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Two body non-leptonic decay

* Six-quark interaction, Dynamical approaches based on QCD:

e QCDF
Beneke, Buchalla, Neubert, Sachrajda NPB 2000;
Beneke, Neubert NPB,2003

A + vocn

Keum, Li, Sanda PRD 2001;
Lu, Ukai,Yang PRD 2001
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® three scales

e SCET

mp, /MyNocp, Aocp Bauer, Fleming, Pirjol, Stewart PRD 2001;
Beneke, Feldmann PLB 2003




Two body non-leptonic decay

SCET B-VV
e B - M;M, Factorization ° QCDF

Bauer, Pirjol, Rothstein, Stewart PRD 2004; Cheng, Yang PRD 2008;

Williamson, Zupan PRD 2006

e Numerical estimate

Cheng, Chua PRD 2009

B—mn,B— Kn, B— KK

Bauer, Rothstein, Stewart PRD 2006
. PQCD

Charmless B,y — PP involving 7, 1/ Zou, Ali, Lu, Liu, Li PRD 2015
Williamson, Zupan PRD 2006

Charmless B(S) — VP

Wang, Wang, Yang, Lu PRD 2008




QCD — SCET,

® Integrating out scale O(m?)
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p2~ A p2-0OA p2~ A2
A= Vhgoofm,  Tnw = [GWa)
g ® (MM'|0;|B) = T() ® darr(p) @ ¢
(VLIQT;10) = mpfvov, .

+ Ty, 2) @ oo (1) @ ¥ M(2)




SCET,

® Integrating out scale O(myAgep)

1= [ vty T ) ic ). i )

+adg@m4:/dwr@$kmx£g?@n,
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A= Aqep/my s (VAMG) > ag(my)
(VLIT\|BY = mpe®e. (v, To|B) = myc™" ® [nstead we treat both ¢ and (;

as nonperturbative parameters

Ci(z) = dum,(z) @ J(z, 2, k) @ op(ky). o Q?}l have scalar bilinears, give

vanishing contributions to B — VpVp

/




Charming penguin

 source of strong phase

° B —VprVp

On-shell charm quarks

® Naive analysis:

A A ?
AV A" AT =1 QCD:( QCD) ;

mp mp G

— TE 23 (f) gV V2
* A" - ﬁmB/\C Acc” )
Violated by the charming A, = Gr mEAU) AV Ve,
penguin contribution V2

Beneke et al. EPJC 2009 !




a I
Factorization formulas and observables

e B _)VLVL

G
As = ZEmiy < {fu ) / duy, (u)Ty.s(u)

- fvlquCsz +(1¢2)+ )‘EﬁAlEfz }

e B> VP

Apv = G—\/;m%{ff*(?v /dHG’JP(H)TPJ(H)

+fPCng/dH¢P(H)T1J9(H)

+ fp(Tp¢PY +TpeC0Y ) + }«fjﬂAi‘fg]

+ (P <> V) } + chiral enhanced penguins




Factorization formulas and observables

® For explicit decay channels, hard kernel flavor relevant

T, = o BMys, MAT + (¢ + ¢})BMoA T8, M,
+cd BMo My AT + (f + b)) BMo AT TY[M],

Ty = Tl(ffd'F — bf):

AMMz — BMLMAT A,

Wang, Wang, Yang, Lu PRD 2008




Factorization formulas and observables

e unploarized

A 12 2
p| 2 p A :Zh(‘{lh‘ — A7)
Sy AL+ A AL, = (A AR

I'=

e polarized

|AL ), L]? Fi-fo 7 f
= - ! " — AO L— L AJ_ — _J_ J_,
T.L |AL[? + [Ay|* + [AL]* Pt fL PF A f
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Numerical results

8 input real parameters under su(3) symmetry
¢ Cpo Acerr Ay Accl-
e 35 observables of B/ - V V with
statistical significance no less than 3¢

(=(333+1.6)x1072, ¢ =(1.6+£1.0)x 1072,
A, |=(381£1.1)x107%, arg[A,,]=-029+0.11,

= (18.8+0.8) x 1074, argiACC”} —1.98 +0.18.

A, | =(17.1£0.7) x 1074,  arg[A,..,]=2.1140.18,

with y*/d.o.f. = 67.1/(35-8) = 2.5




Numerical results

e B>PPandB—-> PV AB=V = ¢+ ¢; =0.349 £ 0.019.

C~Ci=C~T
Consistent with LCSR
Bharucha, Straub, Zwicky JHEP 2016

e B VLVL

(> =0T
¢ |*4cc||| ~ |A(_’.CJ_|

Color-suppressed contribution

is indeed suppressed The positive helicity amplitude

Of charming penguin is negligible
“nm” puzzle
Theoretically: Br(B° — 7972%) < Br(B® — 7°p") < Br(B° — p°p")

Experimentally: inverse order




6.61 = 7.56

—0.56 £ 0.61

548 £ 6.70

=0.68 £ 0.77

=6.61 £ 7.56

0.56 £ 0.61

14.6 £ 5.3

—=1.17 = 0.60

Br(10~°) fL(%) fi (%) ¢y (rad) ¢ (rad)
914+ 3.14 510+ 16.4 222499 2.41 +0.62 2.54 +0.62
10.0 £0.5 49.7T £ 1.7 224+1.5 243 +£0.11 2.53 £0.09
BT = K" ¢ 986+ 3.39 1.0+ 16.4 222499 241 +0.62 2.54 +0.62
T 10.0 £2.0 50 +5 205 2.34 +£0.18 2.58 £0.17
Eff —+ 19.0 £6.5 51.0 £ 16.4 222+99 2.41 £ 0.62 2.54 +0.62
193 +3.1 36.2+14 309+1.5 2.55+0.11 2.67 £0.23
0.56 £0.19 54.6 &+ 15.0 205 £ 9.1 237 +0.59 2.50 £ 0.59
1.13 +£0.30 51+ 17 28411 1.75 £ 0.58 £ 0.30
B 5 KK 860+3.07 449+183 2494111 2.47 £ 0.67 2.60 = 0.67
2817 31+13 11
AEB(%) Alp(%) Agp(%) Agy(10~%rad)  Ag, (10~2rad)
=039+ 044 =038+£045 039044 —=(.85 £0.35 —{.85 = 0.35
0+4 =07+ 3.0 =-2+6 h+5h 8515
BT = K" ¢ =039+ 044 =038+£045 039044 —=(.85 £0.35 —{.85 = 0.35
—1+5 17+ 11 22425 T+21 19+ 21
=039 044 =038x045 039044 —(.85 £0.35 —().85 £0.35

14.6 £ 5.3
—1.17 £ 0.60




LO Feynman diagrams

S S ST

e h

LO SCET: a-d (real) + charming penguin
PQCD: a-h, hard gluon
QCDF: a’-b’, c-d , fit e-h

(-




Branch ratios

Channel Exp. SCET PQCD QCDF
B — pp° 0.97+£0.24 1.00+0.29 0271012 (g+l9
B - pluw <16 0.59 +0.19 0.401917  (.0819-39
B’ & KK 98+7 86+30 54739 667232

BY - p%p%: PQCD, large cancellations in the hard-scattering emission diagrams and the

annihilation ones.
B® - p%w : in QCDF the color-suppressed diagrams canceled .

B, - K*9K*?: experiment.




Polarization fraction

e f, ~0.5
QCDF: NLO effects, penguin annihilation
PQCD: annihilation diagrams especially (S+P)(S-P)
SCET: charming penguins

q 4
b q
ﬂ
d -+ ——
7 q 7

Same topologies in flavor space, however, different

@ power counting— different f .




Direct CP asymmetry

e QCDF and PQCD hard-scattering and annihilation diagrams
PQCD:(S+P)(S-P) annihilation o ViV,
e SCET Charming penguin o Vo, V.,

Channel Exp. SCET PQCD QCDF

B~ —=pp° —5+5 0 0.05790%  0.06

B’ — 00 19.5+£23.5  70.7H48  gpt22
— ‘f} ‘f} J.t} ti-t) A _g.4 U _ 131

B — pw 8.6 £ 10.1 5941078 312

Different CKM matrix elements affect CP asymmetry sizably; test PQCD and SCET

o




Summary
(1) ¢V < ¢Y, differs from B — PP (V) cases (¥ ~ (.

(2) giving all observables for the 28 decay modes,
iIlCllldiIlg Br, fL,||,J_a ¢||?J_t AC’P& CP& Afi’H 1
(3) charming penguins A .z .., = large fj ..

— AC‘P

(4) high-precision study to discriminate QCDF, PQCD and SCET.
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