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▶ C
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▶ H: jPl = 1
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Figure: The sum rule for gd2
M2S1�

f+,1/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 3.0 < T < 4.0 GeV.
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Figure: The sum rule for gd2
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f+,3/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 3.0 < T < 4.0 GeV.
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f 2
−,3/2 with !c = 3.2, 3.4, 3.6 GeV and

the working interval 3.0 < T < 4.0 GeV.



1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
-0.20

-0.15

-0.10

-0.05

0.00

T@GeVD

g M
1T

1Π
s0

f +
,3
�2

f -
,3
�2
@G

eV
5
D

Ωc=3.6GeV

Ωc=3.4GeV

Ωc=3.2GeV

Figure: The sum rule for gs0
M1T1�

f+,3/2f−,3/2 with
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Λ̄−,1/2 = 0.50 GeV, f−,1/2 = 0.25 ± 0.04 GeV3/2,

Λ̄+,1/2 = 0.85 GeV, f+,1/2 = 0.36 ± 0.10 GeV3/2,

Λ̄+,3/2 = 0.95 GeV, f+,3/2 = 0.26 ± 0.06 GeV5/2,

Λ̄−,3/2 = 1.42 GeV, f+,1/2 = 0.39 ± 0.03 GeV3/2.

M. Neubert, Phys. Rev. D45, 2451(1992); S. L. Zhu and Y.
B. Dai, Mod. Phys. Lett. A14, 2367 (1999); W. Wei, X. Liu,
and S. L. Zhu, Phys. Rev. D75, 014013 (2007).
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a2 �3 !3 �4 !4 h00

0.25 0.015 −1.5 10 0.2 −3.33

v00 a10 v10 h01 h10

−3.33 5.14 5.25 3.46 7.03

P. Ball, JHEP 9901, 010 (1999); P. Ball, V. M. Braun, and A. Lenz,
JHEP 0605, 004 (2006).
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f ∥� [MeV] f⊥� [MeV] a∥

2 a⊥
2 �

∥
3� !̃

∥
3�

216(3) 165(9) 0.15(7) 0.14(6) 0.030(10) −0.09(3)

!
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3� !⊥
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∥
4 !̃
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4 �⊥4 �̃⊥4

0.15(5) 0.55(25) 0.07(3) −0.03(1) −0.03(5) −0.08(5)

P. Ball and G. W. Jones, JHEP 0703, 069 (2007); P. Ball, V.
M. Braun and A. Lenz, JHEP 0708, 090 (2007).
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[

(� ⋅ qt )(e
∗ ⋅ qt ) −

1

3
(� ⋅ e∗t )q2

t

]

gd1
M1S0�

,

ℳ(M1 → S1 + �) = I���∗e∗v gs1
M1S1�

+I
[

�
��∗qv

(e∗ ⋅ qt ) −
1

3
�
��∗e∗v q2

t

]

gd1
M1S1�

+I
[

�
�e∗qv

(�
∗ ⋅ qt ) + �

�∗e∗qv
(� ⋅ qt )

]

gd2
M1S1�

,



ℳ(M2 → H0 + �) = 2Ii��1�2

[

e
∗�1
t q

�2
t −

1

3
g
�1�2
t (e∗ ⋅ qt )

]

gp2
M2H0�

+Ii��1�2

{

q
�1
t q

�2
t (e∗ ⋅ qt ) −

q2
t

5

[

g
�1�2
t (e∗ ⋅ qt ) + 2e

∗�1
t q

�2
t

]

}

gf 2
M2H0�

,

ℳ(M2 → H1 + �) = 2I��1�2

[

−"
�1e∗qv

�
∗�2
t +

1

3
g
�1�2
t "

�∗e∗qv
]

gp1
M2H1�

+2I��1�2

[

"
�1�

∗e∗v q
�2
t + "

�1�
∗qv e

∗�2
t

]

gp2
M2H1�

+2I��1�2

{

"
�1�

∗qv q
�2
t (e∗ ⋅ qt ) −

q2
t

5

[

"
�1�

∗qv e
∗�2
t + "

�1�
∗e∗v q

�2
t

]

}

gf 2
M2H1�

,

ℳ(M2 → S0 + �) = 2I��1�2 �
�1e∗qv q

�2
t gd2

M2S0�
,

ℳ(M2 → S1 + �) = 2Ii��1�2

[

�
∗�1
t e

∗�2
t −

1

3
g
�1�2
t (�

∗ ⋅ e∗t )

]

gs1
M2S1�

+2Ii��1�2

{[

�
∗�1
t q

�2
t −

1

3
g
�1�2
t (�

∗ ⋅ qt )

]

(e∗ ⋅ qt ) −
q2

t

3

[

�
∗�1
t e

∗�2
t −

1

3
g
�1�2
t (�

∗ ⋅

+2Ii��1�2

{

2
[

e
∗�1
t q

�2
t (�

∗ ⋅ qt ) − q
�1
t q

�2
t (�

∗ ⋅ e∗t )
]

+
[

�
∗�1
t q

�2
t − g

�1�2
t (�

∗ ⋅ qt )
]

(e∗ ⋅ qt ) −
[

�
∗�1
t e

∗�2
t − g

�1�2
t (�

∗ ⋅ e∗t )
]

q2
t

}

gd2
M2S1�

.



>>>^̂̂PPPCCC���ÌÌÌ
>^ÍÜ~ê�O��aq?n"du1f·�þǑ"§ÍÜ~ê½ÂǑm1§e2 ⋅ ⋅ ⋅§Xµ

ℳ(M1 → H1 + 
)

= ei [(� ⋅ e∗
t )(�

∗ ⋅ qt )− (� ⋅ qt )(�
∗ ⋅ e∗

t )] g
m1
M1H1


+ei {(� ⋅ qt)(�
∗ ⋅ qt )(e∗ ⋅ qt )

−q2
t

2
[(� ⋅ e∗

t )(�
∗ ⋅ qt) + (� ⋅ qt )(�

∗ ⋅ e∗
t )]

}

ge2
M1H1


, (12)Ù¥eǑ�f>Ö"



'''ééé¼¼¼êêêµµµ
Ǒ�Ñgm1

M1H1

Úge2

M1H1

��Ú5K§�Ä'é¼êµ

∫

d4xe−ik ⋅x⟨
(q)∣T{J�

1,−, 1
2
(0)J†�

1,−, 3
2
(x)}∣0⟩

= ei
[

e∗�
t q�

t − e∗�
t q�

t

]

Gm1
M1H1


(!, !′)

+ei
{

q�
t q�

t (e
∗ ⋅ qt)−

q2
t

2

[

e∗�
t q�

t + e∗�
t q�

t

]

}

Ge2
M1H1


(!, !′) .(13)



3­§�4�e§1fÚ�§�kü«ÍÜ�ªµ
▶ QED�p�^"d�I�§�3	>^|e�DÂfµ

⟨0∣T{qa(x)q̄b(0)}∣0⟩F��

=
�abeqe
16�2x2

∫ 1

0
du{2(1 − 2u)x�
� + i"����
5


�x�}F��(ux) ,

(14)d?|^Fock-Schwinger5�x�A�(x) = 0ò>^³A^5�ØC�|rF��L«Ñ5"
▶ ÏL1f�1I©Ù�ÌL����6�p�^"
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Figure: The sum rule for gm1
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f−,1/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 2.5 < T < 3.5 GeV.
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Figure: The sum rule for ge2
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f−,1/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 2.0 < T < 2.4 GeV.
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f+,1/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 2.5 < T < 3.5 GeV.
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f+,1/2f−,3/2 with
!c = 3.2, 3.4, 3.6 GeV and the working interval 2.5 < T < 3.5 GeV.



ÑÑÑ\\\ëëëêêêµµµ
111IIIÅÅÅ¼¼¼êêê¥¥¥���ëëëêêêÚÚÚvvvàààþþþ(� = 1GeV)

f3
 !V

 !A


 � �1 �2

−0.0039GeV2 3.8 ± 1.8 −2.1 ± 1.0 0.2 0.4 0.3

'2 �+ �+1 �+2 ⟨q̄q⟩ �

0 0 0 0 (−0.245 GeV)3 (3.15 ± 0.3) GeV−2

P. Ball and G. W. Jones, JHEP 0703, 069 (2007); P. Ball, V.
M. Braun, and A. Lenz, JHEP 0708, 090 (2007); P. Ball, V.
M. Braun, and N. Kivel, Nucl. Phys. B649, 263 (2003); I. I.
Balitsky, V. M. Braun, and A. V. Kolesnichenko, Sov. J. Nucl.
Phys. 48, 348 (1988), [Yad. Fiz. 48, 547 (1988)]; Nucl.
Phys. B312, 509 (1989).



>>>^̂̂ÍÍÍÜÜÜ~~~êêê���êêê���(((JJJµµµ
gm1

M1H1

ge2

M1H1

ge1

M1S1

gm2

M1S1


[ GeV−1] [ GeV−3] [ GeV−2] [ GeV−2]
gc −0.05 0.37 0.06 0.16
g −0.07 ∼ −0.03 0.26 ∼ 0.53 0.04 ∼ 0.10 0.10 ∼ 0.28

Table: >^ÍÜ~ê"gcéAu­U�Ì!ëYÌK�±9BorelCþ3Ùó�«�¥m�µ!c = 3.4 GeV§T = 2.75 GeV"
gm1

M1H1

= −1

2
gm1

M1H0

= −

√
6

3
gm1

M2H1

,

ge2
M1H1


= −
√

6
2

ge2
M2H0


=
√

6ge2
M2H1


,

ge1
M1S1


= −1
2

ge1
M1S0


=

√
6

3
ge1

M2S1

,

gm2
M1S1


=

√
6

2
gm2

M2S0

= −

√
6gm2

M2S1

. (15)




���ÌÌÌ���½½½ÂÂÂµµµ
ℳ(M1 → H0 + 
) = e"�e∗qv gm1

M1H0

,

ℳ(M1 → S0 + 
) = ei
[

(� ⋅ qt )(e
∗ ⋅ qt ) − (� ⋅ e∗t )q2

t

]

ge1
M1S0


,

ℳ(M1 → S1 + 
) = e
[

"
��∗e∗v q2

t − "
��∗qv

(e∗ ⋅ qt )
]

ge1
M1S1


+e
[

2"�e∗qv
(�

∗ ⋅ qt ) + "
��∗e∗v q2

t − "
��∗qv

(e∗ ⋅ qt )
]

gm2
M1S1


,

ℳ(M2 → H0 + 
) = ei��1�2

[

q
�1
t q

�2
t (e∗ ⋅ qt ) − e

∗�1
t q

�2
t q2

t

]

ge2
M2H0


,

ℳ(M2 → H1 + 
) = 2e��1�2

[

"
�1�

∗qv e
∗�2
t − "

�1�
∗e∗v q

�2
t +

2

3
g
�1�2
t "

�∗e∗qv
]

gm1
M2H1


+e��1�2

{

q2
t

[

"
�1�

∗qv e
∗�2
t + "

�1�
∗e∗v q

�2
t

]

− 2"�1�
∗qv q

�2
t (e∗ ⋅ qt )

}

ge2
M2H1


,

ℳ(M2 → S0 + 
) = 2e��1�2"
�1e∗qv q

�2
t gm2

M2S0

,

ℳ(M2 → S1 + 
)

= 2ei��1�2

{[

�
∗�1
t q

�2
t −

1

3
g
�1�2
t (�

∗ ⋅ qt )

]

(e∗ ⋅ qt ) −
[

�
∗�1
t e

∗�2
t −

1

3
g
�1�2
t (�

∗ ⋅ e∗t )

]

q2
t

}

ge1
M2S1


+2ei��1�2

{

2
[

e
∗�1
t q

�2
t (�

∗ ⋅ qt ) − q
�1
t q

�2
t (�

∗ ⋅ e∗t )
]

+
[

�
∗�1
t q

�2
t − g

�1�2
t (�

∗ ⋅ qt )
]

(e∗ ⋅ qt )

−
[

�
∗�1
t e

∗�2
t − g

�1�2
t (�

∗ ⋅ e∗t )
]

q2
t

}

gm2
M2S1


. (16)



���þþþëëëêêêµµµ
JP 0− 1− 0+ 1+ 1+ 2+ 1− 2−

mD [GeV] 1.87 2.01 2.40 2.43 2.42 2.46 2.82 2.83

mB [GeV] 5.28 5.33 5.70 5.73 5.72 5.75 6.10 6.11

mDs [GeV] 1.97 2.11

mBs [GeV] 5.37 5.41

Table: PC°ÝO�¥^��­�0f�þ. mD , mD∗ , mD∗

0
, mD′

1
,

mD1 , mD2 , mB, mB∗ , mB′

1
, mB1 , mB2 , mDsÚmBs�gPDG 2008§Ù{5g§��.�O(S. Godfrey and N. Isgur, PRD32, 189 (1985).)



üüü�PPPCCC(D000fff)µµµ
D�+ D∗�+ D∗

0 �+ D′

1�
+ D1�

+ D2�
+

D∗
′

1 → 3.7 1.3 0.02 2.1 0.04

1.8 − 7.9 0.6 − 2.9 0.01 − 0.04 0.3 − 8.9 0.02 − 0.1

D∗

2 → 4.4 0.02 0.02 0.04 7.8

2.1 − 9.3 0.01 − 0.05 0.01 − 0.06 0.02 − 1.0 1.1 − 33.5

D� D∗� DsK+ D∗

s K+ ΓD→D+P

D∗
′

1 → 0.3 0.1 1.6 0.4 13.1

0.2 − 0.7 0.1 − 0.2 0.8 − 3.4 0.2 − 0.8 5.4 − 34.9

D∗

2 → 0.3 1.2 19.9

0.1 − 0.6 0.6 − 2.6 5.6 − 69.1

Table: D0fü�PC°Ý(ü µMeV)"



üüü�PPPCCC(B000fff)µµµ
B�+ B∗�+ B∗

0 �+ B′

1�
+ B1�

+ B2�
+

B∗
′

1 → 4.4 1.9 0.02 2.3 0.05

2.1 − 9.3 0.9 − 3.9 0.01 − 0.04 0.4 − 9.6 0.02 − 0.11

B∗

2 → 5.8 0.02 0.02 0.05 8.5

2.8 − 12.4 0.01 − 0.06 0.01 − 0.06 0.02 − 0.11 1.2 − 36.3

B� B∗� BsK+ B∗

s K+ ΓB→B+P

B∗
′

1 → 0.3 0.1 1.3 0.5 15.2

0.1 − 0.6 0.1 − 0.2 0.6 − 2.8 0.2 − 1.0 6.1 − 39.0

B∗

2 → 0.3 1.6 23.5

0.2 − 0.7 0.7 − 3.3 7.0 − 77.4

Table: B0fü�PC°Ý(ü µMeV)"



VVV�PPPCCC(D000fff)µµµ
D�+�0 D∗�+�0 D∗

0�
+�0 D′

1�
+�0

D∗′

1 → 44.5 642.3 3.0 1.2

7.1 − 178.2 241.3 − 1529.8 1.0 − 8.5 0.4 − 3.4

D∗
2 → 1155.0 448.3 0.06 3.5

440.6 − 2728.3 165.1 − 1092.8 0.03 − 0.1 1.1 − 10.0

Table: D0fV�PC°Ý(ü µkeV)"



VVV�PPPCCC(B000fff)µµµ
B�+�0 B∗�+�0 B∗

0�
+�0 B′

1�
+�0

B∗′

1 → 19.1 579.7 2.7 1.1

3.1 − 76.5 217.3 − 1382.1 0.8 − 7.6 0.3 − 3.0

B∗
2 → 521.7 414.2 0.05 3.1

198.1 − 1234.1 152.5 − 1008.4 0.02 − 0.12 1.0 − 8.7

Table: B0fV�PC°Ý(ü µkeV)"



ËËË���PPPCCC(D000fff)µµµ
D
 D∗
 D∗

0
 D′
1


D∗′

1 → 8.0 12.2 0.3 0.8

2.9 − 15.6 5.6 − 24.7 0.1 − 0.7 0.3 − 2.3

D∗
2 → 9.0 15.7 0.4 0.8

4.4 − 18.5 6.5 − 31.3 0.2 − 1.3 0.3 − 2.3

Table: D0fË�PC°Ý(ü µkeV)"



ËËË���PPPCCC(B000fff)µµµ
B
 B∗
 B∗

0
 B′
1


B∗′

1 → 9.4 18.8 0.3 0.8

3.4 − 18.5 8.8 − 38.3 0.1 − 0.8 0.3 − 2.4

B∗
2 → 9.5 22.2 0.5 0.8

4.7 − 19.6 9.3 − 44.5 0.2 − 1.4 0.3 − 2.4

Table: B0fË�PC°Ý(ü µkeV)"



(((ØØØµµµ
▶ 3­§�4�e^QCD1I�Ú5KXÚO�
­�0fÚ�0f±91f�ÍÜ~ê§����Ü©�Ú5K´­½�"
▶ dd���D(B)0f�PC°Ý���"
▶ éuB0f§�±ýÏù´��Cq¶
éuD0f§ǑNI��ÄÙk��þ�5�?�"
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