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Radiative leptonic decay B−

c → τ
−
ν̄τγ in the standard

model and the two-Higgs-doublet model *

XIE Zhen-Xing(��,) FENG Guan-Qiu(¾)¢)1) GUO Xin-Heng(H#ð)
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Abstract We analyze the radiative leptonic Bc decay B−
c → τ

−
ν̄τγ in the Standard Model and the two-

Higgs-doublet model using the non-relativistic constituent quark model. The results confirm that this channel

is experimentally promising in view of the large number of Bc mesons which are expected to be produced at

future hadron facilities. We also find that this decay is sensitive to the parameters of the two-Higgs-doublet

model, and it can be tested in future experiments.
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1 Introduction

Consisting of two different heavy flavors, the Bc

meson is believed to offer a unique probe for both

strong and weak interactions. The physics of the

Bc meson has stimulated much work on its pro-

duction [1], spectroscopy [2, 3] and different decay

modes [4, 5]. Bc was observed in the CDF detector

through the semileptonic decay mode B±

c → J/Ψl±X

at the 1.8 TeV pp̄ Fermilab’s Tevatron collider [6].

The measured mass and lifetime of the meson are

MBc
= 6.40±0.39(stat)±0.13(syst) GeV and τBc

=

0.46+0.18
−0.16(stat)±0.03(syst) ps, respectively. Further

detailed experimental studies can be performed at B

factories such as Fermilab’s Tevatron and CERN’s

Large Hadron Collider (LHC). This is the main moti-

vation for extensive theoretical studies of this meson.

In particular, with luminosity L = 10−34 cm−2·s−1 and√
s = 14 TeV at LHC, the number of B±

c events is ex-

pected to be about 2×108 per year. Therefore, some

interesting rare decays can be studied experimentally

in the foreseeable future. We can classify Bc decays

into three types at the quark level: b quark decays

through b→ c̄W with c quark as a spectator, c quark

decays through c̄ → s̄W with b as a spectator, and

the annihilation mode c̄b→W.

In view of the annihilation process, leptonic decay

is the simplest and the most straightforward way to

determine the decay constant fBc
. The leptonic de-

cay width of Bc in the Standard Model (SM) is given

by

Γ (B−

c → l−ν̄l)

=
G2

F

8π
|Vcb|2f 2

Bc
M 3

Bc

m2
l

M 2
Bc

(

1− m2
l

M 2
Bc

)2

, (1)

where GF is the Fermi constant and MBc
(ml) is the

mass of the Bc meson (charged lepton), and Vcb is

the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-

ement. Since the leptonic decays are helicity sup-

pressed by a factor of
m2

l

M 2
Bc

(l represents an electron or

muon), the determination of fBc
through B−

c → l−ν̄l

is very difficult. Although B−

c → τ
−
ν̄τ does not suf-

fer so much from helicity suppression, the produced

τ will decay promptly, generating at least one more

neutrino. This makes such decay more difficult to

observe.

The leptonic decay of Bc has been studied in

Ref. [7] in the two-Higgs-doublet model (2HDM) [8]

and its decay width has the following expression,

Γ (B−

c → l−ν̄l) =
G2

F

8π
|Vcb|2MBc

f 2
Bc

m2
l

(

1− m2
l

M 2
Bc

)2

×
(

1−tan2 β
m2

Bc

M 2
H±

)2

, (2)
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where tanβ is the ratio of the vacuum expectation

values of the two Higgs doublets and MH± denotes

the mass of the charged Higgs boson in 2HDM. Their

results show that the branching ratio changes signifi-

cantly with the parameters tanβ and MH± in 2HDM.

If there is an additional particle, such as one pho-

ton in the final state, the leptonic decays will be-

come radiative ones, and hence the helicity suppres-

sion moves away. Enlightened by the leptonic decay

of Bc in SM and 2HDM, we will study the radiative

leptonic decay B−

c → τ
−
ντγ in SM and analyze how

it is influenced by the parameters in 2HDM.

The paper is organized as follows. After the intro-

duction, we give the details of formalism for B−

c →
τ
−
ντγ decay in the SM and in the 2HDM in Sec. 2.

Numerical results and discussions are presented in

Sec. 3.

2 Formalism for B−

c
→ τ

−

ν̄τγ decay

2.1 In the standard model

As we have noted in the introduction, the leptonic

decays B−

c → l−ν̄l (l = e,µ) are helicity suppressed

and B−

c → τ
−
ν̄τ is not helicity suppressed in princi-

ple. The relevant Feynman diagrams for the decay

B−

c → τ
−
ν̄τγ are shown in Fig. 1.

Fig. 1. Feynman diagrams for B−
c → τ

−
ν̄τγ de-

cay in the SM.

The contribution from Fig. 1(d) can be neglected

due to a suppression factor
m2

Bc

M 2
W

(MW is the mass

of boson W) when the photon is radiated from the

mediated W± boson. The main contributions to de-

cay B−

c → τ
−
ν̄τγ in the SM come from the diagrams

when the photon is radiated from initial quarks or the

final lepton. We will use the non-relativistic quark

model which was previously used in Ref. [9] to write

down the amplitudes. Since the bottom and charm

quarks inside the Bc meson are heavy, it is reason-

able to neglect the relative momentum of the quark

constituents and their binding energy relative to their

masses. In this non-relativistic limit, the constituents

are on the mass shell and move together with the

same velocity. This means that the following equa-

tions are valid to quite good accuracy,

MBc
= mb +mc, pb =

mb

MBc

p, pc =
mc

MBc

p, (3)

where p, pb and pc represent the momentum of the Bc

meson, b quark and c quark, respectively, and mb(mc)

denotes the mass ofthe b(c) quark.

With these approximations, we obtain the ampli-

tudes for the decay B−

c → τ
−
ν̄τγ in SM corresponding

to Fig. 1(a), 1(b) and 1(c) as follows,

Ma =
−iGFeVcb

2
√

2p1 ·p3

〈0|cγµ(1−γ5)b|Bc(p)〉ū(p1)

× 6ε (6p1 + 6p3 +mτ)γ
µ(1−γ5)v(p2), (4)

Mb =
−iGFeQbVcb

2
√

2pb ·p3

〈0|cγµ(1−γ5)(6pb − 6p3 +mb)

× 6εb|Bc(p)〉ū(p1)γ
µ(1−γ5)v(p2), (5)

Mc =
−iGFeQcVcb

2
√

2pc ·p3

〈0|c 6ε (6p3− 6pc +mc)γµ(1−γ5)

×b|Bc(p)〉ū(p1)γ
µ(1−γ5)v(p2), (6)

where Qb(Qc) is the charge of the constituent b(c)

quark, mτ and p1 are the mass and the momentum of

tau, respectively, p2 is the momentum of the anti-tau

neutrino, and ε and p3 denote the polarization and

momentum of the photon, respectively.

Using the identity

γµγαγβ = γµgαβ +γβgµα−γαgµβ − iεµαβδγδγ5, (7)

the Dirac equality (6 p −m)u(p) = 0, the condition

p3 · ε=0, and the definition of the meson decay con-

stant

〈0|c̄γµγ5b|Bc(p)〉= ifBc
pµ, (8)

with Eqs. (4)−(6), we can obtain the gauge invariant

amplitudes,

M1 =
GFfBc

Vcbemτ√
2

ū(p1)

[

− ε ·p
p ·p3

+
(6ε 6p3 +2ε ·p1)

2p1 ·p3

]

(1−γ5)v(p2), (9)

M2 = −GFfBc
Vcbe

6
√

2p ·p3

[

(6−s1)(ε ·p p3µ−p ·p3εµ)

+is2εµναβpνεαpβ
3

]

ū(p1)γ
µ(1−γ5)v(p2), (10)
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where

s1 =
MBc

mb

+2
MBc

mc

, s2 =
MBc

mb

−2
MBc

mc

.

So the total amplitude for the decay B−

c → τ
−
ν̄τγ

in SM is

MSM =M1 +M2, (11)

where M1 is called the internal bremsstrahlung (IB)

part and M2 is called the structure dependent (SD)

part.

2.2 In the two-Higgs-doublet model

We proceed to consider the radiative leptonic de-

cay B−

c → τ
−
ν̄τγ in the so-called model / of the

two-Higgs-doublet model [8] in which one Higgs dou-

blet couples to down-type quarks and charged leptons

and the other to up-type quarks.

The Yukawa interaction between fermions and the

charged Higgs field is determined by tanβ, fermion

masses and CKM matrix elements. The relevant La-

grangian has the following form,

L =
gW

2
√

2MW

{Vijmui
Xūi(1−γ5)dj +Vijmdj

Y ūi

×(1+γ5)dj +mlZν̄(1+γ5)l}H±+h.c., (12)

where gW represents the weak coupling constant, H±

is the charged physical field, ui(dj)(i, j=1,2,3) repre-

sents the field operators of up(down)-type quarks and

Vij is the relevant CKM matrix element. In model II

of 2HDM, X = cotβ and Y = Z = tanβ.

The Feynman diagrams for the decay B−

c → τ
−
ν̄τγ

in 2HDM are depicted in Fig. 2.

Fig. 2. Feynman diagrams for B−
c → τ

−
ντγ de-

cay in 2HDM.

From the virtual Higgs Boson contribution to B →
Xsγ, one finds MH > 300 MeV [10]. As we have an-

alyzed in the SM, the photon emitted from H± is

similarly suppressed by a factor
m2

Bc

M 2
H±

. So we can

safely neglect the contribution from Fig. 2(d). The

amplitudes corresponding to Fig. 2(a), 2(b), 2(c) can

be written as

M̃a =
iGFVcbeR√

2
〈0|c(1+γ5)b|Bc(p)〉 ū(p1)

× 6ε (6p1 + 6p3 +m)

2p1 ·p3

(1−γ5)v(p2), (13)

M̃b =
iGFVcbeQbR√

2
〈0|c(1+γ5)

(6pb− 6p3 +mb)

2pb ·p3

× 6εb|Bc(p)〉ū(p1)(1−γ5)v(p2), (14)

M̃c =
iGFVcbeQcR√

2
〈0|c 6ε (6p3− 6pc +mc)

2pc ·p3

×(1+γ5)b|Bc(p)〉ū(p1)(1−γ5)v(p2). (15)

Using the relation

〈0|c̄γ5b|Bc(p)〉=−ifBc

M 2
Bc

mb +mc

≈−ifBc
MBc

, (16)

and Eqs. (13)−(15), we can get the gauge invari-

ant amplitude for the radiative leptonic decay B−

c →
τ
−
ν̄τγ in 2HDM,

M2HDM =
GFfBc

VcbeMBc
R√

2
ū(p1)

{

− ε ·p
p ·p3

+
6ε 6p3 +2ε ·p1

2p1 ·p3

}

(1−γ5) v(p2), (17)

where

R = r2mτmb, r =
tanβ

MH±
.

While deriving Eq. (17), we have neglected a term

proportional to mc as in Ref. [11] because it is sup-

pressed by
mc

mb

. From Eq. (17), we find that only the

internal bremsstrahlung part contributes in 2HDM.

Then, the total amplitude for the radiative lep-

tonic decay including the contributions from both the

SM and 2HDM is

Mtotal =MSM+M2HDM. (18)

We define two variables,

x2 =
2Eν

MBc

, x3 =
2Eγ

MBc

, (19)

where Eν and Eγ are the energies of neutrino and

photon, respectively. The physical regions of x2 and

x3 are given as

1−x3−
m2

τ

M 2
Bc

6 x2 6 1− m2
τ

M 2
Bc

(1−x3)
,

0 6 x3 6 1− m2
τ

M 2
Bc

. (20)
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The expression for the differential decay width can be

written as

dΓ =
MBc

256π3

∑

spins

|Mtotal|2dx2dx3. (21)

3 Numerical results and discussions

The mass of Bc was measured as MBc
= 6.276±

0.004 GeV in 1.96 TeV pp̄ collisions using the CDF

detector at Fermilab’s Tevatron Collidor [12]. For

numerical results, we use the following set of parame-

ters MBc
= 6.276 GeV, mb = 4.2 GeV, mc = 1.27 GeV,

mτ = 1.777 GeV, |Vcb| = 0.0412, τBc
= 0.46 ps [12],

fBc
= 0.36 GeV [13] and αem = 1/132.

We firstly estimate the branching ratio of the ra-

diative leptonic decay using Eqs. (18)−(21). Since the

total decay width is singular when the photon energy

approaches zero, we impose a cut for the photon en-

ergy, as in Ref. [14]. The photon energy Eγ >50 MeV

corresponds to x3|min = 1.593×10−2 and Eγ >100 MeV

corresponds to x3|min = 3.187× 10−2. We let x3 be

1.593×10−2 for B−

c → l−ν̄lγ (l=e, µ) and 1.593×10−2

or 3.187×10−2 for the decay B−

c → τ
−
ν̄τγ. The re-

sults for branching ratios for radiative leptonic decays

in the SM are collected in Table 1, where “IN” rep-

resents the interference between the IB part and the

SD part, and “SUM” denotes the sum of IB, SD and

IN contributions.

Table 1. Branching ratios for the Bc radiative leptonic decays in the SM.

decay Br IB SD IN SUM

B−
c → e−ν̄eγ 1.72×10−10 4.59×10−5 3.04×10−11 4.59×10−5

B−
c →µ

−
ν̄µγ 2.72×10−6 4.58×10−5 5.13×10−7 4.91×10−5

B−
c → τ

−
ν̄τγ

x3 = 1.593×10−2 9.06×10−5 3.05×10−5 2.11×10−5 1.42×10−4

x3 = 3.187×10−2 6.90×10−5 3.03×10−5 2.08×10−4 1.20×10−4

Table 2. Comparison of the branching ratios for the Bc radiative leptonic decays.

decay Br Ref. IB SD IN SUM

[15] 4.9×10−5

[16] 4.4×10−5

B−
c → e−ν̄eγ

[18] 1.0×10−5

[19]x3 =0.016 1.7×10−10 2.0×10−5 1.5×10−11 2.0×10−5

[15] 4.9×10−5

[16] 4.4×10−5

B−
c →µ

−
ν̄µγ

[18] 1.0×10−5

[19]x3 =0.016 2.8×10−10 2.0×10−5 2.5×10−11 2.3×10−5

[19]x3 =0.016 8.7×10−5 1.2×10−5 0.8×10−5 1.07×10−4

[14]x3 =0.016 8.6×10−5 7.24×10−6 2.17×10−6 9.54×10−5

B−
c → τ

−
ν̄τγ [20]x3 =0.03182 3.44×10−4

[19]x3 =0.032 6.8×10−5 8.8×10−5

[14]x3 =0.032 6.53×10−5 7.24×10−6 2.18×10−6 7.47×10−5

In the following, we also present the predictions

of the branching ratios for the leptonic decays with

the same set of parameters,

Br(B−

c → e−ν̄e)≈ 1.36×10−9,

Br(B−

c →µ
−
ν̄µ)≈ 5.83×10−5,

Br(B−

c → τ
−
ν̄τ)≈ 1.40×10−2. (22)

From a comparison between the numbers in Table 1

and those in Eq. (22), we find that the branching

ratio of the radiative leptonic decay is of the same

order as the leptonic decay for a muon, while the

branching ratio is enhanced by about 4 orders for an

electron. Due to the fine-structure constant αem sup-

pression, the branching ratio for B−

c → τ
−
ν̄τγ is 2

orders smaller than the leptonic decay.

The radiative leptonic decay width for B−

c →
τ
−
ν̄τγ has been calculated by several authors. For

comparison, these results are collected together in

Table 2. The authors of Ref. [15] and Ref. [16]

use a non-relativistic constituent model and non-

relativistic QCD, respectively. It can be seen from

Table 1 and Table 2 that the results for the branch-

ing ratio for B−

c → µ
−
ν̄µγ are all of the same order,

10−5. From Table 1, when the final lepton is an
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electron or a muon, one can also find that the branch-

ing ratio for the IB part is smaller than that for the

SD part because the IB is suppressed by helicity and

αem [17], while the SD part is only reduced by αem,

so the SD part provides the main contribution, as our

results predict. As far as τ is concerned, the IB part

is not suppressed by helicity any more while the SD

part is still reduced by αem, so the main contribution

comes from the IB part. It can also be seen from

Table 2 that the branching ratios for B−

c → l−ν̄lγ

(l=e, µ) in our calculation are 4–5 times larger than

those predicted by the QCD sum rule in Ref. [18] and

about 2 times larger than those given in the light front

framework in Ref. [19].

As we noted earlier, approximately 2 × 108 Bc

mesons will be produced at LHC per year. With this,

we can obtain the numbers of expected events for

the decay B−

c → τ
−
ν̄τγ at LHC as N ≈ 2.7× 104

(for x3 = 1.593 × 10−2) and N ≈ 2.3 × 104 (for

x3 = 3.187× 10−2) using the branching ratio in Ta-

ble 1. We also depict the differential decay width

dΓ (B−

c → l−ν̄lγ)/dx 3 in Figs. 3, 4 and 5 correspond-

ing to e, µ and τ, respectively. It is easy to find

that B−

c → τ
−
ν̄τγ has a large contribution from the

soft photon emission, while the B−

c → e−ν̄eγ and

B−

c → µ
−
ν̄µγ are dominated by the hard photon

emission.

Fig. 3. The differential decay width dΓ (B−
c →

e−ν̄eγ)/dx3 as a function of x3(= 2Eγ/MBC
).

Fig. 4. The differential decay width dΓ (B−
c →

µ
−

ν̄µγ)/dx3 as a function of x3(=2Eγ/MBC
).

Fig. 5. The differential decay width dΓ (B−
c →

τ
−

ν̄τγ)/dx3 as a function of x3(=2Eγ/MBC
).

We proceed to analyze radiative leptonic decays

including the contribution from 2HDM which has a

parameter r to be fixed. The BABAR collaboration

[21] measured the branching ratio for B→ τντ,

B(B→ τντ) = (1.8+0.9
−0.8±0.4±0.2)×10−4.

It also measured the 90% CL upper limit using the

CLs method [22] to be

B(B→ τν̄τ) < 3.4×10−4. (23)

Assuming fB = 0.216± 0.022 GeV [23], using Vub =

(3.93±0.36)×10−3 [12] and Eq. (23), we get the con-

straint for r,

r =
tanβ

MH±
< 0.307 GeV−1, (24)

. The large uncertainties lie in fB and Vub, which are

difficult to extract.

With the above constraint for r, we show the de-

pendence of decay width for the decay B−

c → τ
−
ν̄τγ,

including the contributions from both SM and 2HDM

on the parameter r in the range 0 6 r 6 0.4 in Fig. 6.

Fig. 6. The decay width Γ (B−
c → τ

−
ν̄τγ) in

the SM and in the SM+2HDM. The curved

line represents the change in Γ (Bc → τν̄τγ)

with the parameter r in the SM+2HDM. The

horizontal line represents the decay width in

the SM.

It can be seen from Fig. 6 that Γ (B−

c → τ
−
ν̄τγ) is

sensitive to the values of parameter r. The decay
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width increases when r is larger than 0.20. This be-

havior is not consistent with the prediction in Ref. [24]

where the authors considered different values of tanβ

and MH± . However, this tendency is very similar to

that for the leptonic decay in Ref. [7]. We obtain the

following branching ratio upper bound when r reaches

the upper limit 0.307,

Br(B−

c → τ
−
ν̄τγ) 6 4.52×10−4. (25)

We note that the authors in Ref. [20] gave a broader

range with the upper bound 9.05×10−3 in the multi

Higgs doublet model than ours.

In conclusion, we analyze the radiative leptonic

decay modes B−

c → e−ν̄eγ, B−

c → µ
−
ν̄µγ and

B−

c → τ
−
ν̄τγ in the Standard Model using the non-

relativistic constituent quark model as well as the de-

cay B−

c → τ
−
ν̄τγ in the two-Higgs-doublet model. We

find that the branching ratios for B−

c → e−ν̄eγ and

B−

c → µ
−
ν̄µγ in the SM are at the level 10−5. The

branching ratio for the decay B−

c → τ
−
ν̄τγ in SM is at

the level 10−4, which may be detectable at the LHC

and this decay has a strong dependence on the pa-

rameter of 2HDM. When enough Bc samples are col-

lected, the radiative leptonic decays will be alternate

channels for measuring the decay constant fBc
. To

enhance the accuracy of the theoretical predictions,

much more careful calculations of the Bc radiative

leptonic decays with different models are needed. All

the calculations will be tested in the forthcoming ex-

periment.

References

1 CHANG C H, CHEN Y Q. Phys. Lett. B, 1992, 284: 127–

132; Braaten E, Cheung K, YUAN T C. Phys. Rev. D, 1993,

48: 4230–4235; Kolodziej K, Leike A, Rückl R. Phys. Lett.

B, 1995, 355: 337–344

2 Kwong W, Rosner J. Phys. Rev. D, 1991, 44: 212–219

3 Eichten E J, Quigg C. Phys. Rev. D, 1994, 49: 5845–5856

4 Lusignoli M, Masetti M. Z. Phys. C, 1991, 51: 549–555;

Isgur M, Scora D, Grinstein B, Wise M B. Phys. Rev. D,

1989, 39: 799–818; Scora D, Isgur N. Phys. Rev. D, 1995,

52: 2783–2812; CHANG C H, CHEN Y Q. Phys. Rev. D,

1994, 49: 3399–3411

5 Beneke M, Buchalla G. Phys. Rev. D, 1996, 53: 4991–5000

6 Abe F, Akimoto H, Akopian A et al. Phys. Rev. Lett, 1998,

81: 2432–2437; Phys. Rev. D, 1998, 58: 112004

7 DU D S, JIN H Y, YANG Y D. Phys. Lett. B, 1997, 414:

130–133

8 Gunion J F, Haber H E, Kane G, Dawson S. The Higgs

Hunters Guide. New York: Addison Wesley Publishing

Company, 1990. 1–448

9 Sugamoto A, YANG Y D. Phys. Rev. D, 1999, 60: 054009

10 Hewett J L, Wells J D. Phys. Rev. D, 1997, 55: 5549–5560

11 Isidori G. Phys. Lett. B, 1993, 298: 409–412; Grossman Y,

Ligeti Z. Phys. Lett. B, 1994, 332: 373–380; Grossman Y.

Nucl. Phys. B, 1994, 426: 355–384

12 Amsler C, Doser M, Antonelli M et al. Phys. Lett. B, 2008,

667: 1–1340

13 Colangelo P, Nardulli G, Paver N. Z. Phys. C, 1993, 57:

43–50

14 Aliev T M, Savic M. J. Phys. G, 1999, 25: 1205–1211

15 CHANG C H, CHENG J P, LÜ C D. Phys. Lett. B, 1998,
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