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Introduction
n LHCb found five narrow Wc states in 2017:

n So far there are 40 charmed baryons observed

n 16 out of 40 have unspecified quantum numbers, these 

include:

n In addition there are two QN assignments for Lc(2940):

3/2- (LHCb 2017, PDG) and 1/2- (Cheng, Chiang 2017)

(1-6 magnitude improvements are expected in future) 

Ω" 3000 , Ω" 3050 , Ω" 3065 , Ω" 3090 , Ω" 3120

Ω" 3000 , Ω" 3050 , Ω" 3065 , Ω" 3090 , Ω" 3120

Λ" 2765 , Σ"(2800)11,1,2, Ξ"(2930)2, Ξ"(2970)1.2, Ξ"(3055)1,
Ξ"(3080)1,2, Ξ"(3123)1,
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TABLE I: Mass spectra, widths (in units of MeV) and quantum numbers of charmed baryons are
summarized. Experimental values of masses and widths and JP are taken from the Particle Data
Group (PDG) [4, 5]. Note that S

[qq]

, L
k

, L
K

and J
l

are the spin of the diquark [qq], the orbital
angular momentum between the light quarks, the orbital angular momentum of the Q� [qq] system
and the total angular momentum of the light degree of freedom, respectively. See [6–8] for more
details.

State J

P
n (LK , Lk) S

P
[qq]

J

P`
` Mass Width Decay modes

⇤

+
c

1
2
+

1 (0,0) 0

+
0

+
2286.46± 0.14 weak

⇤c(2595)
+ 1

2
�

1 (1,0) 0

+
1

�
2592.25± 0.28 2.6± 0.6 ⇤c⇡⇡,⌃c⇡

⇤c(2625)
+ 3

2
�

1 (1,0) 0

+
1

�
2628.11± 0.19 < 0.97 ⇤c⇡⇡,⌃c⇡

⇤c(2765)
+

?

?
? ? ? ? 2766.6± 2.4 50 ⌃c⇡,⇤c⇡⇡

⇤c(2860)
+ 3

2
+

1 (2,0) 0

+
2

+
2856.1

+2.3
�6.0 68

+12
�22 ⌃

(⇤)
c ⇡, D

0
p,D

+
n

⇤c(2880)
+ 5

2
+

1 (2,0) 0

+
2

+
2881.63± 0.24 5.6

+0.8
�0.6 ⌃

(⇤)
c ⇡,⇤c⇡⇡, D

0
p

⇤c(2940)
+ 3

2
�

2 (1,0) 0

+
1

�
2939.6

+1.3
�1.5 20

+6
�5 ⌃

(⇤)
c ⇡,⇤c⇡⇡, D

0
p

⌃c(2455)
++ 1

2
+

1 (0, 0) 1

+
1

+
2453.97± 0.14 1.89

+0.09
�0.18 ⇤c⇡

⌃c(2455)
+ 1

2
+

1 (0, 0) 1

+
1

+
2452.9± 0.4 < 4.6 ⇤c⇡

⌃c(2455)
0 1

2
+

1 (0, 0) 1

+
1

+
2453.75± 0.14 1.83

+0.11
�0.19 ⇤c⇡

⌃c(2520)
++ 3

2
+

1 (0, 0) 1

+
1

+
2518.41

+0.21
�0.19 14.78

+0.30
�0.40 ⇤c⇡

⌃c(2520)
+ 3

2
+

1 (0, 0) 1

+
1

+
2517.5± 2.3 < 17 ⇤c⇡

⌃c(2520)
0 3

2
+

1 (0, 0) 1

+
1

+
2518.48± 0.20 15.3

+0.4
�0.5 ⇤c⇡

⌃c(2800)
++

?

?
? ? ? ? 2801

+4
�6 75

+22
�17 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌃c(2800)
+

?

?
? ? ? ? 2792

+14
� 5 62

+60
�40 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌃c(2800)
0

?

?
? ? ? ? 2806

+5
�7 72

+22
�15 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌅

+
c

1
2
+

1 (0,0) 0

+
0

+
2467.87± 0.30 weak

⌅

0
c

1
2
+

1 (0,0) 0

+
0

+
2470.87

+0.28
�0.31 weak

⌅

0+
c

1
2
+

1 (0,0) 1

+
1

+
2577.4± 1.2 ⌅c�

⌅

00
c

1
2
+

1 (0,0) 1

+
1

+
2578.8± 0.5 ⌅c�

The analysis and the scope of this work is improved and enlarged compared to a previous
study [8] in several aspects. All of the form factors in the 1/2 ! 1/2 and 1/2 ! 3/2 transitions
are extracted, while 1/2 ! 3/2 transitions were not considered and only 2/3 of the 1/2 ! 1/2
form factors were extracted in [8]. It is useful to note that in the heavy quark (HQ) limit, the
B
b

! B
c

transition matrix elements with s-wave and p-wave B
c

baryon form factors have simple
behavior [22, 37–41]. Form factors are usually related in the heavy quark limit. We will compare
the form factors obtained in this work with the relations in HQ limit. Although some deviations
are expected as we are using heavy but finite m

b

and m
c

, it is still interesting to see how well the
form factors exhibiting the patterns required by heavy quark symmetry (HQS).

The layout of this paper is as following. In Sec. 2 we shall work out the formulas of form factors
for various bottom baryon to s-wave and p-wave charmed baryon transitions in the light-front
quark model approach. In Sec. 3 the numerical results of B

b

! B
c

transition form factors, decay
rates and up-down asymmetries of B

b

! B
c

M decays will be presented. In Sec. 4 we give our
conclusions. Appendices A and B are prepared to give some details of the light-front quark model
and the derivations of the vertex functions, while some formulas involving kinematics are collected
in Appendix C.
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TABLE II: Mass spectra, widths (in units of MeV) and quantum numbers of charmed baryons are
summarized. Experimental values of masses and widths and JP are taken from the Particle Data
Group (PDG) [4, 5]. Note that S

[qq]

, L
k

, L
K

and J
l

are the spin of the diquark [qq], the orbital
angular momentum between the light quarks, the orbital angular momentum of the Q� [qq] system
and the total angular momentum of the light degree of freedom, respectively. See [6–8] for more
details.

State J

P
n (LK , Lk) S

P
[qq]

J

P`
` Mass Width Decay modes

⌅c(2645)
+ 3

2
+

1 (0,0) 1

+
1

+
2645.53± 0.31 2.14± 0.19 ⌅c⇡

⌅c(2645)
0 3

2
+

1 (0,0) 1

+
1

+
2646.32± 0.31 2.35± 0.22 ⌅c⇡

⌅c(2790)
+ 1

2
�

1 (1,0) 0

+
1

�
2792.0± 0.5 8.9± 1.0 ⌅

0
c⇡

⌅c(2790)
0 1

2
�

1 (1,0) 0

+
1

�
2792.8± 1.2 10.0± 1.1 ⌅

0
c⇡

⌅c(2815)
+ 3

2
�

1 (1,0) 0

+
1

�
2816.67± 0.31 2.43± 0.26 ⌅

⇤
c⇡,⌅c⇡⇡,⌅

0
c⇡

⌅c(2815)
0 3

2
�

1 (1,0) 0

+
1

�
2820.22± 0.32 2.54± 0.25 ⌅

⇤
c⇡,⌅c⇡⇡,⌅

0
c⇡

⌅c(2930)
0

?

?
? ? ? ? 2931± 6 36± 13 ⇤cK

⌅c(2970)
+

?

?
? ? ? ? 2969.4± 0.8 20.9

+2.4
�3.5 ⌃cK,⇤cK⇡,⌅c⇡⇡

⌅c(2970)
0

?

?
? ? ? ? 2967.8± 0.8 28.1

+3.4
�4.0 ⌃cK,⇤cK⇡,⌅c⇡⇡

⌅c(3055)
+

?

?
? ? ? ? 3055.9± 0.4 7.8± 1.9 ⌃cK,⇤cK⇡, D⇤

⌅c(3080)
+

?

?
? ? ? ? 3077.2± 0.4 3.6± 1.1 ⌃cK,⇤cK⇡, D⇤

⌅c(3080)
0

?

?
? ? ? ? 3079.9± 1.4 5.6± 2.2 ⌃cK,⇤cK⇡, D⇤

⌅c(3123)
+

?

?
? ? ? ? 3122.9± 1.3 4± 4 ⌃

⇤
cK,⇤cK⇡

⌦

0
c

1
2
+

1 (0,0) 1

+
1

+
2695.2± 1.7 weak

⌦c(2770)
0 3

2
+

1 (0,0) 1

+
1

+
2765.9± 2.0 ⌦c�

⌦c(3000)
0

?

?
? ? ? ? 3000.4± 0.4 4.5± 0.7 ⌅c ¯

K

⌦c(3050)
0

?

?
? ? ? ? 3050.2± 0.33 < 1.2 ⌅c ¯

K

⌦c(3065)
0

?

?
? ? ? ? 3065.6± 0.4 3.5± 0.4 ⌅c ¯

K

⌦c(3090)
0

?

?
? ? ? ? 3090.2± 0.7 8.7± 1.3 ⌅

(0)
c

¯

K

⌦c(3120)
0

?

?
? ? ? ? 3119.1± 1.0 < 2.6 ⌅

(0)
c

¯

K

II. OBTAINING FORM FACTORS IN THE LIGHT-FRONT APPROACH

A. B
b

(1/2) ! B
c

(1/2) and B
b

(1/2) ! B
c

(3/2) weak transitions

The Feynman diagram for a typical B
b

! B
c

transition, is shown in Fig. 1. For the B
b

(1/2+) !
B
c

(1/2+) transition, the matrix elements of c̄�
µ

b and c̄�
µ

�
5

b currents can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fV

1

(q2)�
µ

+ i
fV

2

(q2)

M +M 0�µ⌫q
⌫ +

fV

3

(q2)

M +M 0 qµ
i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gA
1

(q2)�
µ

+ i
gA
2

(q2)

M �M 0�µ⌫q
⌫ +

gA
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

), (1)

with q ⌘ P �P 0. We find that it is more convenient to use g
2,3

/(M �M 0) instead of g
2,3

/(M +M 0)
in the above matrix element. Note that these parametrization are di↵erent from those used in [8].
Similarly, for the B

b

(1/2+) ! B
c

(1/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i

= ū(P 0, J 0
z

)
h
gV
1

(q2)�
µ

+ i
gV
2

(q2)

M �M 0�µ⌫q
⌫ +

gV
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i
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n The study of bottom baryon to charmed baryon 
weak decays may shed light on the quantum 
numbers of some charmed baryons

n Up to now only several color allowed Λ" → Λ$%
decay rates have been measured (LHCb 2014):

Λ" → Λ$&', Λ$(', Λ$)', Λ$)*'
n We expect more to come
n In general, baryon decays are complicate 

processes
n Decay processes of + → , transition with 

spectating light quarks are simpler

5



TABLE IV: Mass spectra and widths (in units of MeV) of bottom baryons. Experimental values
are taken from the Particle Data Group [1], except those of ⌅

b

(6227)�, which are from [33].

State JP n (LK , Lk) SP
[qq] J

P`
` Mass Width Decay modes

⇤0
b

1
2

+
1 (0,0) 0+ 0+ 5619.60± 0.17 weak

⇤b(5912)0
1
2

�
1 (1,0) 0+ 1� 5912.20± 0.21 < 0.66 ⇤b⇡⇡

⇤b(5920)0
3
2

�
1 (1,0) 0+ 1� 5919.92± 0.19 < 0.63 ⇤0

b⇡⇡

⌃+
b

1
2

+
1 (0,0) 1+ 1+ 5811.3± 1.9 9.7+4.0

�3.0 ⇤b⇡

⌃�
b

1
2

+
1 (0,0) 1+ 1+ 5815.5± 1.8 4.9+3.3

�2.4 ⇤b⇡

⌃⇤+
b

3
2

+
1 (0,0) 1+ 1+ 5832.1± 1.9 11.5± 2.8 ⇤b⇡

⌃⇤�
b

3
2

+
1 (0,0) 1+ 1+ 5835.1± 1.9 7.5± 2.3 ⇤b⇡

⌅0
b

1
2

+
1 (0,0) 0+ 0+ 5791.9± 0.5 weak

⌅�
b

1
2

+
1 (0,0) 0+ 0+ 5794.5± 1.4 weak

⌅0
b(5935)

� 1
2

+
1 (0,0) 1+ 1+ 5935.02± 0.05 < 0.08 ⌅0

b⇡
�

⌅b(5945)0
3
2

+
1 (0,0) 1+ 1+ 5949.8± 1.4 0.90± 0.18 ⌅b⇡

⌅b(5955)�
3
2

+
1 (0,0) 1+ 1+ 5955.33± 0.13 1.65± 0.33 ⌅b⇡

⌅b(6227)� ?? ? ? ? ? 6226.9± 2.0± 0.3± 0.2 18.1± 5.4± 1.8 ⇤bK
�, ⌅b⇡

�

⌦0
b

1
2

+
1 (0,0) 1+ 1+ 6046.1± 1.7 weak

excited s-wave state, ⇤
c

(2940) a radial excited p-wave state and ⌦
c

(3090) a radial excited s-wave
state. The study on these B

b

! B
c

transitions may shed light on the quantum numbers of these
charmed baryons.

III. FORM FACTORS IN THE LIGHT-FRONT APPROACH

We consider a heavy baryon consisting a heavy quark Q and a scalar isosinglet diquark [qq] or
an axial-vector isovector diquark [qq]. In the light-front approach, the baryon bound state with
the total momentum P and spin J can be written as (see, for example [34, 35])

|B
Q

(P, J, J
z

)i =
Z

{d3p1}{d3p2}2(2⇡)3�3(P̃ � p̃1 � p̃2)

⇥
X

�1,m,↵�✏,b�e

 JJz
nLKS[qq]Jl

(p̃1, p̃2,�1,�2) C
↵��

F bc

⇥
�

�

�

Q↵(p1,�1)[q
�

b

q�
c

](p2,�2)
E

, (12)

where S[qq] is the spin of the diquark, L
K

is the orbital angular momentum of the Q� [qq] system,
J
l

is the total angular momentum of the light degree of freedom, n is the quantum number of
the wave-function (see later), ↵,�, � and b, c are color and flavor indices, respectively, �

i

denotes
helicity, p1 and p2 are the on-mass-shell light-front momenta,

p̃ = (p+, ~p?) , ~p? = (p1, p2) , p� =
m2 + p2?

p+
, (13)

and

{d3p} ⌘ dp+d2p?
2(2⇡)3

, �3(p̃) = �(p+)�2(~p?),

8

Λ" #3% , Ξ" #3% , Ω"(6%) have 0+ and 1+ diquarks
6

Weakly decay bottom baryons:



! → # transitions with spectating 
diquarks

n [qq] = 0+ or 1+ diquark
n The diquark is spectating in the transition

Bb Bc

b c

[qq]

X

7



We consider 6 transition types: (i-iii) s-wave (iv-vi) p-wave Q[qq]

n All together 17 transitions, diquarks 0+, 1+, * = radial excited 
n QN for states with dagger are taken from (Cheng-Chiang 17)
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TABLE IV: Various bottom baryon to s-wave and p-wave charmed baryon transitions are shown.
There are six transition types. Types (i)-(iii) involve s-wave states, the corresponding transitions
are (i) B

b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+), (ii) B
b

(6f , 1/2+) ! B
c

(6f , 1/2+) and (iii) B
b

(6f , 1/2+) !
B
c

(6f , 3/2+) transitions. Types (iv)-(vi) involve p-wave baryons in the final states, the correspond-
ing transitions are (iv) B

b

(6f , 1/2+) ! B
c

(6f , 3/2�), (v) B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2�) and (vi)
B
b

(3̄f , 1/2+) ! B
c

(3̄f , 3/2�) transitions. Note that types (i), (v) and (vi) transitions involve scalar
diquarks, while type (ii), (iii) and (iv) transitions involve axial-vector diquarks. These diquarks
are spectating in the transitions. See Tables III for the quantum number assignments for charmed
baryons. Note that the asterisks denote the transitions where the final state charmed baryons are
radial excited. The two possibilities of quantum numbers for ⇤

c

(2940), namely, a B
c

(3̄f , 1/2�)
state [9] or a B

c

(3̄f , 3/2�) state [1], will be considered in this work.

Type (n, L
K

, SP

[qq]

, JP

l

, JP )
b

! (n0, L0
K

, SP

[qq]

, J 0P
l

, J 0P )
c

B
b

! B
c

(i) (1, 0, 0+, 0+, 1
2

+

) ! (1, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤+

c

, ⌅0(�)

b

! ⌅+(0)

c

(i)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤
c

(2765)+(†)
(ii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦0

c

(ii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦
c

(3090)0(†)
(iii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(2770)0

(iii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(3120)0(†)
(iv) (1, 0, 1+, 1+, 1

2

+

) ! (1, 1, 1+, 2�, 3
2

�
) ⌦�

b

! ⌦
c

(3050)0(†)
(v) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2595)+, ⌅0(�)

b

! ⌅
c

(2790)+(0)

(v)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2940)+(†)
(vi) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2625)+, ⌅0(�)

b

! ⌅
c

(2815)+(0)

(vi)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2940)+

Bb Bc

b c

[qq]

X

FIG. 1: Feynman diagram for a typical B
b

! B
c

transition, where the scalar or axial-vector diquark
[qq] is denoted by a dashed line and the vertex corresponding to the c̄�µ(1��

5

)b current is denoted
by X. The orbital angular momentum of the Q� [qq] system can be s-wave or p-wave.

+
f̄A

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

). (4)

Using the light-front quark model, the general expression for a B
b

(1/2) ! B
c

(1/2) [B
b

(1/2) !

6

! ℬ#(%3', 1/2,) → ℬ/(%3', 1/2,)
!! ℬ#(6', 1/2,) → ℬ/(6', 1/2,)
!!! ℬ#(6', 1/2,) → ℬ/(6', 3/2,)

!1 ℬ#(6', 1/2,) → ℬ/(6', 3/22)
1 ℬ#(%3', 1/2,) → ℬ/(%3', 1/22)
1! ℬ#(%3', 1/2,) → ℬ/(%3', 3/22)



Transition Form Factors (s-wave)

n ℬ"($%
&) → ℬ)($%

&) transition MA, 3+3 F.F.

n ℬ"($%
&) → ℬ) *

%
&

transition MA, 4+4 F.F.
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TABLE III: Configurations of s-wave and p-wave singlely charmed baryons are shown. The angular
momenta are defined as ~S

qq

, ~S
[qq]

⌘ ~L
k

+ ~S
qq

, ~J
l

⌘ ~S
[qq]

+ ~L
K

and ~J ⌘ ~J
l

+ ~S
Q

, which are
the angular momenta of the light quark pair (without the relative orbital angular momentum),
the whole diquark system, the light-degree of freedom and the whole baryon, respectively. The
quantum number assignments of these states are from Table II and [8], while those with (†) are
taken from [9]. States with L

K

= 0 and 1 correspond to s-wave and p-wave states, respectively.

n L
K

L
k

flavor S
qq

SP

[qq]

JP

l

JP B
c

1 0 0 3̄f 0 0+ 0+ 1

2

+

⇤+

c

, ⌅+,0

c

2 0 0 3̄f 0 0+ 0+ 1

2

+

⇤
c

(2765)+(†)
1 0 0 6f 1 1+ 1+ 1

2

+

⌃
c

(2455)++,+,0, ⌅0+,0

c

, ⌦0

c

2 0 0 6f 1 1+ 1+ 1

2

+

⌅0
c

(2970)+,0(†), ⌦
c

(3090)0(†)
1 0 0 6f 1 1+ 1+ 3

2

+

⌃
c

(2520)++,+,0, ⌅
c

(2645)+,0, ⌦
c

(2770)0

2 0 0 6f 1 1+ 1+ 3

2

+

⌦
c

(3120)0(†)
1 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2595)+, ⌅
c

(2790)+,0

2 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2940)+(†)
1 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2625)+, ⌅
c

(2815)+,0

2 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2940)+

1 1 0 6f 1 1+ 2� 3

2

�
⌃
c

(2800)++,+,0(†), ⌅0
c

(2930)+,0(†), ⌦
c

(3050)0(†)
1 1 0 6f 1 1+ 2� 5

2

�
⌦
c

(3066)0(†)

II. OBTAINING FORM FACTORS IN THE LIGHT-FRONT APPROACH

A. B
b

(1/2) ! B
c

(1/2) and B
b

(1/2) ! B
c

(3/2) weak transitions

The Feynman diagram for a typical B
b

! B
c

transition, is shown in Fig. 1. For the B
b

(1/2+) !
B
c

(1/2+) transition, the matrix elements of c̄�
µ

b and c̄�
µ

�
5

b currents can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fV

1

(q2)�
µ

+ i
fV

2

(q2)

M +M 0�µ⌫q
⌫ +

fV

3

(q2)

M +M 0 qµ
i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gA
1

(q2)�
µ

+ i
gA
2

(q2)

M �M 0�µ⌫q
⌫ +

gA
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

with q ⌘ P �P 0. We find that it is more convenient to use g
2,3

/(M �M 0) instead of g
2,3

/(M +M 0)
in the above matrix element. Note that these parametrization are di↵erent from those used in [8].
Similarly, for the B

b

(1/2+) ! B
c

(1/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gV
1

(q2)�
µ

+ i
gV
2

(q2)

M �M 0�µ⌫q
⌫ +

gV
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fA

1

(q2)�
µ

+ i
fA

2

(q2)

M +M 0�µ⌫q
⌫ +

fA

3

(q2)

M +M 0 qµ
i
u(P, J

z

),
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TABLE IV: Various bottom baryon to s-wave and p-wave charmed baryon transitions are shown.
There are six transition types. Types (i)-(iii) involve s-wave states, the corresponding transitions
are (i) B

b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+), (ii) B
b

(6f , 1/2+) ! B
c

(6f , 1/2+) and (iii) B
b

(6f , 1/2+) !
B
c

(6f , 3/2+) transitions. Types (iv)-(vi) involve p-wave baryons in the final states, the correspond-
ing transitions are (iv) B

b

(6f , 1/2+) ! B
c

(6f , 3/2�), (v) B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2�) and (vi)
B
b

(3̄f , 1/2+) ! B
c

(3̄f , 3/2�) transitions. Note that types (i), (v) and (vi) transitions involve scalar
diquarks, while type (ii), (iii) and (iv) transitions involve axial-vector diquarks. These diquarks
are spectating in the transitions. See Tables III for the quantum number assignments for charmed
baryons. Note that the asterisks denote the transitions where the final state charmed baryons are
radial excited. The two possibilities of quantum numbers for ⇤

c

(2940), namely, a B
c

(3̄f , 1/2�)
state [9] or a B

c

(3̄f , 3/2�) state [1], will be considered in this work.

Type (n, L
K

, SP

[qq]

, JP

l

, JP )
b

! (n0, L0
K

, SP

[qq]

, J 0P
l

, J 0P )
c

B
b

! B
c

(i) (1, 0, 0+, 0+, 1
2

+

) ! (1, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤+

c

, ⌅0(�)

b

! ⌅+(0)

c

(i)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤
c

(2765)+(†)
(ii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦0

c

(ii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦
c

(3090)0(†)
(iii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(2770)0

(iii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(3120)0(†)
(iv) (1, 0, 1+, 1+, 1

2

+

) ! (1, 1, 1+, 2�, 3
2

�
) ⌦�

b

! ⌦
c

(3050)0(†)
(v) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2595)+, ⌅0(�)

b

! ⌅
c

(2790)+(0)

(v)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2940)+(†)
(vi) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2625)+, ⌅0(�)

b

! ⌅
c

(2815)+(0)

(vi)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2940)+

For the B
b

(1/2+) ! B
c

(3/2+) transition, the V µ and Aµ matrix elements can be parameterized
as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
f̄V

1

(q2)g
⌫µ

+
f̄V

2

(q2)

M
P
⌫

�
µ

+
f̄V

3

(q2)

MM 0 P⌫

P 0
µ

+
f̄V

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡA
1

(q2)g
⌫µ

+
ḡA
2

(q2)

M
P
⌫

�
µ

+
ḡA
3

(q2)

MM”
P
⌫

P 0
µ

+
ḡA
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

),

while for the B
b

(1/2+) ! B
c

(3/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡV
1

(q2)g
⌫µ

+
ḡV
2

(q2)

M
P
⌫

�
µ

+
ḡV
3

(q2)

MM 0 P⌫

P 0
µ

+
ḡV
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
fA

1

(q2)ḡ
⌫µ

+
f̄A

2

(q2)

M
P
⌫

�
µ

+
f̄A

3

(q2)

MM”
P
⌫

P 0
µ

+
f̄A

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

). (1)

Using the light-front quark model, the general expression for a B
b

(1/2) ! B
c

(1/2) [B
b

(1/2) !
B
c

(3/2)] transition matrix element is given by

hB
c

(P 0, J 0
z

)|c̄�µ(1� �
5

)b|B
b

(P, J
z

)i
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Transition Form Factors (p-wave)

n ℬ"($%
&) → ℬ)($%

*) transition MA, 3+3 F.F.

n ℬ"($%
&) → ℬ)(+%

*) transition MA, 4+4 F.F.

10

TABLE IV: Various bottom baryon to s-wave and p-wave charmed baryon transitions are shown.
There are six transition types. Types (i)-(iii) involve s-wave states, the corresponding transitions
are (i) B

b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+), (ii) B
b

(6f , 1/2+) ! B
c

(6f , 1/2+) and (iii) B
b

(6f , 1/2+) !
B
c

(6f , 3/2+) transitions. Types (iv)-(vi) involve p-wave baryons in the final states, the correspond-
ing transitions are (iv) B

b

(6f , 1/2+) ! B
c

(6f , 3/2�), (v) B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2�) and (vi)
B
b

(3̄f , 1/2+) ! B
c

(3̄f , 3/2�) transitions. Note that types (i), (v) and (vi) transitions involve scalar
diquarks, while type (ii), (iii) and (iv) transitions involve axial-vector diquarks. These diquarks
are spectating in the transitions. See Tables III for the quantum number assignments for charmed
baryons. Note that the asterisks denote the transitions where the final state charmed baryons are
radial excited. The two possibilities of quantum numbers for ⇤

c

(2940), namely, a B
c

(3̄f , 1/2�)
state [9] or a B

c

(3̄f , 3/2�) state [1], will be considered in this work.

Type (n, L
K

, SP

[qq]

, JP

l

, JP )
b

! (n0, L0
K

, SP

[qq]

, J 0P
l

, J 0P )
c

B
b

! B
c

(i) (1, 0, 0+, 0+, 1
2

+

) ! (1, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤+

c

, ⌅0(�)

b

! ⌅+(0)

c

(i)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 0, 0+, 0+, 1
2

+

) ⇤0

b

! ⇤
c

(2765)+(†)
(ii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦0

c

(ii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 1
2

+

) ⌦�
b

! ⌦
c

(3090)0(†)
(iii) (1, 0, 1+, 1+, 1

2

+

) ! (1, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(2770)0

(iii)⇤ (1, 0, 1+, 1+, 1
2

+

) ! (2, 0, 1+, 1+, 3
2

+

) ⌦�
b

! ⌦
c

(3120)0(†)
(iv) (1, 0, 1+, 1+, 1

2

+

) ! (1, 1, 1+, 2�, 3
2

�
) ⌦�

b

! ⌦
c

(3050)0(†)
(v) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2595)+, ⌅0(�)

b

! ⌅
c

(2790)+(0)

(v)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 1
2

�
) ⇤0

b

! ⇤
c

(2940)+(†)
(vi) (1, 0, 0+, 0+, 1

2

+

) ! (1, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2625)+, ⌅0(�)

b

! ⌅
c

(2815)+(0)

(vi)⇤ (1, 0, 0+, 0+, 1
2

+

) ! (2, 1, 0+, 1�, 3
2

�
) ⇤0

b

! ⇤
c

(2940)+

For the B
b

(1/2+) ! B
c

(3/2+) transition, the V µ and Aµ matrix elements can be parameterized
as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
f̄V

1

(q2)g
⌫µ

+
f̄V

2

(q2)

M
P
⌫

�
µ

+
f̄V

3

(q2)

MM 0 P⌫

P 0
µ

+
f̄V

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡA
1

(q2)g
⌫µ

+
ḡA
2

(q2)

M
P
⌫

�
µ

+
ḡA
3

(q2)

MM”
P
⌫

P 0
µ

+
ḡA
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

),

while for the B
b

(1/2+) ! B
c

(3/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡV
1

(q2)g
⌫µ

+
ḡV
2

(q2)

M
P
⌫

�
µ

+
ḡV
3

(q2)

MM 0 P⌫

P 0
µ

+
ḡV
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
fA

1

(q2)ḡ
⌫µ

+
f̄A

2

(q2)

M
P
⌫

�
µ

+
f̄A

3

(q2)

MM”
P
⌫

P 0
µ

+
f̄A

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

),

Using the light-front quark model, the general expression for a B
b

(1/2) ! B
c

(1/2) [B
b

(1/2) !
B
c

(3/2)] transition matrix element is given by

hB
c

(P 0, J 0
z

)|c̄�µ(1� �
5

)b|B
b

(P, J
z

)i

=
Z

dp+
2

d2p
2?

2(2⇡)3

�0⇤
n

0
L

0
K
({x0}, {k0?})�1LK ({x}, {k?})

2
q
p+
1

p0+
1

(p
1

· P̄ +m
1

M
0

)(p0
1

· P̄ 0 +m0
1

M 0
0

)

⇥ ū(µ)(P̄ 0, J 0
z

)�̄
(µ)L

0
KS[qq]J

0
l
( 6p0

1

+m0
1

)�µ(1� �
5

)( 6p
1

+m
1

)�
LKS[qq]Jl

u(P̄ , J
z

), (1)
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TABLE III: Configurations of s-wave and p-wave singlely charmed baryons are shown. The angular
momenta are defined as ~S

qq

, ~S
[qq]

⌘ ~L
k

+ ~S
qq

, ~J
l

⌘ ~S
[qq]

+ ~L
K

and ~J ⌘ ~J
l

+ ~S
Q

, which are
the angular momenta of the light quark pair (without the relative orbital angular momentum),
the whole diquark system, the light-degree of freedom and the whole baryon, respectively. The
quantum number assignments of these states are from Table II and [8], while those with (†) are
taken from [9]. States with L

K

= 0 and 1 correspond to s-wave and p-wave states, respectively.

n L
K

L
k

flavor S
qq

SP

[qq]

JP

l

JP B
c

1 0 0 3̄f 0 0+ 0+ 1

2

+

⇤+

c

, ⌅+,0

c

2 0 0 3̄f 0 0+ 0+ 1

2

+

⇤
c

(2765)+(†)
1 0 0 6f 1 1+ 1+ 1

2

+

⌃
c

(2455)++,+,0, ⌅0+,0

c

, ⌦0

c

2 0 0 6f 1 1+ 1+ 1

2

+

⌅0
c

(2970)+,0(†), ⌦
c

(3090)0(†)
1 0 0 6f 1 1+ 1+ 3

2

+

⌃
c

(2520)++,+,0, ⌅
c

(2645)+,0, ⌦
c

(2770)0

2 0 0 6f 1 1+ 1+ 3

2

+

⌦
c

(3120)0(†)
1 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2595)+, ⌅
c

(2790)+,0

2 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2940)+(†)
1 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2625)+, ⌅
c

(2815)+,0

2 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2940)+

1 1 0 6f 1 1+ 2� 3

2

�
⌃
c

(2800)++,+,0(†), ⌅0
c

(2930)+,0(†), ⌦
c

(3050)0(†)
1 1 0 6f 1 1+ 2� 5

2

�
⌦
c

(3066)0(†)

II. OBTAINING FORM FACTORS IN THE LIGHT-FRONT APPROACH

A. B
b

(1/2) ! B
c

(1/2) and B
b

(1/2) ! B
c

(3/2) weak transitions

The Feynman diagram for a typical B
b

! B
c

transition, is shown in Fig. 1. For the B
b

(1/2+) !
B
c

(1/2+) transition, the matrix elements of c̄�
µ

b and c̄�
µ

�
5

b currents can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fV

1

(q2)�
µ

+ i
fV

2

(q2)

M +M 0�µ⌫q
⌫ +

fV

3

(q2)

M +M 0 qµ
i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gA
1

(q2)�
µ

+ i
gA
2

(q2)

M �M 0�µ⌫q
⌫ +

gA
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

with q ⌘ P �P 0. We find that it is more convenient to use g
2,3

/(M �M 0) instead of g
2,3

/(M +M 0)
in the above matrix element. Note that these parametrization are di↵erent from those used in [8].
Similarly, for the B

b

(1/2+) ! B
c

(1/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gV
1

(q2)�
µ

+ i
gV
2

(q2)

M �M 0�µ⌫q
⌫ +

gV
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fA

1

(q2)�
µ

+ i
fA

2

(q2)

M +M 0�µ⌫q
⌫ +

fA

3

(q2)

M +M 0 qµ
i
u(P, J

z

),

For the B
b

(1/2+) ! B
c

(3/2+) transition, the V µ and Aµ matrix elements can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
f̄V

1

(q2)g
⌫µ

+
f̄V

2

(q2)

M
P
⌫

�
µ

+
f̄V

3

(q2)

MM 0 P⌫

P 0
µ

5



Our approach

n We use light-front quark model to calculate 
transition form factors

n Light-front quark model has been used in many 
form factor calculations (Jaus; CKC, Cheng, Hwang, 
Ke …)

n We derive all vertex functions (mostly new)
n We extract all form factors.

Bb Bc

b c

[qq]

X

11



Inputs

TABLE V: The input parameters mS

[qq

0
]

, mA

[qq

0
]

, m
q

and �’s appearing in the Gaussian-type wave
function (5) (in units of GeV). The superscript S and A denote scalar and axial vector diquarks,
respectively.

mS

[ud]

mS

[us],[ds]

mA

[ss]

m
b

m
c

�(⇤
b

) �(⌅0,�
b

)

0.65 0.86 1.10 4.44 1.42 0.750 0.850

�(⌦
b

) �(⇤
c

) �[⇤
c

(2595)] �[⇤
c

(2625)] �[⇤
c

(2765)] �[⇤
c

(2940, 1
2

�
)] �[⇤

c

(2940, 3
2

�
)]

0.900 0.345 0.350 0.450 0.345 0.350 0.450

�(⌅+,0

c

) �[⌅+,0

c

(2790)] �[⌅+,0

c

(2815)] �(⌦
c

) �[⌦
c

(2770)] �[⌦
c

(3050)] �[⌦
c

(3090)]

0.370 0.365 0.550 0.300 0.370 0.420 0.300

�[⌦
c

(3120)]

0.370

TABLE VI: The transition form factors for various B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+) transitions [types
(i) and (i)⇤]. We employ a three parameter form for these form factors, see Eq. (35).

B
b

! B
c

F F (0) F (q2
max

) a b F F (0) F (q2
max

) a b

⇤
b

! ⇤
c

fV

1 0.474+0.069
�0.072 0.764+0.111

�0.116 1.426 0.994 gA1 0.468+0.067
�0.07 0.743+0.106

�0.111 1.394 0.966

fV

2 �0.153+0.027
�0.029 �0.262+0.046

�0.050 1.753 1.623 gA2 0.030+0.005
�0.007 0.053+0.009

�0.012 1.921 1.963

fV

3 0.069+0.021
�0.022 0.130+0.039

�0.041 2.068 2.100 gA3 �0.070+0.010
�0.009 �0.114+0.016

�0.015 1.65 1.587

⌅
b

! ⌅0
c

fV

1 0.437+0.070
�0.072 0.714+0.114

�0.118 1.676 1.504 gA1 0.429+0.068
�0.071 0.693+0.110

�0.115 1.635 1.452

fV

2 �0.175+0.033
�0.035 �0.294+0.056

�0.059 1.968 2.233 gA2 0.034+0.006
�0.007 0.057+0.010

�0.012 2.067 2.503

fV

3 0.081+0.025
�0.025 0.146+0.045

�0.045 2.257 2.760 gA3 �0.078+0.011
�0.010 �0.123+0.017

�0.016 1.825 2.119

⇤
b

! ⇤
c

(2765) fV

1 �0.354+0.027
�0.028 �0.494+0.038

�0.039 1.079 �0.063 gA1 �0.341+0.024
�0.026 �0.460+0.032

�0.035 0.985 �0.047

fV

2 0.135+0.026
�0.018 0.246+0.047

�0.034 1.844 0.346 gA2 0.012+0.013
�0.010 0.014+0.014

�0.012 1.874 5.804

fV

3 0.047+0.039
�0.037 0.057+0.048

�0.045 1.838 4.433 gA3 0.062+0.006
�0.007 0.120+0.012

�0.014 2.014 0.551

for B
b

! B
c

transitions with the parameters a, b expected to be of order O(1), while for some cases,
where the corresponding a and b are much larger than 1, we shall use the following form [8, 42, 44,
55]

F (q2) =
F (0)

(1� q2/M2)[1� a(q2/M2) + b(q2/M2)2]
, (36)

to reduce the size of a and b and gives better fits. As we shall see that there are cases where some
of the parameters a, b are still larger than O(1), but usually the corresponding form factors are
small and, consequently, they do not have much impact on the corresponding B

b

! B
c

M decay
rates.

The B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+) transition form factors fV

1,2,3

(q2) and gA
1,2,3

(q2) for ⇤
b

!
⇤
c

,⇤
c

(2765) and ⌅
b

! ⌅
c

transitions are given in Table VI and they are plotted in Fig. 2. The
uncertainties in form factors F (0) are obtained by varying m

b

, m
c

, m
[qq]

, �(B
b

) and �(B
c

) by 10%
separately and combine the uncertainties quadratically. Note that ⇤

c

and ⌅
c

are low lying states,
while ⇤

c

(2765) is a radial excited state. From the table and the figures, we see that fV

1

' gA
1

and
they dominate over fV

2,3

and gA
2,3

. These are close to the predicted relations of form factors in the
heavy quark limit, see Eq. (21). The values of fV

1

and gA
1

at q2
max

in ⇤
b

! ⇤
c

and ⌅
b

! ⌅
c

transitions are smaller than the ones predicted in heavy quark limit with ⇣(1) = 1, Eq. (29), by

18
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transition

n Close to expectations from HQS:

n We use heavy but finite mb amd mc.
n The overlapping integral=0.66 not 1, 

Λb → Λc
g1A

g2A

g3A

0 2 4 6 8 10
-0.5

0.0

0.5

1.0

q2 (GeV2)

13

Λb → Λc
f1V

f2V
f3V

0 2 4 6 8 10
-0.5

0.0

0.5

1.0

q2 (GeV2)

! (ℬ$) ≠ !(ℬ')

Isgur, Wise; Yan et al; 
Cheng,  …

( ℬ$()3+, 1/20) → ℬ'()3+, 1/20)

234 )3+ = 637 )3+ = 8(9) 2:,;4 )3+ = 6:,;7 )3+ = 0



transition

n Lc(2765) a radial excitation, the overlapping 
integral=-0.53 not 0, as ! (ℬ$) ≠ !(ℬ')

Ξb → Ξc g1A

g2A

g3A

0 2 4 6 8 10

-0.5

0.0

0.5

1.0

q2 (GeV2)

14

Ξb → Ξc f1V

f2V

f3V

0 2 4 6 8 10

-0.5

0.0

0.5

1.0

q2 (GeV2)Λb → Λc(2765)

f1V

f2V

f3V

0 2 4 6 8
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

q2 (GeV2)

Λb → Λc(2765)

g1A

g2A

g3A

0 2 4 6 8
-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

q2 (GeV2)

( ℬ$()3+, 1/20) → ℬ'()3+, 1/20)



transition

n Close to expectations from HQS+large Nc: 
(at ! = 1, %& = %'()& )

Ωb →Ωc

g1A

g2Ag3A

0 2 4 6 8 10
-0.5

0.0

0.5

1.0

q2 (GeV2)

15

Ωb →Ωc

f1V

f2V

f3V

0 2 4 6 8 10
-0.5

0.0

0.5

1.0

q2 (GeV2)

n The overlapping integral=0.46 not 1, * (ℬ-) ≠ *(ℬ0)

Isgur, Wise; Yan et al; Chow; Cheng,  …

11 ℬ-(63, 1/26) → ℬ0(63, 1/26)

(89:, 8&:, 8;:) = (1.23,1.56, −0.60) (A9B, A&B, A;B) = (−0.33,0,0)



transition

n Compared to the previous case,
F.F. similar in sizes, but opposite in signs

n Wc(3090) a radial excitation, the overlapping 
integral=-0.46 not 0,  as ! (ℬ$) ≠ !(ℬ')

Ωb →Ωc(3090) g1A

g3A g2A

0 2 4 6 8 10

-1.0

-0.5

0.0

0.5

q2 (GeV2)

16

Ωb →Ωc(3090)

f1V

f2V

f3V

0 2 4 6 8 10

-1.0

-0.5

0.0

0.5

q2 (GeV2)

(( ℬ$(6*, 1/2/) → ℬ'(6*, 1/2/)



transition

n Close to expectations from HQS+LNc:

n The overlapping integral=0.56 not 1, 

Ωb →Ωc(2770)
g1A

g2A

g3A
g4A

0 2 4 6 8 10

-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

17

Ωb →Ωc(2770)

f 1
V

f 2
V

f 3
V

f 4
V

0 2 4 6 8 10

-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

! (ℬ$) ≠ !(ℬ')

Isgur, Wise; Yan 
et al; Chow; 
Cheng,   …

((( ℬ$(6*, 1/2/) → ℬ'(6*, 3/2/)

̅345 = −8̅45 = − 9
:
;<(=) ̅3:5 = −8̅:5 = − 9

:
;>(=) ̅3?5 = 8̅?5 = 0

̅395 = − 4
:
[;< = /(4B=);> = ] 8̅95 = − 4

:
[;< = B(4/=);> = ] D4 E = (1 + E) D9 E

( ̅345, ̅395, ̅3:5, ̅3?5) = (−1.15, −0.58,0.58,0) (8̅4J, 8̅9J, 8̅:J, 8̅?J) = (1.15,0, −0.58,0)



transition

n Compared to the previous case,
F.F. similar in sizes, opposite in signs

n Wc(3120) a radial excitation, the overlapping 
integral=-0.51 not 0,  as ! (ℬ$) ≠ !(ℬ')

Ωb →Ωc(3120)

g1A

g2Ag3A

g4A

0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

18

Ωb →Ωc(3120)
f 1
V

f 2
V

f 3
V

f 4
V

0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

((( ℬ$(6*, 1/2/) → ℬ'(6*, 3/2/)



transition

n HQS:

n Naively obtain:  !" 1 ≈ 1.4'(.)*(.+, !- 1 ≈ 0.7, except from 1̅+ we have 
!" 1 ≈3.0

Ωb →Ωc(3050)

g2V

g1V

g3V
g4V

0 2 4 6 8

-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

19

Ωb →Ωc(3050)

f 1
A

f 2
A

f 3
A

f 4
A

0 2 4 6 8

-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)
Xu 1993

gA
1

(6
f

) =
1

3
[�(2 + !)⇠

1

+ (1 + !)2⇠
2

] +
1

3

M2 +M 02

MM 0 [⇠
1

� (1 + !)⇠
2

],

gA
2

(6
f

) = �1

3

(M �M 0)2

MM 0 [⇠
1

� (1 + !)⇠
2

], gA
3

(6
f

) =
1

3

M2 �M 02

MM 0 [⇠
1

� (1 + !)⇠
2

]; (22)

in the type (iii) B
b

(6
f

, 1/2+) ! B
c

(6
f

, 3/2+) transition,

f̄V

1

(6
f

) = �ḡA
1

(6
f

) = � 2p
3
⇠
1

(!), f̄V

3

(6
f

) = �ḡA
3

(6
f

) = +
2p
3
⇠
2

(!), f̄V

4

(6
f

) = ḡA
4

(6
f

) = 0,

f̄V

2

(6
f

) = � 1p
3
[⇠
1

+ (1� !)⇠
2

(!)], ḡA
2

(6
f

) = � 1p
3
[⇠
1

� (1 + !)⇠
2

(!)] = 0;

in the type (iv) B
b

(6
f

, 1/2+) ! B
c

(6
f

, 3/2�) transition,

f̄A

1

(6
f

) = � 2p
30

(1 + !)⇠
5

(!), f̄A

2

(6
f

) = � 2p
30

[(1 + !)⇠
5

(!) + (1� !2)⇠
6

(!)],

f̄A

3

(6
f

) = � 2p
30

[⇠
5

(!)� 2(1 + !)⇠
6

(!)], f̄A

4

(6
f

) =
4p
30

[⇠
5

(!)� (1 + !)⇠
6

(!)],

ḡV
1

(6
f

) = � 2p
30

(1� !)⇠
5

(!), ḡV
2

(6
f

) =
1p
30

[(1� 2!)⇠
5

(!)� 2(1� !2)⇠
6

(!)],

ḡV
3

(6
f

) =
2p
30

[⇠
5

(!) + 2(1� !)⇠
6

(!)], ḡV
4

(6
f

) =
4p
30

[⇠
5

(!) + (1� !)⇠
6

(!)]; (23)

in the type (v) B
b

(3̄
f

, 1/2+) ! B
c

(3̄
f

, 1/2�) transition,

fA

1

(3̄
f

) = gV
1

(3̄
f

) =
✓
! � M 0

M

◆
�(!)p

3
,

fA

2

(3̄
f

) = fA

3

(3̄
f

) = �M +M 0

M

�(!)p
3
, gV

2

(3̄
f

) = gV
3

(3̄
f

) = �M �M 0

M

�(!)p
3
; (24)

and in the type (vi) B
b

(3̄
f

, 1/2+) ! B
c

(3̄
f

, 3/2�) transition,

f̄A

2

(3̄
f

) = ḡV
2

(3̄
f

) = �(!), f̄A

1,3,4

(3̄
f

) = ḡV
1,34

(3̄
f

) = 0. (25)

For low lying B
c

states, the following normalizations are applied,

⇣(1) = 1, ⇠
1

(1) = 1, (26)

and it has been shown that in the large N
c

limit, one has [41]

⇠
1

(!) = (1 + !)⇠
2

(!) = ⇣(!). (27)

These imply very simple and specify relations of form factors at q2 = q2
max

(or ! = 1), namely

fV

1

(3̄
f

) = gA
1

(3̄
f

) = 1, fV

2,3

(3̄
f

) = gA
2,3

(3̄
f

) = 0, (28)

in the type (i) B
b

(3̄
f

, 1/2+) ! B
c

(3̄
f

, 1/2+) transition;

fV

1

(6
f

) =
1

3
+

1

3

M2 +M 02

MM 0 , fV

2

(6
f

) =
1

3

(M +M 0)2

MM 0 , fV

3

(6
f

) = �1

3

M2 �M 02

MM 0 ,

gA
1

(6
f

) = �1

3
, gA

2

(6
f

) = gA
3

(6
f

) = 0, (29)

in the type (ii) B
b

(6
f

, 1/2+) ! B
c

(6
f

, 1/2+) transition; and

�f̄V

1

(6
f

) = ḡA
1

(6
f

) = �2f̄V

2

(6
f

) = 2f̄V

3

(6
f

) = �2ḡA
3

(6
f

) =
2p
3
,

ḡA
2

(6
f

) = f̄V

4

(6
f

) = ḡA
4

(6
f

) = 0, (30)

16

23 ℬ5(68, 1/2*) → ℬ=(68, 3/2')



transition

n Close to expectations from HQS:

n Naively obtain:  σ 1 ≈ 0.7'(.)*(.+

Λb → Λc(2595)
g1V

g2V

g3V

0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

20

Λb → Λc(2595)
f1A

f2A
f3A

0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)
Isgur, Wise, Youssefmir 1991

, ℬ.(032, 1/2*) → ℬ8(032, 1/2')

9:; = =:> = (? − AB
A)C(D))

9E; = 9); = −(1 + AB
A)C(D))

=E> = =)> = −(1 − AB
A)C(D))



transition

n Lc(2940) a radial excitation, σ(∗) 1 ≈ −0.8+,.-.,./

n the overlapping integral=-0.53 not 0, as 
0 (ℬ2) ≠ 0(ℬ4)

Ξb → Ξc(2790) g1V

g2V

g3V

0 2 4 6 8
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

q2 (GeV2)
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Ξb → Ξc(2790)

f1A

f2A
f3A

0 2 4 6 8
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

q2 (GeV2)Λb → Λc(2940)

f1A

f2A
f3A

0 1 2 3 4 5 6 7

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

q2 (GeV2)

Λb → Λc(2940)

g1V

g2V

g3V

0 1 2 3 4 5 6 7

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

q2 (GeV2)

5 ℬ2(638, 1/2.) → ℬ4(638, 1/2+)



transition

n Close to expectations from HQS:

n Naively obtain:  σ 1 ≈ 0.7, 0.8
n Close to the one obtained in the previous case

Λb → Λc(2625)

g2V

g3V

g4V g1V

0 2 4 6 8
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

q2 (GeV2)
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Λb → Λc(2625)

f 1
A

f 2
A

f 3
A f 4

A

0 2 4 6 8
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

q2 (GeV2)

Isgur, Wise, Youssefmir 1991

)* ℬ,(.30, 1/23) → ℬ6(.30, 3/27)

̅9:; .30 = =̅:> .30 = ?(@) ̅9A,B,C; .30 = =̅A,B,C> .30 = 0



transition

n Lc(2940) a radial excitation, σ(∗) 1 ≈ −1.0, −1.4
n Similar to the one obtained in the previous case

Ξb → Ξc(2815)

g1V

g2V

g3V g4V

0 2 4 6 8
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

q2 (GeV2)
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Ξb → Ξc(2815)

f 1
A

f 2
A

f 3
A f 4

A

0 2 4 6 8
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

q2 (GeV2)Λb → Λc(2940)

f 1
A

f 2
A

f 3
A

f 4
A

0 1 2 3 4 5 6 7
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1.0

q2 (GeV2)

Λb → Λc(2940)

g1V

g2V

g3V g4V

0 1 2 3 4 5 6 7
-1.5

-1.0

-0.5

0.0

0.5

1.0

q2 (GeV2)

,- ℬ/(032, 1/25) → ℬ7(032, 3/28)



Br in unit of 10-3

24

TABLE XI: Branching ratios (in the unit of 10�3) of B
b

! B
c

P decays. Note that the asterisks
denote the transitions where the final state charmed baryons are radial excited.

Transition type Mode P = ⇡� P = K� P = D� P = D�
s

(i) (1
2

+ ! 1

2

+

) Br(⇤
b

! ⇤
c

P ) 4.16+2.43

�1.73

0.31+0.18

�0.13

0.47+0.30

�0.21

11.92+7.69

�5.28

(v) (1
2

+ ! 1

2

�
) Br[⇤

b

! ⇤
c

(2595)P ] 1.09+0.76

�0.51

0.08+0.06

�0.04

0.07+0.07

�0.04

1.72+1.71

�1.01

(vi) (1
2

+ ! 3

2

�
) Br[⇤

b

! ⇤
c

(2625)P ] 2.40+4.09

�1.82

0.17+0.30

�0.13

0.13+0.22

�0.10

2.88+4.92

�2.16

(i)⇤ (1
2

+ ! 1

2

+

) Br[⇤
b

! ⇤
c

(2765)P ] 1.70+0.69

�0.52

0.13+0.05

�0.04

0.15+0.07

�0.05

3.54+1.73

�1.24

(v)⇤ (1
2

+ ! 1

2

�
) Br[⇤

b

! ⇤
c

(2940)P ] 0.68+0.21

�0.21

0.05+0.02

�0.02

0.04+0.02

�0.02

0.87+0.46

�0.38

(vi)⇤ (1
2

+ ! 3

2

�
) Br[⇤

b

! ⇤
c

(2940)P ] 1.00+2.00

�0.83

0.07+0.14

�0.06

0.07+0.10

�0.05

1.69+2.30

�1.23

(i) (1
2

+ ! 1

2

+

) Br(⌅�
b

! ⌅0

c

P ) 3.88+2.43

�1.69

0.29+0.18

�0.13

0.45+0.31

�0.21

11.54+7.98

�5.34

(i) (1
2

+ ! 1

2

+

) Br(⌅0

b

! ⌅+

c

P ) 3.66+2.29

�1.59

0.28+0.17

�0.12

0.43+0.29

�0.20

10.87+7.51

�5.03

(v) (1
2

+ ! 1

2

�
) Br[⌅�

b

! ⌅0

c

(2790)P ] 1.03+0.79

�0.48

0.08+0.06

�0.04

0.07+0.08

�0.04

1.70+1.88

�0.99

(v) (1
2

+ ! 1

2

�
) Br[⌅0

b

! ⌅�
c

(2790)P ] 0.97+0.74

�0.45

0.07+0.06

�0.03

0.07+0.07

�0.04

1.60+1.76

�0.93

(vi) (1
2

+ ! 3

2

�
) Br[⌅�

b

! ⌅0

c

(2815)P ] 3.53+6.46

�2.80

0.26+0.47

�0.20

0.20+0.35

�0.15

4.65+8.08

�3.48

(vi) (1
2

+ ! 3

2

�
) Br[⌅0

b

! ⌅+

c

(2815)P ] 3.32+6.08

�2.63

0.24+0.44

�0.19

0.19+0.33

�0.14

4.34+7.54

�3.25

(ii) (1
2

+ ! 1

2

+

) Br(⌦
b

! ⌦
c

P ) 1.10+0.85

�0.55

0.08+0.07

�0.04

0.15+0.14

�0.08

4.03+3.72

�2.21

(iii) (1
2

+ ! 3

2

+

) Br[⌦
b

! ⌦
c

(2770)P ] 1.37+3.01

�1.19

0.11+0.23

�0.09

0.28+0.38

�0.20

7.46+9.63

�5.04

(iv) (1
2

+ ! 3

2

�
) Br[⌦

b

! ⌦
c

(3050)P ] 3.40+4.45

�2.25

0.24+0.31

�0.16

0.09+0.15

�0.07

1.78+3.16

�1.38

(ii)⇤ (1
2

+ ! 1

2

+

) Br[⌦
b

! ⌦
c

(3090)P ] 0.85+0.50

�0.35

0.06+0.04

�0.03

0.10+0.07

�0.05

2.43+1.79

�1.15

(iii)⇤ (1
2

+ ! 3

2

+

) Br[⌦
b

! ⌦
c

(3120)P ] 0.96+0.95

�0.52

0.07+0.07

�0.04

0.10+0.08

�0.05

2.37+1.81

�1.10
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For the type (v) transition [B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2�) transition], one simply replaces fV

i

and gA
i

in the above equations by �fA

i

and �gV
i

, respectively.
In B

b

(6f , 1/2+) ! B
c

(6f , 3/2+) transitions [type (iii) transitions], the B
b

! B
c

P and B
b

!
B
c

V (A) decay amplitudes are given by [22]

A[B
b

! B
c

(3/2)P ] = iq
µ

ū0µ(P 0)(C +D�
5

)u(P ),

27

Use naïve factorization approach, include penguins in D, Ds modes

in ⌦
b

! ⌦
c

M , ⌦
b

! ⌦
c

(3050)M and ⌦
b

! ⌦
c

(3090)M decays. In Tables XVI, we compare our
results on the up-down asymmetries of ⇤

b

! ⇤
c

M , ⌅
b

! ⌅
c

M , ⌦
b

! ⌦
c

M and ⌦
b

! ⌦
c

(2770)M
decays to other results [21–24, 26, 27, 33, 35, 36]. Our results agree well within errors with almost
all of the results obtained in other works.

It will be interesting to comparing ⇤
b

! ⇤
c

(2940)M decays with two di↵erent assignments of
the configurations of ⇤

c

(2940), a radial excite p-wave spin-1/2 or spin-3/2 particle. From Tables XI
and XII, we have

Br[⇤
b

! ⇤
c

(2940, 3/2�)P ] ' (1.5 ⇠ 2)⇥Br[⇤
b

! ⇤
c

(2940, 1/2�)P ]

, Br[⇤
b

! ⇤
c

(2940, 3/2�)V ] ' Br[⇤
b

! ⇤
c

(2940, 1/2�)V ] and Br[⇤
b

! ⇤
c

(2940, 3/2�)A] '
Br[⇤

b

! ⇤
c

(2940, 1/2�)A]. The asymmetries in ⇤
b

! ⇤
c

(2940, 1/2�)M and ⇤
b

!
⇤
c

(2940, 3/2�)M decays are similar in most cases, but have larger deviations in the cases of heavy
vector mesons. In ⇤

b

! ⇤
c

(2940)D⇤� and ⇤
c

(2940)D⇤�
s

decays, the predictions based on the
spin-1/2 configuration, give �25% and �19%, respectively, while the ones based on the spin-3/2
configurations are �48% and �45%, respectively.

It will be useful to understand why the ⇤
b

! ⇤
c

(2940, 3/2�)P is greater than the ⇤
b

!
⇤
c

(2940, 1/2�)P rate. Using Eqs. (C1) and (C4), we have

�[⇤
b

! ⇤
c

(2940, 3
2

)P ]

�[⇤
b

! ⇤
c

(2940, 1
2

)P ]
=

2m2

⇤b

3m2
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⇥ [(m
⇤b +m

⇤c(2940)
)2 �m2

P

]|p
c

C|2 + [(m
⇤b �m

⇤c(2940)
)2 �m2

P

]|p
c

D|2
[(m

⇤b +m
⇤c(2940)

)2 �m2

P

]|A|2 + [(m
⇤b �m

⇤c(2940)
)2 �m2

P

]M2|B|2 .

(46)

The first factor in the r.h.s. of the above equation is an enhancement factor, while the second
factor is expected to be close to unity as the form factors shown in Tables VII and IX for ⇤

b

!
⇤
c

(2940, 1/2�) and ⇤
b

! ⇤
c

(2940, 3/2�) transitions are of similar sizes. For example, in ⇤
b

!
⇤
c

(2940, 3/2�)⇡� and ⇤
b

! ⇤
c

(2940, 1/2�)⇡� decays, we have (A,B) = (�3.09,�8.20) ⇥ 10�8

and p
c

(C,D) = (�2.33,�6.69)⇥ 10�8, and the ratio of the decay rates are given by

�[⇤
b

! ⇤
c

(2940, 3
2

�
)⇡�]

�[⇤
b

! ⇤
c

(2940, 1
2

�
)⇡�]

= 2.44⇥ 0.61 = 1.49, (47)

and, hence, the ⇤
b

! ⇤
c

(2940, 3/2�)⇡� rate is greater than the ⇤
b

! ⇤
c

(2940, 1/2�)⇡� rate by
about 50%. The enhancements in other ⇤

b

! ⇤
c

(2940, 3/2�)P decay rates can be understood
similarly.

The predictions on rates and asymmetries presented in Tables XI, XII, XIV and XV can be
verified experimentally. These information may shed light on the quantum numbers of ⇤

c

(2765),
⇤
c

(2940) ⌦
c

(3050), ⌦
c

(3090) and ⌦
c

(3120).

IV. CONCLUSIONS

In this work, we study color allowed B
b

! B
c

M decays with B
b

= ⇤
b

,⌅
b

,⌦
b

,
M = ⇡,K, ⇢,K⇤, a

1

, D,D
s

, D⇤, D⇤
s

and s-wave and p-wave charmed baryons, B
c

, includ-
ing ⇤(⇤,⇤⇤)

c

= ⇤
c

,⇤
c

(2595),⇤
c

(2625),⇤
c

(2765),⇤
c

(2940), ⌅(⇤⇤)
c

= ⌅
c

,⌅
c

(2815),⌅
c

(2790) and

⌦(⇤,⇤⇤)
c

= ⌦
c

,⌦
c

(2770),⌦
c

(3050),⌦
c

(3090),⌦
c

(3120). There are six types of transitions,
namely (i) B

b

(3̄f , 1/2+) to B
c

(3̄f , 1/2+) transition, (ii) B
b

(6f , 1/2+) to B
c

(6f , 1/2+) transition,

33
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TABLE XII: Same as Table XI but for B
b

! B
c

V and B
b

! B
c

A decays.

Type Mode M = ⇢� M = K⇤� M = D⇤� M = D⇤�
s

M = a�
1

(i) Br(⇤
b

! ⇤
c

M) 12.28+7.19

�5.11

0.63+0.37

�0.26

0.84+0.51

�0.36

17.49+10.60

�7.48

11.91+6.98

�4.97

(v) Br[⇤
b

! ⇤
c

(2595)M ] 2.99+2.20

�1.44

0.15+0.11

�0.07

0.12+0.11

�0.07

2.28+2.21

�1.29

2.57+2.01

�1.29

(vi) Br[⇤
b

! ⇤
c

(2625)M ] 4.38+6.78

�3.17

0.22+0.33

�0.16

0.13+0.17

�0.08

2.41+2.98

�1.52

3.50+5.11

�2.45

(i)⇤ Br[⇤
b

! ⇤
c

(2765)M ] 4.84+2.01

�1.50

0.25+0.10

�0.08

0.26+0.12

�0.09

5.29+2.54

�1.84

4.45+1.91

�1.42

(v)⇤ Br[⇤
b

! ⇤
c

(2940)M ] 1.85+0.63

�0.60

0.09+0.03

�0.03

0.06+0.03

�0.03

1.16+0.62

�0.48

1.57+0.59

�0.54

(vi)⇤ Br[⇤
b

! ⇤
c

(2940)M ] 1.93+3.19

�1.43

0.10+0.15

�0.07

0.06+0.06

�0.03

1.11+1.07

�0.62

1.58+2.26

�1.08

(i) Br(⌅�
b

! ⌅0

c

M) 11.56+7.25

�5.04

0.60+0.37

�0.26

0.82+0.53

�0.37

17.26+11.2

�7.70

11.37+7.14

�4.97

(i) Br(⌅0

b

! ⌅+

c

M) 10.88+6.83

�4.74

0.56+0.35

�0.24

0.77+0.50

�0.35

16.24+10.54

�7.25

10.70+6.72

�4.67

(v) Br[⌅�
b

! ⌅0

c

(2790)M ] 2.86+2.28

�1.36

0.14+0.12

�0.07

0.12+0.12

�0.06

2.25+2.33

�1.26

2.48+2.10

�1.23

(v) Br[⌅0

b

! ⌅+

c

(2790)M ] 2.69+2.15

�1.28

0.13+0.11

�0.06

0.11+0.11

�0.06

2.11+2.19

�1.19

2.33+1.98

�1.16

(vi) Br[⌅�
b

! ⌅0

c

(2815)M ] 6.49+10.58

�4.84

0.32+0.51

�0.24

0.20+0.26

�0.13

3.74+4.58

�2.32

5.24+7.92

�3.72

(vi) Br[⌅0

b

! ⌅+

c

(2815)M ] 6.10+9.95

�4.55

0.30+0.48

�0.22

0.19+0.24

�0.12

3.51+4.30

�2.18

4.92+7.45

�3.50

(ii) Br(⌦
b

! ⌦
c

M) 3.07+2.41

�1.53

0.16+0.12

�0.08

0.16+0.13

�0.08

3.18+2.69

�1.61

2.76+2.20

�1.37

(iii) Br[⌦
b

! ⌦
c

(2770)M ] 2.37+4.68

�1.85

0.13+0.24

�0.10

0.28+0.30

�0.16

6.20+6.19

�3.49

2.78+4.35

�1.93

(iv) Br[⌦
b

! ⌦
c

(3050)M ] 4.09+5.62

�2.71

0.20+0.27

�0.13

0.08+0.10

�0.05

1.43+1.78

�0.88

2.84+3.88

�1.86

(ii)⇤ Br[⌦
b

! ⌦
c

(3090)M ] 2.29+1.36

�0.94

0.11+0.07

�0.05

0.09+0.06

�0.04

1.69+1.06

�0.71

1.92+1.15

�0.79

(iii)⇤ Br[⌦
b

! ⌦
c

(3120)M ] 1.50+1.37

�0.76

0.08+0.07

�0.04

0.11+0.07

�0.04

2.37+1.33

�0.88

1.55+1.21

�0.71
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⌫µ

(C 0
1

+ C 0
2

�
5

) + q
⌫

�
µ

(C 0
2

+D0
2

�
5

) + q
⌫

P
µ

(C 0
3

+D0
3

�
5

)]u(P ),

(39)

with

C = �G
fp
2
V
cb

V ⇤
q1q2

a
1

f
P


gA
1

(m2

P

) + (M �M 0)
gA
2

(m2

P

)

M

+
1

2
(M2 �M 02 �m2

P

)
✓
gA
3

(m2

P

)

MM 0 +
gA
4

(m2

P

)

M2

◆
�m2

P

gA
3

(m2

P

)

MM 0

�
,

D =
G

fp
2
V
cb

V ⇤
q1q2

a
1

f
P


fV

1

(m2

P

)� (M +M 0)
fV

2

(m2

P

)

M

+
1

2
(M2 �M 02 �m2

P

)
✓
fV

3

(m2

P

)

MM 0 +
fV

4

(m2

P

)

M2

◆
�m2

P

fV

3

(m2

P

)

MM 0

�
,

C
(0)
1

= ⌥G
fp
2
V
cb

V ⇤
q1q2

a
1

m
V (A)

f
V (A)

ḡA
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For the B
b

(6f , 1/2+) ! B
c

(6f , 3/2�) and B
b

(3̄f , 1/2+) ! B
c

(3̄f , 3/2�) transitions [type (iv) and (vi)
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TABLE XIII: Comparisons of data and theoretical results on the branching ratios (in the unit of
10�3) of ⇤

b

! ⇤
c

M , ⌅
b

! ⌅
c

M , ⌦
b

! ⌦
c

M and ⌦
b

! ⌦
c

(2770)M decays.

Mode Data [4] This work [21] [22] [23, 24] [25] [26] [27] [33] [35] [36]

⇤
b

! ⇤
c

⇡� 4.9± 0.4 4.16+2.43

�1.73

4.6+2.0

�3.1

4.6 5.62 3.91 � 1.75 4.96 � 5.67

⇤
b

! ⇤
c

K� 0.359± 0.030 0.31+0.18

�0.13

� � � � � 0.13 0.393 � 0.46

⇤
b

! ⇤
c

D� 0.46± 0.06 0.47+0.30

�0.21

� � � � � 0.30 0.522 � 0.76

⇤
b

! ⇤
c

D�
s

11.0± 1.0 11.92+7.69

�5.28

23+3

�4

13.7 � 12.91 22.3 7.70 12.4 14.78 19.94

⇤
b

! ⇤
c

⇢� � 12.28+7.19

�5.11

6.6+2.4

�4.0

12.9 � 10.82 � 4.91 8.65 � 16.71

⇤
b

! ⇤
c

K⇤� � 0.63+0.37

�0.26

� � � � � 0.27 0.441 � 0.87

⇤
b

! ⇤
c

D⇤� � 0.84+0.51

�0.36

� � � � � 0.49 0.520 � 1.38

⇤
b

! ⇤
c

D⇤�
s

� 17.49+10.60

�7.48

17.3+2.0

�3.0

21.8 � 19.83 32.6 14.14 10.5 25.16 30.86

⇤
b

! ⇤
c

a�
1

� 11.91+6.98

�4.97

� � � � � 5.32 � � 16.53

⌅0

b

! ⌅+

c

⇡� � 3.66+2.29

�1.59

� 4.9 7.08 � � � � � �
⌅�
b

! ⌅0

c

⇡� � 3.88+2.43

�1.69

� 5.2 10.13 � � � � � �
⌅0

b

! ⌅+

c

D� � 0.43+0.29

�0.20

� � � � � � � 0.45 �
⌅0

b

! ⌅+

c

D�
s

� 10.87+7.51

�5.03

� 14.6 � � � � � � �
⌅0

b

! ⌅+

c

D⇤� � 0.77+0.50

�0.35

� � � � � � � 0.95 �
⌅0

b

! ⌅+

c

D⇤�
s

� 16.24+10.54

�7.25

� 23.1 � � � � � � �
⌦
b

! ⌦
c

⇡� � 1.10+0.85

�0.55

� 4.92 5.81 � � � � 1.88 �
⌦
b

! ⌦
c

D�
s

� 4.03+3.72

�2.21

� 17.9 � � � � � � �
⌦
b

! ⌦
c

⇢� � 3.07+2.41

�1.53

� 12.8 � � � � � 5.43 �
⌦
b

! ⌦
c

D⇤�
s

� 3.18+2.69

�1.61

� 11.5 � � � � � � �
⌦
b

! ⌦⇤
c

⇡� � 1.37+3.01

�1.19

� 2.69 � � � � � 1.70 �
⌦
b

! ⌦⇤
c

D� � 0.28+0.38

�0.20

� � � � � � � 0.16 �
⌦
b

! ⌦⇤
c

D�
s

� 7.46+9.63

�5.04

� 3.53 � � � � � � �
⌦
b

! ⌦⇤
c

⇢� � 2.37+4.68

�1.85

� 3.81 � � � � � 5.58 �
⌦
b

! ⌦⇤
c

D⇤� � 0.28+0.30

�0.16

� � � � � � � 0.58 �
⌦
b

! ⌦⇤
c

D⇤�
s

� 6.20+6.19

�3.49

� 3.93 � � � � � � �

transitions], one simply replaces f̄V

i

and ḡA
i

in the above equations by �f̄A

i

and �ḡV
i

, respectively.
The formulas of decay rates and the up-down asymmetries are collected in Appendix C.

In our numerical study masses and life-times of all hadron are taken from PDG [4], while the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements are taken from the latest fitting results of
the CKM fitter group [57]. We use [58]

f
⇡

= 130.2, f
K

= 155.6, f
D

= 211.9, f
Ds = 249.0, (41)

and [42]

f
⇢

= 216, f
K

⇤ = 210, f
D

⇤ = 220, f
D

⇤
s
= 230, f

K

⇤ = �203, (42)

for the values (in unit of MeV) of decay constants of pseudoscalars, vectors and the axial-vector
mesons.

The decay rates are calculated using the näıve factorization approach. We assign 10% uncer-
tainty in the e↵ective Wilson coe�cient a

1

for estimations and uncertainties in form factors shown
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Up-down asymmetry in unit of %

28

TABLE XIV: The predicted up-down asymmetries (in the unit of %) of B
b

! B
c

P decays. Note
that the asterisks denote the transitions where the final state charmed baryons are radial excited.

Type Mode P = ⇡� P = K� P = D� P = D�
s

(i) (1
2

+ ! 1

2

+

) ↵(⇤
b

! ⇤
c

P ) �99.99+4.70

�0.00

�99.97+5.02

�0.01

�99.45+7.94

�0.55

�99.19+8.59

�0.81

(v) (1
2

+ ! 1

2

�
) ↵[⇤

b

! ⇤
c

(2595)P ] �98.33+12.89

�1.67

�98.12+13.51

�1.88

�88.05+26.57

�11.95

�86.49+27.83

�13.51

(vi) (1
2

+ ! 3

2

�
) ↵[⇤

b

! ⇤
c

(2625)P ] �97.76+39.39

�2.24

�97.64+39.37

�2.36

�97.44+37.86

�2.56

�97.07+38.04

�2.93

(i)⇤ (1
2

+ ! 1

2

+

) ↵[⇤
b

! ⇤
c

(2765)P ] �99.93+1.65

�0.02

�99.87+1.87

�0.11

�98.03+5.04

�1.97

�97.23+5.70

�2.70

(v)⇤ (1
2

+ ! 1

2

�
) ↵[⇤

b

! ⇤
c

(2940)P ] �98.32+2.86

�1.47

�98.10+3.11

�1.64

�86.24+11.11

�9.26

�84.04+12.19

�10.66

(vi)⇤ (1
2

+ ! 3

2

�
) ↵[⇤

b

! ⇤
c

(2940)P ] �99.41+65.88

�0.59

�99.06+61.14

�0.94

�89.25+31.59

�10.75

�86.81+30.72

�13.19

(i) (1
2

+ ! 1

2

+

) ↵(⌅�
b

! ⌅0

c

P ) �99.98+5.73

�0.00

�99.96+6.10

�0.00

�99.29+9.61

�0.71

�98.99+10.34

�1.01

(i) (1
2

+ ! 1

2

+

) ↵(⌅0

b

! ⌅+

c

P ) �99.98+5.73

�0.00

�99.96+6.10

�0.00

�99.29+9.61

�0.71

�98.99+10.34

�1.01

(v) (1
2

+ ! 1

2

�
) ↵[⌅�

b

! ⌅0

c

(2790)P ] �98.13+14.56

�1.87

�97.88+15.26

�2.11

�86.62+28.66

�13.38

�84.85+29.84

�15.15

(v) (1
2

+ ! 1

2

�
) ↵[⌅0

b

! ⌅�
c

(2790)P ] �98.13+14.56

�1.87

�97.88+15.26

�2.11

�86.60+28.67

�13.40

�84.83+29.85

�15.16

(vi) (1
2

+ ! 3

2

�
) ↵[⌅�

b

! ⌅0

c

(2815)P ] �97.63+42.32

�2.37

�97.48+42.09

�2.52

�96.48+38.46

�3.52

�95.89+38.40

�4.11

(vi) (1
2

+ ! 3

2

�
) ↵[⌅0

b

! ⌅+

c

(2815)P ] �97.70+42.27

�2.30

�97.56+42.03

�2.44

�96.71+38.31

�3.29

�96.16+38.26

�3.84

(ii) (1
2

+ ! 1

2

+

) ↵(⌦
b

! ⌦
c

P ) 59.94+21.34

�18.76

59.39+21.45

�18.70

56.04+23.79

�19.29

55.16+23.98

�19.18

(iii) (1
2

+ ! 3

2

+

) ↵[⌦
b

! ⌦
c

(2770)P ] 2.60+97.40

�102.23

1.17+98.43

�100.15

�11.02+55.88

�59.25

�11.70+50.63

�55.10

(iv) (1
2

+ ! 3

2

�
) ↵[⌦

b

! ⌦
c

(3050)P ] 18.07+52.52

�41.45

17.73+53.31

�42.50

9.16+75.06

�71.89

7.09+78.45

�76.03

(ii)⇤ (1
2

+ ! 1

2

+

) ↵[⌦
b

! ⌦
c

(3090)P ] 59.75+14.13

�13.17

59.15+14.21

�13.16

54.01+16.49

�13.95

52.73+16.61

�13.86

(iii)⇤ (1
2

+ ! 3

2

+

) ↵[⌦
b

! ⌦
c

(3120)P ] 4.58+42.35

�41.22

3.81+41.17

�40.26

�3.74+22.18

�24.05

�4.20+20.50

�22.52

in the previous subsection will be used. Some studies using QCD factorization on B meson and
bottom baryon decays indicated that the e↵ective Wilson coe�cients a

1

in those decays are close
to the one in näıve factorization [33, 59] The authors in ref. [59] obtained the |a

1

(DP )| agrees with
the näıve factorization value within few % indicating that for color allowed modes näıve factoriza-
tion is a good approximation. 5 A recent study of applying QCD factorization to ⇤

b

decays also
shown similar conclusion [33]. However, it has been shown that non-factorizable contributions to
B
b

! B
c

P non-leptonic decay amplitudes can be as large as 30% of the factorized ones [23, 24].
Since a precise estimation of non-factorization contributions is beyond the scope of the present
work, we should stick to the näıve factorization approximation.

Note that in the cases of B
b

! D
(⇤)
(s)

B
c

decays, penguin terms from b ! d(s)c̄c decays can
contribute to the amplitudes. The most dominant penguin contributions to rates are the so-
called strong penguin contributions, with e↵ective Wilson coe�cients a

4

= c
4

+ c
3

/3 = �0.03
and a

6

= c
6

+ c
5

/3 = �0.04 at µ = 4.2 GeV [56]. The a
1

hM |(V � A)|0i ⇥ hB
c

|(V � A)|B
b

i
term in Eq. (35) needs the following additional terms: a

4

hM |(V � A)|0i ⇥ hB
c

|(V � A)|B
b

i and
a
6

(�2)hM |(S + P )|0i ⇥ hB
c

|(S � P )|B
b

i. 6 Note that we have neglected the sub-leading V
ub

V ⇤
ud(s)

terms in the above expression. For M = D⇤
(s)

, we have hM |(S + P )|0i = 0 and the resulting
a
6

contributions are vanishing, and the B
b

! B
c

D⇤
(s)

decay amplitudes can be obtained with the

5 They obtained |a1(B̄ ! DP )| = 1.055+0.019
�0.017 � (0.013+0.011

�0.006)↵
P

1 with ↵⇡

1 = 0 and |↵K

1 | < 1. This is to be

compared with the näıve factorization value, aLO1 = 1.025.
6 See for example, Eq. (4) in [56] for a similar expression.
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TABLE XV: Same as Table XIV but for B
b

! B
c

V and B
b

! B
c

A decays.

Type Mode M = ⇢� M = K⇤� M = D⇤� M = D⇤�
s

M = a�
1

(i) ↵(⇤
b

! ⇤
c

M) �86.96+5.60

�0.87

�82.96+6.02

�1.11

�36.85+7.08

�4.88

�32.69+6.82

�5.05

�70.00+7.00

�2.30

(v) ↵[⇤
b

! ⇤
c

(2595)M ] �85.6+12.41

�3.85

�81.65+12.21

�4.46

�33.47+15.76

�11.40

�28.68+15.97

�11.88

�68.66+11.32

�6.19

(vi) ↵[⇤
b

! ⇤
c

(2625)M ] �91.48+42.04

�3.89

�89.01+41.55

�4.91

�53.92+34.18

�18.71

�49.80+33.31

�20.08

�80.52+39.81

�8.58

(i)⇤ ↵[⇤
b

! ⇤
c

(2765)M ] �86.15+2.71

�1.04

�81.89+3.24

�1.47

�31.54+5.31

�4.91

�26.87+5.07

�4.82

�67.99+4.60

�2.94

(v)⇤ ↵[⇤
b

! ⇤
c

(2940)M ] �84.01+4.44

�3.07

�79.56+4.84

�3.51

�24.77+10.24

�9.27

�19.04+10.34

�9.71

�64.97+6.29

�4.97

(vi)⇤ ↵[⇤
b

! ⇤
c

(2940)M ] �87.25+66.15

�7.21

�84.14+63.92

�8.45

�48.02+36.43

�18.07

�45.28+33.21

�18.13

�73.90+56.57

�12.00

(i) ↵(⌅�
b

! ⌅0

c

M) �86.61+6.57

�1.09

�82.52+7.04

�1.38

�36.00+8.09

�5.51

�31.85+7.78

�5.73

�69.34+8.13

�2.69

(i) ↵(⌅0

b

! ⌅+

c

M) �86.61+6.57

�1.09

�82.52+7.04

�1.38

�35.98+8.08

�5.51

�31.84+7.78

�5.72

�69.33+8.13

�2.69

(v) ↵[⌅�
b

! ⌅0

c

(2790)M ] �85.14+13.71

�4.14

�81.11+13.40

�4.77

�32.40+16.14

�11.43

�27.57+16.30

�11.88

�67.92+12.18

�6.55

(v) ↵[⌅0

b

! ⌅+

c

(2790)M ] �85.13+13.71

�4.15

�81.09+13.40

�4.78

�32.35+16.14

�11.43

�27.52+16.30

�11.88

�67.90+12.17

�6.55

(vi) ↵[⌅�
b

! ⌅0

c

(2815)M ] �91.55+46.65

�4.08

�89.08+45.9

�5.17

�55.07+35.28

�18.5

�51.32+34.12

�19.77

�80.63+43.30

�8.94

(vi) ↵[⌅0

b

! ⌅+

c

(2815)M ] �91.48+46.84

�4.15

�89.00+46.09

�5.27

�54.83+35.37

�18.69

�51.06+34.18

�20.08

�80.52+43.48

�9.07

(ii) ↵(⌦
b

! ⌦
c

M) 61.63+22.03

�19.83

62.20+22.22

�20.19

72.15+22.11

�25.51

73.53+21.54

�26.05

64.27+22.74

�21.45

(iii) ↵[⌦
b

! ⌦
c

(2770)M ] �5.22+82.03

�88.99

�7.51+78.52

�85.12

�22.24+45.94

�51.42

�22.62+42.82

�48.63

�13.64+68.97

�74.18

(iv) ↵[⌦
b

! ⌦
c

(3050)M ] 24.95+60.39

�59.79

24.72+59.86

�60.40

13.22+49.96

�62.37

10.39+49.66

�61.11

23.53+57.68

�62.28

(ii)⇤ ↵[⌦
b

! ⌦
c

(3090)M ] 61.51+14.81

�13.97

62.10+15.02

�14.24

73.1+15.51

�17.68

74.63+14.95

�17.81

64.31+15.63

�15.17

(iii)⇤ ↵[⌦
b

! ⌦
c

(3120)M ] 1.15+44.49

�48.55

�0.31+41.58

�46.29

�11.06+21.35

�24.74

�11.43+19.79

�22.92

�4.44+33.80

�39.57

following replacement

a
1

! a
1

+ a
4

, (43)

in the corresponding amplitudes in Eqs. (38) and (40). The penguin contributions are destructively
interfere with the tree contributions in these modes. For B

b

! D
(s)

B
c

decays, through equations
of motion, we have

�2hD
(s)

(q)|(S + P )|0ih|B
c

|(S � P )|B
b

i =
2m2

D(s)

(m
c

+m
q(s)

)(m
b

�m
c

)
hD

(s)

(q)|V �A|0ihB
c

|V |B
b

i

�
2m2

D(s)

(m
c

+m
q(s)

)(m
b

+m
c

)
hD

(s)

(q)|V �A|0ihB
c

|(�A)|B
b

i,

(44)

where the quark masses are current quark masses with m
b

= 4.2 GeV, m
c

= 1.3 GeV, m
s

= 0.08
GeV and m

q

= 0.003 at µ = 4.2 GeV. Therefore, the B
b

(1/2+) ! B
c

(1/2+, 3/2+)D
(s)

decay
amplitudes can be obtained with the following replacements:

a
1

! a
1

+ a
4

+
2m2

D(s)

(m
c

+m
q(s)

)(m
b

�m
c

)
a
6

,

a
1

! a
1

+ a
4

�
2m2

D(s)

(m
c

+m
q(s)

)(m
b

+m
c

)
a
6

, (45)

where the first (second) one is applicable for the A (B) term in Eq. (38) and the D (C) term in
Eq. (40), while for the B

b

(1/2+) ! B
c

(1/2�, 3/2�)D
(s)

amplitudes, one needs to switch the above
replacements. We also apply 10% uncertainties on a

4

and a
6

.
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TABLE XVI: Various theoretical results on the up-down asymmetries (↵ in the unit of %) of
⇤
b

! ⇤
c

M , ⌅
b

! ⌅
c

M , ⌦
b

! ⌦
c

M and ⌦
b

! ⌦
c

(2770)M decays are compared.

Mode This work [21] [22] [23, 24] [26] [27] [33] [35] [36]

⇤
b

! ⇤
c

⇡� �99.99+4.70

�0.00

�100 �99 �99 � �99.9 �99.8 � �100

⇤
b

! ⇤
c

K� �99.97+5.02

�0.01

� � � � �100 �100 � �100

⇤
b

! ⇤
c

D� �99.45+7.94

�0.55

� � � � �98.7 �99.9 �98.9 �98.3

⇤
b

! ⇤
c

D�
s

�99.19+8.59

�0.81

�99.1 �99 � �98 �98.4 �100 �98.6 �97.8

⇤
b

! ⇤
c

⇢� �86.96+5.60

�0.87

�90.3 �88 � � �89.8 �88.8 � �87.5

⇤
b

! ⇤
c

K⇤� �82.96+6.02

�1.11

� � � � �86.5 �85.9 � �83.6

⇤
b

! ⇤
c

D⇤� �36.85+7.08

�4.88

� � � � �45.9 �47.8 � �37.1

⇤
b

! ⇤
c

D⇤�
s

�32.69+6.82

�5.05

�43.7 �36 � �40 �41.9 �43.9 �36.4 �32.7

⇤
b

! ⇤
c

a�
1

�70.00+7.00

�2.30

� � � � �75.8 � � �70.9

⌅0

b

! ⌅+

c

⇡� �99.98+5.73

�0.00

� �100 �100 � � � � �
⌅�
b

! ⌅0

c

⇡� �99.98+5.73

�0.00

� �100 �97 � � � � �
⌅0

b

! ⌅+

c

D�
s

�98.99+10.34

�1.01

� �99 � � � � � �
⌅0

b

! ⌅�
c

D⇤�
s

�31.84+7.78

�5.72

� �36 � � � � � �
⌦
b

! ⌦
c

⇡� 59.94+21.34

�18.76

� 51 60 � � � � �
⌦
b

! ⌦
c

D�
s

55.16+23.98

�19.18

� 42 � � � � � �
⌦
b

! ⌦
c

⇢� 61.63+22.03

�19.83

� 53 � � � � � �
⌦
b

! ⌦
c

D⇤�
s

73.53+21.54

�26.05

� 64 � � � � � �
⌦
b

! ⌦
c

(2770)⇡� 2.60+97.40

�102.23

� �38 � � � � � �
⌦
b

! ⌦
c

(2770)D�
s

�11.70+50.63

�55.10

� �22 � � � � � �
⌦
b

! ⌦
c

(2770)⇢� �5.22+82.03

�88.99

� �75 � � � � � �
⌦
b

! ⌦
c

(2770)D⇤�
s

�22.62+42.82

�48.63

� �31 � � � � � �

In this work we do not consider the e↵ects of final state interactions (FSI). In fact, from the
studies of final state interactions in B decays, one will expect the e↵ects of FSI be more prominent
in color suppressed modes, where various sub-leading contributions including FSI can compete
with each other and be surfaced, see example [60]. Whereas, for color allowed modes, the leading
contributions dominate over sub-leading contributions, and, consequently, we expect that FSI has
little e↵ect on the decay rates and asymmetries of color allowed modes.

The predicted branching ratios for B
b

! B
c

P and B
b

! B
c

V,B
c

A decays, are summarized in
Tables XI and XII, respectively In Tables XIII, we compare our results on ⇤

b

! ⇤
c

M , ⌅
b

! ⌅
c

M ,
⌦
b

! ⌦
c

M and ⌦
b

! ⌦
c

(2770)M decay rates to data [4] and the results of other theoretical
studies. Overall speaking, our results agree reasonably well with data and with most of the results
obtained in other works [21–27, 33, 35, 36]. It is interesting that the penguin contributions slightly
reduce the ⇤

b

! ⇤
c

D and ⇤D
s

rates resulting a better agreement with data. Indeed, when the
penguin contributions are included, the central values of the ⇤

b

! ⇤
c

D and ⇤D
s

branching ratios
(in the unit of 10�3) are reduced from 0.53 and 13.50 to 0.47 and 11.92, respectively, which are
closer to the experimental values, 0.46± 0.06 and 11.0± 1.0, respectively.

In Tables XIV and XV, we show the prediction of up-down asymmetries for B
b

! B
c

M decays
with M = P, V,A. From the tables we see that most of the signs of ↵ are negative, except those

32



Conclusion:

n We study ℬ"($%
&) → ℬ) $

%
± , ,%

± -,- = /, 0, 1
color-allowed decays (6 types of transitions)

n Form Factors are calculated using LFQM
n Close to expectations from HQS (+Large Nc)
n Rates and asymmetries are predicted, close 

to existing data and results from other works
n Can be checked experimentally
n May shed light on the QN of some charm 

baryons 
[Λ) 2765 , Λ) 2940 , Ω) 3050), Ω)(3090), Ω)(3120 ]
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TABLE I: Allowed quantum number of the diquark system satisfying Fermi statistics. ~S[qq] =
~L
k

+ ~S
qq

is the angular momentum of the diquark system, without taking into account the orbital
momentum of the Q� [qq] system (~L

K

). The parity eigenvalues of the diquark [qq] system and the
Qqq system are given by (�)Lk and (�)Lk+LK , respectively.

 (color) L
K

L
k

 (flavor)  (spin) S[qq] parity([qq]) parity(Qqq)

(3̄c)A even even (3̄f )A (1sp)A L
k

+ +

(3̄c)A even even (6f )S (3sp)S |L
k

� 1|, · · · , L
k

+ 1 + +

(3̄c)A odd odd (3̄f )A (3sp)S L
k

� 1, L
k

, L
k

+ 1 � +

(3̄c)A odd odd (6f )S (1sp)A L
k

� +

(3̄c)A even odd (3̄f )A (3sp)S L
k

� 1, L
k

, L
k

+ 1 � �
(3̄c)A even odd (6f )S (1sp)A L

k

� �
(3̄c)A odd even (3̄f )A (1sp)A L

k

+ �
(3̄c)A odd even (6f )S (3sp)S |L

k

� 1|, · · · , L
k

+ 1 + �

and the Wigner rotation (see later discussion), as the rest frame of the whole system and the rest
frame of the diquark system are not identical. Nevertheless the above wave function can still be
used as an book keeping devise for working out the allowed quantum numbers.

The angular momentum of the diquark system, without taking into account the orbital momen-
tum of the Q� [qq] system, is

~S[qq] = ~L
k

+ ~S
qq

, (5)

with S[qq] given by |L
k

�S
qq

|, . . . , L
k

+S
qq

. Note that ~S
qq

is the spin of the light quark pair without

taking into account the orbital momentum between them. The combination of ~S[qq] is better when
viewing the diquark as a sub-system, i.e. one may have scalar diquark, axial-vector diquark and
so on. The angular momentum of the diquark system, with the orbital momentum of the Q� [qq]
system, is

~J
l

= ~S[qq] + ~L
K

, (6)

with J
l

given by |S[qq] � L
k

|, . . . , S[qq] + L
k

. Consequently, the total angular momentum is

~J
Qqq

= ~S
Q

+ ~L
k

+ ~S
qq

+ ~L
K

= ~S
Q

+ ~S[qq] + ~L
K

= ~S
Q

+ ~J
l

. (7)

Under permutation of the light quark momenta, p1 $ p2, we have ~k ! �~k and ~K ! ~K,
while under party we have ~k ! �~k and ~K ! � ~K. Consequently, using the well known symmetry
property of Y

lm

, under the permutation, the space part wave function, see Eq. (4), transforms as

 (space) ! (�)Lk (space), (8)

while under parity, it transforms as

 (space) ! (�)Lk+LK (space). (9)

The parity eigenvalues of the [qq] diquark and the whole Qqq systems are given by (�)Lk and
(�)Lk+LK , respectively.
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TABLE III: Configurations of s-wave and p-wave singlely charmed baryons are shown. The angular
momenta are defined as ~S

qq

, ~S
[qq]

⌘ ~L
k

+ ~S
qq

, ~J
l

⌘ ~S
[qq]

+ ~L
K

and ~J ⌘ ~J
l

+ ~S
Q

, which are
the angular momenta of the light quark pair (without the relative orbital angular momentum),
the whole diquark system, the light-degree of freedom and the whole baryon, respectively. The
quantum number assignments of these states are from Table II and [8], while those with (†) are
taken from [9]. States with L

K

= 0 and 1 correspond to s-wave and p-wave states, respectively.

n L
K

L
k

flavor S
qq

SP

[qq]

JP

l

JP B
c

1 0 0 3̄f 0 0+ 0+ 1

2

+

⇤+

c

, ⌅+,0

c

2 0 0 3̄f 0 0+ 0+ 1

2

+

⇤
c

(2765)+(†)
1 0 0 6f 1 1+ 1+ 1

2

+

⌃
c

(2455)++,+,0, ⌅0+,0

c

, ⌦0

c

2 0 0 6f 1 1+ 1+ 1

2

+

⌅0
c

(2970)+,0(†), ⌦
c

(3090)0(†)
1 0 0 6f 1 1+ 1+ 3

2

+

⌃
c

(2520)++,+,0, ⌅
c

(2645)+,0, ⌦
c

(2770)0

2 0 0 6f 1 1+ 1+ 3

2

+

⌦
c

(3120)0(†)
1 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2595)+, ⌅
c

(2790)+,0

2 1 0 3̄f 0 0+ 1� 1

2

�
⇤
c

(2940)+(†)
1 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2625)+, ⌅
c

(2815)+,0

2 1 0 3̄f 0 0+ 1� 3

2

�
⇤
c

(2940)+

1 1 0 6f 1 1+ 2� 3

2

�
⌃
c

(2800)++,+,0(†), ⌅0
c

(2930)+,0(†), ⌦
c

(3050)0(†)
1 1 0 6f 1 1+ 2� 5

2

�
⌦
c

(3066)0(†)

= ū(P 0, J 0
z

)
h
gV
1

(q2)�
µ

+ i
gV
2

(q2)

M �M 0�µ⌫q
⌫ +

gV
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i

= ū(P 0, J 0
z

)
h
fA

1

(q2)�
µ

+ i
fA

2

(q2)

M +M 0�µ⌫q
⌫ +

fA

3

(q2)

M +M 0 qµ
i
u(P, J

z

). (2)

For the B
b

(1/2+) ! B
c

(3/2+) transition, the V µ and Aµ matrix elements can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
f̄V

1

(q2)g
⌫µ

+
f̄V

2

(q2)

M
P
⌫

�
µ

+
f̄V

3

(q2)

MM 0 P⌫

P 0
µ

+
f̄V

4

(q2)

M2

P
⌫

P
µ

i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡA
1

(q2)g
⌫µ

+
ḡA
2

(q2)

M
P
⌫

�
µ

+
ḡA
3

(q2)

MM”
P
⌫

P 0
µ

+
ḡA
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

), (3)

while for the B
b

(1/2+) ! B
c

(3/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
ḡV
1

(q2)g
⌫µ

+
ḡV
2

(q2)

M
P
⌫

�
µ

+
ḡV
3

(q2)

MM 0 P⌫

P 0
µ

+
ḡV
4

(q2)

M2

P
⌫

P
µ

i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū⌫(P 0, J 0
z

)
h
fA

1

(q2)ḡ
⌫µ

+
f̄A

2

(q2)

M
P
⌫

�
µ

+
f̄A

3

(q2)

MM”
P
⌫

P 0
µ

5

34



35

TABLE I: Mass spectra, widths (in units of MeV) and quantum numbers of charmed baryons are
summarized. Experimental values of masses and widths and JP are taken from the Particle Data
Group (PDG) [4, 5]. Note that S

[qq]

, L
k

, L
K

and J
l

are the spin of the diquark [qq], the orbital
angular momentum between the light quarks, the orbital angular momentum of the Q� [qq] system
and the total angular momentum of the light degree of freedom, respectively. See [6–8] for more
details.

State J

P
n (LK , Lk) S

P
[qq]

J

P`
` Mass Width Decay modes

⇤

+
c

1
2
+

1 (0,0) 0

+
0

+
2286.46± 0.14 weak

⇤c(2595)
+ 1

2
�

1 (1,0) 0

+
1

�
2592.25± 0.28 2.6± 0.6 ⇤c⇡⇡,⌃c⇡

⇤c(2625)
+ 3

2
�

1 (1,0) 0

+
1

�
2628.11± 0.19 < 0.97 ⇤c⇡⇡,⌃c⇡

⇤c(2765)
+

?

?
? ? ? ? 2766.6± 2.4 50 ⌃c⇡,⇤c⇡⇡

⇤c(2860)
+ 3

2
+

1 (2,0) 0

+
2

+
2856.1

+2.3
�6.0 68

+12
�22 ⌃

(⇤)
c ⇡, D

0
p,D

+
n

⇤c(2880)
+ 5

2
+

1 (2,0) 0

+
2

+
2881.63± 0.24 5.6

+0.8
�0.6 ⌃

(⇤)
c ⇡,⇤c⇡⇡, D

0
p

⇤c(2940)
+ 3

2
�

2 (1,0) 0

+
1

�
2939.6

+1.3
�1.5 20

+6
�5 ⌃

(⇤)
c ⇡,⇤c⇡⇡, D

0
p

⌃c(2455)
++ 1

2
+

1 (0, 0) 1

+
1

+
2453.97± 0.14 1.89

+0.09
�0.18 ⇤c⇡

⌃c(2455)
+ 1

2
+

1 (0, 0) 1

+
1

+
2452.9± 0.4 < 4.6 ⇤c⇡

⌃c(2455)
0 1

2
+

1 (0, 0) 1

+
1

+
2453.75± 0.14 1.83

+0.11
�0.19 ⇤c⇡

⌃c(2520)
++ 3

2
+

1 (0, 0) 1

+
1

+
2518.41

+0.21
�0.19 14.78

+0.30
�0.40 ⇤c⇡

⌃c(2520)
+ 3

2
+

1 (0, 0) 1

+
1

+
2517.5± 2.3 < 17 ⇤c⇡

⌃c(2520)
0 3

2
+

1 (0, 0) 1

+
1

+
2518.48± 0.20 15.3

+0.4
�0.5 ⇤c⇡

⌃c(2800)
++

?

?
? ? ? ? 2801

+4
�6 75

+22
�17 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌃c(2800)
+

?

?
? ? ? ? 2792

+14
� 5 62

+60
�40 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌃c(2800)
0

?

?
? ? ? ? 2806

+5
�7 72

+22
�15 ⇤c⇡,⌃

(⇤)
c ⇡,⇤c⇡⇡

⌅

+
c

1
2
+

1 (0,0) 0

+
0

+
2467.87± 0.30 weak

⌅

0
c

1
2
+

1 (0,0) 0

+
0

+
2470.87

+0.28
�0.31 weak

⌅

0+
c

1
2
+

1 (0,0) 1

+
1

+
2577.4± 1.2 ⌅c�

⌅

00
c

1
2
+

1 (0,0) 1

+
1

+
2578.8± 0.5 ⌅c�

The analysis and the scope of this work is improved and enlarged compared to a previous
study [8] in several aspects. All of the form factors in the 1/2 ! 1/2 and 1/2 ! 3/2 transitions
are extracted, while 1/2 ! 3/2 transitions were not considered and only 2/3 of the 1/2 ! 1/2
form factors were extracted in [8]. It is useful to note that in the heavy quark (HQ) limit, the
B
b

! B
c

transition matrix elements with s-wave and p-wave B
c

baryon form factors have simple
behavior [22, 37–41]. Form factors are usually related in the heavy quark limit. We will compare
the form factors obtained in this work with the relations in HQ limit. Although some deviations
are expected as we are using heavy but finite m

b

and m
c

, it is still interesting to see how well the
form factors exhibiting the patterns required by heavy quark symmetry (HQS).

The layout of this paper is as following. In Sec. 2 we shall work out the formulas of form factors
for various bottom baryon to s-wave and p-wave charmed baryon transitions in the light-front
quark model approach. In Sec. 3 the numerical results of B

b

! B
c

transition form factors, decay
rates and up-down asymmetries of B

b

! B
c

M decays will be presented. In Sec. 4 we give our
conclusions. Appendices A and B are prepared to give some details of the light-front quark model
and the derivations of the vertex functions, while some formulas involving kinematics are collected
in Appendix C.
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TABLE II: Mass spectra, widths (in units of MeV) and quantum numbers of charmed baryons are
summarized. Experimental values of masses and widths and JP are taken from the Particle Data
Group (PDG) [4, 5]. Note that S

[qq]

, L
k

, L
K

and J
l

are the spin of the diquark [qq], the orbital
angular momentum between the light quarks, the orbital angular momentum of the Q� [qq] system
and the total angular momentum of the light degree of freedom, respectively. See [6–8] for more
details.

State J

P
n (LK , Lk) S

P
[qq]

J

P`
` Mass Width Decay modes

⌅c(2645)
+ 3

2
+

1 (0,0) 1

+
1

+
2645.53± 0.31 2.14± 0.19 ⌅c⇡

⌅c(2645)
0 3

2
+

1 (0,0) 1

+
1

+
2646.32± 0.31 2.35± 0.22 ⌅c⇡

⌅c(2790)
+ 1

2
�

1 (1,0) 0

+
1

�
2792.0± 0.5 8.9± 1.0 ⌅

0
c⇡

⌅c(2790)
0 1

2
�

1 (1,0) 0

+
1

�
2792.8± 1.2 10.0± 1.1 ⌅

0
c⇡

⌅c(2815)
+ 3

2
�

1 (1,0) 0

+
1

�
2816.67± 0.31 2.43± 0.26 ⌅

⇤
c⇡,⌅c⇡⇡,⌅

0
c⇡

⌅c(2815)
0 3

2
�

1 (1,0) 0

+
1

�
2820.22± 0.32 2.54± 0.25 ⌅

⇤
c⇡,⌅c⇡⇡,⌅

0
c⇡

⌅c(2930)
0

?

?
? ? ? ? 2931± 6 36± 13 ⇤cK

⌅c(2970)
+

?

?
? ? ? ? 2969.4± 0.8 20.9

+2.4
�3.5 ⌃cK,⇤cK⇡,⌅c⇡⇡

⌅c(2970)
0

?

?
? ? ? ? 2967.8± 0.8 28.1

+3.4
�4.0 ⌃cK,⇤cK⇡,⌅c⇡⇡

⌅c(3055)
+

?

?
? ? ? ? 3055.9± 0.4 7.8± 1.9 ⌃cK,⇤cK⇡, D⇤

⌅c(3080)
+

?

?
? ? ? ? 3077.2± 0.4 3.6± 1.1 ⌃cK,⇤cK⇡, D⇤

⌅c(3080)
0

?

?
? ? ? ? 3079.9± 1.4 5.6± 2.2 ⌃cK,⇤cK⇡, D⇤

⌅c(3123)
+

?

?
? ? ? ? 3122.9± 1.3 4± 4 ⌃

⇤
cK,⇤cK⇡

⌦

0
c

1
2
+

1 (0,0) 1

+
1

+
2695.2± 1.7 weak

⌦c(2770)
0 3

2
+

1 (0,0) 1

+
1

+
2765.9± 2.0 ⌦c�

⌦c(3000)
0

?

?
? ? ? ? 3000.4± 0.4 4.5± 0.7 ⌅c ¯

K

⌦c(3050)
0

?

?
? ? ? ? 3050.2± 0.33 < 1.2 ⌅c ¯

K

⌦c(3065)
0

?

?
? ? ? ? 3065.6± 0.4 3.5± 0.4 ⌅c ¯

K

⌦c(3090)
0

?

?
? ? ? ? 3090.2± 0.7 8.7± 1.3 ⌅

(0)
c

¯

K

⌦c(3120)
0

?

?
? ? ? ? 3119.1± 1.0 < 2.6 ⌅

(0)
c

¯

K

II. OBTAINING FORM FACTORS IN THE LIGHT-FRONT APPROACH

A. B
b

(1/2) ! B
c

(1/2) and B
b

(1/2) ! B
c

(3/2) weak transitions

The Feynman diagram for a typical B
b

! B
c

transition, is shown in Fig. 1. For the B
b

(1/2+) !
B
c

(1/2+) transition, the matrix elements of c̄�
µ

b and c̄�
µ

�
5

b currents can be parameterized as

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
fV

1

(q2)�
µ

+ i
fV

2

(q2)

M +M 0�µ⌫q
⌫ +

fV

3

(q2)

M +M 0 qµ
i
u(P, J

z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i = ū(P 0, J 0
z

)
h
gA
1

(q2)�
µ

+ i
gA
2

(q2)

M �M 0�µ⌫q
⌫ +

gA
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

), (1)

with q ⌘ P �P 0. We find that it is more convenient to use g
2,3

/(M �M 0) instead of g
2,3

/(M +M 0)
in the above matrix element. Note that these parametrization are di↵erent from those used in [8].
Similarly, for the B

b

(1/2+) ! B
c

(1/2�) transition, we have

hB
c

(P 0, J 0
z

)|c̄�
µ

b|B
b

(P, J
z

)i

= ū(P 0, J 0
z

)
h
gV
1

(q2)�
µ

+ i
gV
2

(q2)

M �M 0�µ⌫q
⌫ +

gV
3

(q2)

M �M 0 qµ
i
�
5

u(P, J
z

),

hB
c

(P 0, J 0
z

)|c̄�
µ

�
5

b|B
b

(P, J
z

)i
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Parameterization of F. F.

TABLE V: The input parameters mS

[qq

0
]

, mA

[qq

0
]

, m
q

and �’s appearing in the Gaussian-type wave
function (5) (in units of GeV). The superscript S and A denote scalar and axial vector diquarks,
respectively.

mS

[ud]

mS

[us],[ds]

mA

[ss]

m
b

m
c

�(⇤
b

) �(⌅0,�
b

)

0.65 0.86 1.10 4.44 1.42 0.750 0.850

�(⌦
b

) �(⇤
c

) �[⇤
c

(2595)] �[⇤
c

(2625)] �[⇤
c

(2765)] �[⇤
c

(2940, 1
2

�
)] �[⇤

c

(2940, 3
2

�
)]

0.900 0.345 0.350 0.450 0.345 0.350 0.450

�(⌅+,0

c

) �[⌅+,0

c

(2790)] �[⌅+,0

c

(2815)] �(⌦
c

) �[⌦
c

(2770)] �[⌦
c

(3050)] �[⌦
c

(3090)]

0.370 0.365 0.550 0.300 0.370 0.420 0.300

�[⌦
c

(3120)]

0.370

TABLE VI: The transition form factors for various B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+) transitions [types
(i) and (i)⇤]. We employ a three parameter form for these form factors, see Eq. (33).

B
b

! B
c

F F (0) F (q2
max

) a b F F (0) F (q2
max

) a b

⇤
b

! ⇤
c

fV

1 0.474+0.069
�0.072 0.764+0.111

�0.116 1.426 0.994 gA1 0.468+0.067
�0.07 0.743+0.106

�0.111 1.394 0.966

fV

2 �0.153+0.027
�0.029 �0.262+0.046

�0.050 1.753 1.623 gA2 0.030+0.005
�0.007 0.053+0.009

�0.012 1.921 1.963

fV

3 0.069+0.021
�0.022 0.130+0.039

�0.041 2.068 2.100 gA3 �0.070+0.010
�0.009 �0.114+0.016

�0.015 1.65 1.587

⌅
b

! ⌅0
c

fV

1 0.437+0.070
�0.072 0.714+0.114

�0.118 1.676 1.504 gA1 0.429+0.068
�0.071 0.693+0.110

�0.115 1.635 1.452

fV

2 �0.175+0.033
�0.035 �0.294+0.056

�0.059 1.968 2.233 gA2 0.034+0.006
�0.007 0.057+0.010

�0.012 2.067 2.503

fV

3 0.081+0.025
�0.025 0.146+0.045

�0.045 2.257 2.760 gA3 �0.078+0.011
�0.010 �0.123+0.017

�0.016 1.825 2.119

⇤
b

! ⇤
c

(2765) fV

1 �0.354+0.027
�0.028 �0.494+0.038

�0.039 1.079 �0.063 gA1 �0.341+0.024
�0.026 �0.460+0.032

�0.035 0.985 �0.047

fV

2 0.135+0.026
�0.018 0.246+0.047

�0.034 1.844 0.346 gA2 0.012+0.013
�0.010 0.014+0.014

�0.012 1.874 5.804

fV

3 0.047+0.039
�0.037 0.057+0.048

�0.045 1.838 4.433 gA3 0.062+0.006
�0.007 0.120+0.012

�0.014 2.014 0.551

for B
b

! B
c

transitions with the parameters a, b expected to be of order O(1), while for some cases,
where the corresponding a and b are much larger than 1, we shall use the following form [8, 42, 44,
55]

F (q2) =
F (0)

(1� q2/M2)[1� a(q2/M2) + b(q2/M2)2]
, (34)

to reduce the size of a and b and gives better fits. As we shall see that there are cases where some
of the parameters a, b are still larger than O(1), but usually the corresponding form factors are
small and, consequently, they do not have much impact on the corresponding B

b

! B
c

M decay
rates.

The B
b

(3̄f , 1/2+) ! B
c

(3̄f , 1/2+) transition form factors fV

1,2,3

(q2) and gA
1,2,3

(q2) for ⇤
b

!
⇤
c

,⇤
c

(2765) and ⌅
b

! ⌅
c

transitions are given in Table VI and they are plotted in Fig. 2. The
uncertainties in form factors F (0) are obtained by varying m

b

, m
c

, m
[qq]

, �(B
b

) and �(B
c

) by 10%
separately and combine the uncertainties quadratically. Note that ⇤

c

and ⌅
c

are low lying states,
while ⇤

c

(2765) is a radial excited state. From the table and the figures, we see that fV

1

' gA
1

and
they dominate over fV

2,3

and gA
2,3

. These are close to the predicted relations of form factors in the
heavy quark limit, see Eq. (21). The values of fV

1

and gA
1

at q2
max

in ⇤
b

! ⇤
c

and ⌅
b

! ⌅
c

transitions are smaller than the ones predicted in heavy quark limit with ⇣(1) = 1, Eq. (27), by

18
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in the type (iii) B
b

(6
f

, 1/2+) ! B
c

(6
f

, 3/2+) transition. Furthermore, for other transitions at
q2 = q2

max

, we have

�f̄A

1

(6
f

) = �f̄A

2

(6
f

) = �4ḡV
2

(6
f

) = 2ḡV
3

(6
f

) = ḡV
4

(6
f

) =
4p
30

⇠
5

(1),

f̄A

3

(6
f

) = � 2p
30

[⇠
5

(1)� 4⇠
6

(1)], f̄A

4

(6
f

) =
4p
30

[⇠
5

(1)� 2⇠
6

(1)], ḡV
1

(6
f

) = 0, (30)

in the type (iv) B
b

(6
f

, 1/2+) ! B
c

(6
f

, 3/2�) transition;

fA

1

(3̄
f

) = gV
1

(3̄
f

) = �gV
2

(3̄
f

) = �gV
3

(3̄
f

) =
✓
M �M 0

M

◆
�(1)p

3
,

fA

2

(3̄
f

) = fA

3

(3̄
f

) = �M +M 0

M

�(1)p
3
, (31)

in the type (v) B
b

(3̄
f

, 1/2+) ! B
c

(3̄
f

, 1/2�) transition; and

f̄A

2

(3̄
f

) = ḡV
2

(3̄
f

) = �(1), f̄A

1,3,4

(3̄
f

) = ḡV
1,34

(3̄
f

) = 0, (32)

in the type (vi) B
b

(3̄
f

, 1/2+) ! B
c

(3̄
f

, 3/2�) transition.
Although obtaining these Isgur-Wise functions is beyond the scope of this work, the above

relations on form factors can still be useful. Indeed, we expect our form factors to roughly exhibit
the above patterns, since we have large but finite m

b,c

.

III. NUMERICAL RESULTS

In this section we will present the numerical results of all the relevant B
b

! B
c

transition
form factors. We will give predictions on the decay rates and up-down asymmetries of various
⇤
b

! ⇤(⇤,⇤⇤)
c

M�, ⌅
b

! ⌅(⇤⇤)
c

M� and ⌦
b

! ⌦(⇤)
c

M� decays using näıve factorization.

A. B
b

! B
c

form factors

In Table V we summerize the input parameters m
[qq

0
]

, m
q

and �. Note that the constituent
quark and diquark masses are close to but smaller than those in ref. [49]. For the diquark masses,

we use mS

[ud]

for ⇤
b

and ⇤(⇤,⇤⇤)
c

, mS

[us]

and mS

[ds]

for ⌅
b

and ⌅(⇤⇤)
c

, and mA

[ss]

for ⌦
b

and ⌦(⇤)
c

. The
�s for states only di↵er in their radial quantum numbers should be identical. For example, the
�s of ⇤

c

and of the radial excited state ⇤
c

(2765) are identical, and the �s of the low-lying 3/2�

state ⇤
c

(2625) and of the radial excited 3/2� state ⇤
c

(2765) are identical. These input parameters
are chosen to satisfy the consistency constraints [see discussions after Eqs. (8) and (17)] and to
reproduce the Br(⇤

b

! ⇤
c

P ) data. In practice it is more convenient to enforce the consistency
constraints by using floating M and M 0, and the input parameters are determined by requiring M

and M 0 to reproduce the physical masses of B
b

and B
c

, respectively, within 10%. In fact, in most
cases the agreements are better than 10%, but in the case of ⇤

c

(2940) as a radial excited 3/2�

state, the corresponding M 0 is larger than m
⇤c(2940)

by 25%.
Using the results in the previous section the form factors of various B

b

! B
c

transitions can be
obtained. The form factors are calculated in spacelike region, as we are using the q+ = 0 frame,
we shall follow [8, 42, 50, 51, 53–55] to analytically continue them to the timelike region. We
follow [42, 50, 51, 54, 55] and parameterize the form factors in the three-parameter form:

F (q2) =
F (0)

1� a(q2/M2) + b(q2/M2)2
(33)
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