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Introduction

q A challenge to lepton universality is reported  in B decays, such 

as the excesses in the measured ratios

and leptons, we employ the Cheng-Sher ansatz. Accordingly, the third-generation b-quark

and τ -lepton related processes are dominant and can then be enhanced using a scheme with

large tan β. Based on this study, it can be seen that two parameters ( χu
ct & χℓ

ττ ) are required

to explain the RD and RD∗ excesses and simultaneously fit the measured branching ratios of

B̄ → (D,D∗)τ ν̄τ within 2σ errors. The τ polarizations in the B̄ → (D,D∗)τ ν̄τ decays were

calculated, and it was found that they are sensitive to theH± effects. The integrated τ -lepton

forward-backward asymmetry were studied. We found that the asymmetry of B̄ → D∗τ ν̄τ

is more sensitive to the H± effects. Both the magnitude of the asymmetry and its sign can

be taken as an indication of the charged-Higgs contribution.

TABLE II: Average from the heavy flavor averaging group (HFLAV).

Exp R(D∗) R(D) remarks

BaBar 0.332 ± 0.024 ± 0.018 0.440 ± 0.058 ± 0.042 PRL109(12);PRD88(13)

Belle 0.293 ± 0.038 ± 0.015 0.375 ± 0.064 ± 0.026 PRD92(15)

Belle 0.302 ± 0.030 ± 0.011 − PRD94(16)

LHCb 0.336 ± 0.027 ± 0.030 − PRL115(15)

Belle 0.270 ± 0.035+0.028
−0.025 − PRL118(17)

LHCb 0.285 ± 0.019 ± 0.029 − FPCP2017

Avg 0.304 ± 0.013 ± 0.007 0.407 ± 0.039 ± 0.024

SM 0.252 ± 0.003 0.299 ± 0.011/0.300 ± 0.008 PRD85(12); PRD92(15)
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Appendix

In order to derive the charged lepton helicity amplitudes in the B̄ → Mℓν̄ℓ decay, we

need the specific spinor states of a charged lepton and neutrino in the q2 rest frame. Let

p = (E, p⃗) be the four-momentum of a spin-1/2 particle, the solutions of the Dirac equation
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𝑅 𝐷 ∗ =
𝐵(𝐵 → 𝐷 ∗ 𝜏𝜈)
𝐵(𝐵 → 𝐷 ∗ ℓ𝜈)
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q If the excesses hint at new physics,  what effects causes the excesses? We 

investigate the charged Higgs ( 𝐻±)  effect in a two-Higgs-doublet model 

(2HDM)

Ø 𝐻± couplings to the quarks and leptons depend on the taken schemes

Ø What we focus on is the generic 2HDM, where we do not impose extra 

symmetry to suppress the FCNCs at tree level  

Type I Type II Lepton-specific Flipped
ξuh cosα/ sinβ cosα/ sin β cosα/ sinβ cosα/ sin β
ξdh cosα/ sinβ − sinα/ cos β cosα/ sinβ − sinα/ cosβ
ξℓh cosα/ sinβ − sinα/ cos β − sinα/ cosβ cosα/ sin β
ξuH sinα/ sinβ sinα/ sin β sinα/ sinβ sinα/ sinβ
ξdH sinα/ sinβ cosα/ cosβ sinα/ sinβ cosα/ cos β
ξℓH sinα/ sinβ cosα/ cosβ cosα/ cosβ sinα/ sinβ
ξuA cot β cot β cotβ cot β
ξdA − cot β tanβ − cotβ tan β
ξℓA − cot β tanβ tanβ − cot β

Table 2: Yukawa couplings of u, d, ℓ to the neutral Higgs bosons h,H,A in the four
different models. The couplings to the charged Higgs bosons follow Eq. 16.

Standard-Model coupling times cos(α−β). The coupling of the pseudoscalar, A, to vector
bosons vanishes.

In this section, we will summarize some of the work done on these four models, and
will follow with a more detailed discussion in the following sections.

There are relatively few studies which directly compare all four models. One of the
earliest papers to mention all four models was by Barger, Hewett and Phillips [30], who
studied the charged-Higgs phenomenology but assumed fairly light top quarks. The fa-
mous Higgs Hunter’s Guide [47] mentions all four, but concentrates only on the type I and
type II 2HDMs. Grossman [31] also discusses all four models, but focuses on models with
more than two doublets, and concentrates on the on the charged Higgs sector. Akeroyd
has several papers in which all four models are discussed. In an early paper with Stir-
ling [32], the phenomenology of the charged Higgs boson at LEP2 was analysed in each
model, and this was followed [33] by a study of the neutral sector at LEP2. In addition,
he looked [49] at LHC phenomenology in all four models, focusing in particular on the
Higgs branching ratios to γγ and ττ . More recently, Barger, Logan and Shaughnessy [50]
performed a comprehensive analysis of the couplings in all models with natural flavour
conservation, including doublets and singlets; the four models appear as special cases.

There are two recent papers comparing Higgs decays in all four models. Aoki et al. [36]
study the decays of the Higgs bosons in each model, summarize current phenomenological
constraints and look at methods of distinguishing the models at colliders, although they
focus on the type II and lepton-specific models and assume that the heavy Higgs bosons
are not too heavy (typically with masses below 200 GeV). Arhrib et al. [51] study the
decays of the light Higgs in each model, although the main point of their work concerns
double-Higgs production at the LHC.

Recently, a new computer code was written by Eriksson et al. [52]. The code allows one
to input any of the different Z2 symmetries, or even more general couplings, and calculates
all two-body and some three-body Higgs boson decays, and the oblique parameters S, T
and U and other collider constraints.

The least studied model is the flipped model (the word was coined in Ref. [50]); even
works that discuss all four models generally focus less on this structure than the others.
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Ø 𝐻± Yukawa couplings to the quarks and leptons: 

II. CHARGED-HIGGS YUKAWA COUPLINGS IN THE THDM

To obtain the scalar couplings to the quarks and leptons in the model, the Yukawa sector

is written as [60, 68]:

−LY = Q̄LY
d
1 DRH1 + Q̄LY

d
2 DRH2

+ Q̄LY
u
1 URH̃1 + Q̄LY

u
2 URH̃2

+ L̄Y ℓ
1 ℓRH1 + L̄Y ℓ

2 ℓRH2 +H.c. , (4)

where the flavor indices are suppressed, QT
L = (u, d)L and LT = (ν, ℓ)L are the SU(2)L

quark and lepton doublets, respectively, Y f
1,2 are the Yukawa matrices, H̃2 = iτ2H∗

2 with

(iτ2)11(22) = 0 and (iτ2)12(21) = 1(−1), and the Higgs doublets are usually taken as:

Hi =

⎛

⎝

φ+
i

(vi + φi + iηi)/
√
2

⎞

⎠ (5)

with vi being the VEV of Hi. Eq. (4) can recover the type II THDM if Y d,ℓ
2 and Y u

1 vanish.

Since φ1 and φ2 are two CP-even scalars, and they mix, we can introduce a mixing α angle

to describe their physical states. The CP-odd and charged scalars are composed of η1,2 and

φ±
1,2, respectively; therefore, the mixing angle only depends on the ratio of v1 and v2. Hence,

the relations between the physical and weak scalar states are expressed as:

h = −sαφ1 + cαφ2 ,

H = cαφ1 + sαφ2 ,

H±(A) = −sβφ
±
1 (η1) + cβφ

±
2 (η2) , (6)

where h is the SM-like Higgs while H , A, and H± are new particles in the THDM, cα(sα) =

cosα(sinα), cβ = cosβ = v1/v, and sβ = sin β = v2/v.

Using Eqs. (4) and (5), the quark and charged lepton mass matrices can be written as:

Mf =
v√
2

(

cβY
f
1 + sβY

f
2

)

. (7)

We can diagonalize Mf by introducing unitary matrices V f
L and V f

R via mf
dia = V f

LM
fV f†

R .

4

II. CHARGED-HIGGS YUKAWA COUPLINGS IN THE THDM

To obtain the scalar couplings to the quarks and leptons in the model, the Yukawa sector

is written as [60, 68]:

−LY = Q̄LY
d
1 DRH1 + Q̄LY

d
2 DRH2

+ Q̄LY
u
1 URH̃1 + Q̄LY

u
2 URH̃2

+ L̄Y ℓ
1 ℓRH1 + L̄Y ℓ

2 ℓRH2 +H.c. , (4)

where the flavor indices are suppressed, QT
L = (u, d)L and LT = (ν, ℓ)L are the SU(2)L

quark and lepton doublets, respectively, Y f
1,2 are the Yukawa matrices, H̃2 = iτ2H∗

2 with

(iτ2)11(22) = 0 and (iτ2)12(21) = 1(−1), and the Higgs doublets are usually taken as:

Hi =

⎛

⎝

φ+
i

(vi + φi + iηi)/
√
2

⎞

⎠ (5)

with vi being the VEV of Hi. Eq. (4) can recover the type II THDM if Y d,ℓ
2 and Y u

1 vanish.

Since φ1 and φ2 are two CP-even scalars, and they mix, we can introduce a mixing α angle

to describe their physical states. The CP-odd and charged scalars are composed of η1,2 and

φ±
1,2, respectively; therefore, the mixing angle only depends on the ratio of v1 and v2. Hence,

the relations between the physical and weak scalar states are expressed as:

h = −sαφ1 + cαφ2 ,

H = cαφ1 + sαφ2 ,

H±(A) = −sβφ
±
1 (η1) + cβφ

±
2 (η2) , (6)

where h is the SM-like Higgs while H , A, and H± are new particles in the THDM, cα(sα) =

cosα(sinα), cβ = cosβ = v1/v, and sβ = sin β = v2/v.

Using Eqs. (4) and (5), the quark and charged lepton mass matrices can be written as:

Mf =
v√
2

(

cβY
f
1 + sβY

f
2

)

. (7)

We can diagonalize Mf by introducing unitary matrices V f
L and V f

R via mf
dia = V f

LM
fV f†

R .

4

current experimental upper limit.
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Appendix A

1. Yukawa couplings

The Higgs Yukawa couplings to fermions are expressed as:

−Lh
Y = ūL

[
cα
vsβ

mu − cβα
sβ

Xu

]
uRh+ d̄L

[
− sα
vcβ

md +
cβα
cβ

Xd

]
dRh

+ ℓ̄L

[
− sα
vcβ

mℓ +
cβα
cβ

Xℓ

]
ℓRh+ h.c. , (A1)

where cβα = cos(β − α), sβα = sin(β − α) and Xfs are defined in Eq. (11). Similarly, the

Yukawa couplings of scalars H and A are expressed as:

−LH,A
Y = ūL

[
sα
vsβ

mu +
sβα
sβ

Xu

]
uRH + d̄L

[
cα
vcβ

md − sβα
cβ

Xd

]
dRH

+ ℓ̄L

[
cα
vcβ

mℓ −
sβα
cβ

Xℓ

]
ℓRH + iūL

[
−cot β

v
mu +

Xu

sβ

]
uRA

+ id̄L

[
−tan β

v
md +

Xd

cβ

]
dRA+ iℓ̄L

[
−tanβ

v
mℓ +

Xℓ

cβ

]
ℓRA+ h.c. (A2)

The Yukawa couplings of charged Higgs to fermions are:

−LH±

Y =
√
2d̄LV

†
CKM

[
−cot β

v
mu +

Xu

sβ

]
uRH

−

+
√
2ūLVCKM

[
−tan β

v
md +

Xd

cβ

]
dRH

+

+
√
2ν̄LVPMNS

[
−tan β

v
mℓ +

Xℓ

cβ

]
ℓRH

+ + h.c. , (A3)
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Accordingly, the charged Higgs Yukawa couplings to fermions can be found as [60]:

−LH±

Y =
√
2d̄LV

†
[

−
cot β

v
mu +

Xu

sβ

]

uRH
−

+
√
2ūLV

[

−
tan β

v
md +

Xd

cβ

]

dRH
+

+
√
2ν̄L

[

−
tan β

v
mℓ +

Xℓ

cβ

]

ℓRH
+ +H.c. , (8)

where V denotes the Cabibbo-Kobayashi-Maskawa (CKM), and Xf is defined as:

Xu = V u
L

Y u
1√
2
V u†
R , Xd = V d

L

Y d
2√
2
V d†
R , Xℓ = V ℓ

L

Y ℓ
2√
2
V ℓ†
R . (9)

From Eq. (8), it can be seen thatXf
ij dictates not only FCNCs but also violation of lepton uni-

versality; in addition, the effects of Xd and Xℓ can be further enhanced with a large value of

tan β, i.e., cβ ≪ 1. Although the Y f
1 and Y f

2 Yukawa matrices basically are arbitrary free pa-

rameters, since they are related to the fermion masses, in order to show the mass-dependence

effects, we further adopt the Cheng-Sher ansatz for Xf
ij as X

f
ij =

√

mf
i m

f
j /v χ

f
ij [63], where

Xf
ij now are suppressed by

√

mf
i m

f
j /v, and χf

ij are the free parameters.

Before we further discuss the effective interactions mediated by the charged Higgs for the

b → cℓν̄ℓ process, we analyze the effect of Xu associated with the CKM matrix, such as

(V†Xu)bc in Eq. (8). If we assume that Xu is a diagonal matrix, it can be clearly seen that

(V†Xu)bc = V ∗
cbX

u
cc. With the Cheng-Sher ansatz, the charged Higgs Yukawa couplings are

then suppressed by mc/v. Due to the fact that there is no significant tanβ enhancement,

the contribution is expected to be small. However, if Xu
ij with i ̸= j are allowed, (V†Xu)bc

can be simplified as:

(V†Xu)bc = V ∗
ubX

u
uc + V ∗

cbX
u
cc + V ∗

tbX
u
tc ,

≈
√
mtmc

v
χu
tc , (10)

where we have taken |Vub| < |Vcb| ≪ Vtb ≈ 1 and the Cheng-Sher relation. With the

approximation
√
mtmc/v ∼ Vcb, it can be seen that χu

tc ∼ O(1) indicates a large coupling

at the b-c-H± vertex and could help to resolve the excesses. A similar situation also occurs

in the (VXd)cb, which can be expressed as (VXd)cb/cβ ≈ √
mbmsχd

sb/v. Since χd
sb can be

limited by the ∆B = 2 process via the mediation of neutral scalar bosons at the tree level,

we can ignore its contribution. Hence, we focus on the influence of χu
tc.
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approximation
√
mtmc/v ∼ Vcb, it can be seen that χu

tc ∼ O(1) indicates a large coupling

at the b-c-H± vertex and could help to resolve the excesses. A similar situation also occurs

in the (VXd)cb, which can be expressed as (VXd)cb/cβ ≈ √
mbmsχd

sb/v. Since χd
sb can be

limited by the ∆B = 2 process via the mediation of neutral scalar bosons at the tree level,

we can ignore its contribution. Hence, we focus on the influence of χu
tc.

5

𝑋B,D,ℓ lead to tree FCNCs, 
𝑋𝑠 = 0, the expressions 
return to the type-II 2HDM

𝑠G = 𝑠𝑖𝑛𝛽; 𝑐G = cos 𝛽 ;	𝑐GN = cos 𝛽 − 𝛼
𝑠GN = sin 𝛽 − 𝛼

𝐴	&	𝐻± have similar couplings 4



current experimental upper limit.
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Appendix A

1. Yukawa couplings

The Higgs Yukawa couplings to fermions are expressed as:

−Lh
Y = ūL

[
cα
vsβ

mu − cβα
sβ

Xu

]
uRh+ d̄L

[
− sα
vcβ

md +
cβα
cβ

Xd

]
dRh

+ ℓ̄L

[
− sα
vcβ

mℓ +
cβα
cβ

Xℓ

]
ℓRh+ h.c. , (A1)

where cβα = cos(β − α), sβα = sin(β − α) and Xfs are defined in Eq. (11). Similarly, the

Yukawa couplings of scalars H and A are expressed as:

−LH,A
Y = ūL

[
sα
vsβ

mu +
sβα
sβ

Xu

]
uRH + d̄L

[
cα
vcβ

md − sβα
cβ

Xd

]
dRH

+ ℓ̄L

[
cα
vcβ

mℓ −
sβα
cβ

Xℓ

]
ℓRH + iūL

[
−cot β

v
mu +

Xu

sβ

]
uRA

+ id̄L

[
−tan β

v
md +

Xd

cβ

]
dRA+ iℓ̄L

[
−tanβ

v
mℓ +

Xℓ

cβ

]
ℓRA+ h.c. (A2)

The Yukawa couplings of charged Higgs to fermions are:

−LH±

Y =
√
2d̄LV

†
CKM

[
−cot β

v
mu +

Xu

sβ

]
uRH

−

+
√
2ūLVCKM

[
−tan β

v
md +

Xd

cβ

]
dRH

+

+
√
2ν̄LVPMNS

[
−tan β

v
mℓ +

Xℓ

cβ

]
ℓRH

+ + h.c. , (A3)
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Ø To suppress the tree FCNCs, we take Cheng-Sher ansatz, 

𝑋ST
U =

VW
XVY

X�

[
𝜒ST
U , 𝜒ST

U 	are	free	parameters

Ø Enhancement factor of 𝐻± coupling:

§ Lepton current in 𝑏 → 𝑐	ℓ𝜈: 𝑡𝑎𝑛𝛽 ∼ Vf
Vg
, 𝜒hhℓ ∼ 𝑂(1 − 10)

§ Quark current: for simplicity we take 𝜒STk ≪ 1, the interesting 

enhancement factor:

Numerically, VmVf
�

[
≈ 0.06 ∼ 𝑉'q ≈ 0.04, if 𝜒r's ∼ 𝑂 1 ⟶	an 

enhancement factor

Accordingly, the charged Higgs Yukawa couplings to fermions can be found as [60]:

−LH±

Y =
√
2d̄LV

†
[

−
cot β

v
mu +

Xu

sβ

]

uRH
−

+
√
2ūLV

[

−
tan β

v
md +

Xd

cβ

]

dRH
+

+
√
2ν̄L

[

−
tan β

v
mℓ +

Xℓ

cβ

]

ℓRH
+ +H.c. , (8)

where V denotes the Cabibbo-Kobayashi-Maskawa (CKM), and Xf is defined as:

Xu = V u
L

Y u
1√
2
V u†
R , Xd = V d

L

Y d
2√
2
V d†
R , Xℓ = V ℓ

L

Y ℓ
2√
2
V ℓ†
R . (9)

From Eq. (8), it can be seen thatXf
ij dictates not only FCNCs but also violation of lepton uni-

versality; in addition, the effects of Xd and Xℓ can be further enhanced with a large value of

tan β, i.e., cβ ≪ 1. Although the Y f
1 and Y f

2 Yukawa matrices basically are arbitrary free pa-

rameters, since they are related to the fermion masses, in order to show the mass-dependence

effects, we further adopt the Cheng-Sher ansatz for Xf
ij as X

f
ij =

√

mf
i m

f
j /v χ

f
ij [63], where

Xf
ij now are suppressed by

√

mf
i m

f
j /v, and χf

ij are the free parameters.

Before we further discuss the effective interactions mediated by the charged Higgs for the

b → cℓν̄ℓ process, we analyze the effect of Xu associated with the CKM matrix, such as

(V†Xu)bc in Eq. (8). If we assume that Xu is a diagonal matrix, it can be clearly seen that

(V†Xu)bc = V ∗
cbX

u
cc. With the Cheng-Sher ansatz, the charged Higgs Yukawa couplings are

then suppressed by mc/v. Due to the fact that there is no significant tanβ enhancement,

the contribution is expected to be small. However, if Xu
ij with i ̸= j are allowed, (V†Xu)bc

can be simplified as:

(V†Xu)bc = V ∗
ubX

u
uc + V ∗

cbX
u
cc + V ∗

tbX
u
tc ,

≈
√
mtmc

v
χu
tc , (10)

where we have taken |Vub| < |Vcb| ≪ Vtb ≈ 1 and the Cheng-Sher relation. With the

approximation
√
mtmc/v ∼ Vcb, it can be seen that χu

tc ∼ O(1) indicates a large coupling

at the b-c-H± vertex and could help to resolve the excesses. A similar situation also occurs

in the (VXd)cb, which can be expressed as (VXd)cb/cβ ≈ √
mbmsχd

sb/v. Since χd
sb can be

limited by the ∆B = 2 process via the mediation of neutral scalar bosons at the tree level,

we can ignore its contribution. Hence, we focus on the influence of χu
tc.

5

𝑉sq, 𝑉'q ≪ 𝑉rq ≈ 1

Cheng&Sher PRD35(87) 
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q The SM W + 𝐻±-mediated effects

Ø The effective Hamiltonian

Phenomenological analysis of 𝑩 → 𝑫 ∗ ℓ𝝂

III. PHENOMENOLOGICAL FORMULATIONS

Combing the SM and H± contributions, the effective Hamiltonian for b → cℓν̄ℓ is written

as:

Heff =
GF√
2
Vcb

[

(c̄b)V−A(ℓ̄ν)V −A + Cℓ
L(c̄b)S−P (ℓ̄ν)S−P + Cℓ

R(c̄b)S+P (ℓ̄ν)S−P

]

, (11)

where (f̄ ′f)V±A = f̄ ′γµ(1 ± γ5)f , (f̄ ′f)S±P = f̄ ′(1 ± γ5)f , and the coefficients from the

charged Higgs with g2/(8m2
W ) = 1/(2v2) are given by:

Cℓ
L ≈ −

mcmℓ

m2
H±

(

1−
χℓ
ℓℓ

sβ

)(

1−
√

mt

mc

χu
ct

cβVcb

)

, (12)

Cℓ
R ≈ −

mbmℓ tan2 β

m2
H±

(

1−
χℓ
ℓℓ

sβ

)

. (13)

It can be seen that without χℓ
ℓℓ and χu

ct, both Cℓ
L and Cℓ

R are negative and correspond to the

type-II THDM; as a result, they are destructive contributions to the SM [1]. In addition to

the sign issue, we also need to adjust Cℓ
R + Cℓ

L and Cℓ
R − Cℓ

L so that RD and RD∗ can be

explained at the same time. In order to demonstrate the effects of the generic THDM, we

will discuss the situations with and without χℓ
ℓℓ and χu

ct after we introduce the differential

decay rates for the B̄ → (D,D∗)ℓν̄ℓ decays.

To calculate the exclusive semileptonic B decays, we parametrize the B → (D,D∗)

transition form factors as:

⟨D(p2)|c̄γµb|B̄(p1)⟩ = F1(q
2)

[

P µ −
P · q
q2

qµ
]

+ F0(q
2)
P · q
q2

qµ,

⟨D(p2)|c̄b|B(p1)⟩ = (mB +mD)FS(q
2) , (14)

⟨D∗(p2, ϵ)|cγµb|B(p1)⟩ =
V (q2)

mB +mD∗

ϵµνρσϵ∗νPρqσ,

⟨D∗(p2, ϵ)|cγµγ5b|B(p1)⟩ = 2imD∗A0(q
2)
ϵ∗ · q
q2

qµ + i(mB +mD∗)A1(q
2)

[

ϵ∗µ −
ϵ∗ · q
q2

qµ
]

− iA2(q
2)

ϵ∗ · q
mB +mD∗

[

P µ −
P · q
q2

qµ
]

,

⟨D∗(p2, ϵ)|cγ5b|B(p1)⟩ = −iϵ∗ · qFP (q
2), (15)

where ϵ0123 = 1, P = p1 + p2, q = p1 − p2; ϵ is the polarization vector of D∗ meson,

and ϵ · ϵ∗ = −1. Using equations of motion i/∂b = mbb and c̄i/∂ = −mcc̄, we obtain the

relationships as:

FS(q
2) ≈

mB −mD

mb(µ)−mc(µ)
F0(q

2), FP (q
2) ≈

2mD∗

mb(µ) +mc(µ)
A0(q

2), (16)
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decay rates for the B̄ → (D,D∗)ℓν̄ℓ decays.

To calculate the exclusive semileptonic B decays, we parametrize the B → (D,D∗)

transition form factors as:

⟨D(p2)|c̄γµb|B̄(p1)⟩ = F1(q
2)

[

P µ −
P · q
q2

qµ
]

+ F0(q
2)
P · q
q2

qµ,

⟨D(p2)|c̄b|B(p1)⟩ = (mB +mD)FS(q
2) , (14)

⟨D∗(p2, ϵ)|cγµb|B(p1)⟩ =
V (q2)

mB +mD∗

ϵµνρσϵ∗νPρqσ,

⟨D∗(p2, ϵ)|cγµγ5b|B(p1)⟩ = 2imD∗A0(q
2)
ϵ∗ · q
q2

qµ + i(mB +mD∗)A1(q
2)

[

ϵ∗µ −
ϵ∗ · q
q2

qµ
]

− iA2(q
2)

ϵ∗ · q
mB +mD∗

[

P µ −
P · q
q2

qµ
]

,
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6

W

b

c

νℓ

ℓ

H ⊃ GF√
2
Vcb(c̄b)V−A(ℓ̄νℓ)V−A

H−

νℓ

ℓ

b

c

𝑡𝑎𝑛𝛽	𝑚ℓ
𝑣 1 −

𝜒ℓℓℓ

𝑠G
Pz

𝑡𝑎𝑛𝛽	𝑚q
𝑣 𝑃| +

𝑐𝑜𝑡𝛽	𝑚'
𝑣 1 −

𝑚r
𝑚'

� 𝜒'rs

𝑐G	𝑉'q
Pz
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Ø Decay amplitudes of 𝐵 → 𝐷 ∗ ℓ�̅�ℓ

§ 𝐶|,�
� ∝ 𝑚�,	influence could be small, we drop them with 𝜒::ℓ ≪ 1

§ |𝐶�h| < 𝐶|h , 𝐶|h < 0 in type-II 2HDM, destructive contribution

§ To obtain constructive interference with the SM, we need 𝐶|h ± 𝐶�h > 0,

𝐶|h > 0 > 𝐶�h

where mb,c(µ) are the current quark masses at the µ scale. According to the interactions in

Eq. (11), the decay amplitudes for B̄ → (D,D∗)ℓν̄ℓ are then shown as:

AD =
GF√
2
Vcb

[

F1

(

P µ −
P · q
q2

qµ
)

(ℓ̄ν)V−A

+

(

mℓF0
P · q
q2

+ (Cℓ
R + Cℓ

L)(mB +mD)FS

)

(ℓ̄ν)S−P

]

,

AL
D∗ = −i

GF√
2
Vcb

{

ϵ∗ · q
(

(Cℓ
R − Cℓ

L)FP + 2A0
mD∗mℓ

q2

)

(ℓ̄ν)S−P

+

[

(mB +mD∗)A1

(

ϵ∗µ(L)−
ϵ∗ · q
q2

qµ

)

−
A2ϵ∗ · q

mB +mD

(

Pµ −
P · q
q2

qµ

)]

(ℓ̄ν)V−A ,

AT
D∗ =

GF√
2
Vcb

[

V

mB +mD∗

εµνρσϵ
∗
ν(T )P

ρqσ − i(mB +mD∗)A1ϵ
∗
µ(T )

]

(ℓ̄ν)V−A , (17)

where we have suppressed the q2-dependence in the form factors, and AL
D∗ and AT

D∗ denote

the longitudinal and transverse components of D∗-meson, respectively. It can be seen that

the charged Higgs only affects the longitudinal part.

In order to derive the differential decay rate with a specific lepton helicity, we set the

coordinates of various kinematic variables in the rest frame of ℓν̄ invariant mass as:

q = (
√

q2, 0, 0, 0) , pM = (EM , 0, 0, pM) , EM =
1

2
√

q2
(m2

B − q2 −m2
M) , (18)

pM =

√
λM

2
√

q2
, pν = (Eν , pν sin θℓ cosφ, pν sin θℓ sin φ, pν cos θℓ) , pℓ = (Eℓ,−p⃗ν) ,

ϵ(L) =
1

mD∗

(pD∗ , 0, 0, ED∗) , ϵ(±) =
1√
2
(0,∓1,−i, 0) , pℓ = pν =

q2 −m2
ℓ

2
√

q2
, (19)

where θℓ is the polar angle of a neutrino with respect to the moving direction of M meson

in the q2 rest frame, and the components of p⃗ℓ can be obtained from p⃗ν by using π − θℓ

and φ+ π instead of θℓ and φ. Since the SM neutrino is left-handed, if we neglect its small

mass, its helicity can be fixed to be negative; therefore, we focus on the helicity amplitudes

of a charged lepton. Accordingly, the charged lepton helicity amplitudes for the B̄ → Dℓν̄ℓ

decay can be derived as:

AL,h=+
D =

GFVcb√
2

(

2mℓβℓ

√
λD
√

q2
F1 cos θℓ − 2βℓ

√

q2X0ℓ
D

)

, (20)

AL,h=−
D =

GFVcb√
2

(

−2βℓ

√

λDF1 sin θℓ
)

, (21)

X0ℓ
D =

m2
B −m2

D

q2
mℓF0 + (mB +mD)

(

Cℓ
R + Cℓ

L

)

FS , (22)
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Ø Generic 2HDM, we need 𝜒hhℓ to change

the sign of 𝐶|h; we also need 𝜒'rs so that 

𝐶�h < 0; that is, we need  two 

parameters to enhance R(D) and R(D*)

III. PHENOMENOLOGICAL FORMULATIONS

Combing the SM and H± contributions, the effective Hamiltonian for b → cℓν̄ℓ is written

as:

Heff =
GF√
2
Vcb

[

(c̄b)V−A(ℓ̄ν)V −A + Cℓ
L(c̄b)S−P (ℓ̄ν)S−P + Cℓ
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]

, (11)

where (f̄ ′f)V±A = f̄ ′γµ(1 ± γ5)f , (f̄ ′f)S±P = f̄ ′(1 ± γ5)f , and the coefficients from the
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W ) = 1/(2v2) are given by:
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)(
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R ≈ −

mbmℓ tan2 β
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)

. (13)

It can be seen that without χℓ
ℓℓ and χu

ct, both Cℓ
L and Cℓ

R are negative and correspond to the

type-II THDM; as a result, they are destructive contributions to the SM [1]. In addition to

the sign issue, we also need to adjust Cℓ
R + Cℓ

L and Cℓ
R − Cℓ

L so that RD and RD∗ can be

explained at the same time. In order to demonstrate the effects of the generic THDM, we

will discuss the situations with and without χℓ
ℓℓ and χu

ct after we introduce the differential

decay rates for the B̄ → (D,D∗)ℓν̄ℓ decays.

To calculate the exclusive semileptonic B decays, we parametrize the B → (D,D∗)

transition form factors as:

⟨D(p2)|c̄γµb|B̄(p1)⟩ = F1(q
2)

[

P µ −
P · q
q2

qµ
]

+ F0(q
2)
P · q
q2

qµ,

⟨D(p2)|c̄b|B(p1)⟩ = (mB +mD)FS(q
2) , (14)

⟨D∗(p2, ϵ)|cγµb|B(p1)⟩ =
V (q2)

mB +mD∗

ϵµνρσϵ∗νPρqσ,

⟨D∗(p2, ϵ)|cγµγ5b|B(p1)⟩ = 2imD∗A0(q
2)
ϵ∗ · q
q2

qµ + i(mB +mD∗)A1(q
2)

[

ϵ∗µ −
ϵ∗ · q
q2

qµ
]

− iA2(q
2)

ϵ∗ · q
mB +mD∗

[

P µ −
P · q
q2

qµ
]

,

⟨D∗(p2, ϵ)|cγ5b|B(p1)⟩ = −iϵ∗ · qFP (q
2), (15)

where ϵ0123 = 1, P = p1 + p2, q = p1 − p2; ϵ is the polarization vector of D∗ meson,

and ϵ · ϵ∗ = −1. Using equations of motion i/∂b = mbb and c̄i/∂ = −mcc̄, we obtain the

relationships as:

FS(q
2) ≈

mB −mD

mb(µ)−mc(µ)
F0(q

2), FP (q
2) ≈

2mD∗

mb(µ) +mc(µ)
A0(q

2), (16)

6

Ø Ratios of the BR of 𝐷 ∗ 𝜏 to 𝐷 ∗ ℓ modes Fajfer etal, PRD85(12)

where the experimental values are BRexp(B− → Dτ ν̄τ ) = (0.77± 0.25)% and BRexp(B− →

D∗τ ν̄τ ) = (1.88±0.20)% [73]. It can be seen that the τ ν̄τ measurements are somewhat larger

than the theoretical estimations. The resulted ratios RD and RD∗ and tau polarizations in

the SM are given as:

RD ≈ 0.307, RD∗ ≈ 0.257 , (36)

P τ(µ)
D ≈ 0.324(−0.962) , P τ(µ)

D∗ ≈ −0.513(−0.986) . (37)

The obtained values of RD,D∗ are close to those values shown in [8–10]. We will use the form

factors to estimate the τ polarizations and FBAs.

In order to present the charged-Higgs influence on the ratios RD,D∗ , we adopt the formulas

parametrized as [10]:

RD ≈ RSM
D

[

1 + 1.5Re(Cτ
R + Cτ

L) + 1.0|Cτ
R + Cτ

L|2
]

, (38)

RD∗ ≈ RSM
D∗

[

1 + 0.12Re(Cτ
R − Cτ

L) + 0.05|Cτ
R − Cτ

L|2
]

. (39)

Accordingly, we show the contours for RD and RD∗ as a function of χℓ
ττ and χu

ct in Fig. 1(a)

and of tanβ and χu
ct in Fig. 1(b), where we fix tanβ = 40 and χℓ

ττ = 4 in the plots,

respectively, and mH± = 400 GeV in both plots is used. For clarity, we use two limits,

χu
ct = 0 and χℓ

ττ = 0, to concretely show their importance in the following discussions. With

χu
ct = 0, we obtain RD∗ ∼ 0.3 when χℓ

ττ ∼ 15; however, the corresponding value of RD has

been larger than one. In such case, the values of Cτ
R and Cτ

L are: Cτ
R ∼ 1.79 ≫ Cτ

L ∼ 0.

Since B− → Dτ ν̄τ is sensitive to Cτ
R + Cτ

L, when we require RD∗ ∼ 0.3, it can be expected

that RD will be significantly enhanced. With χℓ
ττ = 0, we obtain RD ∼ 0.35 with χu

ct ∼ 1,

but RD∗ ∼ 0.24, where Cτ
R,L ∼ (−0.13, 0.24), which disfavors the earlier conclusion with

Cτ
R > 0 and Cτ

L < 0. Based on these two limits, it is clear that neither χu
ct nor χ

ℓ
ττ can singly

resolve the RD and RD∗ anomalies at the same time. From Fig. 1(a), it can be seen that by

properly adjusting both χu
ct and χℓ

ττ , the RD and RD∗ excesses can be explained together.

In addition to the B− → D(∗)τ ν̄τ decay, the effective Hamiltonian in Eq. (11) also con-

tributes to the Bc → τ ν̄τ process [52, 53], where the allowed upper limit, which is obtained

from the difference between the SM prediction and the experimental measurement in Bc

meson lifetime, is BR(B−
c → τ ν̄τ ) < 30% [53]. We express the BR for Bc → τ ν̄τ as [53]:

BR(Bc → τ ν̄τ ) = τBc

mBcm2
τf

2
Bc
G2

F |Vcb|2

8π

(

1−
m2

τ

m2
Bc

)2 ∣
∣

∣

∣

1 +
m2

Bc

mτ (mb +mc)
ϵP

∣

∣

∣

∣

2

, (40)
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q Unfortunately, the charged-Higgs effects also enhance the BR for the 

𝐵' → 𝜏		𝜈 decay, which has not yet observed. 𝑩𝑹 𝑩𝒄 → 𝝉𝝂 𝑺𝑴 ≈ 𝟐. 𝟐%

Ø constraint from 𝐵𝑅 𝐵' → 𝜏𝜈 ≤ 1 Li etal JHEP1608(16)

Ø Based on the inconsistency in 𝐵' lifetime between experimental 

data and theoretical estimation, it is found that 𝐵𝑅 𝐵' → 𝜏𝜈 ≲ 30%
Alonso etal PRL118(17) 

where the experimental values are BRexp(B− → Dτ ν̄τ ) = (0.77± 0.25)% and BRexp(B− →

D∗τ ν̄τ ) = (1.88±0.20)% [73]. It can be seen that the τ ν̄τ measurements are somewhat larger

than the theoretical estimations. The resulted ratios RD and RD∗ and tau polarizations in

the SM are given as:

RD ≈ 0.307, RD∗ ≈ 0.257 , (36)

P τ(µ)
D ≈ 0.324(−0.962) , P τ(µ)

D∗ ≈ −0.513(−0.986) . (37)

The obtained values of RD,D∗ are close to those values shown in [8–10]. We will use the form

factors to estimate the τ polarizations and FBAs.

In order to present the charged-Higgs influence on the ratios RD,D∗ , we adopt the formulas

parametrized as [10]:

RD ≈ RSM
D

[

1 + 1.5Re(Cτ
R + Cτ

L) + 1.0|Cτ
R + Cτ

L|2
]

, (38)

RD∗ ≈ RSM
D∗

[

1 + 0.12Re(Cτ
R − Cτ

L) + 0.05|Cτ
R − Cτ

L|2
]

. (39)

Accordingly, we show the contours for RD and RD∗ as a function of χℓ
ττ and χu

ct in Fig. 1(a)

and of tanβ and χu
ct in Fig. 1(b), where we fix tanβ = 40 and χℓ

ττ = 4 in the plots,

respectively, and mH± = 400 GeV in both plots is used. For clarity, we use two limits,

χu
ct = 0 and χℓ

ττ = 0, to concretely show their importance in the following discussions. With

χu
ct = 0, we obtain RD∗ ∼ 0.3 when χℓ

ττ ∼ 15; however, the corresponding value of RD has

been larger than one. In such case, the values of Cτ
R and Cτ

L are: Cτ
R ∼ 1.79 ≫ Cτ

L ∼ 0.

Since B− → Dτ ν̄τ is sensitive to Cτ
R + Cτ

L, when we require RD∗ ∼ 0.3, it can be expected

that RD will be significantly enhanced. With χℓ
ττ = 0, we obtain RD ∼ 0.35 with χu

ct ∼ 1,

but RD∗ ∼ 0.24, where Cτ
R,L ∼ (−0.13, 0.24), which disfavors the earlier conclusion with

Cτ
R > 0 and Cτ

L < 0. Based on these two limits, it is clear that neither χu
ct nor χ

ℓ
ττ can singly

resolve the RD and RD∗ anomalies at the same time. From Fig. 1(a), it can be seen that by

properly adjusting both χu
ct and χℓ

ττ , the RD and RD∗ excesses can be explained together.

In addition to the B− → D(∗)τ ν̄τ decay, the effective Hamiltonian in Eq. (11) also con-

tributes to the Bc → τ ν̄τ process [52, 53], where the allowed upper limit, which is obtained

from the difference between the SM prediction and the experimental measurement in Bc

meson lifetime, is BR(B−
c → τ ν̄τ ) < 30% [53]. We express the BR for Bc → τ ν̄τ as [53]:

BR(Bc → τ ν̄τ ) = τBc

mBcm2
τf

2
Bc
G2

F |Vcb|2

8π

(

1−
m2

τ

m2
Bc

)2 ∣
∣

∣

∣

1 +
m2

Bc

mτ (mb +mc)
ϵP

∣

∣

∣

∣
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, (40)

12

𝜖� = 𝐶|h − 𝐶�h

��%

����

����

����

����

����

����
���� ����

���� Excluded by Bc → τ ντ

��*

��

���β = ��
��± = ��� ���

(�)
� � � � �

���

���

���

���

���

χττℓ

χ �
��

��%

����

����

����

����

�����
����

����
����

Excluded by Bc → τ ντ

χττ
ℓ = �

��

��± = ��� ���

��*

(�)
�� �� �� �� �� ��

���

���

���

���

���

���β

χ �
��

9



Limit on the BR(𝑩𝒄 → 𝝉𝝂)	𝒇𝒓𝒐𝒎	𝑳𝑬𝑷𝟏
q Although the result of 𝐵𝑅 𝐵' → 𝜏𝜈 ≲ 30% limits R(D*) < 0.29, the 

deviation from the SM of R(D*)=0.25 is still significant.

q Can we further bound the BR of 𝐵' → 𝜏𝜈?

Ø 𝐵' contributing to 𝐵 → 𝜏𝜈 was investigated
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Exp. energy Br(B → τν) tan β
MH

, GeV−1

ARGUS [4] Υ(4S) < 1.04 × 10−2 < 0.69
CLEO [5] Υ(4S) < 2.2 × 10−3 < 0.489

ALEPH [6] Z–boson < 1.8 × 10−3 < 0.468
L3 [7] Z–boson < 5.7 × 10−4 < 0.38

Table 1: Experimental upper limits for the branching ratio of B± → τ±ντ decay and
the evaluated constraint for charged Higgs boson parameters.

within QCD. Typical non-perturbative parameters such as the decay constant fBc
can be calculated

by using, for example, potential models or QCD sum rules (see for example the review in ref. [9]
and the references therein).

The relative fraction of τν final states coming from Bc and Bu production is given by:

NBc

NBu

=
f(b → Bc)

f(b → Bu)

∣

∣

∣

∣

Vcb

Vub

∣

∣

∣

∣

2
(

fBc

fBu

)2
mBc

mBu

τBc

τBu

(1 − m2
τ

m2

Bc

)2

(1 − m2
τ

m2

Bu

)2
, (4)

where τBc
and τBu

refer to the Bc and Bu lifetimes, and the factor f(b → Bc) (f(b → Bu)) is
the inclusive probability that a b quark hadronizes into a Bc (Bu) meson. These factors include
transitions in which the b quark hadronizes into excited Bu and Bc states, which then decay
strongly into the stable scalar mesons. While f(b → Bc) is estimated to be a small number, of the
order of 0.1%, the large ratio (Vcb/Vub) can largely compensate for the suppressed Bc production
rate.

Before turning to the numerical estimate of the Bc contribution to the τν rate, we discuss the
values and potential correlations of the parameters present in eq. (4). We start from the parameters
relative to the Bu system. Mass and lifetime are known today with good accuracy [10]:

mBu
= 5.2789 ± 0.0018 GeV , τBu

= (1.62 ± 0.06) × 10−12s . (5)

The probability f(b → Bu) is known at LEP with accuracy better than 10% [10]:

f(b → Bu) = 0.378 ± 0.022 . (6)

The value of the decay constant fBu
has never been measured, but estimates based on lattice

calculations have achieved a good degree of accuracy, and give [11]:

fBu
= 175 ± 25 MeV . (7)

Of course the value of fBu
is exactly one of the parameters which one would like to extract from

the measurement of the leptonic Bu decay. As we will show, doing this with sufficient accuracy
requires the use of a sample of Bu mesons without a Bc contamination. Use of the central value

2

𝑁�: #	𝑜𝑓	𝜏𝜈	𝑓𝑟𝑜𝑚	𝑃 → 𝜏𝜈

although 𝑓 𝑏 → 𝐵s ≫ 𝑓 𝑏 → 𝐵' , 	𝑉sq ≪ 𝑉'q

for the above parameters, in addition to using the central value of Vub = 0.0033 ± 0.0008, gives
the following

BR(Bu → τντ ) = 5.8 × 10−5 . (8)

The only parameter relative to the Bc meson which is expected to be known with good accuracy
from the current calculations is the mass [9, 13]:

mBc
= 6.275 ± 0.040 GeV . (9)

A recent thorough analysis of the Bc lifetime, performed within NRQCD and including non-
relativistic corrections up to order v2, has been carried out in ref. [12]. The result is given by:

τBc
= (0.55 ± 0.15) × 10−12s , (10)

where the quoted uncertainty is dominated by the limited knowledge of the charm and bottom
quark masses, and to a lesser degree by the uncertainty in the strange quark mass and in Vcb.
Because of the almost complete cancellation between the weak-annihilation rate and the effect
of Pauli-interference diagrams, no significant uncertainty on the lifetime arises from the limited
knowledge of the decay constant fBc

[12]. This has been calculated both in potential models [9, 13]
and by use of sum-rules [14]. A complete review of these results and a comprehensive bibliography
can be found in ref. [9]. From this review we extract the following range of values for fBc

:

fBc
= 450 ± 100 MeV . (11)

The transition probability f(b → Bc) at LEP has been evaluated by several authors [15]. It
is in principle calculable from QCD once the value of the meson wave function is known. The
leading production mechanism is through the emission of an off-shell gluon from the b quark, with
the gluon splitting into a cc̄ pair and the bc̄ system binding into the Bc or excited states thereof.
Several uncertainties are present in this calculation. For example, NLO QCD corrections are not
known, and the result is very sensitive on the choice of renormalization scale. Likewise, the wave
functions of the ground state state and of the excited states are not known with high accuracy,
as discussed above. We shall therefore leave f(b → Bc) a free parameter, varying it in the range
suggested by the envelope of the available calculations (0.02% < f(b → Bc) < 0.1%) and studying
the dependence of our results on it.

The final parameter which is needed to determine the quantity in eq. (4) is the ratio Vub/Vcb.
The value for this ratio found in the RPP [10] is:

Vub

Vcb

= 0.08 ± 0.02 . (12)

Using the central values of the parameters discussed so far, we obtain the following result:

NBc

NBu

= 1.2

[

f(b → Bc)

10−3

]

. (13)

The upper and lower values which can be obtained by taking the extreme ranges quoted for the
parameters fBc

and τBc
are:

(

NBc

NBu

)

min

= 0.52

[

f(b → Bc)

10−3

]

(14)

3

(tanβ/MH)min (GeV−1)

f(b → Bc) low central high

2 × 10−4 0.37 0.35 0.33

1 × 10−3 0.33 0.30 0.27

Table 2: Lower limits on the ratio tan β/MH (GeV−1) obtained by taking into account
the contribution of Bc mesons to the L3 search for b → τν final states.

and
(

NBc

NBu

)

max

= 2.3

[

f(b → Bc)

10−3

]

. (15)

As is seen from eq. (14), even the minimum relative contribution due to Bc meson can have a
noticeable magnitude (∼ 50%). Therefore, this effect should be taken into account when one
considers the results of the search and analysis of the Bu → τν decay.

To demonstrate the importance of this Bc contribution let us analyze the results of the L3 Col-
laboration, which reported the following upper limit for the branching ration of the Bu → τ±ντ

decay [7]:

Br(Bu → τν) < 5.7 × 10−4 (90% CL) . (16)

This is almost a factor of 10 larger than the SM prediction in eq. (10). In order to assess the
impact of the Bc production and decay on this measurement, we would need an estimate of the
relative tagging efficiency for the secondary vertex of τ -tracks from Bc and from Bc decays. Since
the expected lifetime of the Bc is a factor 2 ÷ 3 smaller than the lifetime of the Bu, we expect
a possible loss in efficiency, and a dilution of the Bc contamination of the τν signal. We notice
that in previous searches for Bc production at LEP [19, 20, 21], using Bc → ψℓν or Bc → ψπ
decays, the changes in efficiency due varying τBc

in the range 0.4 ÷ 1.4ps have been estimated to
be small, of the order of 20%. In absence of a specific study for the τν final state, we shall assume
for definiteness that the Bc and Bu decays have the same efficiency.

Using the eq. (3) and the result (16) the authors of [7] obtain the following constraint for the
contribution due to charged Higgs boson:

tan β

MH

(Bu) < 0.38 [7]. (17)

Taking into account the Bc meson contribution we can improve this constraint. Our results are
shown in Table 2, for several values of f(b → Bc) and for extreme choices of the Bc system
parameters.

In the Fig 1. we exhibit the present limits for MH and tan β parameters of the charged Higgs
boson H±. In this figure we combine the results from the direct searches of H± (CDF Collab-
oration [16] and DELPHI Collaboration [18]), from the measurements of the b → sγ transition

4

LEP(L3) PLB396(97)

Need to take the contamination from Bc

𝑓 𝑏 → 𝑃 :probability 
that a b-quark 
hadronizes into a P
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q Following MS approach, we updated the 𝑁�m 𝑁� ⁄ with more accurate 

𝑓� and CKM matrix elements in Akeroyd etal PRD77(08); a specific limit on 

𝐵𝑅(𝐵' → 𝜏𝜈) did not explicitly show

q Can the bound of the BR(𝐵' → 𝜏𝜈) from the LEP be more strict?

Ø We reexamine the LEP (L3) bound with updated CDF run II data 

and LHC results

Ø The effective BR for 𝑏 → 𝜏𝜈 can be expressed as:

𝐵𝑅¤¥¥ < 5.7×10©ª	 𝐿3 ; 𝐵𝑅 𝐵s → 𝜏𝜈 ¬® = (1.06 ± 0.09)×10©ª

If we can determine 𝑓s/𝑓', then we can give an upper limit on 𝐵' → 𝜏𝜈

In [7] the value of fc was obtained (with sizeable errors) from early Tevatron measurements.

Building on the analysis of [7], we first obtain a much more precise evaluation of fc

from measurements of Bc production/decay with the full Tevatron data [15] and from LHC

measurements [16–19]. We then derive a formula for the bound on BR(B�
c ! ⌧ ⌫̄) from LEP

data, which was not obtained in [7]. The bound can be expressed in terms of experimentally

determined quantities and just one theoretical input parameter, which is the BR of B�
c !

J/ `⌫̄. Guided by recent lattice QCD calculations of the form factors for B�
c ! J/ `⌫̄, we

present the preferred range for its theoretical BR. We then obtain a bound on BR(B�
c !

⌧ ⌫̄) that is considerably stronger than the bound in [10] from considering the lifetime of

Bc. Finally we discuss the consequences of this stronger bound on BR(B�
c ! ⌧ ⌫̄) for an

interpretation of the R(D) and R(D⇤) anomaly in terms of an H± alone.

II. THE DECAY B�
c ! ⌧ ⌫̄ AND SEARCHES AT LEP

The LEP searches for B�
u ! ⌧ ⌫̄ with data taken at

p
s ⇠ 91 GeV (the “Z peak”) [12–14]

were sensitive to ⌧ ⌫̄ events originating from both B�
u ! ⌧ ⌫̄ and B�

c ! ⌧ ⌫̄ [6]. Hence the

published limits constrain an “e↵ective branching ratio” defined by:

BRe↵ = BR(B�
u ! ⌧ ⌫̄)

✓
1 +

Nc

Nu

◆
. (1)

This expression applies to all searches for B�
u ! ⌧ ⌫̄ at e+e� colliders with data taken at the

Z peak. For searches at the ⌥(4S) (i.e. the BABAR and BELLE experiments operating

with
p
s ⇠ 10.6 GeV) the Bc meson cannot be produced. Thus in those experiments Nc = 0

and BRe↵=BR(B�
u ! ⌧ ⌫̄). At the Z peak one has the following expression for Nc/Nu:

Nc

Nu

=
fc
fu

BR(B�
c ! ⌧ ⌫̄)

BR(B�
u ! ⌧ ⌫̄)

. (2)

Substituting for Nc/Nu in eq. (1) gives rise to following expression for BR(B�
c ! ⌧ ⌫̄) in

terms of BRe↵ :

BR(B�
c ! ⌧ ⌫̄) =

fu
fc

⇥
BRe↵ � BR(B�

u ! ⌧ ⌫̄)
⇤
. (3)

Here BR(B�
u ! ⌧ ⌫̄) = (1.06± 0.19)⇥ 10�4 , which is the world average [20] of BABAR and

BELLE measurements. The L3 collaboration obtained the bound BRe↵ < 5.7 ⇥ 10�4 [12].

If fc/fu is known then a bound on BR(B�
c ! ⌧ ⌫̄) can be derived from eq. (3). The value of

fc/fu can be obtained from Tevatron and LHC data (see later).

3

In [7] the value of fc was obtained (with sizeable errors) from early Tevatron measurements.

Building on the analysis of [7], we first obtain a much more precise evaluation of fc

from measurements of Bc production/decay with the full Tevatron data [15] and from LHC

measurements [16–19]. We then derive a formula for the bound on BR(B�
c ! ⌧ ⌫̄) from LEP
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c !

J/ `⌫̄. Guided by recent lattice QCD calculations of the form factors for B�
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present the preferred range for its theoretical BR. We then obtain a bound on BR(B�
c !

⌧ ⌫̄) that is considerably stronger than the bound in [10] from considering the lifetime of

Bc. Finally we discuss the consequences of this stronger bound on BR(B�
c ! ⌧ ⌫̄) for an

interpretation of the R(D) and R(D⇤) anomaly in terms of an H± alone.

II. THE DECAY B�
c ! ⌧ ⌫̄ AND SEARCHES AT LEP

The LEP searches for B�
u ! ⌧ ⌫̄ with data taken at

p
s ⇠ 91 GeV (the “Z peak”) [12–14]

were sensitive to ⌧ ⌫̄ events originating from both B�
u ! ⌧ ⌫̄ and B�

c ! ⌧ ⌫̄ [6]. Hence the

published limits constrain an “e↵ective branching ratio” defined by:

BRe↵ = BR(B�
u ! ⌧ ⌫̄)
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◆
. (1)

This expression applies to all searches for B�
u ! ⌧ ⌫̄ at e+e� colliders with data taken at the

Z peak. For searches at the ⌥(4S) (i.e. the BABAR and BELLE experiments operating

with
p
s ⇠ 10.6 GeV) the Bc meson cannot be produced. Thus in those experiments Nc = 0

and BRe↵=BR(B�
u ! ⌧ ⌫̄). At the Z peak one has the following expression for Nc/Nu:

Nc

Nu

=
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fu

BR(B�
c ! ⌧ ⌫̄)

BR(B�
u ! ⌧ ⌫̄)

. (2)

Substituting for Nc/Nu in eq. (1) gives rise to following expression for BR(B�
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terms of BRe↵ :
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fu
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⇥
BRe↵ � BR(B�

u ! ⌧ ⌫̄)
⇤
. (3)

Here BR(B�
u ! ⌧ ⌫̄) = (1.06± 0.19)⇥ 10�4 , which is the world average [20] of BABAR and

BELLE measurements. The L3 collaboration obtained the bound BRe↵ < 5.7 ⇥ 10�4 [12].

If fc/fu is known then a bound on BR(B�
c ! ⌧ ⌫̄) can be derived from eq. (3). The value of

fc/fu can be obtained from Tevatron and LHC data (see later).

3

model-independent

In [7] the value of fc was obtained (with sizeable errors) from early Tevatron measurements.
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from measurements of Bc production/decay with the full Tevatron data [15] and from LHC
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c !
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c ! J/ `⌫̄, we
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c !
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c ! ⌧ ⌫̄) for an

interpretation of the R(D) and R(D⇤) anomaly in terms of an H± alone.

II. THE DECAY B�
c ! ⌧ ⌫̄ AND SEARCHES AT LEP

The LEP searches for B�
u ! ⌧ ⌫̄ with data taken at

p
s ⇠ 91 GeV (the “Z peak”) [12–14]

were sensitive to ⌧ ⌫̄ events originating from both B�
u ! ⌧ ⌫̄ and B�

c ! ⌧ ⌫̄ [6]. Hence the
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u ! ⌧ ⌫̄)

✓
1 +

Nc

Nu

◆
. (1)

This expression applies to all searches for B�
u ! ⌧ ⌫̄ at e+e� colliders with data taken at the
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p
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u ! ⌧ ⌫̄). At the Z peak one has the following expression for Nc/Nu:
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BR(B�
u ! ⌧ ⌫̄)

. (2)

Substituting for Nc/Nu in eq. (1) gives rise to following expression for BR(B�
c ! ⌧ ⌫̄) in

terms of BRe↵ :

BR(B�
c ! ⌧ ⌫̄) =

fu
fc

⇥
BRe↵ � BR(B�

u ! ⌧ ⌫̄)
⇤
. (3)

Here BR(B�
u ! ⌧ ⌫̄) = (1.06± 0.19)⇥ 10�4 , which is the world average [20] of BABAR and

BELLE measurements. The L3 collaboration obtained the bound BRe↵ < 5.7 ⇥ 10�4 [12].

If fc/fu is known then a bound on BR(B�
c ! ⌧ ⌫̄) can be derived from eq. (3). The value of

fc/fu can be obtained from Tevatron and LHC data (see later).
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q Using 𝑓s = 0.404 ± 0.006	 HFLAV 	and	f¶ ∼ 10©·, 𝐵𝑅 𝐵' → 𝜏𝜈 ∼ 18.7%

q 𝑓'/𝑓s from CDF Run II and LHC data:

Ø CDF measured the ratio:

Ø LHC does not directly show the observation of 𝑅ℓ; but the 

measurements are shown:

𝑅¹ º⁄ = » �m
» � 

�|(�m→¼ ½⁄ ¹¾)
�|(� →¼ ½⁄ º¾)

= (6.72 ± 0.19)×10©·,

𝑅¹ �⁄ = �|(�m→¼ ½⁄ ¹¾)
�|(�m→¼ ½⁄ �¿)

= 0.0469 ± 0.0054

Tevatron Run I Tevatron Run II Average I+II LHC

R` 0.13± 0.06 0.211± 0.024 0.171± 0.032 0.143± 0.017

TABLE I: Measured values of R` at Tevatron Run I and II, average of Run I+II, and LHC.

In the Tevatron Run I and II the following ratio was measured:

R` =
�(Bc) · BR(B�

c ! J/ `⌫̄)

�(Bu) · BR(B�
u ! J/ K�)

. (4)

Tevatron Run I data with 0.11 fb�1 gave the result R` = 0.13 ± 0.06 [1]. Tevatron Run II

data with 0.36 fb�1 gave R` = 0.28±0.07 [3], and this measurement was used in the analysis

of [7] when extracting fc/fu. Recently, using the full CDF Run II data (8.7 fb�1) the result

R` = 0.211 ± 0.012 ± 0.021 was obtained [15]. The transition probability fc determines

�(Bc) and several theoretical calculations are available for BR(B�
c ! J/ `⌫̄) [21–32].

The LHC collaborations have not yet measured R` directly. However, two related ratios

have been measured, from which a measurement of R` can be obtained. The ratio R⇡/K is

defined as:

R⇡/K =
�(Bc) · BR(B�

c ! J/ ⇡�)

�(Bu) · BR(B�
u ! J/ K�)

. (5)

The measurements at CMS with
p
s = 7 TeV and 5 fb�1 [16], LHCb collaboration with

p
s = 7 TeV and 0.37 fb�1 [17], and LHCb collaboration with

p
s = 8 TeV and 2 fb�1 [18]

have been averaged in [20], with the result R⇡/K = (6.72± 0.19)⇥ 10�3. The ratio R⇡/µ is

defined as:

R⇡/µ =
BR(B�

c ! J/ ⇡�)

BR(B�
c ! J/ µ⌫̄)

. (6)

The measured value at LHCb with
p
s = 7 TeV and 1 fb�1 is R⇡/µ = 0.0469± 0.0054 [19].

Now the ratio R⇡/K in eq. (5) can be written as:

R⇡/K = R` · R⇡/µ . (7)

Hence R` can be extracted from the LHCb measurements of R⇡/µ and R⇡/K . One obtains

R` =
R⇡/K

R⇡/µ

= 0.143± 0.017 . (8)

Since �(Bc)/�(Bu) = fc/fu then from the definition of R` one has:

fc
fu

=
BR(B�

u ! J/ K�)

BR(B�
c ! J/ `⌫̄)

R` . (9)
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=
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=
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𝜎 𝐵s

theoretical input

from B factory
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Now the ratio R⇡/K in eq. (5) can be written as:
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Hence R` can be extracted from the LHCb measurements of R⇡/µ and R⇡/K . One obtains
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Ø The theoretical estimations of 𝐵𝑅 𝐵' → 𝐽 𝜓⁄ ℓ𝜈 are diverse

Ø HPQCD lattice results can help to judge: 𝐵' → 𝐽 𝜓⁄ form factors at 

𝑞: = [0,	max] are given as 𝐴; = [0.49, 0.79] and 𝑉 = [0.77, 𝑛𝑜𝑛𝑒]

Ø 𝐵𝑅 𝐵' → 𝐽 𝜓⁄ ℓ𝜈 = 1.5 − 2.5 %	by the QCD models, which the 

obtained form factors can match HPQCD results within 15%, 

27

TABLE XX. Branching-fraction predictions for the decay B+
c → J/ψ µ+ν.

Branching-fraction predictions in %
Reference [5] [39] [40] [41] [6] [42] [43] [44] [45] [46] [47] [48] [49]
Prediction 1.9 2.37 1.44 1.21 2.07 2.35 1.5 1.2 1.49 1.15 1.47 2.01 6.7

VIII. RESULTS AND CONCLUSIONS

The result of the measurement of R based on the com-
plete CDF Run II data set, which corresponds to an in-
tegrated luminosity of 8.7 fb,−1 is

R = 0.211± 0.012 (stat)+0.021
−0.020 (syst) (13)

for pT (B+
c ) > 6 GeV/c and |y| < 0.6. The numbers

of B+
c → J/ψ µ+ν and B+ → J/ψK+ decays, and the

relative efficiency between the two, are summarized in
Table XVIII. The total systematic uncertainties for the

ratio R are summarized in Table XIX.
The result R = 0.211 ± 0.024 can be compared to

the Run I measurement from CDF [37], R = 0.13± 0.06
based on a sample corresponding to 0.11 fb−1 of inte-
grated luminosity at

√
s = 1.8 TeV.

Using theoretical predictions for B(B+
c → J/ψ µ+ν)

and independent measurements for B(B+ → J/ψK+)
and σ(B+), we calculate the total B+

c cross section.
The measured quantities are B(B+ → J/ψK+) =
(1.027 ± 0.031)× 10−3 [4] and σ(B+) = 2.78 ± 0.24 µb
for pT (B+) > 6 GeV/c and |y| < 1 [38]. Assuming that
the observed value of R for |y| < 0.6 approximates the
value for |y| < 1, we find

σ(B+
c )B(B+

c → J/ψ µ+ν) = 0.602± 0.034 (stat)+0.060
−0.063 (syst)± 0.055 (other) nb (14)

for pT (B+
c ) > 6 GeV/c and |y| < 1. In Eq. (14) the sta-

tistical and systematic uncertainties are from the mea-
surement of R and other is the combined experimental
uncertainty in the measurements of B(B+ → J/ψK+)
and σ(B+). Combining the uncertainties in quadra-
ture gives σ(B+

c )B(B+
c → J/ψ µ+ν) = 0.60 ± 0.09 nb.

To extract the total B+
c production cross section from

this result, it is necessary to consider the predictions
for the branching fraction for the semileptonic decay
B+

c → J/ψ µ+ν. Table XX summarizes the many predic-
tions. The approaches to the calculation of this semilep-
tonic branching fraction include: QCD sum rules [5, 39],
relativistic constituent-quark models [6, 40, 41], a quark
model using the Bethe-Salpeter equation [42], a nonrel-
ativistic constituent-quark model [43], covariant-light-
front quark models [44–46], QCD relativistic-potential
models [47, 48], and nonrelativistic QCD [49]. With
the exception of Ref. [49], all of the theoretical re-
sults shown in Table XX predict the branching fraction
B(B+

c → J/ψ µ+ν) in the range 1.15–2.37 %. Using this
selection of theoretical predictions, we find the total B+

c
cross section to be in the range 25±4 to 52±8 nb for
pT (B+

c ) > 6 GeV/c and |y| < 1, where the uncertainties
reflect only the experimental uncertainties of the mea-
surements used in the calculation. The result is a mea-
sure of the combined cross section for production to the
ground state plus any excited B+

c state that cascades
into the ground state prior to its weak-interaction decay.

This result is higher than the theoretical prediction of
Chang et al., [2, 35], which estimates the sum of the pro-

duction cross sections to B+
c and B∗+

c , σ(B+
c +B∗+

c ), to
be 5 nb for

√
s = 1.96 TeV, pT > 4 GeV/c, and |y| < 1.

Similarly, Ref. [50] reports σ(B+
c + B∗+

c ) = 7.4± 5.4 nb
for

√
s = 1.8 TeV, pT > 6 GeV/c, and |y| < 1. If we

consider the prediction B(B+
c → J/ψ µ+ν) = 6.7+2.5

−1.4%
given in Ref. [49], then our result for the B+

c produc-
tion cross section is 9.0+3.6

−2.3 nb (theoretical uncertainty
included), in reasonable agreement with the predictions
of Refs. [2, 35, 50].
If the branching fraction B(B+

c → J/ψ µ+ν) is in the
approximate range 1.2–2.4% as given by 12 of the 13 pre-
dictions in Table XX, then there is a discrepancy between
the theoretical B+

c production cross section and the esti-
mate made from the experimental results presented here.
This discrepancy would be mitigated if the production
cross section to B+

c states higher in mass than the B∗+
c

were also large. Therefore, it would be very useful to
have a new prediction of the B+

c production cross sec-
tion at the exact kinematic values of this experimental
result that takes into account all production to excited
B+

c states that cascade to the ground state. The dis-
crepancy would also disappear if B(B+

c → J/ψ µ+ν) is
approximately 7% as predicted by Ref. [49].
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Tevatron Run I Tevatron Run II LHC Avg

R 3.47± 1.61 2.14± 0.27 3.16± 0.42 2.92± 0.56

TABLE II: Bound on R = BR(B�
c ! ⌧ ⌫̄)/BR(B�

c ! J/ `⌫̄).

TABLE III: Form factors for B�
c ! J/ at q2 = 0 and q2max.

(F (0), F (q2max)) A1 V BR(Bc ! J/ `⌫̄)

HPQCD[34] ( 0.49, 0.79) (0.77, None) None

NW[26] (0.53, 0.76a) (0.73, 1.29a) 1.47%

IKS[28] (0.55, 0.85) (0.83, 1.53) 2.17%

WSL[31] (0.50, 0.80) (0.74, 1.45) 1.49%

a We follow the formulae in [26] to estimate the form factor values.

from experimental measurements or from first-principle QCD calculations, it is not clear

which value of BR(B�
c ! J/ `⌫̄) to select from the widespread values when evaluating

the constraint on BR(B�
c ! ⌧ ⌫̄). Recently, the HPQCD collaboration has made progress

in the calculations of the form factors for the decays B�
c ! J/ [34], and the obtained

(preliminary) results are as follows:

A1 = [0.49, 0.79] , V = [0.77, None] . (14)

Here F = [F (q2 = 0), F (q2max)] denotes the values of a form factor at q2 = 0 and q2max.

We note that all the errors have not been fully determined, but the total error in the form

factors is expected to be of the order of 10% or less. Taking the HPQCD results as a

theoretical guidance, we select the QCD model results from [21–33] for which the predicted

form factors at q2 = 0 are within 15% of the values of the HPQCD calculation. Accordingly,

the results of the selected QCD approaches are shown in Table III, where the last column

is the predicted BR(B�
c ! J/ `⌫̄). It can be clearly seen that values of BR(B�

c ! J/ `⌫̄)

in range ⇡ (2.0± 0.5)% are favoured when using the values of the form factors from lattice

QCD as a guide.

7

Light-Front QCD

Rel. quark model

Rel. quark-meson
model
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Tevatron Run I Tevatron Run II Average I+II LHC

R` 0.13± 0.06 0.211± 0.024 0.171± 0.032 0.143± 0.017

TABLE I: Measured values of R` at Tevatron Run I and II, average of Run I+II, and LHC.

In the Tevatron Run I and II the following ratio was measured:

R` =
�(Bc) · BR(B�

c ! J/ `⌫̄)

�(Bu) · BR(B�
u ! J/ K�)

. (4)

Tevatron Run I data with 0.11 fb�1 gave the result R` = 0.13 ± 0.06 [1]. Tevatron Run II

data with 0.36 fb�1 gave R` = 0.28±0.07 [3], and this measurement was used in the analysis

of [7] when extracting fc/fu. Recently, using the full CDF Run II data (8.7 fb�1) the result

R` = 0.211 ± 0.012 ± 0.021 was obtained [15]. The transition probability fc determines

�(Bc) and several theoretical calculations are available for BR(B�
c ! J/ `⌫̄) [21–32].

The LHC collaborations have not yet measured R` directly. However, two related ratios

have been measured, from which a measurement of R` can be obtained. The ratio R⇡/K is

defined as:

R⇡/K =
�(Bc) · BR(B�

c ! J/ ⇡�)

�(Bu) · BR(B�
u ! J/ K�)

. (5)

The measurements at CMS with
p
s = 7 TeV and 5 fb�1 [16], LHCb collaboration with

p
s = 7 TeV and 0.37 fb�1 [17], and LHCb collaboration with

p
s = 8 TeV and 2 fb�1 [18]

have been averaged in [20], with the result R⇡/K = (6.72± 0.19)⇥ 10�3. The ratio R⇡/µ is

defined as:

R⇡/µ =
BR(B�

c ! J/ ⇡�)

BR(B�
c ! J/ µ⌫̄)

. (6)

The measured value at LHCb with
p
s = 7 TeV and 1 fb�1 is R⇡/µ = 0.0469± 0.0054 [19].

Now the ratio R⇡/K in eq. (5) can be written as:

R⇡/K = R` · R⇡/µ . (7)

Hence R` can be extracted from the LHCb measurements of R⇡/µ and R⇡/K . One obtains

R` =
R⇡/K

R⇡/µ

= 0.143± 0.017 . (8)

Since �(Bc)/�(Bu) = fc/fu then from the definition of R` one has:

fc
fu

=
BR(B�

u ! J/ K�)

BR(B�
c ! J/ `⌫̄)

R` . (9)

4

Here BR(B�
u ! J/ K�) = (1.028 ± 0.04) ⇥ 10�3. Using the measured values of R` from

the Tevatron and LHC gives the following expression:

fc
fu

=
10�4

BR(B�
c ! J/ `⌫̄)

8
<

:
1.758± 0.336 (Tevatron data) ,

1.470± 0.184 (LHCdata) .
(10)

In Fig. 1 we display contours of R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, and the

band denotes the prediction of the various theoretical calculations for BR(B�
c ! J/ `⌫̄)

whose values lie in the range (1.5 ⇠ 2.5)% [21–32].

FIG. 1: R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, where the di↵erent bands denote the

results from the CDF Run I (red), Run II (green), and LHC (yellow) with 1� errors.

We now substitute the expression for fc/fu in the expression for BR(B�
c ! ⌧ ⌫̄) in eq .(3).

Using BRe↵ < 5.7⇥ 10�4 [12], and the Tevatron/LHC data for fc/fu in eq. (10) one obtains

the expression:

BR(B�
c ! ⌧ ⌫̄) < BR(B�

c ! J/ `⌫̄)

8
<

:
2.64± 0.52 (Tevatron data) ,

3.16± 0.42 (LHCdata) .
(11)

Here the error is from Bu, BR(B�
u ! J/ K�)exp andR`, which can be seen from the explicit

formula:

BR(B�
c ! ⌧ ⌫̄) = BR(B�

c ! J/ `⌫̄)
1

R`

BRe↵ � Bexp
u

BR(B�
u ! J/ K�)exp

. (12)
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Tevatron Run I data with 0.11 fb�1 gave the result R` = 0.13 ± 0.06 [1]. Tevatron Run II

data with 0.36 fb�1 gave R` = 0.28±0.07 [3], and this measurement was used in the analysis

of [7] when extracting fc/fu. Recently, using the full CDF Run II data (8.7 fb�1) the result

R` = 0.211 ± 0.012 ± 0.021 was obtained [15]. The transition probability fc determines

�(Bc) and several theoretical calculations are available for BR(B�
c ! J/ `⌫̄) [21–32].

The LHC collaborations have not yet measured R` directly. However, two related ratios

have been measured, from which a measurement of R` can be obtained. The ratio R⇡/K is

defined as:

R⇡/K =
�(Bc) · BR(B�

c ! J/ ⇡�)

�(Bu) · BR(B�
u ! J/ K�)

. (5)

The measurements at CMS with
p
s = 7 TeV and 5 fb�1 [16], LHCb collaboration with

p
s = 7 TeV and 0.37 fb�1 [17], and LHCb collaboration with

p
s = 8 TeV and 2 fb�1 [18]

have been averaged in [20], with the result R⇡/K = (6.72± 0.19)⇥ 10�3. The ratio R⇡/µ is

defined as:

R⇡/µ =
BR(B�

c ! J/ ⇡�)

BR(B�
c ! J/ µ⌫̄)

. (6)

The measured value at LHCb with
p
s = 7 TeV and 1 fb�1 is R⇡/µ = 0.0469± 0.0054 [19].

Now the ratio R⇡/K in eq. (5) can be written as:

R⇡/K = R` · R⇡/µ . (7)

Hence R` can be extracted from the LHCb measurements of R⇡/µ and R⇡/K . One obtains

R` =
R⇡/K

R⇡/µ

= 0.143± 0.017 . (8)

Since �(Bc)/�(Bu) = fc/fu then from the definition of R` one has:

fc
fu

=
BR(B�

u ! J/ K�)

BR(B�
c ! J/ `⌫̄)

R` . (9)
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Here BR(B�
u ! J/ K�) = (1.028 ± 0.04) ⇥ 10�3. Using the measured values of R` from

the Tevatron and LHC gives the following expression:

fc
fu

=
10�4

BR(B�
c ! J/ `⌫̄)

8
<

:
1.758± 0.336 (Tevatron data) ,

1.470± 0.184 (LHCdata) .
(10)

In Fig. 1 we display contours of R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, and the

band denotes the prediction of the various theoretical calculations for BR(B�
c ! J/ `⌫̄)

whose values lie in the range (1.5 ⇠ 2.5)% [21–32].

FIG. 1: R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, where the di↵erent bands denote the

results from the CDF Run I (red), Run II (green), and LHC (yellow) with 1� errors.

We now substitute the expression for fc/fu in the expression for BR(B�
c ! ⌧ ⌫̄) in eq .(3).

Using BRe↵ < 5.7⇥ 10�4 [12], and the Tevatron/LHC data for fc/fu in eq. (10) one obtains

the expression:

BR(B�
c ! ⌧ ⌫̄) < BR(B�

c ! J/ `⌫̄)

8
<

:
2.64± 0.52 (Tevatron data) ,

3.16± 0.42 (LHCdata) .
(11)

Here the error is from Bu, BR(B�
u ! J/ K�)exp andR`, which can be seen from the explicit

formula:

BR(B�
c ! ⌧ ⌫̄) = BR(B�

c ! J/ `⌫̄)
1

R`

BRe↵ � Bexp
u

BR(B�
u ! J/ K�)exp

. (12)

5

Ø Using  LEP, Tevatron, and LHC data, we obtain 𝐵𝑅(𝐵' → 𝜏𝜈) ≲ 10%
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Here BR(B�
u ! J/ K�) = (1.028 ± 0.04) ⇥ 10�3. Using the measured values of R` from

the Tevatron and LHC gives the following expression:

fc
fu

=
10�4

BR(B�
c ! J/ `⌫̄)

8
<

:
1.758± 0.336 (Tevatron data) ,

1.470± 0.184 (LHCdata) .
(10)

In Fig. 1 we display contours of R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, and the

band denotes the prediction of the various theoretical calculations for BR(B�
c ! J/ `⌫̄)

whose values lie in the range (1.5 ⇠ 2.5)% [21–32].

FIG. 1: R` as a function of BR(B�
c ! J/ `⌫̄) and fc/fu, where the di↵erent bands denote the

results from the CDF Run I (red), Run II (green), and LHC (yellow) with 1� errors.

We now substitute the expression for fc/fu in the expression for BR(B�
c ! ⌧ ⌫̄) in eq .(3).

Using BRe↵ < 5.7⇥ 10�4 [12], and the Tevatron/LHC data for fc/fu in eq. (10) one obtains

the expression:

BR(B�
c ! ⌧ ⌫̄) < BR(B�

c ! J/ `⌫̄)

8
<

:
2.64± 0.52 (Tevatron data) ,

3.16± 0.42 (LHCdata) .
(11)

Here the error is from Bu, BR(B�
u ! J/ K�)exp andR`, which can be seen from the explicit

formula:

BR(B�
c ! ⌧ ⌫̄) = BR(B�

c ! J/ `⌫̄)
1

R`

BRe↵ � Bexp
u

BR(B�
u ! J/ K�)exp

. (12)

5

Indeed, L3 just used 
40% of available data; 
with full data sample,
𝐵𝑅¤¥¥ ∼ 4×10©ª is 
expected, then 
𝐵𝑅 𝐵' → 𝜏𝜈 < 5%
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q Revisit R(D) and R(D*) by 𝐻± effects

We now study the e↵ect of H± on R(D), R(D⇤) and B�
c ! ⌧ ⌫̄. In R(D) and R(D⇤) the

underlying quark decay is b ! c⌧ ⌫̄, while B�
c ! ⌧ ⌫̄ proceeds via annihilation of the meson

to a W± or H±. The e↵ective Lagrangian for the contribution of W± and H± bosons to all

three decays is given by:

He↵ =
GFVcbp

2
[(c̄b)V�A(⌧̄ ⌫⌧ )V�A + (C⌧

R(c̄b)S+P + C⌧
L(c̄b)S�P ) (⌧̄ ⌫⌧ )S�P ] , (18)

where (f̄ 0f)V�A = f̄ 0�µ(1��5)f , (f̄ 0f)S±P = f̄ 0(1±�5)f , and C⌧
L,R are the e↵ective couplings

which combine the quark and tau-lepton Yukawa couplings. In general the neutrino can be

any flavour, but since the enhancement of R(D(⇤)) is mainly from the constructive inter-

ference of H± with the SM contribution, we only consider ⌫⌧ in the e↵ective Lagrangian.

The couplings C⌧
L and C⌧

R are functions of tan � and mH± in a 2HDM with natural flavour

conservation. In a generic 2HDM, C⌧
L and C⌧

R have an additional dependence on parameters

that lead to flavour changing neutral currents see e.g. [50].

To demonstrate the impact of B�
c ! ⌧ ⌫̄ on R(D(⇤)), we show the contours for R(D)

(band), R(D⇤) (dashed), and BR(B�
c ! ⌧ ⌫̄) (dash-dotted) as a function of C⌧

R and C⌧
L in

Fig. (3), where the estimations for R(D) and R(D⇤) are based on the formulae in [44]; the

ranges of R(D) = [0.3, 0.4] and R(D⇤) = [0.25, 0.35], and BR(B�
c ! ⌧ ⌫̄) < 30%, 10% are

used. It can be seen that the bound BR(B�
c ! ⌧ ⌫̄) < 10% reduces the maximum allowed

value of R(D⇤) to ⇠ 0.26. Hence in context of an enhancement of R(D) by H± alone, the

maximum allowed value of R(D⇤) is reduced from R(D⇤) ⇠ 0.275 (for BR(B�
c ! ⌧ ⌫̄) . 30%

and see e.g. [49]) to R(D⇤) ⇠ 0.26 i.e. to within 3� of the SM prediction for R(D⇤) in

eq. (17). We note that other models with new physics particles (e.g. leptoquarks) can give

rise to other terms in the e↵ective Hamiltonian for the cb⌧⌫ vertex. These models are not

strongly constrained by BR(B�
c ! ⌧ ⌫̄), as discussed in [10].

Prospects for more precise measurements of R(D) and R(D⇤) are good. Although LHCb

has currently only measured R(D⇤) (for two separate decay modes of the ⌧ , and with the data

taken at
p
s = 7 TeV and

p
s = 8 TeV) it is capable of measuring R(D) [52]. Measurements

with data taken at
p
s = 13 TeV data will further reduce the error in the world averages

of both observables. The BELLE-II experiment will eventually have roughly fifty times as

much integrated luminosity as the final integrated luminosities from the B factories (BABAR

and BELLE), and hence significantly more precise measurements of R(D) and R(D⇤) will

become available. In contrast, it is challenging for the LHC experiments to directly measure
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𝑅(𝐷) can still be as 
large as 0.4; but,
𝑅(𝐷 ∗) 	≲ 	0.26 when
𝐵𝑅 𝐵' → 𝜏𝜈 ≲ 10%
is taken into account 
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Summary:
q Charged-Higgs in the generic 2HDM can enhance R(D) and R(D*)

q R(D*) can be limited to be less than 0.29 by the constraint of 

𝐵𝑅 𝐵' → 𝜏𝜈 < 30%, which is obtained from the Bc lifetime 

difference between theoretical estimation and data

q We find that 𝐵𝑅 𝐵' → 𝜏𝜈 < 10% can be achieved by LEP data, 

R(D) can reach 0.4, but R(D*) ≲ 0.26

q Belle & LHCb with hadronic tau decays show R(D*) is lower than 

leptonic decays, 0.270(Belle) & 0.285(LHCb); If the excess just 

occurs in R(D), not in R(D*), the charged-Higgs effects could be 

the potential candidate
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