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Motivation  
• B decays involve multiple (EW and QCD) scales, 

demanding use of effective theory 
• Involve both weak and strong dynamics 
• Suitable for probing CP violation and new 

physics 
• Also suitable for study of hadron physics  
• Focus on time-like version of generalized 

parton distribution (GPD)---two-hadron 
distribution amplitude (DA) 

see Dong and Song’s talks this afternoon 



GPD vs two-hadron DA 



Factorization of GPD 
• GPD  can be factorized from forward Compton 

scattering, in which hand-bag diagram 
dominates 
 

collinear (IR) dynamics 

hard scattering 

⊗



Hand-bag diagram 
• In forward region hand-bag diagram dominates 
• In non-forward region both diagrams (two 

photons attach to the same quark and two 
gluons attach to different quarks) are same 
order of magnitude  
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k1+q1 off-shell, need hard gluon  
to make k2 on shell 

k1 // k2, k1 and k2 on shell 
no need of hard gluon 

>> soft activity 
+ other 
diagrams 
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Definition of GPD 
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Two-hadron DA 
• Two-hadron DA is time-like version of GPD  
• Factorized from process when p and p’ almost 

collimate, and “hand-bag” diagram dominates   
• As hard gluon attaches to the bubble, p and p’ 

open a large angle 

collinear dynamics 



Importance of two-hadron DA 
• Two-hadron DA can appear in multi-particle 

production in e+e- annihilation 
 

• and in 3-body B decays       Chen, Li 2003 

Two-hadron DA 

two hard gluons 
power suppressed 

one hard gluon, one soft gluon  
as two hadrons collimate 
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Factorization & definition            
of two-hadron DA 



Factorization 
• Similar to collinear factorization for ordinary 

hadron DA based on eikonalization and Ward 
identity for summing collinear attachments 
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as two hadrons collimate 
it is collinear gluon 
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Wilson 
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Fierz transformation 
• Insert Fierz identity to break fermion flow 

 
 
 

• First 3 projectors contribute to pion pair, 
leading to 3 di-pion DAs  
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Isospin  
• Two pions form isospins I = 0, 1, 2 
• For two-hadron DA, nonlocal operators 

formed by two light quarks have I = 0, 1 
• For             pair, consider nonlocal operators 

 
 
 

• Match C-parity of pion state and quark current: 
I = 0, S-wave (even); I = 1, P-wave (odd) 
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Definition 
• Di-pion DAs for vector, scalar, tensor currents 
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pi+ momentum fraction,  
corresponding to        in GPD  ξ

2ω        invariant mass,  
corresponding to t in GPD 

quark momentum fraction 



GPD vs. Two-hadron DA 
• GPD and two-hadron DA have similarity, such 

as normalization to form factors 
 
 

turn nonlocal operator 
Into local operator 

Dirac 

Pauli 

electromagnetic 

tensor 



Partial wave decomposition  



Resonant contribution 
• Two-hadron DA receives contributions from 

various resonances              Pire, hep-ph/0202231 

 
 
 
 
 

• BW ~           asymptotically, nonresonant 
contribution 

interference 

more strong phase 

21 ω



Basics of B decay theory 



Cabbibo-Kobayashi-Maskawa Matrix 

Weak phase, CP 



Effective Hamiltonian 
• B decays involve multi-scales. First derive 

effective Hamiltonian by integrating out mW 
• Dynamics of scale mW is organized into 

Wilson coefficient Ci 
• The rest lower than mW goes into                  

4-fermion operators Oi 
• H=VCKMΣiCi(µ)Oi(µ) 

 
• Their µ (factorization scale) dependencies 

cancel.                                

Buras,Buchalla, 1995 



Diagrams at scale mW  
b 

penguin 

u,c,t 
different CKM 
different weak phase 



CP violation 
• Thumb only on the right---P violation 
• Thumbs on the right of right hand, and on the 

left of left hand---CP conservation  
• Nature gives L to particle and R to antiparticle 

 
 

• CP conserved                                                              
here?  

• If she loses one                                                       
arm, CP at 10-3 

anti-       particle 
particle 

thousand-hand  
Guan Yin 



Direct CP violation 
• Require tree (T) and penguin (P) 

contributions, weak and strong phases 
• Weak phase from CKM, (part of) strong 

phase from two-hadron DA 
T exp(iφ3) 

P 

T exp(-iφ3) 
If strong phase δ=0 
Br = Br, no direct CP 

δ ≠ 0 

Br = Br    direct CP 

T exp(iφ3) P 

T exp(-iφ3) 

Br 

Br 



Three-body hadronic B decays 

                                                                 Wang, Li 2016 
 

B 
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Dalitz plot 
• LHCb has measured CP asymmetries in whole 

Dalitz plot for −−+− → πππB

genuine  
3-body 
decay 

di-pion DA  
applicable to boundary region 



Di-pion DAs up to twist 3 
•  P-wave dduuT Γ−Γ∝Φ= ,23σ

Gegenbauer moments 
to be determined 



Form factor inputs  
• Form factor input from e+e- annihilation data 

based on universality of di-pion DA 

Gounaris-Sakurai 
model 

Breit-Wigner 
function 

BaBar 2012 

mixing ωρ −



Feynman diagrams 
• Calculate 16 diagrams (similar to 2-body 

decays)  nonfactorizable 

annihilation 



Results  
• Fitted P-wave Gegenbauer moments 



Summary  
• Two-hadron DA, time-like version of GPD, 

contains rich strong dynamics  
• Include both resonant and nonresonant 

contributions to 3-body B decays at the same 
time, providing strong phase required by direct 
CP violation  

• Need precise determination of various two-
hadron DAs (PP, PV, VV pairs; S, P, D waves, twits-
2, 3; …) 

• Future goal: predict direct CP violation of 3-body 
B decays in localized regions of phase space  



Back-up slides 



Motivation 
• Recent LHCb data of direct CP asymmetries in 

localized regions of phase space 

rho resonance 



Isospin of pion pair 
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correspond to l = 1, 3  
P wave… 

correspond to l = 0, 2, 
S, D waves… 



C-parity 
• C-parity (charge parity) for mesonic state is 

equivalent to parity 
 
• C-parity for quark fields (spinors)  

 
 

• C-parity is odd for vector and tensor currents, 
and even for scalar current 



Kinematics 
• Meson momenta in light-cone coordinates 

 
 

• Two-hadron invariant mass 
 
 

• pi+ momentum fraction  
 

pi+     pi- 

pion momentum fraction 



Consistency with pole model  
• Consistency between di-pion DA and pole 

model 
 
 
 

• At twist 3  
 

• Form factor ratio  
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Consistency with 2-body formalism 
• BRs are close between 3-body and 2-body 

formalism, direct CPAs differ s bit 
• CPA from 3-body more consistent with data 



More results 
• Differential                                                  

distribution of CPA 
• CPA of            would                                                         

be overestimated in                                                 
2-body formalism 

• Predictions  
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