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framework of Bethe-Salpeter equation
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z ¢�*ÿ

2016c§¢�|BES0§Äg*ÿ�Ë�PC hc → γη′

£8.4σ¤±9 hc → γη £4.0σ¤�yâ

B(hc → γη′) = (1.52± 0.27± 0.29)× 10−3

B(hc → γη) = (4.7± 1.5± 1.4)× 10−4

B(hc→γη)
B(hc→γη′) = (30.7± 11.3± 8.7)%

♣ M. Ablikim et al. (BESIII Collaboration) Phys. Rev. Lett. 116, 251802 (2016).
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ïÄ�µ

z nØïÄ

Branching ratios Theory (zhu) Experiment

B(hc → γη)× 10−4 1.30+0.44
−0.32 4.7± 1.5± 1.4

B(hc → γη′)× 10−3 1.94+0.70
−0.51 1.52± 0.27± 0.29

♣ R.-L. Zhu and J.-P. Dai, Phys. Rev. D94, 094034 (2016). NRQCD

♣ Q. Wu, G. Li, and Y. Zhang, Eur. Phys. J. C77, 336 (2017). 0f��.

°Ýµ Γhc = (0.70± 0.28± 0.22)MeV PDG
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S-ÅÅÅ§§§���óóó���������)))½½½PPPCCCµµµá§�«Ü©£�6?n¤,�

§rfzL§£Ïfz�":Å¼ê¤))�ÑåP�SÜÄþ

P-ÅÅÅ§§§���óóó���������)))½½½PPPCCCµµµaq?n%�U;� ù	uÑ

♣ R. Barbieri, R. Gatto, and E. Remiddi, Phys. Lett. 61B,465 (1976); Nucl.Phys. B162, 220 (1980). (3P1, 1P1 LO)

♣ R. Barbieri, M. Caffo, R. Gatto, and E. Remiddi, Phys.Lett. 95B, 93 (1980); Nucl. Phys. B192, 61 (1981). (3P0, 3P2 NLO)

♣ Zhong-Zhi Song, Ce Meng, Ying-Jia Gao, and Kuang-Ta Chao, Phys. Rev. D 69, 054009 (2004). (B → χcJK)

......

A =

∫
d4q

(2π)4
Tr [χ(q)O(q)] ≈

∫
d3q

(2π)3
φ(q)Tr [P(q)O(q)]|q0=0

ÏÅ¼ê'uqé¯ªu"§�é/Tr0Ü©?1�VÐm

Tr [P(0)O(0)] + qαTr [
∂P(q)

∂qα
|q→0O(0) + P(0)

∂O(q)

∂qα
|q→0] + ...
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P-ÅÅÅ§§§���óóó������)))½½½PPPCCC???nnn���YYYµµµ�ÄÚl��z£NRQCD¤

üÞL§

♣ G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Rev. D 46, R1914 (1992).

♣ G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D 51, 1125 (1995).

......

HÞL§

♣ M. Beneke and L. Vernazza, Nucl. Phys. B811, 155 (2009). (B → χcJK )

......

�Ä�P-ÅHÞPCL§¥Úl���zO�'�E,§ùp

·�/ÏuåP��Bethe-SalpeterÅ¼ê§Áã�Ñ�«#�

}Á"
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nØµe

z Bethe-Salpeter Å¼ê

�ÑSÜÄþ⇒ù	uÑ§�ÄSÜÄþ¬XÛ?

3]��CCqe§)åP�hc�B-S�§��ÙB-SÅ¼ê�µ

ψhc (q̂c ) = Nhc q̂c · ε
[

1 +
/P

mhc

+
/̂qc
/P

mcemhc

]
γ5f (q̂c ),

Ù¥ f (q̂c)´Iþ¼ê§

f (q̂c ) = (
2

3
)1/2 1

π3/4β
5/2
hc

| q̂c | e
− q̂2

c
2β2

hc ,

ùpβhc���fëê"
♣ G.-L. Wang, Phys. Lett. B650, 15 (2007).

♣ S. Bhatnagar and L. Alemu, Phys. Rev. D97, 034021 (2018).
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Figure: η(′)¥§�¤©�z�$�¤ùã
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hc → γη(′)�PC�Ìµ

Mq =Mq
αλε
∗α
0 ελ =

1

2

∫
d4k1

(2π)4
M(hc→γg∗g∗)αλµνM

µν

(g∗g∗−η(′))

i

k2
1 + iε

i

k2
2 + iε

ε∗α0 ελ

Ú\µMq
αλ = Hqhαλ

ùpHq ´helicity amplitude£Iþ¼ê¤§hαλ´�A�Üþ(�§|^âÔ[ØC5§�¡Å

ð§±95�ØC5���äNL�µ

hαλ = −gαλ +
kα0 pλ

p · k0

⇒ Hq =Mq
αλP

αλ

Ù¥helicityÝK�fPαλ�

Pαλ =
1

2
(−gαλ +

kα0 pλ

p · k0
+

(k0 + p)αkλ0
m2

hc

)

⇒ Hq =
2fη(′)

Nc
√
Nc

Qc

√
4πα(4παs)2

∫
d3q̂c

(2π)3

∫
dxφAS

η(′) (x) [H0 + H0(x ↔ x̄)]

Ù¥fη(′)�k�PC~ê§H0�Ãþj¼ê)))ÛL�ª"
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Figure: η(′)¥§�¤©�z�$�¤ùã
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�f¤©�Ý
�µ

〈0 | Aa
α(z1)Ab

β(z2) | η(′)(p)〉 =
1

4
εαβρσ

kρpσ

p · k
CF√

3

δab

8
f 1
η(′)

∫
dxe−i(xp·z1+(1−x)p·z2) φg (x)

x(1− x)

ùpPC~êf 1
η(′)�µ f 1

η(′) = 1√
3

(f u
η(′) + f d

η(′) + f s
η(′) )

PC�ÌµMg =Mg
αλε
∗α
0 ελ = Hghαλε

∗α
0 ελ

ùpIþ¼êHg�µHg = Qc

√
4πα(4παs) 4√

3

∫ d3 q̂c
(2π)3

∫ 1
0 dxHg0

5¿µHg0 ∝| q̂c |

g^(�û½
¥þ��Iþ�Ë�PC¥µHg0(V→γp) ∝ m2
P

M2
V

♣ P. Kroll and K. Passek-Kumericki, Phys. Rev. D67, 054017 (2003).

♣ P. Ball and G. W. Jones, JHEP 08, 025 (2007).

♣ S. S. Agaev, V. M. Braun, N. Offen, F. A. Porkert, and A. Schafer, Phys. Rev.

D90, 074019 (2014).

♣ A. Ali and A. Ya. Parkhomenko, Phys. Rev. D65, 074020 (2002).
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z PC°Ý

Γ(hc → γη(′)) =

(1−
m2

η(′)

m2
hc

)

16πmhc

|M̃|2,

Ù¥

|M̃|2 =
1

3

∑
all polarization

|Mq +Mg |2

=
1

3

∑
all polarization

|(Mq
αλ +Mg

αλ)εα(P)ελ(k0)|2

=
1

3
|Hq + Hg |2hαλhα

′λ′
(
− gαα′ +

PαPα′

m2
hc

)
(−gλλ′ )

=
2

3
|Hq + Hg |2.
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Table: §���Äek'·Üëê£fπ = 130.2MeV¤

Model φ◦ fq/fπ fs/fπ

Ambrosino 40.4± 0.6 1.00 1.352± 0.007

Cao 37.66± 0.70 1.078± 0.044 1.246± 0.087

Escribano 33.5± 0.9 1.09± 0.02 0.96± 0.04

♣ F. Ambrosino et al., JHEP 07, 105 (2009). global fit£$UL§¤

♣ F.-G. Cao, Phys. Rev. D85, 057501 (2012).η(′) → γγ, γ∗γ → η(′)£¥mU«¤

♣ R. Escribano, P. Masjuan, and P. Sanchez-Puertas, Phys. Rev. D89, 034014

(2014); Eur. Phys. J. C75, 414 (2015).η(′) → γγ, γ∗γ → η(′)£ìC4�, PAs¤
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Table: η(′)¥�f¤©�z£Γhc = 0.70± 0.36 MeV¤

Model B(hc → γη) B(hc → γη′) Rhc = B(hc→γη)
B(hc→γη′)

Ambrosino 0.03× 10−4 0.23× 10−3 1.2%

Cao 0.13× 10−4 0.22× 10−3 5.9%

Escribano 0.38× 10−4 0.16× 10−3 23.1%

Experiment (4.7± 1.5± 1.4)× 10−4 (1.52± 0.27± 0.29)× 10−3 (30.7± 11.3± 8.7)%

Table: η(′)¥§�¤©�z£Γhc = 0.70± 0.36 MeV¤

Model B(hc → γη) B(hc → γη′) Rhc = B(hc→γη)
B(hc→γη′)

Ambrosino 0.08× 10−4 0.52× 10−3 1.6%

Cao 0.36× 10−4 0.52× 10−3 7.0%

Escribano 1.19× 10−4 0.37× 10−3 31.8%

Experiment (4.7± 1.5± 1.4)× 10−4 (1.52± 0.27± 0.29)× 10−3 (30.7± 11.3± 8.7)%

·�uy�f¤©�z¿vkAOØ$µHg0 ∝| q̂c |
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Table: §�¤©+�f¤©�o�z£Γhc = 0.70± 0.36 MeV¤

Model B(hc → γη) B(hc → γη′) Rhc = B(hc→γη)
B(hc→γη′)

Ambrosino 0.20× 10−4 1.27× 10−3 1.5%

Cao 0.89× 10−4 1.26× 10−3 7.0%

Escribano 2.76× 10−4 0.91× 10−3 30.2%

Experiment (4.7± 1.5± 1.4)× 10−4 (1.52± 0.27± 0.29)× 10−3 (30.7± 11.3± 8.7)%

1 §�!�f�zZ�Or

2 '�RhcØ�6uΓhc�Ø(½Ý

3 '�Rhc���`�5ÒUéÐ/�Ø5gÐ�

^�z�Ø(½Ý
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z ��?Øµη − η′ flavor mixing

Rhc =
B(hc → γη)

B(hc → γη(′))
= a

(√
2− r tanφ√
2 tanφ+ r

)2

Ù¥

r =
fs
fq
, a =

m2
hc
−m2

η

m2
hc
−m2

η′

|Hq
η0 + 1√

3
Hg
η0|

2

|Hq
η′0 + 1√

3
Hg
η′0|

2

ùp�Ãþj¼êHq
η(′)0
ÚHg

η(′)0
ke� 'X�Ñµ

fη(′)H
q
η(′)0

= Hq f 1
η(′)H

g
η(′)0

= Hg
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,	§�âη(′) → γγPCL§��µ

| Fηγγ(0) |exp= 0.274(5)GeV−1,

| Fη′γγ(0) |exp= 0.344(6)GeV−1.

nØO�(UA(1) �~)µ

Fηγγ(0) =

√
2

4π2
(
ĉq
fq

cosφ− ĉs
fs

sinφ),

Fη′γγ(0) =

√
2

4π2
(
ĉq
fq

sinφ+
ĉs
fs

cosφ),

Ù¥§ĉq = 5/3, ĉs =
√

2/3.

½Âµρ =
|Fηγγ(0)|
|Fηγγ(0)|§�k¢��ρexp =

|Fηγγ(0)|exp
|Fηγγ(0)|exp = 0.274(5)

0.344(6)�Ñ

⇒ r�φ)Û�åµr =

√
2(ρ+ tanφ)

5(1− ρ tanφ)

∣∣∣∣
ρ=ρexp

♣ Particle Data Group Collaboration, M. Tanabashi et al., Phys. Rev. D98, 030001 (2018).

♣ D. Babusci et al. (KLOE-2 Collaboration), J. High Energy Phys. 01, 119 (2013).

♣ H. Leutwyler, Nucl. Phys. B, Proc. Suppl. 64, 223 (1998).

♣ R. Escribano, P. Masjuan, and P. Sanchez-Puertas, Phys. Rev. D89, 034014 (2014); Eur. Phys. J. C75, 414 (2015).
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òr�φ�)Û�å'X�\Rhc�nØL�ª§=

�Rhc�φ��6'X£Xã§7Ú�f¤§Rhc�¢

��dÉÚ�fL«⇒ φ = 33.8◦ ± 2.5◦
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h c

♣ E. B. Gregory and C. McNeile, Phys. Rev. D86, 014504 (2012).

♣ R. Escribano, P. Masjuan, and P. Sanchez-Puertas, Phys. Rev. D89,

034014 (2014); Eur. Phys. J. C75, 414 (2015).
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X ÏL�ÄPÅåP�hc�SÜÄþ£Ú\B − SÅ

¼ê¤§�Ø
ù	uÑ"

X ·�uy3hc → γη(′)�Ë�PCL§¥§η(′)¥�

f¤©��z�é�"

X ·��Ñ
�~ÎÜ¢���Rhc§ýó


η − η′�·Ü��φ = 33.8◦ ± 2.5◦
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Thanks for your attention!

Email: fancj@mails.ccnu.edu.cn
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