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I Introduction

•Serious discrepancies have been revealed between 
experimental data and theoretical predictions. 

• � → ��,  ��  puzzles are remarkable problems 
existing in B decays



(1) � → �� puzzle:
Perturbative QCD (PQCD) and QCD factorization (QCDF) 
are two main theoretical methods for calculating B decays in 
these several decades.

Theoretical prediction gives a much small branching ratio 
for  �0 → �0� 0 decay mode.

Calculation of NLO can’t solve this problem either.



(2) � → �� puzzle:



From theoretical side, the amplitude for � → �� decays 
are generally like

T’ ~tree,   C’~ color suppressed tree, �′~penguin,   ���
′ ~electroweak penguin 

�~0.22

H.N. Li, S. Mishima, A.I. Sanda, PRD72,114005(2005)

The amplitudes obey the counting rule In the SM



The relation about CP violation is expected

Experimental data give: 
��� �+ → �0K+ − ��� �0 → �−K+ = 0.120±0.021

��� �+ → �0K+ ≃ ��� �0 → �−K+ 

This is contradictory to the theoretical expectation in the SM

A.J. Buras, R. Fleischer, S. Recksiegel, F. Schwab, EPJC 32, 45 (2003)

based on factorization  method



(3）The brief status for solving � → ��,  ��  puzzles 
a) Calculation up to next-to-leading order in QCD  (PQCD)
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b) Penguin annihilation and power correction (QCDF)
● Endpoint divergence in annihilation is modelled as 
      �� ≡  0

1��/�   →   �� = ln  ��
Λℎ

  1 + ������   

● Power corrections to the color-suppressed topology are parametrized  as 
      �2 → �2  1 + ������   

[1] H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 074031 (2009).
[2] H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).
[3] Q. Chang, J. Sun, Y. Yang, and X. Li, Phys. Rev. D 90, 054019 (2014)



c) A soft factor associated with pseudoscalar is introduced due to the 
residuel divergence in kT factorization in loop process  (PQCD)
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II B decays in perturbative QCD based 
on �� factorization (PQCD)

The decay amplitude of  � → �1�2 is

� =  �3�1  �3�2  �3�3  �� �1, �   
          
 ⋅ � � � �1, �2, �3, � ��1 �2, �  ��2 �3, � 

for � > �� = 1 GeV 



The spinor wave function of B meson is taken from solving 
relativistic potential model 
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The spinor wave function for light meson 
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●Transverse momenta are kept to remove endpoint singlarity

Leading order diagrams in QCD

●Sudakov factor is introduced to suppress long-distance contribution 



Most important next-to-leading order diagrams in QCD



●With the B meson wave function taken from 
Relativistic potential model,  the suppression of 
Sudakov factor to soft contribution becomes weak. 

●Soft contributions are still large
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III. Introduction of soft form factors

 1  � > �� for hard scale
  

 2  � < �� for soft scale
�� = 1 GeV

�0
�� = ℎ0�� + �0��

ℎ0�� = �� ⊗�⨂��

hard form factor

soft form factor

Transition form factor



Production form factor

�1

�2

 �1�2 � 0 ≡−
1
2

��1��2�+
�1�2

�� = ��
2 / ��1 +��2 

Separation of hard and soft form factor:

�+
�1�2 = ℎ+

�1�2 + �+
�1�2

hard soft



The �� and �� transition form factors calculated 
perturbatively with � > �� are :

ℎ0�� = 0.23 ± 0.01 ℎ0�� = 0.29 ± 0.02

The total �� and �� transition form factors from 
LQCD and experimental constraint are

�0
�� = 0.27 ± 0.02 �0

�� = 0.33 ± 0.04

which result in 

�0�� = 0.04 ± 0.01 �0�� = 0.04 ± 0.02



IV. Cotribution of color-octet quark-antiquark compoents
There is a  relation for the generators of the color SU(3) group 

���
� ���

� =−
1

2��
������ +

1
2
������

It can change the color non-singlet quark current into color 
singlet and octet operators 

The first term is the color suppressed trem, and the second color-octet one



Hadronic matrix element of color-octet operators
For example, the contribution of the operator �1 to the 
decay of �0 → �−�+ 

�1 = ���� 1 − �5 ������ 1 − �5 ��
� =  �−�+ �1�1 �0 

   = �1
��

 �−�+ ���� 1 − �5 ������ 1 − �5 �� �0 

       +2�1 �−�+ ��� 1 − �5 ���  ��� 1 − �5 ��� �0 

color-octet matrix element

Such matrix element may have nonzero value! 



The contributions of the final quark pair in color octet state are 
considered by treating the final quark-antiquark pairs in the hard 
decay diagrams in non-singlet states



●The contributions of the other diagrams can be analyzed 
similarly.

●Two parameters �� 
8  and ��  

8  need to be introduced, which 
descibe the effect of color-octet quark pair changing to 
color singlet states by exchanging soft gluons. 

��
8 is for the factorizable diagrams

��
8  is for the non-factorizable diagrams



For (V-A)(V-A) and (S+P)(S-P) operators, these two 
diagrams’ controbutions are:

The color-octet contributions of the other 
diagrams and operator insertions can be 
also obtained



V. Confronting the theoretical framework to experimental data 

The residual free parameters are

��1�2 = �1���1 ��
8 �1�2 = �2���2 ��

8  �1�2 = �3���3

which can be determined by fitting data

For �� final state:

��� =  0.17 ± 0.04 �� −0.84±0.07 �

��
8 �� =  0.11 ± 0.02 �� −0.49±0.04 �

��
8  �� =  0.05 ± 0.02 �� 0.75±0.10 �

For �� final state:

��� =  0.10 ± 0.01 �� −0.48±0.04 �

��
8 �� =  0.12−0.02+0.01 �� 1.00−0.04

+0.03 �

��
8  �� =  0.05 ± 0.03 �� 0.93−0.14

+0.17 �







Discussion of ��-dependence:

● Br and CPV are not changed much around ��~1GeV
● The change becomes large when  �� > 2 GeV, where the scale of 
soft interaction is pushed too high



VI. Summary 

1) We used the B meson wave function obtained from 
relativistic potential model.  Then the suppression of 
Sudakov factor to LD contribution is no longer sufficient.

2) A critical cutoff scale �� is introduced to insure 
perturbation calculation applicable.

3) Soft form factors, transition and production form factors, 
have to be introduced.

4) Contribution of color-octet final quark-antiquark pair is 
considered, which is crucial to explain the experimental 
data.




