% at 1σ .
Even if we adopt the current theoretical uncertainty for Rps to be conservative, we obtain
the similar uncertainty. It is noted that in our model, the modification of the denominator
mode is negligible and hence the uncertainty of the ratio corresponds to the sensitivity to
BR(Bu → τντ).

In Fig. 4 we show χ2 for RD and RD∗ . The meaning of color and style of lines are the
same as in Fig. 1. The current conservative exclusion of Eq. (3.9) is shown in cyan region. It
is seen that Bu → τντ is more sensitive to h33

1 ×h23∗
2 than Bs → ττ . This figure clearly shows

that the interesting parameter space is already excluded by the current result of RBu . This
bound, however, can be relaxed by sizable other LQ couplings, as discussed in Sec. 3.4.

3.4 O(ε) phenomenology

In this section, we investigate O(ε) contributions and derive the upper limit on the coupling
products. As is summarized in Tab. 1, there are several processes to be discussed.

First, we consider h13
2 contribution. If h13

2 is sizable, the coupling contributes to Bu →
τντ . The contribution to Cub

SR
is expressed as

Cub
SR
(µLQ) =− 1√

2GFV cb
Q

h33
1

(
V 11

Q h13∗
2 +V 12

Q h23∗
2

)
m2

V2

. (3.11)

#9The large part of the uncertainty comes from B → π transition form factor [102].
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Figure 6. The color code is the same as in Fig. 3. Additionally, cyan and light green regions show
the exclusion from Bu → τντ and Bd → ττ . Their future prospects are also shown in dotted lines.

If h13∗
2 = −V 12

Q /V 11
Q h23∗

2 ≃ −0.23h23∗
2 is satisfied, Cub

SR
can be enough small to evade the

bound from RBu mentioned above and rescue the solution.
The tree-level exchange of the LQ induces Bd → ττ , and the amplitude is proportional

to h33
1 × h13∗

2 . The Bd → ττ contribution has a chirality enhancement, so that it gives a
strong bound. The current experimental upper limit is BR(Bd → ττ)≤ 2.1×10−3 at 95 %
CL. [101] and the Belle II experiment is expected to probe BR(Bd → ττ) ≃ 9.6× 10−5

[103]. We note that B → πτντ is also induced by the same operator but the bound is
weak. In addition, cuττ and sdττ four-fermi interactions are lead by the tree-level LQ
exchange and the coefficients are proportional to h13

2 × h23∗
2 . The couplings, however, do

not predict rare meson decays since τ mass does not allow decay processes such as D → ττ

nor D → πττ .#10

Our numerical analysis shows that the RD(∗) anomaly can be explained within 2σ , if
h33

1 ×h23∗
2 is fixed within [−0.29,−0.12] when mV2 = 2TeV. Let us define the ratio of h13

2
to h23

2 as h13
2 = −λ uch23

2 . This ratio is limited by Bu → τντ . When h33
1 × h23∗

2 is around
−0.29 (−0.12), λ uc should satisfy 0.07 ≲ λ uc ≲ 0.57 (0.16 ≲ λ uc ≲ 0.37) to evade the
Bu → τντ bound. In the future, the Belle II experiment could improve the bound and this
range could be reduced to be 0.20 ≲ λ uc ≲ 0.34 (0.16 ≲ λ uc ≲ 0.48) if the experimental
central value does not change [103].

h13∗
2 also contributes to Ccb

SR
as

Ccb
SR
(µLQ) =− 1√

2GFV ub
Q

h33
1

(
V 22

Q h23∗
2 +V 21

Q h13∗
2

)
m2

V2

, (3.12)

although it is suppressed by V 21
Q . Besides, h13

2 also contributes to dd → ττ and uu → ττ

processes at the LHC as shown in Fig. 5.
#10The one-loop contribution contributes to K −K mixing, but the abound is not so tight since there is no

chirality enhancement as long as h13
1 × h23∗

1 is small. Furthermore for the correct loop calculation, we need
the UV model and hence we limit ourselves to focus on the tree level phenomenology in this paper. We will
come back to this point in Sec. 4.
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Figure 7. The correlation of prediction is shown as a function of Ccb
SR
(µb) fixing λ uc = 0.16 (left),

0.23 (middle) and 0.37 (right). χ2(RD, RD∗), RBu is shown in black and cyan. BR(Bs → ττ)× 103

and BR(Bd → ττ)×104 are shown in blue and light green lines. The current exclusion is shown in
each color. The future prospect is shown in dotted line.

In Fig. 6, λ uc is fixed at λ uc = 0.16, 0.23, 0.37 on the left, middle and right panels,
respectively. To see the prediction to motivate future experiments, the correlation among
χ2(RD,RD∗), RBu , BR(Bs → ττ)×103 and BR(Bd → ττ)×104 is shown in Fig. 7. We see
that in addition to Bs → ττ , Bd → ττ plays an important role in the probe when λ uc = 0.23
and 0.37. When λ uc = 0.16 and 0.37, the future RBu measurement can probe the best fit
point of the model. On the other hand, RBu is suppressed when λ uc = 0.23, because of the
cancellation mentioned above. We note that that real h33

1 × h23∗
2 is favored by the current

RD(∗) measurement. If h33
1 ×h13∗

2 is also real, we obtain the prediction for RBu as 0.89 ≲ RBu ,
due to the relative phase between the SM amplitude and V2 amplitude. We note that the
collider reach is also mildly extended with the inclusion of non-vanishing h13

2 .
We investigate the phenomenological impact of other couplings. As shown in Tab. 1,

sizable h13
1 and h23∗

2 couplings predict the contributions to the leptonic D meson decays:
Dd,s → τντ , corresponding to the category (iv). To study the bounds numerically, we define

RDd =
BR(Dd → τντ)

BR(Dd → τντ)SM
=
∣∣∣1+1.47Ccd

SR

∣∣∣2 , (3.13)

and

RDs =
BR(Ds → τντ)

BR(Ds → τντ)SM
=
∣∣1+1.72Ccs

SR

∣∣2 , (3.14)

where BR(Dd → τντ)SM ≃ 1.06× 10−3 and BR(Ds → τντ)SM ≃ 5.2× 10−2. The nu-
merical estimations are obtained using |Vcd|= 0.221±0.004, |Vcs|= 0.975±0.006 [101],
fD = 0.2120±0.007 GeV and fDs = 0.2499±0.005 GeV [3]. Compared to Bu and Bc de-
cays, those enhancement factors are small where mc(mc) = 1.27 GeV is used. Ccs

SR
is given

by Eq. (2.14), and proportional to h13
1 ×h23∗

2 .
There are experimental results of those decays: BR(Dd → τντ)exp = (1.20± 0.27)×

10−3 and BR(Ds → τντ)exp = 5.32± 0.11% [101]. Furthermore, the BES III experiment
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reports the recent result [104]: BR(Dd → τντ)/BR(Dd → µνµ) = 3.21(1±0.24) where the
SM prediction is 2.67. When we require Ccs

SR
to satisfy 0.5 ≤ BR(Dd → τντ)/BR(Dd →

τντ)SM ≤ 1.5 and 0.95 ≤ BR(Ds → τντ)/BR(Ds → τντ)SM ≤ 1.05, we obtain

−1.3 ≲ h13
1 ×h23∗

2 ≲ 1.1, −0.46 ≲ h23
1 ×h23∗

2 ≲ 0.48. (3.15)

Sizable h13
1 and h23

1 enhances or suppresses B → K(∗)ντντ and B → πντντ correspond-
ing to the category (ii). The contributions of the LQ exchange are proportional to h33

1 ×h23∗
1

and h33
1 × h13∗

1 , respectively.#11 The LQ contributions correspond to the vector operators.
It is conventional to define the ratio as Rν

M1
= BR(B → M1νν)/BR(B → M1νν)SM. The

Belle collaboration has provided an upper bound as Rν
K∗ ≤ 2.7 and Rν

K ≤ 3.9 at the 90%
CL. [105]. The Belle II could measure the SM prediction with 10% accuracy [103]. Fol-
lowing Ref. [106], those ratios are expressed as

Rν
K∗ = (1−2ην)ε

2
ν , Rν

K = (1+κνηνν)ε
2
ν , (3.16)

where

εν =

√
|CSM

L |2 + |Cbs
R |2

|CSM
L |

, ην =
−Re

(
CSM

L Cbs∗
R
)

|CSM
L |2 + |Cbs

R |2
, (3.17)

and κν = 1.34±0.04 with CSM
L ≃−6.35. Similarly the current upper limit on B → πνν is

approximately given as

Rν
π ≲ 6000, (3.18)

using the SM prediction of BR(B0 → π0νν)SM = (5.4±0.6)×10−8 [107] and the current
experimental constraint, BR(B0 → π0νν) ≤ 0.9× 10−5 at 90% C.L. [101]. Those upper
bounds lead to

−0.27 ≲ h33
1 ×h23∗

1 ≲ 0.21, −3.7 ≲ h33
1 ×h13∗

1 ≲ 3.7. (3.19)

We find that the constraints from Bd → ττ and Bs → ττ lead to −1.8 ≲ h33
1 × h13∗

1 ≲ 1.8
and −2.65 ≲ h33

2 ×h23∗
2 ≲ 2.65.

The bounds on the coupling products are summarized in Tab. 2. We see that there are
several combinations that are allowed to be O(1). Especially, it is not easy to constrain
h33

1 × h13∗
1 , h13

2 × h23∗
2 and h33

2 × h23∗
2 using tree level processes. In other words h33

2 and
h13

1 can be of order 1 while h13
2 and h23

1 should be somewhat smaller. We may obtain
strong bounds considering one-loop contributions. Such a higher-order contribution usually
involves extra fields in the loop, so a concrete setup needs to be taken into account.

Finally, we discuss the bound from the collider experiments. When h13
1 and h13

2 , that cor-
respond to the couplings involving light quarks, are sizable, our model can be constrained

#11We find that B → K(∗)ττ and B → πττ are less constraining compared to Bs → ττ [81]. In fact, the bound
on B → πττ is not available in PDG [101].
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Coupling product bound

h33
1 ×h23∗

2 [−0.28, −0.12]

h33
1 ×h13∗

2 [−0.02, 0.04]

h33
1 ×h33∗

2 —

h33
1 ×h13∗

1 [−1.8, 1.8]

h33
1 ×h23∗

1 [−0.27, 0.21]

h13
1 ×h23∗

2 [−1.3, 1.1]

h23
1 ×h23∗

2 [−0.46, 0.48]

h13
2 ×h23∗

2 —

h33
2 ×h23∗

2 [−2.65, 2.65]

Table 2. Summary table for the non-LHC bound on the coupling product assuming mV2 = 2TeV.

by the collider searches further. We study the bounds from the di-τ and mono-τ signatures
at the LHC by repeating the procedure explained in Sec. 3.2. As shown in Figs. 5, the t-
channel diagrams given by the exchange of the LQ induce di-τ signatures. Analogously
we have t-channel diagrams contributing to mono-τ signature. Based on Run 2 full data we
derive the upper limit on the coupling at 2σ as follows :

|h13
1 | ≤ 0.55, |h13

2 | ≤ 0.51, |h23
1 | ≤ 1.01, |h23

2 | ≤ 0.93,

|h33
1 | ≤ 1.60, |h33

2 | ≤ 1.66. (3.20)

In this analysis, we turn on the only one coupling assuming that the other couplings are
vanishing. We see that h13

1,2 coupling can be at most 0.5. Also we can set the upper limit
on the least constrained h33

2 with LHC data. This collider constraint is complementary to
the flavor constraint. We introduce a Yukawa texture, that respects the τ number, as an
illustration:#12

hi j
1 ≃


0 0 O(10−3)

0 0 O(10−2)

0 0 O(1)

 , hi j
2 ≃


0 0 −0.23h23

2

0 0 O(1)

0 0 O(0.1)

 . (3.21)

4 Summary and discussion

In this paper we studied phenomenology of the model with isodoublet vector LQ, V2. In
light of the recent result of RD(∗) , the LQ becomes very interesting. χ2(RD, RD∗) can be

#12We note that h33
2 could be sizable as shown in Table 2.
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as small as 3.7 in this model and the minimal coupling scenario predicts that Bs → ττ is
within the reach of the Run 3 LHCb measurement. In the minimal setup, Bu → τντ is
deviated from the SM prediction, so that the setup is excluded. This bound can be evaded
by introducing another flavor violating coupling to the large contribution to Bu → τντ . We
conclude that there are setups that are consistent with the experimental results related to the
flavor physics as well as the high-pT signals.

We only discussed the tree-level contributions induced by the V2 exchange. The LQ
mass is not large, so it may be necessary to take into account the one-loop corrections in-
volving V2. The study, however, would requires a complete model since the loop diagrams
involve extra fields e.g. extra fermions and scalars in general and the contributions would
not be negligible [108]. It would be challenging to construct a complete model with V2,
since the constraint from the lifetime of proton is very strong and a specific parameter setup
is required to explain the RD(∗) anomaly. The quantum number of V2 is the same as X boson
in the SU(5) GUT. We could, for instance, consider the model where the SU(5) unification
is realized in only one generation: the fields in the other generations are charged under
G′

SM =SU(3)×SU(2)×U(1). The SM gauge symmetry is given by the linear combination
of G′

SM and the subgroups of SU(5). If SU(5)×G′
SM breaks down to the SM gauge sym-

metry at the low scale, V2 would arise as a massive gauge boson with a light mass. The
couplings of V2 with light fermions may be suppressed in such a model, but we need further
detailed study [109].
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[67] M. González-Alonso, J. Martin Camalich, and K. Mimouni, “Renormalization-group
evolution of new physics contributions to (semi)leptonic meson decays,” Phys. Lett. B 772
(2017) 777–785 [arXiv:1706.00410].

[68] J. Aebischer, M. Fael, C. Greub, and J. Virto, “B physics Beyond the Standard Model at One
Loop: Complete Renormalization Group Evolution below the Electroweak Scale,” JHEP 09
(2017) 158 [arXiv:1704.06639].

[69] J. Aebischer, A. Crivellin, and C. Greub, “QCD improved matching for semileptonic B
decays with leptoquarks,” Phys. Rev. D 99 (2019) 055002 [arXiv:1811.08907].

[70] C. Bobeth, M. Misiak, and J. Urban, “Photonic penguins at two loops and mt dependence of
BR[B → Xsl+l−],” Nucl. Phys. B 574 (2000) 291–330 [hep-ph/9910220].

[71] T. Huber, E. Lunghi, M. Misiak, and D. Wyler, “Electromagnetic logarithms in
B̄ → Xsl+l−,” Nucl. Phys. B 740 (2006) 105–137 [hep-ph/0512066].

[72] LHCb Collaboration, “Search for the decays B0
s → τ+τ− and B0 → τ+τ−,” Phys. Rev. Lett.

118 (2017) 251802 [arXiv:1703.02508].

[73] LHCb Collaboration, “Physics case for an LHCb Upgrade II - Opportunities in flavour
physics, and beyond, in the HL-LHC era.” arXiv:1808.08865.

[74] MILC Collaboration, “B→Dℓν form factors at nonzero recoil and —Vcb— from 2+1-flavor
lattice QCD,” Phys. Rev. D 92 (2015) 034506 [arXiv:1503.07237].

[75] Belle Collaboration, “Precise determination of the CKM matrix element |Vcb| with
B̄0 → D∗+ ℓ− ν̄ℓ decays with hadronic tagging at Belle.” arXiv:1702.01521.

[76] Belle Collaboration, “Measurement of the CKM matrix element |Vcb| from B0 → D∗−ℓ+νℓ at
Belle,” Phys. Rev. D 100 (2019) 052007 [arXiv:1809.03290]. [Erratum: Phys.Rev.D
103, 079901 (2021)].

[77] T. Zheng, et al., “Analysis of Bc → τντ at CEPC,” Chin. Phys. C 45 (2021) 023001
[arXiv:2007.08234].

[78] Y. Amhis, M. Hartmann, C. Helsens, D. Hill, and O. Sumensari, “Prospects for B+
c → τ+ντ

at FCC-ee,” JHEP 12 (2021) 133 [arXiv:2105.13330].

23

https://dx.doi.org/10.1007/JHEP07(2019)025
https://arxiv.org/abs/1812.08484
https://dx.doi.org/10.1007/JHEP01(2014)035
https://arxiv.org/abs/1310.4838
https://dx.doi.org/10.1007/JHEP04(2014)159
https://arxiv.org/abs/1312.2014
https://dx.doi.org/10.1016/j.physletb.2017.07.003
https://dx.doi.org/10.1016/j.physletb.2017.07.003
https://arxiv.org/abs/1706.00410
https://dx.doi.org/10.1007/JHEP09(2017)158
https://dx.doi.org/10.1007/JHEP09(2017)158
https://arxiv.org/abs/1704.06639
https://dx.doi.org/10.1103/PhysRevD.99.055002
https://arxiv.org/abs/1811.08907
https://dx.doi.org/10.1016/S0550-3213(00)00007-9
https://arxiv.org/abs/hep-ph/9910220
https://dx.doi.org/10.1016/j.nuclphysb.2006.01.037
https://arxiv.org/abs/hep-ph/0512066
https://dx.doi.org/10.1103/PhysRevLett.118.251802
https://dx.doi.org/10.1103/PhysRevLett.118.251802
https://arxiv.org/abs/1703.02508
https://arxiv.org/abs/1808.08865
https://dx.doi.org/10.1103/PhysRevD.92.034506
https://arxiv.org/abs/1503.07237
https://arxiv.org/abs/1702.01521
https://dx.doi.org/10.1103/PhysRevD.100.052007
https://arxiv.org/abs/1809.03290
https://dx.doi.org/10.1088/1674-1137/abcf1f
https://arxiv.org/abs/2007.08234
https://dx.doi.org/10.1007/JHEP12(2021)133
https://arxiv.org/abs/2105.13330


[79] M. Fedele, et al., “Prospects for B+
c and B+ → τ+ντ at FCC-ee.” arXiv:2305.02998.

[80] BaBar Collaboration, “Search for B+ → K+τ+τ− at the BaBar experiment,” Phys. Rev.
Lett. 118 (2017) 031802 [arXiv:1605.09637].

[81] B. Capdevila, A. Crivellin, S. Descotes-Genon, L. Hofer, and J. Matias, “Searching for New
Physics with b → sτ+τ− processes,” Phys. Rev. Lett. 120 (2018) 181802
[arXiv:1712.01919].

[82] CMS Collaboration, “Search for heavy neutrinos and third-generation leptoquarks in
hadronic states of two τ leptons and two jets in proton-proton collisions at

√
s = 13 TeV,”

JHEP 03 (2019) 170 [arXiv:1811.00806].

[83] ATLAS Collaboration, “Searches for third-generation scalar leptoquarks in
√

s = 13 TeV pp
collisions with the ATLAS detector,” JHEP 06 (2019) 144 [arXiv:1902.08103].

[84] ATLAS Collaboration, “Search for pair production of third-generation scalar leptoquarks
decaying into a top quark and a τ-lepton in pp collisions at

√
s = 13 TeV with the ATLAS

detector,” JHEP 06 (2021) 179 [arXiv:2101.11582].

[85] ATLAS Collaboration, “Search for new phenomena in pp collisions in final states with tau
leptons, b-jets, and missing transverse momentum with the ATLAS detector,” Phys. Rev. D
104 (2021) 112005 [arXiv:2108.07665].

[86] D. A. Faroughy, A. Greljo, and J. F. Kamenik, “Confronting lepton flavor universality
violation in B decays with high-pT tau lepton searches at LHC,” Phys. Lett. B 764 (2017)
126–134 [arXiv:1609.07138].

[87] S. Iguro, Y. Omura, and M. Takeuchi, “Test of the R(D(∗)) anomaly at the LHC,” Phys. Rev.
D 99 (2019) 075013 [arXiv:1810.05843].

[88] T. Mandal, S. Mitra, and S. Raz, “RD(∗) motivated S1 leptoquark scenarios: Impact of
interference on the exclusion limits from LHC data,” Phys. Rev. D 99 (2019) 055028
[arXiv:1811.03561].

[89] A. Greljo, J. Martin Camalich, and J. D. Ruiz-Álvarez, “Mono-τ Signatures at the LHC
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