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•  The	  observed	  B-‐>pipi,	  pi	  rho	  and	  rhorho	  branching	  ra1os	  
are	  several	  1mes	  larger,	  and	  consistent	  with	  the	  
theore1cal	  predic1ons.	  

•  The	  difficulty	  for	  resolving	  	  puzzles	  do	  not	  only	  lies	  in	  the	  
mismatch	  of	  the	  data	  and	  predic1ons,	  but	  also	  because	  
similar	  process	  like	  B	  to	  rho	  rho	  sharing	  similar	  
topological	  structures	  is	  consistent	  with	  the	  data.	  

•  A	  recent	  proposal	  [PRD	  83,	  034023]	  making	  use	  of	  the	  
Glauber	  gluon	  effects	  shows	  novel	  possibility	  to	  the	  
puzzles.	  

•  In	  this	  work	  we	  explore	  the	  Glauber	  gluons	  in	  the	  
nonfactorizable	  annihila1on	  amplitudes.	  

Introduc1on 



Compared	  with	  QCDF:	  
	  	  	  	  	  (1)The	  𝑘𝑇 factoriza1on	  formalism	  resolve	  the	  end	  point	  singularity.	  
	  	  	  	  	  (2)Annihila1on	  diagrams	  can	  be	  calculated.	  



Eikonal	  Approxima1on 



Nonfactorizable	  annihila1on	  diagrams 

LO:	  
Diagrams	  with	  the	  hard	  gluon	  
a\ached	  to	  the	  light	  quark	  of	  
B	  meson. 

NLO:	  
We	  add	  a	  radia1ve	  gluon	  
emi\ed	  by	  the	  valence	  
quark	  in	  𝑀1	  
The	  radia1ve	  gluon	  can	  
also	  be	  emi\ed	  from	  
other	  3	  (an1)quarks	  in𝑀1	  
and	  𝑀2	  



So_	  divergence	  in	  NLO	  diagrams 

k1 

P1-‐k1 



Collinear	  divergence	  in	  NLO	  diagrams 
As	  two-‐par1cle	  reducible	  diagrams,	  they	  can	  
be	  factorized	  into	  the	  𝑀1	  meson	  wave	  
func1on.	  

No	  Glauber	  

No	  Glauber	   Cancel	  with	  (h)	   No	  Glauber	   Cancel	  with	  (f)	  



𝐼=−𝑖𝑔↑4 𝑁↓𝑐 𝐶↓𝐹↑2 ∫↑▒𝑑↑4 𝑙/(2𝜋)↑4    1/𝑙↑2  1/( 𝑃↓2 − 𝑘↓2 + 𝑘↓1 )↑2   
𝑡𝑟[   Φ↓𝐵 .   𝛾↓𝜇 .   𝑙−𝑘/(𝑙−𝑘)↑2  . 𝛾↓𝜈 .	   𝑙+ 𝑃↓2 − 𝑘↓2 + 𝑘↓1 −𝑘/(l+ P↓2 − k↓2 + 
k↓1 −k)↑2  .Γ. Φ↓𝑀2 .   𝛾↑𝜈 . Φ↓𝑀1 . 𝛾↑𝜇 . 𝑙− 𝑃↓1 + 𝑘↓1 /(𝑙− 𝑃↓1 + 𝑘↓1 )↑2  .Γ] 



It	  contains	  four	  denominators 

[(𝑙−𝑘)↑2 +iε][(l+ P↓2 − k↓2 + k↓1 −k)↑2 
+iε]
[(𝑙− 𝑃↓1 + 𝑘↓1 )↑2 +iε][ 𝑙↑2 +iε] 

Consider	  the	  𝑙↑+ 	  poles	  

𝑙↑+ =− 𝑘↓1 ↑+ + 𝑘↑+ + |𝑙↓𝑇 − 𝑘↓2 ↓𝑇 + 𝑘↓1 ↓𝑇 − 𝑘↓𝑇 |↑2 /2(𝑙↑− + 𝑝↓2↑− − 𝑘↓2↑− − 𝑘↑− ) −𝑖𝜖(−𝑖𝜖) 

𝑙↑+ = 𝑘↑+ + |𝑙↓𝑇 − 𝑘↓𝑇 |↑2 /2( 𝑙↑− − 𝑘↑− ) +𝑖𝜖(+𝑖𝜖) 

𝑙↑+ = 𝑃↓1 ↑+ − 𝑘↓1 ↑+ + |𝑙↓𝑇 + 𝑘↓1 ↓𝑇 |↑2 /2𝑙↑−  +𝑖𝜖(−𝑖𝜖) 

𝑙↑+ = |𝑙↓𝑇 |↑2 /2𝑙↑−  +𝑖𝜖(−𝑖𝜖) 

for	  the	  range	  of 

There	  is	  no	  pinch	  singularity	  for	  other	  range	  
because	  all	  the	  poles	  are	  in	  the	  same	  half	  plane 



𝐼=−𝑖𝑔↑4 𝑁↓𝑐 𝐶↓𝐹↑2 ∫↑▒𝑑↑4 𝑙/(2𝜋)↑4    1/𝑙↑2  1/( 𝑃↓2 − 𝑘↓2 + 𝑘↓1 )↑2   
𝑡𝑟[   Φ↓𝐵 .   𝛾↓𝜇 .   𝑙−𝑘/(𝑙−𝑘)↑2  . 𝛾↓𝜈 .	   𝑙+ 𝑃↓2 − 𝑘↓2 + 𝑘↓1 −𝑘/(l+ P↓2 − k↓2 + 
k↓1 −k)↑2  .Γ. Φ↓𝑀2 .   𝛾↑𝜈 . Φ↓𝑀1 . 𝛾↑𝜇 . 𝑙− 𝑃↓1 + 𝑘↓1 /(𝑙− 𝑃↓1 + 𝑘↓1 )↑2  .Γ] 

Eikonaliza1on 
We	  can	  deform	  the	  contour	  of	  𝑙↑+ ,	  and	  make	  it	  remains	  𝑂(𝑚↓𝐵 ).	  
Then	  we	  have	  the	  hierarchy	  

𝑙↑+ 𝑘↑− ~𝑂( 𝑚↓𝐵 Λ↓𝑄𝐶𝐷 )≫|𝑙↓𝑇 − 𝑘↓𝑇 |↑2 ~𝑂( Λ↓𝑄𝐶𝐷 ↑2 ) 



Employing	  the	  principal-‐value	  prescrip1on	  





A_er	  another	  eikonaliza1on 

We	  have 

Glauber	  divergence 



Finally	  We	  get	  an	  imaginary	  	  
logarithmic	  divergence,	  called	  
Glauber	  divergence.	  

Glauber	  divergence 



• It	  is	  proved	  that	  we	  can	  construct	  a	  so_	  factor	  

	  
to	  collect	  the	  Glauber	  gluon	  effects	  to	  all	  orders.	  	  
	  
• However,	  the	  so_	  factor	  collec1ng	  all	  the	  Glauber	  gluons	  originates	  from	  the	  
nonperturba1ve	  region.	  So	  the	  b	  dependence	  of	  the	  so_	  factor	  can	  be	  obtained	  only	  by	  
nonperturba1ve	  calcula1ons	  or	  experimental	  feed.	  	  

• At	  present,	  we	  ignore	  the	  b	  dependence	  of	  S(b)	  and	  consider	  S(b)	  as	  a	  free	  parameter 

We	  postulate	  the	  so_	  factor	  
associated	  with	  pion	  is	  significant,	  
for	  it	  is	  a	  Nambu-‐Goldstone	  boson. 



We	  focus	  on	  the	  above	  channels	  in	  our	  numerical	  calcula1ons: 
(1)The	  nonfactorizable	  annihila1on	  diagrams	  can	  play	  some	  role	  

because	  
•  Tree	  dominated	  
•  No	  color-‐allowed	  tree	   
(2)The	  theore1cal	  results	  from	  the	  PQCD	  approach	  are	  much	  

smaller	  than	  Experimental	  data	   



So_	  factor	  dependences	  of	  branching	  ra1os	  in	  some	  B	  decays	  when	  considering	  the	  
Glauber	  divergence	  in	  the	  nonfactorizable	  annihila1on	  diagrams 



PRD	  86,036016 

Our	  results	  from	  B	  decays	  are	  consistent	  with	  that	  of	  D	  
decays	  in	  the	  factoriza1on-‐assisted	  topological-‐amplitude	  
approach. 

PRD	  89,054006  

Their	  global	  fit	  results	  are: 

From	  the	  above	  pictures,	  we	  can	  see	  the	  best	  region	  is	   



Summary 
•  We	  analyzed	  the	  nonfactorizable	  annihila1on	  diagrams	  of	  B	  meson	  decay	  

processes	  and	  found	  that	  there	  also	  exist	  the	  uncancelled	  Glauber	  divergences	  
similar	  to	  that	  in	  the	  nonfactorizable	  emission	  amplitudes.	  

•  We	  then	  include	  the	  contribu1ons	  from	  the	  annihila1on	  diagrams	  with	  the	  
extracted	  Glauber	  factors	  into	  the	  predic1ons	  of	  the	  branching	  ra1os	  in	  the	  B	  
meson	  decay	  processes:	  

•  The	  best	  fit	  region	  for	  explaining	  the	  data	  is	  	  

•  we	  argue	  that	  the	  discrepancies	  between	  experimental	  data	  and	  theore1cal	  
predic1ons	  can	  s1ll	  be	  considered	  as	  in	  the	  framework	  of	  the	  standard	  model	  and	  
no	  new	  physics	  explana1ons	  are	  needed.	  

•  The	  future	  calcula1ons	  on	  the	  Glauber	  factor	  may	  provide	  more	  reliable	  
predic1ons	  on	  the	  non-‐leptonic	  decays 



Thank	  You! 



The	  physical	  picture	  of	  PQCD	  [PRD	  63,	  074009]	   

The	  perturba1ve	  QCD	  (PQCD)	  approach	  based	  on	  the	  𝑘𝑇 factoriza1on	  theorem	  has	  
been	  applied	  to	  two-‐body	  nonleptonic	  B	  meson	  decays	  successfully. 

The decay amplitude can be factorized 
into the convolution of the  Wilson 
coefficients , the hard scattering kernel 
and the light-cone wave functions  of 
mesons characterized by different scales. 



•  Wilson	  coefficient:	  short	  distance	  
contribu1ons	  	  

•  Hard	  kernel:	  process	  dependent	  
•  Sudakov	  factor:	  collect	  the	  double	  logs	  from	  
the	  combina1on	  of	  the	  so_	  and	  collinear	  
divergences	  

•  Wave	  func1on:	  extracted	  from	  experimental	  
data	  



By	  analyzing	  the	  different	  a\achments	  of	  gluons	  to	  lines	  in	  diagrams	  
and	  by	  employing	  Ward	  iden1ty.	  It	  is	  proved	  that	   



• The	  Glauber	  divergence	  may	  not	  cause	  trouble,	  if	  
the	  LO	  amplitude	  is	  real.	  

• The	  Glauber	  divergence	  does	  not	  exist	  in	  the	  
collinear	  factoriza1on.	  

• The	  LO	  amplitude	  	  is	  complex	  in	  the	  kT	  factoriza1on,	  
since	  partons	  carry	  transverse	  momenta,	  and	  
internal	  lines	  go	  on	  mass	  shell	  at	  finite	  momentum	  
frac1ons 



Development	  in	  PQCD 

•  NLO	  correc1ons:	  
	  	  	  	  pion	  EM	  form	  factor	  
	  	  	  	  B	  leptonic	  decays	  
	  	  	  	  pi-‐>pi	  
	  	  	  	  B-‐>pi	  form	  factor	  
•  Three	  body	  B	  decays	  

•  Glauber	  effects	  in	  both	  B	  decays	  and	  pion-‐
induced	  Drell-‐Yan	  processes	  	  	   


