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CP violation, FCNSZ, sensitive to new physics contribution...

(K)
b W u
B JU
d(s) 7 (K)

How can we test the standard model without solving QCD?

29

The standard model
describes interactions
amongst quarks and
leptons

In experiments, we
can only observe

hadrons




Perturbative calculations

= In principle, all hadronic physics should be
calculated by QCD, provided you can renormalize
the infinities and do all order calculations.

= Ultraviolet divergences = renormalization

s Infrared divergences? Infrared divergence in
virtual corrections should be canceled by real
emission

= In exclusive QCD processes = factorization
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Factorization can only be proved in power
expansion by operator product expansion. To

achieve that, we need a hard scale

In the certain order of 1/Q expansion, the hard dynamics

characterized by Q factorize from the soft dynamics
Hard dynamics 1s process-dependent, but calculable
Soft dynamics are universal (process-independent)

predictive power of factorization theorem

-

Factorization theorem holds up to all orders in a,, but to

certain power 1n 1/Q

In B decays the hard scale Q 1s just the b quark mass



«“" QCD-methods based on factorization work
well for the leading power of 1/m» expansion

Perturbative QCD approach based on kr factorization
[Keum, Li, Sanda, 00’ ; Lu, Ukai, Yang, 00’ ]

collinear QCD Factorization approach
[Beneke, Buchalla, Neubert, Sachrajda, 99’ ]

Soft-Collinear Effective Theory
[Bauer, Pirjol, Stewart, 01’ ]

Unavailable for 1/mp power corrections

+ Work well for most of charmless B decays, except for nrr, nK
puzzle etc.



‘e Topological diagrammatic approach
[Cheng, Chiang and Kuo 2015]

. u_ d(s)
JEC ¢ || D P(V) b | P(V)
B B, ( B (
d(s) : ’ ; !

V)

’I(:L) C E (c) Ad)
= Distinct by weak interaction and flavor flows with all
strong interaction encoded, including non-perturbative
ones. Model-independent

= Based on flavor SU(3) symmetry. Amplitudes with strong
phases extracted from data. SU(3) breaking was lost.

s PP, VP and PV fitted separately, 13+19 = 32 parameters.
Less predictive. Improved by FAT

29 7



% /We first apply our factorization assisted topological
. diagram approach in hadronic D decays
[arXiv:1203.3120, PRD86 (2012) 036012]

~ Predictions of Direct CP asymmetries

Modes Ap(FSI) Acp(diagram) A7 A%

DY — 7t 0.02 = 0.01 0.86 0 0.58 =

DY — KtK~ 0.13 = 0.8 —0.48 0 —0.42 &=
D e ——— o 0.05 Aqp =
Do —, First evidence of CP violation in charmed meson 1 38

DO decays by LHCb, with 3.5 0 [arXiv:1112.0938] | 0'29 -1 x10~
Do — AAcp = Acp(K"K™) — Acp(mr™ ™) 1.53

D" — — [—0.82 = 0.21(stat) *+ 0.11(syst)]%) 0-18

DO * STy U.Z0 — U. 10 \V v )\II.JU , 094

~



LHCb-PAPER-2013-003

| HCb combination L HCb-CONF-2013-003

Semileptonic: AAcp = (+0.49 £ 0.30(stat.) £+ 0.14(syst.)) %

Prompt: AAcp = (—0.34 £ 0.15(stat.) + 0.10(syst.)) %

(preliminary)

* The two measurement are compatible at the 3 % level

29

N EW LHCb-PAPER-2015-055
to be submitted to PRL

AACP prompt = (-0.1 0+ 0.08(stat) + 0.03(SYSt))°/o

compatible with the muon-tagged result
AAcp sec = (+0.14 = 0.16(stat) = 0.08(syst))% JHEP 07 (2014) 041

Both results are statistically and systematically uncorrelated
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.. e - Tree topology diagram contrlbutlng to
V., Charmless B decays

bd s' 7
For the color favored diagram (T), it is |

proved factorization to all order of a,

expansion in soft-collinear effective ) )
theory, ’ !

(a)T
The decay amplitudes is just the decay constants and
form factors times Wilson coeficients of four quark

operators. The SU(3) breaking effect is automatically

: H u

Yo
Y

kept pp,  GF BP,
T =i gVl (1) foa (Mg — Mg ) Fy (),
No free " = \/§GFVuquq'a'l (1) fymy F~F (mi) (€3, - pB),
parameter

= V2GrVV,y a1(p) frmv AG " (m3) (v, - ),

29



3y For other diagrams, we extract the amplitude and
< strong phase from experimental data by y? fit

We factorize out the decay constants and form factor to
keep the SU(3) breaking effect

| For the color suppressed
AN tree diagram (C), we have
two kinds of contributions

o

(b) C

> Py Gl« ibC BP
Clll —Z%Vubvuq X(Co fl)z(m?}—mf’l)FO [(m?)?)’

CctV = \fZG;»Vuqu /x(’"c"‘b(" fvvalB_P(m%/)(e'{, - PB),
CVP = V2GrVuV,yx°e" fomvAFY (m}) (e} - pb),

29 11



For the annihilation type diagrams, we have one
= amplitude from W-exchange diagrams fitted from
experimental data by y? fit

A
»yﬂ

b - _
p- -~ q - H' Aq
WS AW\ ~
S . q ~ ‘(1
‘(1,3 ; ’ l:
(c) E (d) A
GF Io f
EP1P2 — Vu V m pP1J P2 ,
\/§ bY¥ uq X f B( f2 )
iot fPfV *
EPYVE = V2GpVuV,  x"e" (1) fomy ( 72 )(ev - PB),

As discussed 1n conventional topological diagram approach,
W-annihilation diagram contribution 1s negligible.
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—_— d,s
) 2 9(Z,7)
b ’ ¢ b M7 =
%68 ] : i |
i J 5 ;
(b) Pc(Pew)

(a) P
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The penguin emission diagram(P)

“is the dominant diagram
comparable with color favored Sl s
tree (T). WS\ |
It is approved factorization in —L:;T‘ -
SCET, we can calculate without
ambiguity. The additional chiral p p
enhanced penguin of this (a) P

29

diagram need to be fitted

G ' !
PP = —Z_F‘/tb‘/t '[04(M) y p2 (m%} o m12)1)FOBP (mm
V2

PPV = —V2G ViV, aa(w) frmusl "mi (e} - po),
PYP = V3GV, las(h) @ [fomy A~ (m3)(} - ps

).
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However, this P is similar with penguin annihilation diagram P,.

\%_ The ditference is only at QCD not EW
d,s
S Al K4 N 7
. W‘ b " , u,c, t\ ) ::::
= L) ] g 9 d
u,c,t > ——
q q o
7 7 (d) P
G
PP U . Py .
P = —ZEthth las(p) +x"e > Tx) 2 (mp — mgl)Fo 1(m§2),

PPV = —ﬁGFthVt;rCM( ) fvmyv F~"mi, (e} - ps),
PP = —V2GrVuVylau(w) — X" ry] femy AT () (e}, - p).

The contribution of P, can be included in y*, except for B> PV
decays, where we need two more parameters

P /113 V= _‘/EGFV;,th;’ XPACW,A mev(fI;cJ;V)(s’{/ - PB)-

29 15
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3 The contrlbutlon from Py diagram is argued
~smaller than P, dlagram, which can be
ignored reliably in decay modes not
dominated by it, except Bs — '~ decay

Br(B, = ntm™) = (0.76 £ 0.19) x 107°.

The flavor-singlet QCD penguin diagram
P only contribute to the isospin singlet b

mesons 1, ', ® and .

GF - ip?’C 1
—zTthV ’XPC ? fpz( %3_ mgl)FOBP (mfrz)’

Pc”
Pe" = _\@GFthVtZ vmy Fy " (my) (€% - pB),
P

P _ —\/ﬁGthbvtzlchewwfpvag_v(mf")(gtf 'PB);

29
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All together we have 14 parameters to be fitted
o g for all B> PP, PV, VP decays

Recent update for B> PP channels with n—’ mixing by Hsiao,
Chang & He, PRD93, 114002 (2016), have 12 parameters

In put parameters
A = 0.22537 £ 0.00061, A = 0.81470;7°

p=0.1174+0.021, 7 =0.353+0.013.
Decay constants (MeV) (Uncertainty S %)

fr JTk B fB, fo fEK* Jfu [o
130 156 190 225 213 220 192 225

17
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form factors (Uncertainty 10%)

FB-r FB-K FéBﬁK F(f;_""’ FBeme
F(0) 0.27 0.29 0.25 0.21 0.30
) 0.50 0.53 0.54 0.52 0.53
o) -0.13 -0.13 -0.15 0 0
FB-m FB-K Fi s—K FlB—mq FlB.‘,—ms
F(0) 0.27 0.29 0.25 0.21 0.30
a1 0.52 0.54 0.57 1.43 1.48
Qo 0.45 0.50 0.50 0.41 0.46
I . e T S T R I A
A(0) 0.29 0.25 0.36 0.27 0.30
a1 0.50 0.53 0.54 0.52 0.53
(o) -0.13 -0.13 -0.15 0 0

18



" Global Fit for all B->PP, VP and PV decays

A T
N 1
RS S ;‘/ :
P Ik O e
e el
CL s

35 branching Ratios and 11 CP violation observations data
are used for the fit

xC =0.544+0.06, ¢ = —1.55+0.088,

5 n xt.h—x- 2
o c' _ — l )
X¢ =067+0.11, ¢ =158+0.15, X ;( Ax,-)

x” = 0.051 £ 0.004, ¢" =2.96 & 0.19,

Large
P __ P

x. =0.11+£0.01, ¢ = —3.85+0.02. strong
yF¢ =0.054 +0.005, #7° =1.52+0.09, phase

yF¢ =0.044 +0.002, ¢F¢ = 0.66 + 0.07,
yF4 = —0.0068 + 0.0008, ¢4 =—1.73+0.07,

29 19



29

“s=Global Fit for all B>DP, D*P and DV

decays

x?/d.o.f = 30.47/32 = 0.95.

v* is smaller than previous topology diagram
approach. Number of free parameters is
much reduced.

20



=’’’ Nonperturbative parameters y€, ¢, = ¢~
are universal for all the PP, VP and PV modes

I ™. C™ :E™ : P™ =1:0.51:0.26 : 0.36
T . C"" . PP™: P, =1:1.03:0.31:0.053
T : CP™: PP": Pry, = 1:0.32:0.19 : 0.021.

In these tree dominant decays, the relative importance of
topological diagrams is easy to be reached:

T>C>FE~P> Ppw.

21



T8 . ™8 . p™& . prK —1:0.47:6.18 : 0.59
T8 . oK' ptRT . pA™ET PR =1:0.39:3.17 : 1.69 : 0.50.

In these penguin dominant decays, the relative importance of
topological diagrams is also reached as:

P>PA>T>C~ Pgw.

For B — pK decays, we have

1Ke

TPK . C"" : PPK . PP =1:0.94:3.4:0.95.
P>T~C"~ Pgy.

22
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B->PP branching ratios

Mode Amplitudes

Beyp(x1076)

Bt.h( X 10_6)

AS =0 VyVinya
w0 T,C, Pew
mn T,C,P,PC,Pgw
= n T,C,P,PC,Pgw
mtr— T,E, P

0

7%  C,E,P,Pgw

7"07’ C’E’PCsPEW
7r077’ CsE’ PC: PEW
Uy CaE’PC’PEW

/

m C’EaPCaPEW

r

nn C’EaPCsPEW

K- KO P
KtK- E
KOK© P

5.0 0.4
4.02 =0.27
2.7+09
5.12+0.19
1.91 = 0.22
<15
1.2+0.6
<1.0
<12
<17
1.31 £0.17
0.13 =0.05

1.21 £0.16

5.19 +0.43 = 1.04 = 0.02
4.17+=0.31 = 0.63 = 0.01
3.54 = 0.28 = 0.51 = 0.01
5.05 £0.29 = 1.29 +0.14
1.84 £+ 0.33 £ 0.30 = 0.04
0.83 £ 0.09 = 0.07 £ 0.04
0.91+0.11 =0.11 £ 0.03
0.54 +£0.11 = 0.09 = 0.01
0.92 +0.16 = 0.16 = 0.01
0.45+0.07+0.08+0
1.32 +£0.19 £ 0.26 = 0.01
1.06 =0.16 =0 = 0.10

1.22 +0.17 £ 0.24 = 0.01
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B->PP branching ratios

Amplitudes Bexp(x1079) B.,(x107%)
— AS=1 VaeaoVigs
m KO© P 23.7+ 0.8 23.5+3.3+4.7+0.2
K~ T,C,P, Pew 129+ 0.5 129+1.7+24+0.1
nK- T,C,P,PC,Psw 2.4 +0.4 1.96 + 0.30 + 1.15 + 0.03
n K- T,C,P,PC,Pgw 70.6 + 2.5 69.8 +10.8 +11.3 +0.2
Tt K- T,P 19.6 +0.5 20.2 +2.9+ 4.0+ 0.2
™K  C,P,Pew 9.9+0.5 9.22 + 1.45 + 2.00 + 0.09
nK° C,P,PC,Pgw 1.23+0.27  1.34+0.25+ 0.99 + 0.03
nK° C,P,PC,Psw 66 + 4 66.0 = 10.1 = 10.6 + 0.2

29
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B—2>PV branching ratios AS=0

Mode  Amplitudes Bexp(x107) B, (x1079)
7 pY T,C', P, PA, Pew 8.3+1.2 8.98 + 1.98 + 1.26 + 0.05
T~ w T,C',P,PC', PA, Pgw 6.9+0.5 6.91 + 1.60 + 0.97 + 0.04
¢ PC’, Pew <0.15 0.32+0+0.06 4+ 0
x0p— T,C, P,PA, Ppw 109+ 1.4 12.53 + 0.65 + 2.24 4 0.11
np~ T,C, P, PC, PA, Pew 7.0+29 7.38 4+ 0.41 + 1.30 + 0.06
np T,C, P, PC, PA, PEw 9.7+22 5.35 4+ 0.29 + 0.87 + 0.05
ntp~ T,E,P 11.8+0.3+3.1+0.4
= p* T,E,P 3.27 +0.21 £+ 1.033 £+ 0.19
70 p0 C,C',E, P,PA, Pgw 2+0.5 1.57 + 0.67 + 0.19 + 0.11

7w C,C',E,P,PA, Pgw <05 4.02 4+ 1.15 4+ 0.49 + 0.08
70¢ PC’, PEw <0.15 0.15+0+0.034+0
ne® C,C',E,P,PC,PC', PA, Pgpw <15 4.46 + 0.98 4 0.49 + 0.12
nmw  C,C'E,P,PC,PC',PA,Pgy 0947040 0.96 + 0.34 4 0.13 + 0.08
ne PC', Pew <0.5 0.08+0+0.0240
n p° C,C',E,P,PC, PC', Ppw <13 3.16 + 0.66 + 0.34 + 0.09
nw C,C',E,P,PC,PC', PEw 1.070°% 0.94 + 0.23 + 0.09 % 0.06
n e PC', Ppw <0.5 0.056 + 0.001 + 0.011 + 0.001
K~ K*0 P,PA <11 0.58 & 0.05 4 0.10 + 0.01
KOK*~ P 0.57 + 0.10 4 0.12 + 0.01
KYK*~ E 1.91 4 0.03 4+ 0.00 £+ 0.19
K- K** E 1.91 + 0.03 4 0.00 + 0.19
KOK*0 P 0.5340.1040.11 4+ 0.01
KOK*0 P,PA 0.54 + 0.05 + 0.10 + 0.01

25



B->PV branching ratios AS=1

Amplitudes Bexp(x1079) B, (x1079)
7= K*0 P,PA 10.1+0.9 101+ 08+1.9+0.1
rOK*~ T,C, P,PA, Pew 8.2+1.9 6.14 + 0.42 + 1.02 + 0.06
nkK*~ T,C, P,PC,, PA, Pew 19.3+ 1.6 1754+ 3.0+ 26 +0.4
n K*= T,C, P,PC, PA, Pew 48718 3.25 4 1.54 + 0.32 + 0.13

K—pY T,C', P, Pew 3.7+0.5 3.754+0.49 4 0.72 4+ 0.03
K-w T,C', P, PC’', Pgw 6.5+ 0.4 6.41 4+ 0.98 + 1.31 + 0.07
K¢ P,PC',PA, Pew 8.8+0.7 8.37 + 1.17 + 0.56 + 0.57
KOp— P 8+1.5 7.41 4+ 1.35 + 1.48 + 0.07
T K*— T,P,PA 8.4+0.8 8.42 4+ 0.66 + 1.54 £ 0.11
O K*0 C, P,PA, Pgw 3.3+0.6 3.46 + 0.32 + 0.69 + 0.07
nK*0 C, P, PC, PA, Pgw 15941 16.6 +29+24+0.3
n K*0 C,P,PC,PC', PA, Pew 2.8+0.6 3.02 4+ 1.57 4+ 0.29 +0.12
K pt T,P 7+0.9 7.44 4+ 1.39 4+ 1.49 4+ 0.07
KO0p° C',P, Pew 47+04 4.54 +0.90 + 0.76 + 0.03
K% C',P,PC’, Pew 48+0.6 5.024+0.83 +1.15+ 0.06
KO¢ P,PC’',PA, Pew 7.3+0.7 7.76 + 1.08 + 0.52 + 0.52

29
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SU(3) breaking effects in amplitudes

to be 10~20%

T(B~ — n'77)

| Vi Vg

C(B~ — n%r)

Vv,

P(B? — ntn™)

| Vio Vi
PC(B~™ — nr™)

ViV

T(B- —» m°K"™)

v
C(B~ —» n°K™)

[+ ViV

P(B° - ntK")

[+ AL

PC(B~ — nK™)

VUb Vz:s

=1
=1
=1

=1

: 0.83

:0.92

: 0.95

: 0.91
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SU(3) breaking

- — - 0 pr*—
|T(B —)7rp)|:|T(B — K )|=1:O.83
VubVJd VubVJs
C(B= — p~n" C(B~ — K* 7"
& ) E ™) = 1:0.68
Vttb‘/;d VUqu*s
0 x P 0 + [ *—
|P(B — TP )|3|P(B — 7K )|=1:O.73
VUsz:d ‘/Uqu*s
|PC’(B —np )|:|PC’(B — nK )|=1:O.68
VubVJd VubVJs
PA(B® = wtp~ PA(B® - ntK*~
PAC f”)|:| ( d )| =1:084
VUqud VUqus

SU(3) breaking effects can be described by decay constants

28
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Summary

charmless hadronic B decays are studied in the factorization

-assisted topological-amplitude approach

Only 14 universal non-perturbative parameters to be fitted
from all B—PP, VP and PV decay channels, more predictive

power than ever
Results are consistent with data. SU(3) breakings are studied.

Predictions for more than 100 channels to be tested by future

exp.

29



29

Summary

charmless hadronic B decays are studied in the factorization

-assisted topological-amplitude approach

Only 14 universal non-perturbative parameters to be fitted
from all B—PP, VP and PV decay channels, more predictive

power than ever
Results are consistent with data. SU(3) breakings are studied.
Predictions for more than 100 channels to be tested by future

exp.

Thank you!
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