
1c§��.eP → T�[/GÏfïÄ

Æ�!;� µ ÔnÆ! âfÔn��fØÔn

ïÄ�� µ âfÔnnØ

��Æ  µ nÆa¬

� � < µ ?��

���� µ ~� �Ç! �ww ù�

2022c 4� 4F



Outline

1 ïÄÄÅ

2 nØµe

3 ê�(J�©Û

4 o(�Ð"

5 ��



Outline

ïÄÄÅ

d­§���§��[Úå�B0fÚD0f�PCL§3u�IO�.

ÚÏé#Ôn��¡äk­�¿Â"

ÉRD(∗)�~�éu§ïÄÜþ£T¤0f�PCéÏé#Ôn�Aäk

é�`³"

Y. S. Amhis et al. [HFLAV], Eur. Phys. J. C 81, no.3, 226 (2021);

30ffPC�ïÄ¥§/GÏf´7Ø�����6Ñ\ëê"

1c§��.���6Ônþ�O�Jø
��Vgþ{ü§��þ�

1�nØµe"

M. V. Terentev. Sov. J. Nucl. Phys. 24, 106 (1976);

V. B. Berestetsky and M. V. Terentev, Sov. J. Nucl. Phys. 25, 347-354 (1977);

W. Jaus, Phys. Rev. D 41, 3394 (1990);

W. Jaus and D. Wyler, Phys. Rev. D 41, 3405 (1990).

3 / 19



Outline

nØµe

Ì�?Öµ

B ≡ 〈T (εµν∗, p′′)|q̄′′1 (k ′′1 )Γq′1(k ′1)|P(p′)〉 , Γ = σµν , σµνγ5, ... (1)

IO1c§��.£SLF QM¤:

0fåP�µ

|M(p, L, J)〉 =
∑

h1,h2

∫
d3k1

(2π)32
√

k+
1

d3k2

(2π)32
√

k+
2

(2π)3δ3(p − k1 − k2)

ΨJJz
LS (k1, h1, k2, h2)|q1(k1, h1)〉|q̄2(k2, h2)〉 , (2)

Äþ�mÅ¼êΨJJz
LS (k1, h1, k2, h2):

ΨJJz
LS (k1, h1, k2, h2) = Sh1,h2 (x , k⊥)ψ(x , k⊥) (3)
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g^;�Å¼êSh1,h2 (x , k⊥)µ Phys. Rev. D 41, 3405 (1990);Phys. Rev. D 69, 074025 (2004);

Sh1,h2 =
ū(k1, h1)Γ′v(k2, h2)√

2M̂0

, (4)

Ù¥§PÚT0f�º��ÎΓ′µ

Γ′P = γ5 , (5)

Γ′T = −1

2
ε̂µν
[
γµ −

(k1 − k2)µ
DT ,LF

]
(k1 − k2)ν , DT ,LF = M0 + m1 + m2 , (6)

»�Å¼êψ(x , k⊥)µ

ψs(x , k⊥) =4
π

3
4

β
3
2

√
∂kz
∂x

exp

[
−k2

z + k2
⊥

2β2

]
, (7)

ψp(x , k⊥) =

√
2

β
ψs(x , k⊥) , (8)

Ý
�µ

BSLF =
∑

h′1,h
′′
1 ,h2

∫
dx d2k′⊥
(2π)3 2x

ψ′′
∗
(x , k′′⊥)ψ′(x , k′⊥)S ′′†

h′′1 ,h2
(x , k′′⊥)

Ch′′1 ,h
′
1
(x , k′⊥, k

′′
⊥) S ′h′1,h2

(x , k′⊥) (9)
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Figure: Ý
�B¤ùã

Ý
�µ

B = Nc

∫
d4k ′1
(2π)4

HPHT

N ′1 N
′′
1 N2

iSB · ε∗ , (10)

S�¤�f�¦,Ü©SBµ

SB = Tr
[
Γ ( 6k ′1 + m′1) (iΓP) (−6k2 + m2) (iγ0Γ†Tγ

0)( 6k ′′1 + m′′1 )
]
, (11)

º��ÎΓP,Tµ

iΓP = −iγ5 , (12)

iΓT = i
1

2

[
γµ −

(k ′′1 − k2)µ

DT ,con

] (
k ′′1 − k2

)
ν
, DT ,con = M + m′′1 + m2 , (13)
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b�µHP,T3k−1 �E²¡þ´)Û�"K§3ék−1 È©�§q23�§�k±

eO�µ

N
′(′′)
1 → N̂

′(′′)
1 = x

(
M ′(′′)2 −M

′(′′)2
0

)
(14)

χP(T ) = HP(T )/N
′(′′) → hP(T )/N̂

′(′′) , DT ,con → DT ,LF , (type-I) (15)

Ù¥§º�hP(T )�

hP(T )/N̂
′(′′) =

1√
2Nc

√
x̄

x

ψs(p)

M̂
′(′′)
0

, (16)

χP(T ) = HP(T )/N
′(′′) → h

′(′′)
P(T )/N̂

′(′′) , M → M0 . (type-II) (17)

Ý
�µ

B̂ = Nc

∫
dxd2k′⊥
2(2π)3

hPhT

x̄ N̂ ′1 N̂
′′
1

ŜB · ε∗ (18)
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�
k�(½zero-mode�z§·�I�±e�©)O�µ

Jaus, Phys. Rev. D 60, 054026 (1999); H. Y. Cheng, Phys. Rev. D 69, 074025 (2004)

k̂ ′µ1 k̂ ′ν1 → gµνA
(2)
1 + PµPνA

(2)
2 + (Pµqν + qµPν)A

(2)
3 + qµqνA

(2)
4

+
Pµων + ωµPν

ω · P B
(2)
1 + ...(ω,C(j)

i ) ,

(19)

CLF QM¥/GÏf��(Jµ

[F ]full = [F ]CLF + [F ]B . (20)
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P → T�[/GÏf�½Âµ

〈T (εµν , p′′)|q̄2γµq1|P(p′)〉 =iεµναβe
∗νPαqβ

V (q2)

M′ + M′′
, (21)

〈T (εµν , p′′)|q̄2γµγ5q1|P(p′)〉 =− 2M′′
e∗ · q
q2

qµA0(q2)

−
(
M′ + M′′

)(
e∗µ −

e∗ · q
q2

qµ
)
A1(q2)

+
e∗ · q

M′ + M′′

(
Pµ −

M′2 −M′′2

q2
qµ

)
A2(q2) ,

(22)

〈T (εµν , p′′)|q̄2σµνq
ν(1 + γ5)q1|P(p′)〉 =− εµναβe∗νPαqβ T1(q2)

+ i
[
(M′2 −M′′2)e∗µ − (e∗ · q)Pµ)

]
T2(q2)

+ i
(
e∗ · q

)[
qµ −

q2

M′2 −M′′2
Pµ
]
T3(q2) ,

(23)

Ù¥§ε0123 = −1§P = p′ + p′′§q = p′ − p′′§e∗ν ≡
ε∗µν ·p′µ

M′ .
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gU5¯K

T̃B
3 =

2(M′2 −M′′2)

e∗ · q
ελδ∗qλωδ
ω · P

{
B

(2)
1

[
3 +

4(m′′1 + 2m2 − 2m′′1 )

DV ,con

]

+ 4B
(3)
1

(
1 +

m′1 −m′′1 − 2m2

DV ,con

)
+

8(m′1 −m2)B
(3)
2

DV ,con

}
, (24)

T̃B
3 =



2M′(M′2−M′′2)(M′2−M′′2+q2
⊥)

(M′2−M′′2)2+2(M′2−2M′′2)q2
⊥+q4
⊥

{
B

(2)
1

[
3 +

4(m′′1 +2m2−2m′1)

DV ,con

]
+4B

(3)
1

(
1 +

m′1−m′′1 −2m2
DV ,con

)
+

8(m′1−m2)B
(3)
2

DV ,con

}
, λ′′ = 0

M′(M′2−M′′2)

M′2−M′′2+q2
⊥

{
B

(2)
1

[
3 +

4(m′′1 +2m2−2m′1)

DV ,con

]
+ 4B

(3)
1

(
1 +

m′1−m′′1 −2m2
DV ,con

)
+

8(m′1−m2)B
(3)
2

DV ,con

}
, λ′′ = ±1

0 . λ′′ = ±2

(25)

w,§ù�6uÚ^Ýλ′′�ÀJ"

[T3]fullλ=0 6= [T3]fullλ=±1 6= [T3]fullλ=±2
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½Â∆B(x)�

∆B(x) ≡
d[FB]λ′′

dx
, (26)

q⊥
2  0GeV2

λ=0
λ=±1
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: type-II
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0.0 0.2 0.4 0.6 0.8 1.0

-10

-5

0

5

10

x

[Δ
B
] T
3

D
→
K
2*

(x
)

(a)

q⊥
2  0.2GeV2

λ=0
λ=±1

λ=±2

: type-II
: type-I

0.0 0.2 0.4 0.6 0.8 1.0

-10

-5

0

5

10

x
[Δ
B
] T
3

D
→
K
2*

(x
)

(b)

Figure: D → K∗2 3q2
⊥ = (0, 0.2) GeV2�[∆B ]T3

(x)éx��65
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Table: Bc → D∗2 L§/GÏfT3(q2
⊥) 3q2

⊥ = (0, 1, 4, 9) GeV2ê�(J

Bc → D∗2 [T3]SLF
λ′′=±2

[T3]full
λ′′=0

[T3]full
λ′′=±1

[T3]full
λ′′=±2

[T3]val.[T3]CLF

q2
⊥ = 0

type-I 0.03 −0.14 −0.04 0.05 0.10 0.05

type-II 0.08 0.08 0.08 0.08 0.08 0.08

q2
⊥ = 1

type-I 0.03 −0.13 −0.04 0.05 0.09 0.05

type-II 0.07 0.07 0.07 0.07 0.07 0.07

q2
⊥ = 4

type-I 0.02 −0.11 −0.04 0.03 0.07 0.03

type-II 0.05 0.05 0.05 0.05 0.05 0.05

q2
⊥ = 9

type-I 0.02 −0.08 −0.03 0.02 0.05 0.02

type-II 0.04 0.04 0.04 0.04 0.04 0.04

[T3]fullλ=0 6= [T3]fullλ=±1 6= [T3]fullλ=±2 (type− I) (27)

[T3]fullλ=0
.

= [T3]fullλ=±1
.

= [T3]fullλ=±2 (type− II) (28)
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/#0�gU5¯K
H. Y. Cheng and C. K. Chua, Phys. Rev. D 69, 094007 (2004)

CC : 2igνλgαµgβσ(P + q)β k̂ ′σ1 k̂ ′α1 k̂ ′1δ =2igνλgαµgβσ(P + q)β
[
(gασPδ + gαδ P

σ

+gσδ P
α)A

(3)
1 + (gασqδ + gαδ q

σ + gσδ q
α)A

(3)
2

+PσPαPδA
(3)
3 + ...

]
ours : 2igνλgαµgβσ(P + q)β k̂ ′σ1 k̂ ′α1 k̂ ′1δ =2igνλk̂

′
1µk̂
′
1δ k̂
′
1 · (P + q) (29)

½Âµ

∆CLF
F (x , q2

⊥) ≡
d[F ]CLF

ours

dx
−

d[F ]CLF
CC

dx
, (30)

Ù¥§F = T2,3"
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B̃B(Γ = σµνγ5q
ν) =4iωµε

∗λδqλqδ

{
B

(2)
1

ω · P

[
2M′2 −M′′2 + (m′1 −m2)(m2 −m′′1 ) + q2

−
2

DV ,con

(
(M′2 −M′′2)(m′1 + m′′1 )− q2(m′1 −m′′1 − 2m2)

) ]
+ ... (31)

type-IµÝ
���C5�»�"

type-IIµ�C5¯K�±)û"

15 / 19



Outline

ê�(J�©Û

"��z

[F ]CLF = [F ]val. + [F ]z.m.

type-I

type-II: q⊥
2  0GeV2

: q⊥
2  0.2GeV2

0.0 0.2 0.4 0.6 0.8 1.0
-3

-2

-1

0

1

2

3

x

d
T
3D
→
K
2*

z
.m
. 
d
x

Figure: D → K∗2 3q2
⊥ = (0, 0.2) GeV2 �d[T3]z.m./dx éx��65
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ê�(J

[Ü�ªµ

F(q2) =
F(0)

1− q2/m2
i,pole

{
1 +

N∑
k=1

bk

[
z(q2, t0)k − z(0, t0)k

]}
, (32)

Ù¥§z(q2, t0) =

√
t+−q2−

√
t+−t0√

t+−q2+
√

t+−t0

§t± = (M′ ± M′′)2§t0 = (M′ + M′′)(
√
M′ −

√
M′′)2"

Table: �©3q2 = 0O��B → a2 ÚB → K∗2 /GÏf�nØýÿ§±9æ^QCD SRÚDÚCLF QMO�

�(J"

B → a2 B → K∗2

this work QCD SR pQCD CLF this work QCD SR pQCD CLF

V (0) 0.24+0.04
−0.04 0.18+0.12

−0.07 0.18+0.05
−0.04 0.28 0.28+0.05

−0.05 0.22+0.11
−0.08 0.21+0.06

−0.05 0.29

A0(0) 0.21+0.03
−0.03 0.30+0.06

−0.05 0.18+0.06
−0.04 0.24 0.24+0.04

−0.04 0.30+0.06
−0.05 0.18+0.05

−0.04 0.23

A1(0) 0.19+0.04
−0.03 0.16+0.09

−0.05 0.11+0.03
−0.03 0.21 0.22+0.07

−0.01 0.19+0.09
−0.07 0.13+0.04

−0.03 0.22

A2(0) 0.17+0.03
−0.02 0.07+0.08

−0.03 0.06+0.02
−0.01 0.19 0.20+0.04

−0.03 0.11+0.05
−0.06 0.08+0.03

−0.02 0.21

T1(0) 0.19+0.03
−0.03 0.15+0.09

−0.05 0.15+0.04
−0.03 0.23+0.04

−0.04 0.19+0.09
−0.06 0.17+0.05

−0.04 0.28

T2(0) 0.19+0.03
−0.03 0.15+0.09

−0.05 0.15+0.04
−0.03 0.23+0.04

−0.04 0.19+0.09
−0.06 0.17+0.05

−0.04 0.28

T3(0) 0.16+0.01
−0.05 0.07+0.06

−0.03 0.13+0.04
−0.03 0.12+0.03

−0.01 0.09+0.06
−0.04 0.14+0.05

−0.03 −0.25
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