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Important Issue:
Origin/Mechanism of CP Violation

m 1964: Indirect CP violation was discovered In
Kaon decays (Cronin & Fitch)

K2 TT1T, T
which involves only three flavors: u, d, s
m 1964. Superweak Hypothesis (Wolfenstein)
e#0, €/e=0

m The Question: CP violation is via weak-type
Interaction or superweak-type interaction.
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CP Violation
From 3 Flavors to 3 Families

m 1973: CP violation can occur in the weak
Interaction with three families of SM
(Kobayashi-Maskawa)

m Wwhich must be tested via the direct CP
violation

m €/€ ® 0 (superweak hypothesis)
s €'/ # 0 (weak interaction)
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CP Violation Mechanism of SM

m Explicit CP violation with complex Yukawa couplings.

m There are in general 3 x 2x(3x3)=54 real (or 27
complex) Yukawa coupling constants (for massless
neutrinos), I.e. Up-, Down-,Electron-type (3)
complex (2) mass matrices 3x3 , but only 3x3
(masses) + 3 (angles) +1 (phase) =13 are physical
observables, namely 41 can be rotated away.

m Origin of CP violation remains unknown

m It IS not big enough to explain matter-antimatter
asymmetry in the Universe.



CP Violation
Via Spontaneous Symmetry Breaking

1973. Spontaneous CP Violation, T.D. Lee
Scalars are responsible to CP violation
CP originates from vacuum !!!

1975: SU(2) L x SU(2) R Model,
Mohapatra & Pati, Senjanovic and Mohapatra
Spontaneous CP violation via Higgs bi-doublet

(One Higgs bidoublet model with spontaneous CP
violation is likely excluded from the combining
constraints of K and B systems and CP violations)
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Multi-Higgs Doublet Models

1976. 3HDM with Discrete Symmetry S.Weinberg

CP violation arise solely from Higgs Potential
(ruled out by CP, b—> s y decay, EDM of neutron)

1977: NFC hypothesis, Glashow & Weinberg

Discrete symmetry: no CP violation in 2HDM

Typel & Typell 2HDM
1978: 2HDM with soft breaking of CP, H. Georgi
strong CP problem, baryogenesis
1987.: 2HDM with approximate discrete symmetry

Smallness of FCNC ,  Liu & Wolfenstein
(superweak type interaction for CP violation)
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2HDM with Spontaneous CP

1993: 2HDM with approximate flavor symmetry,
Superweak type CP violation by input Hall & Weinberg
1994: 2HDM with approximate U(1) family symmetries
& spontaneous CP violation, Wu & Wolfenstein
(Type Il 2HDM) CP violation originates from a single
relative phase of vacuum expectation values

Induced four types of CP violations after symmetry breaking:
(1) Induced KM phase in CKM matrix of SM
(2) New sources of CP violation via charged Higgs
(3) FCNC via neutral Higgs (superweak type)
(4) scalar-pseudoscalar mixing (boson interactions)

Atwood,Rena, Soni, et al. General 2HDM (explicit CP violation)
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Statements

m One Higgs Doublet needed for Understanding Mass
Generation.

m Two Higgs Doublets or some others enable us to
understand the origin of CP violation via Spontaneous
Symmetry Breaking.

() Each quark and lepton get not only mass but also CP
phase which cannot be rotated away (new sources of CP
violation)

(i) Rich physics phenomena (g-2, p—ey, T—MYy, Rare
decays of bottom mesons,...... )
(consistent with current experiments)

Wolfenstein & YLW, PRL 73, 2809 (1994).

YLW, Chin. Phys. Lett. 16 339 (1999),

YLW & Y.F. Zhou, Phys.Rev. D61 096001 (2000),
YLW & Y.F. Zhou, Phys.Rev. D64 115018 (2001).
YLW & C. Zhuang, Phys.Rev. D75 115006 (2007).



Origin of Both P & CP Violation

Spontaneous P & CP Violation -
New Physics in Gauge/Higgs/Fermion Sectors

m SU(2) LxSU(2) RxU(1l) B-L Gauge Symmetry for
Spontaneous P Violation

m Two Higgs Bi-doublets (2HBDM) Necessary for
Spontaneous CP Violation Being Consistent with
current experiments

m Rich CP violating Sources

m Smallness of FCNC via Mechanism of Approximate U(1)
Family Symmetries

m Existence of Light Higgs Particles due to decoupling of
2HBDM tO ZHDM In the Ilmlt -UR :;.:} F":l'.l ."{-'2, -wlj wzﬁ fUL

m Gauge Bosons at TeV scale

YLW & Y.F. Zhou, Sciences in China 81G (2008); arXiv:0709.0042, 2007
J.Y.Liu, L.M. Wang, YLW, Y.F. Zhou, to be published in PRD, 2012



CP Violation in Light Flavors
Approximate Ciiral Symmetry
DynamicaIIjLGenerated
Spontaneous Symmetry Breaking
Chiral Perturbatfé)n Theory (ChPT)
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Direct CP Violation

m Caused by the interferences among
different decay amplitudes

m Nonzero relative strong phases among
the decay amplitudes

m Nonzero relative weak CP-violating phase
among different decay amplitudes

oo | < [ He[M > 2 < f|Heg|M > |?
T < f[HogM > 2 + | < flHog|M > |2

M= f M-
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Direct CP Violation in Kaon Decays

It arises from both nonzero relative weak
and strong phases via the KM mechanism

S I ( A. 2) W (I mAs  ImA ])
— m —
E \/_‘ ‘ [] \/5‘ E‘ RELAQ RELA(]

Isospin Amplitudes & Al =72 Rule

8

Asel = <?T?T‘H£}S?luf> (\I/% A, Z i) (Q;( 1))

Wilson coefficient functions & CKM matrix

Cilp) = zi(p) + Tyi(p) | |7 = =AM/ Au s Ay = Vi Vi
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Hadronic matrix element at low energy

(Qilp))1 = ((mm) | Qi) 1)

i< Ay =1GeV

,« SV P N
4 ;; seY"qr qryudr

THE HARD TASK IS TO CALCULATE THE HADRONIC
MATRIX ELEMENTS AT THE LOW ENERGY DUE TO
NONPERTUBATIVE STRONG INTERACTION OF QCD
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Strong Interaction of QCD &
Approximate Chiral Symmetry

Chiral limit: - Taking vanishing quark masses mg,— 0.
QCD Lagrangian

0 = A = = 1 (04 auv
L(QC)ID = qLVﬂlDﬂqL T qR7/ﬂ|DyQR _ZGWG g

D,=0,-0.4, IZG“
/u\
a=|d | Gu = A7)
.S )

has maximum global Chiral symmetry :

SU, (3)xSU.(3)xU , (1) xU; (1)
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Strong Interaction of QCD &
Approximate Chiral Symmetry

m QCD Lagrangian with massive light quarks

Y 1 _ ]_ , -
J{IQGD == Eﬂ#(ldﬂ —|_ gSGiTa‘Jq - qh]:q - Etr(:'l;_“;{:'l't“

q=(u,d,s), M = diag.(my, ms, mg) = diag.(my, mg, my)
Approximate Global Chiral Symmetry
U(3)L x U(3)g, m; << Aqepli=1,2,3)
Instanton Effects via t'"Hooft Determination

. 'l _ . P b
LM = Hinstelgmﬁ d'E"t'(_EIR[lL] + h.c., Rinst ™~ € 8 /e

U[l]L X U(l)R — U(l)v
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Effective Lagrangian
Based on Loop Regularization

Y.B. Dai and Y-L. Wu, EPJC

Effective Four Quark Interactions-NJL at low energy

1
L1 = ﬁ__?(flLifIRj] (drjqri) + h.c.

Effective Lagrangian for Quarks and Bound States

Integrating over the gluon field and considering the bound state solution

Le(q,q,®) = q@Miduq+ @y ALar + @rypApar — [ Gu(® — M)qg + hee. ]
+ 2pitr (@M 4+ M®') — (2tr®P' + piipe; (det @ + hoc.)

After integrating out quark fields by the LORE method




: Dynamlcahy Generated

Spontaneous Symmetry Breaking

Dynamically Generated Effective Potential

1
Ver(®) = —trji (@MT+M¢:T)+2t1 (f(®®' 4+ 3'D)

1 .. .
+ Al (BD1)* + (D1D)* | — ping (det @ + h.c)

with /%, ji7, and ) the three diagonal matrices

. N .
T g — —= (M2Ts + M*Ty)

82
N _ N
-2 2 C T2 2 _ c
fn = P~ 3 (MZ T3+ M~Ty) , ;a_lﬁng[.
1Oy o e g gy | OBy — g B [IHME b1t ()
o ) = TG 2 Mz g 7 M2
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D

ynamically Generated
Spontaneous Symmetry Breaking

Vacuum Expectation Values (VEVSs)

B(x) = & (x)p(x)EL(x),  b(x) =V + (%),

V = {fr = diﬂg(\rl.-‘rﬂavﬂj

Minimal Conditions/Generalized Gap Equations

- (ﬁ?)l Vi + (ﬁﬁl], m;j — 2}tiﬁlig + #iustﬁﬂ/{"i = 0,

i=1,23,

7 = V1VaVy

Gap Equation without Instanton (viys = 0)

Quadratic Term by
the LORE method

Ne¢ 12 T"*IE | #E _
S'ﬂ'glu? [ II"HI D (ll] E W —|_ 1 ‘|‘ }'E(h]:g]) ] = 1
1y, 2 2 M?
TWHELy - By
? M2 M2 e

12

M?

— Y + 1+ 1

)]
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Composite Higgs Fields

Low Energy Dynamics Of QCD Dynamically Generated Higgs
QCD {kRE#EAH EAEH Potential For Scalar Mesons

g ) _
. ¢%%|..’ :
, q SN

A R AR B AT Higgs %5

- =

Spont aneous  Symmetry Breaki ng

Vs

JE bR T




Scalars as Partner of Pseudoscalars &
The Lightest Composite Higgs Bosons

Scalar mesons:

0 'y
( 3% + jﬁfa +y/ 1 fe ag K \
— 0
V2p = ay 25+ Lfy+ \ff, &
\ Ko F"H —fﬁ + \‘f gje /
Pseudoscalar mesons :
0 I )
( =t jﬁi’}g — \_‘/ %frm ot K+ \
5 n :
v2Il = T —i + vlﬁi’i'a T/ 110 KY

m— (] 2 /1
l\ .E. .H. —ﬁf’}',g -+ V'I ET}() )



Mass Formula
Pseudoscalar mesons :

Mixing Angles

tan 20p = 2v/2[1 —

2
My, — M2

mfri ~ ?—}(mu + my)
mf{i ~ inf(mu + myg)
mf{o ~ ?—}(md + 1my)
1111,2}8 ~ inj"[ %(mu + mgy) + %ms | = %[4111%{ —m?)
mgam o~ —z}u—ﬁ%%[ 2mg — (my +my) | = —2;@(111%{ —m?)
m,?m ~ zfifg(mu + mg + mg) + %jg,uimt = é[?m%{ -+ mfr) -+ zijgﬁvimt
i = (A2 + 22v3)v, = 12Av3 ~ 3y f?
IVinstVa

]—1
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- mass ormula

Scalar Mesons - Lightest Composite Higgs Bosons

111

£

0

ms, ~ 2(2my + Mg )My + 2VigstVe ~ SvE
1]

=gl U= -l O]

=

myo =~ 2(21mMy + Mg Mg + 2Vipst Vi ~ S’*’E

2

~ min ~ 2(21my + Mg )My + 2vipsva ~ Svg

— 2 — 2 — 2 2 2
mg, =~ 1m, +my + 4m; + gViust(ng + 2vy — v3) ~ 8v,

4
111?S ~ Z(Iﬁﬁ -+ ﬁ]ﬁ + ﬁlf) — gv-mst(vl + Vo + va) ~ ng

_2 V2
111f g, = \/2[2111 — 1112 - mﬁ) 2 —Vipst(2Vy — v — Vo) ~ 0
. 2m:
Mixing Angles tan 205 = ——o
Infs - I]'lfE




|5redictions for Mass Spectra & Mixings

tr = 94MeV Vo = 340MeV

my =~ 3.8MeV mgy =~ 5.7TMeV mg/mg == 20.5

Input Parameters

Output Predictions | | uf ~ 144MeV, linst =~ 8.0MeV
M =~ 922MeV, s == 333MeV
< fiu >~< dd >~< 55 >= —(242MeV)?

m; ~ 139MeV, My |exp = 139MeV
myo =~ 500MeV, Mo lexp =~ 500MeV
mg+ =~ 496MeV Mg+ |exp = 496MeV
m, =~ 503MeV, My |exp == 548MeV
m, =~ 986MeV, m,|exp = 958MeV
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Predictions

1m,, =~ 978 MeV, mgﬁp- =984 8+ 1.4 MeV PDG
m,, >~ 970 MeV, m, " =797+ 19+ 43 MeV E7912
my, ~ 1126 MeV, mf'fx‘ =980+ 10 MeV PDG

m, ~ 677 MeV, m; P = (400 — 1200) MeV PDG

fp ~ —18"°, fg ~ —18°
ng = costlp n+sinfp 1’
o = cosfp n' — sinfp 1

fg = COs 95 f[l + sin 95 a

f. = cosflg 0 — sinflg f




The Chiral Lagrangian and Chiral Perturbation Theory
for characterizing the QCD nonperturbative effects

2 2

T %n (DU D UM + U M) + 7 tr(MUT + UM

o2 t‘% F(MIUMIU + MUTMUT) + 2t (MIM) )

X TX

“r(lnU" — InU)?

1 ¥

p° 1
— ~ — — Large N, Expansion
A2TN, s .

2

P My

A2 A2 — Momentum /Mass-Expansion
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rhe chiral representation of four quark operators

QF + e, — — 7 tr (U9, (,r) r (ADUTOMT ) + O(1/A7)
S+ Hoeo = —f* tr \U0,UNVUT0"U) + O(1/A2)

Sk Heo = —f* tr (\UT0,0) tr (UT0MT) + O(1/A2)
VA Heo=—f*tr (A0, UT0"U) + O(1/A7)

S Heo=—f"tr (NU'OU) tr (UO'UT) + O(1/A2)

QQQQ

QY + Hoe. =+ (\X) tr (A, U 0" T) 4+ O(L/AY)

%

’ 1 3 ] TOUTTT A2
QF + H.c. = —SQ% — 2/* tr (AUT0,U ) tr (NVUO'UT) + O(1/A7)

QY + H.c. = —_—QG- + f4 -'r"if,.-'r (AUANVT)

“ \J (UANVUO,UTOU + 0,0 0" UUTAYT)

4 f r)i% 2r tr A (UTANUMIU + UTMUTAVU) + O(1/AL).




The chiral loop contribution of QCD nonperturbative
effects was found to be significant. It Is important to
keep quadratic terms as proposed by BBG (1986)

2(*1[3 (p{.) — J[‘}(,Uf))

Qi) = QY (M(p)) = QY (M (') — Q3 (M (")),

Qulin) = QM) = Q1) — XU gy )
# SIS () - QN ).

Qi) — QY(M(p) = (@3 — Q1) (M(n)
Qulj1) = Q3 (11, M) = (1+%\fux) (”) Qb (1. M(p))

SR U

i \
) Qs (e M(p))

QdM+QMwJHM)(l+%\U\), "

47 ,u_
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Importance of matching between ChPT & QCD

Scale independence condition

0 0 (2M?*(u)\  3Bag
v — 0| )
O;Llegj 'UJE);;J ( A% ) 27

Matching between anomalous dimensions

O
CSOT ( el :
i = ;J—Q“(M (1) = 7" = g Qin)

-
Q¢ (1, M (j1)) = —5(625‘ — Q1 )(M(p))




Algebraic Relations of Chiral Operators

7 =(Q7 —Q7)

2M3(1t)  3as  3as . 1
2(/*’) ~ (s n (¥g hl(/f_zj
AF 4?‘1_ 4?‘1_ /.J',-U

2

6 Z—L—zls(sz—Qf()
re 11
A2 P52

Inputs and Theoretical Uncertainties

!\Q(' =321 80 MeV

0s(pto) /27 ~ 0.197 008

M, =M(p=A, ~1GeV) ~ 0.71 ) 15GeV

M) ~ 1y




Theoretical Prediction &

Experimental Measurements
Theoretical Prediction:

meg/e = (20+4+5) X104

(Y.L. Wu Phys. Rev. D64: 016001,2001)
Experimental Results:

meg/e = (19.2+2.1) X104

(KTeV Collab. Phys. Rev. D 83, 092001, 2011 )

meg/e = (20.7+:2.8) X104
(KTeV Collab. Phys. Rev. D67: 012005,2003)

meg/e = (14.7+2.2) X104
(NA48 Collab. Phys. Lett. B544: 97,2002)



Direct CP violation ¢/¢ in kaon decays can be well
explained by the KM CP-violating mechanism in SM

6
Dubna
4 Miinchen Roma Benjin
= Taipes
X 2| D
2
W ' Lund
Tl’letC Valencia . |
Montpellier
5 Dortmund P CP-PACS

S. Bertolini, Theory Status of ¢/¢ FrascatiPhys.Ser.28 275 (2002) ‘
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Consistency of Prediction

The consistency of our theoretical prediction

Is strongly supported from a simultaneous
prediction for the Al =% isospin selection

rule of decay amplitudes (JA,/A,|= 22.5 (exp.)
AJ/A, |~ 1.4 (naive fac.), differs by a factor of 16 )

Theoretical Prediction

Re A, =3.1072 x10™ ReA,=012+0.02x10™
Experimental Results

Re A, =3.33x10™" ReA,=0.15x10""
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CP Violation in Heavy Flavors
&
Approx. Spin-Flavor Symmetry

&
Heavy Quark Effective Field Theory

Effective Hamiltonian of Six Quark Operators

&
Approx. SU(3) Flavor Symmetry

F.Su, YLW, C. Zhuang, Y.B. Yang, Eur.Phys. J.C72 (2012) 1914 ;
J.Phys.G38:015006,2011; Int.J.Mod.Phys.A25:69-111,2010;
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Heavy Quark Symmetry
mq > Aqep > my (Q =b.,c; q=u.d.s)
PG = mqgv” + k", vi=1 meg — &
i i 1+
Do — mq vk 2

'EI]].Q—V}:F — ]:_].viv * Dllv

SU(2N) heavy quark spin-flavor symmetry
With N-the number of heavy flavor




Motivation of Effective Six Quark Operators

0 Meson:

Quark-antiquark bound state;

Q B decays to two light mesons:
Three quark-antiquark pairs:

© Leading order:

One W boson and one gluon exchange;

© The four quarks via W-boson exchange can be regarded as a local four quark

interaction at the energy scale much below the W-boson mass, while two QCD
vertexes due to gluon exchange are at the independent space-time points, the

resulting effective six quark operators are hence in general nonlocal:
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Effective Hamiltonian of Four Quark Operator

G
Hot = —= D0 g {Cﬂ )0;” (1) + Co(1) 05" (1 +Zcm ()| +he.
q=u.c
where AZ = VgV, are products of the CKM matrix elements, C;(x) the Wilson

coefficient functions, and O;(p) the four-quark operators

0% = (gibi)v—_a(5igj)v—a . ol = (5ibi)v—-a(gjqgi)v—a .

O3 = (Sibi)v-a Z(ﬁ;q;}h'—ﬂ: Oy = Z(ﬁfb'}v a(3iq;)v-a

Os = (5bj)v— AZ 49 )v+a Os = —EZ{G, )s—pP(3q;)s+p -

O; = 3{1 Jv— AZ (@iaj)v+a —32 (@;bi)s—p(5iq )s+pP

O = 3{35 iV —A Zeq"'{qjt?j Jv—a., Ow = Ezeq" g;bi)v—_a(5q;)v-a
’ »
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Six Quark Diagrams and Operators

]

A B E
: ERER B

Four different six-quark diagrams with a single W-boson exchange and a single gluon exchange

d* k d4 - 1
o - g4 5// —i{(xy—x)p+ (> —x3)k) ( Sv LT3
+ m .
(@00) =P T8 Tar gy () * (8 () 2qs(x1)).
p= — mg, + H:'
gluon exchange ‘ Nambu-Jona-Lasino

4
O =(g2l'191) * (Gal 293) ‘ 0 =%" O-:(;f} — |L= ﬂg P
j=1 =
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Possible Six Quark Diagrams at One Loop

;/; V4
: 3
D N R ERE (a)One-Loop contributions
E‘]’I ] : = 303’( 3:2&?; p:;hie) effective weak
o N N N N
ﬁ Eir.ﬁ' gy 33\ %% (b)One-Loop contributions
(61 only to the gluon wvertexes
2 a7 e % g AT
§ i S w i e i
i
w c)One-Loop contributions for
%g\/ ‘g £ \/} % both weak and strong vertexes
- - [1).
O O (type
A A
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Effective Hamiltonian of Six Quark Operators

=

GE
Hit = Z 271G ()00 (1) + Ca(1) 030 (w)]
j=1 q=u
+Zf“’ 1)O;°) ()} + h.c. +.

of) (U =1.2.3,9)| gre six quark operators which can effectively
be obtained from the corresponding four quark operators
O:(n)(i=1-10)| are four quark operators at the scale p, from
which nonlocal six quark operators are obtained via the
effective gluon exchanging interactions between one of the
external quark lines of four quark operators and a spectator
guark line at the same scale in the leading approximation.
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ﬁadronic Matrix Element of Six Quark Operators

For illustration, consider the hadronic matrix elements of
a typical six-quark operator for |B — 7070

4 4
o / / k4P —i(ba—)ptta—m) L 1
LL {E:'T}‘l k2 p? — mi

[k ( xz][lﬁ + mg )y TgAM (1 — ) bi(x1)]
[d; (x1 )y (1 — 7°)d; (x1)][dm (33 )70 Tandn(x3)],

Mﬂ[ﬁﬁr] =< 7%7° | 09 | By >

_/f —i{(x1 —x2 ) p+(2x2 —x3 ) k) 1 1 >
(2m)3 {2?1’}4 k? p? —my

< 707 | [dy (x2)(B + mg)v” TEAH (1 — ) bi(x1)]

[d; (x1) v (1 — 7°)d; (x0)1[dm(x3)ve T, dn(x3)] | Bo =
— (1) a(2) O(3) O(4)

= M5 + M5 + MIP) 4 MO,
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The advantage of Six Quark Operator for the evaluation
of hadronic matrix elements of two body decays is:
Applicable of Naive QCD Factorization

4 4
Mo _ /f dk dPp —ica—pra—a®)__ 1 qaps
. 2r)* (2m)* k2(p? —mz)

[(B+ ma)y " (1 — ) pebru(l — TE]]E':.S[TH]’FﬁnEEm (x1, x3)M 24 (x3, x2)M ™ (x1, x1)

fa ffa” _E': =0
Mg (xi:5) = <0 dp(x)b; (x) | B'(Ps) >
_ "FE' ﬂmﬁf du e "':”FE"‘_,I‘I":PE' Lr.F' ) x; }Mﬂa(u P ]
/4

/ Wx;} = <7 (P)|dy(x)dn(x)] 0>

P'E’ 5!'?1-"1 L —i{x Px:+{1—x)P x: 3
Fy (M= B, ) the decay constants| .| —— = f dx e wf (x, P)

4 N, J
MS® (u, Pg) and ME® (x, P) —

spin structures for the bottom meson and light meson 7




H
ﬁour Kinds of Hadronic Matrix Elements for each

Six Quark Operator with Naive QCD Factorization

Four different ways of reducing the hadronic matrix
element of six quark operator via the naive QCDF

o(i),. Non-factorizable Factorizable
My (i =1,2,3,4) colorsuppressed annihilation
7I'(p2
} 2) D !
W(Pl 5 Pl % %
7I'(p1
cl) 02) c3 c4 T(P)
ﬁ Non factorlzable
Six Quark Factorlzable Annihilation or
Operator W-exchange

v s ng\io N 'LLL((D f S Ol N
o ol To||l il




Four Kinds of Hadronic Matrix Elements for each
Six Quark Operator with Naive QCD Factorization

1 1 1
Mg (Brm) =< 7°=° | 0\ | B, :::/ f f du dx dy
0 0 0

(1) 2)
1 M M

{ + 7 | 2 T - 2 ]
{UPE—(I—x}Pl} {Pl—uPE] —m [(l—x}Pl—l—yPg—uPE} —m°

d

2
d

(2) (4)
1 M M

+ ]},
(xPy +(1—y)P2)? (x Py + P2)? — m7 {xPl—l—{l—y]Pg—uPE}z—mi }

mi(i=1,2,3,4)| are obtained by performing the trace of matrices
and determined by the distribution amplitudes.

C
My = o+ Fe FRTHMe(u. Pa)y Mx(x. P)y" (P u Pl ma)y(1 = 27)]
Cr

r[Mx(y, P2)7" (1 —~7)] ‘4Nc

Fg Fzép(u)mppxrod=(y)oh(x),




Hadronic Matrix Elements
Four Quark Operator vs Six Quark Operator

There are 4 types of diagrams
corresponding to each four 0
guark operator, which contribute
to the hadronic matrix element |
of two body hadronic decays

For each four quark
operator, it induces 4

kinds of effective six B
quark operators which |~ ¢
lead to 16 types of

diagrams for hadronic | °
two body decays of @
heavy meson via naive
QCD factorization P
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Sixteen Types of Hadronic Matrix Elements
Induced From Each four Quark Operator

There are two additional vertex operators due to pinguin
(V—-A)x(V—=A)or(LL), (V—-A) x (V+A)or (LR), (S—P) x (S+P) or (SP)

L | Ry L] BT

3x16=48 kinds of hadronic matrix elements with relations

M = Th, MG = To /N Mp o= AV NG Mf = O
ML = Tl Mip = Th/No Mg = ALyNG Mg = 0
Mj‘z}, = T%Fa; M%% = Tlﬁa,‘mg; M%fa = A'r./Nc; M%";;. = 0:
M‘E{l = T!FLb; M‘EE = T b/NC? Mﬁ = A .EJNC; M‘Eﬁ = 0:
MIER = TIFRb; beﬁ’ = T b/-““’r:i M!bg = A b/NC; Mﬁ = 0:
M = T, ME = Tig/Nei Mg = A’L:RbeC; Msp = E?
MEL =00 M = TRJNG Mg = ALNe: Mg = AL
M, = 0 Mg = THLUNG ME = Ag/Ne Mg = A
Mr:] — 0 MC2 — T {'(NC MC3 — A fNC Mcd — A .
5 5 2 ! 2 ! 5 2’
MI;E = U M{;'E = TlFEb,HNC; M‘;;E = Ahﬁbfmc; M‘;i{ = Agb;
Msp = 0 Msp = Tige/Nc: M = Afg/Nc: Mi = Asp.




Treatment of Singularities

@ Infrared divergence of gluon exchanging interaction

@ On mass-shell divergence of internal quark propagator

Definition of momentum in B — MiM-> decay.

ks = yﬂlg'rn"'

2
kb=Pg—|i:1 -
b K {l—y]%?.rr"'

(nt,n",k1)| The light-cone coordinate
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Treatment of Singularities

Use dynamics masses as infrared cut-off for both gluon and light quark
to treat the infrared divergence and investigate the cut-off dependence.

1 ﬁ}'{‘|‘mq 1 !?i"_-“‘q

k2 (2 — m2) (K —pZ +ic) (P — 12 + i0)

Applying the Cutkosky rule to deal with a physical-region singularity
for the propagators with following formula:

1 1
= F’[ ]—:'i'ré[,cnE — m?]
pz—mg—l—ff pz—mg 9

It is known as the principal integration method, and the integration with
the notation of capital letter P is the so-called principal integration

Hg:Htq| energy scale play the role of infrared cut-off with preserving gauge
symmetry and translational symmetry of original theory. Use of this effective
gluon propagator is supported by the lattice and the field theoretical studies.
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For illustration, applying the prescription to
the previously examined amplitude, we have

1 1 pl
Mﬂ[ﬂﬂw} =< 7wi7x? | ﬂﬁ] | By >= f du dx dy

0 0 0
(1)
{ 1 | M,
{UPE — (1 —x)P1)? ,.!..ré +ie (P1—u PE]E mg-l—n
(2)
1—x)Py+yv Py —uPr)2 — m2+ic
(( ) B 7
(3)
n 1 : M,

(xP1 + (1 —y]F'z]E—g.:-é +ie (x P14+ P2)? — mg-l—:'f.
(4)

Mf_f_ ]}

(xP1+(1—y)P, —uPj)? - mz+ie

_|_
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For example, the hadronic matrix element of factorizable
emission diagram with (V-A) x (V-A) vertex is given by

1 C
TEEIME{M] — ;E_F Frq FM1 FM;/ / / dudxdymEmM{}

{mp(2my — mpx)épg, (x) + pp, (2mpx — my)

(65, (x) — dm, (N} bm, () B (1, x).

The nonlocal effect from the propagatorgjof gluon and quark

1
(—u(l —x)mg — pz + ie)(xmg — m3 + ie)’

W (u,x) =




=
Vertex Corrections

2n—1 Con—1 as(p) - Cop—1(p)

n I v” M
Conl(p) + Ng (1) — Can(p) + NG () + = Cr m 2n(M2)
C n C n ﬂ'5 L C n ')

Con (1) + 22(4) = Cona(u) + 22y + W o o)y )

The vertex corrections are proposed to improve the scale dependence of
Wilson coecient functions of factorizable emission amplitudes in QCDF

( lEln{%‘l}—IB—I—fﬂldxqﬁa{x}g{x}, for i=1-4,9,10
Vi(M) = { —12In(%2)+6— [)dxds(1—x)g(l—x), fori=5,7,
| =64 [ dx dp(x) h(x) , for i = 6,8,

@a(x) | Leading-twist for a pseudoscalar meson

n,iﬂb[:-:] Twist-3 distribution amplitudes for a pseudoscalar meson
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Non-perturbative non-local effects

oy 7 = Ciw) + S () + 22 6 S v ) + V()| ((1=1-4,9,10)
e~ Cita as(p) - Cira(p) = .
3= " = Gl + 2 () + 2 e /D&/ﬁmm vz(fzn (i=5—8)

/

——

Vi(Ms) | (V-A) x (V-A) structure

S

Vo( M) | (V-A) x (V+A) structure

They depend on properties of mesons and could be caused
from the higher order non-perturbative non-local effects.

Vi(P) = 26e~ '

Vo(P) = —26,

Vi(V) = 157"

E

Vo(V) = —15e%"

Both the branching ratios and CP
asymmetries of B - PP; PV; VV
decay modes are improved.
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Strong Phase Effects

When the virtual particles in the Feynman diagram
become on mass-shell, it will lead to an imaginary
part for the decay amplitudes, which generates
the strong phase of the process.

The calculation of strong phase from nonperturbative
QCD effects is a hard task, there exist no efficient
approaches to evaluate reliably the strong phases
caused from nonperturbative QCD effects, so we set
strong phases of| v;(M,)| and|V,(M,)|as input parameter.

Taking different strong phases for annihilation processes
in B 2 PP; PV; VV decay modes to get reasonable results.



N
ﬁonperturbative Corrections via Annihilation

Annihilation contributions are mainly from factorizable annihilation
diagrams with (S- P) x (S + P) effective four-quark vertex

A M)~ ey iy
AGM) ~ [ ey e T
Ash (M f dedy T }3[1 - E;rmil}iflﬁff;i‘*lﬁ_—yf}”ﬁ +ie)’

1 e A i

@ Since the contributions of these amplitudes are -r:lr::mlnated by the area x ~ 0 or y ~ 1,
AZL"2(M) and A”l""?(rw} have the same sign, while A;1"2(M) and A/L"2(M) have a
different sign from A (M}

@ As a result, we use the same strong phase for 4 1F’2{M} and APIVE[M][HE ~ 5%), and
another one for AcL™2(M) and ALL2(M)(6F ~ 60°).
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Input Parameters

B meson wave function

H. Y. Cheng and K. C. Yang, Phys. Lett. B 511,
40 (2001); Phys. Rev. D 64, 074004 (2001)

op(x)

1 2
Npx*(1 — x)* exp |i—— (m—E) ]
2 “e

wg = 0.25GeV

Light-cone distribution amplitudes for light mesons

dp(, ) = BEx(1—x)[1+ D a,(n)C *(2x —1)]
n=1

dvix,u) = 6x(1—x)[1+D a, (1)C(2x —1)]
n=1

Boon) = 6x(1—x)[14 3 al V() C2(2x — 1)
n=1

Cn(x) the Gegenbauer polynomials

Twist-2
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Input Parameters

Light-cone distribution amplitudes for light mesons

dplx,pu) = 1, do(x, p) = 6x(1 — x) Twist-3
[
. T.V
Sulp) = 3[2x—=1+) a,"" (#)Pris(2x —1)] Pn(x) the Legendre
n=1 .
, 5 5 polynomials
oi(x) = 31-—x), o&_(x)=3x"
1 T K i K* @ W
\éael usr?boafuer a, [1.0 0.06 + 0.03 0.03 + 0.02
mo?nen ts at 1.5 0.05 +0.03 0.03 + 0.02
the scale p=1| | “ 1.0{0.25 £ 0.15[0.25 £ 0.15|0.15 + 0.07]0.11 £ 0.09|0.15 £ 0.07|0.18 £ 0.08
GeV and at 1.5(0.20 £0.12{0.20 £ 0.12|0.12 + 0.05{0.09 + 0.07|0.12 £ 0.05|0.14 + 0.06
p=1.5GeV via | | @i |10 0.04+0.03
a running 1.5 0.03 +0.03
al (1.0 0.14 £ 0.06/0.10 + 0.08|0.16 + 0.06{0.14 + 0.07
1.5 0.11 £ 0.05/0.08 £ 0.06|0.13 + 0.05|0.11 + 0.05
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Input Parameters

CKM matrix elements with Wolfenstein parametrization

_ +0.023 _ +0.00083 - __ +0.035 - _
A=0.798729% "\ — 0225270998 5 — 0141799 75 = 0.340 + 0.016

Running scale

p=15+01GeV ~ /2Agepmp. == x| L)
Agop =~ EBS*_'L% MeV | = |as(M;) = 0.1172 £ 0.002

mg(p) = Riag(p)i, | R, = (%) 1+ 2]

w

mp(p) = 5.54GeV || p = 1.5GeV

Cut-off scale g = ptg = 0.37GeV .

The infrared cut-off scale for gluon and light quarks are the
basic scale to determine annihilation diagram contributions
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Input Parameters

The hadronic input parameters:
Life-time, masses and decay constants

Tpt 7B, mp m m; My my
1.638ps 1.525ps 5.28GeV 44GeV  173.3GeV  4.2MeV 7.6MeV
me ms m._+ m._o mK m o m,+
1.5GeV  0.122GeV  0.140GeV  0.135GeV  0.494GeV  0.775GeV  0.775GeV
my mg My o+ My 0 [ IK fo
1.7GeV 1.8GeV 300MeV  0.78GeV  1.02GeV  0.892GeV  0.215GeV
fo f i f, . e fI
0.210GeV  0.130GeV ~ 0.16GeV  0.216GeV  0.187GeV  0.220GeV  0.151GeV

fy- ) A

0.185GeV  0.186GeV  0.165GeV
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Numerical Results: Form Factors

The method developed based on the six quark effective
Hamiltonian allows us to calculate the relevant transition
form factors B=>M via a simple factorization approach.

FE—} Ml

= AmUCE TFMM: By (My, M, = P),

’ ~ NemzFy,
Ao ) C m%(mg + my, )
VE—}MI — N {;‘.}E F LFLMJI_ME(B} B 5 1 (M]: ME — V]
cMg M mﬁ.-‘l‘g{mg - mM]_mME}
4 C
AFMs = ZTOUDEE TR (B) (M, = V, M, = P),
cmEFM
() CF vy M my
Ap M = T/ (B) £ (M. M; = V)
: N, m% FME LL.// mMz(mE + li}
1 NZ —1
= — — C — = u
Ti o Q[Tf_f_,+ Tie,—) F 2N,
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Numerical Results: Form Factors

Relevant transition form factors B s=>M

Amas(p)Cp mpa M A
Fyim M = T (B (M My = P),
i\lcmB F

dmas(p)CF
N,:-mgﬂ Far,

AB—My _ 4“5{”)0*”1"““ Y2(B,)(M; =V, My = P),

mﬂga (mp, +mar, )

2

(My, My = V),
ma, (mp. — mar,mar,)

VES—}_-'H]_ —

FM, M
Iy 1 2(Bs)

ﬁ'{-mB Fu
2
BoosMy  Amas(p)Cr o par v, mp, M Mo =V
Ay DﬂCmB Fr, Tre, A £BS)T}‘1_.'HE (mp, + m_.ul){ 1My =V),
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Numerical Results: Form Factors

The B 2> P, V form factors at g*2 = 0. In comparison with QCD
Sum Rules, HQEFT QCD Sum Rules, Light Cone QCD Sum Rules.

Mode | F(0) | QCDSR | LC | LC(HQEFT) | PQCD | This work
BoK* | V 0411 | 0.339 0.331 0.406 0.277
A, | 0.374 | 0.283 0.280 0.455 0.328
A, | 0202 | 0.248 0.074 0.30 0.220
E—p vV 0.323 0.298 0.289 0.318 0.233
A, | 0.303 | 0.260 0.048 0.366 0.280
A, | 0242 | 0227 0.239 0.25 0.193
B w V 0293 | 0.275 0.268 0.305 0.206
A, | 0.281 | 0.240 0.231 0.347 0.251
A, | 0219 | 0.209 0.221 0.30 0.170
B Fa 0.258 0.247 0.285 0.292 0.269
E—- K Fo 0.331 0.297 0.345 0.321 0.349




« B
Numerical Results: Form Factors

The B s 2> P, V form factors at g*2 = 0. In comparison with QCD
Sum Rules,, Light Cone QCD Sum Rules (HQEFT).

Mode | F(0) | QCDSR LC LC(HQEFT) This work
" F0.064+0.003
SRR e R St IR
Ao 0.360 0.279 0.222 0.28075 ha3"0.008
A1 0.233 | 0.228 0.227 0.1787 ) 0o 5 oto
B: — ¢ Vv 0.434 | 0.329 0.339 0.259 0 T
Ay | 0474 | 0.279 0.212 0.31172 U FOULE
FO. 0570008
e 0-311 0.232 0.271 0.194 75 058" 0.002
e 0290 | 0206 [ 026075557

The errors stem mainly from the uncertainties in the global parameters

Leeate = 1.5 + 0.1GeV g — 0.37 + 0.037GeV,
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Amplitudes of Hadronic Two Body Decays

A{B s My M) =

1_1~4~E,E~.1DP u,c

{ Ci(MM + MM + M+ MAYBM,U; M5 A,
+ Cf(Mf? + MP + M2 + M#)BM, A, - Tr [U; Mo]
Ci( M + MP + M3 + M3)BU; My M A,

+ Cf( M + M + M+ M) BA,, - Tr [U; My Mo } +

>y {C—}-{;‘uﬁ“l + M 4 ME + MPYBM; A, - Tr [U; M)
1=2.3,5,7.9 p=u,c

+ Ci(MA2 4+ M2+ ME2+ MI2YBMLU;Ma2 A,
+ Ci(MS + MP + MS + MP)BA,, - Tr [U; My M)

+ O (MM + MM+ M+ frff‘*jBUiﬂfflﬂffgﬁp} ,
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Amplitudes of Hadronic Two Body Decays

All the mesons are expressed in terms of SU(3)
flavor symmetry into a vector or matrix form

:f'§+ff%+3$'§ T | K~ %—F% P K*
I wt —j%Jr i+ K V = pt —%4-3—,‘5 K*0
K+ KY ns + 17l K*+ K*0 &
(U, fori=1,2, Spu 00 100 s 0 0
U;={ I fori=3-6.|Up=| 0 0 0 [I=]0 10 1HQ=10 -5 0
0 0 0 0 0 1 0 0 —%
| @ fori=T7-10
0 ( My fori=1-4.910 (V —A)x (V- A)
B = (B*,B°, B,) Ap—(}u};”] M;={ Myp fori=5,7 (V — A) x (V + A)
Ay | Msp fori=6,8 (S—P)x (S+P).
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Amplitudes of Hadronic Two Body Decays

A(B — MyMs) =
3 {Bﬂ»fl (TM Mo gy, pMMe(gyp . pOMIMz Q) M A,

p=1u,c

+ BMiA, - Tr [(CM Mygy U, + PMM (B pMiMz (g Q) Mz]

+B (A-”l-”ﬂua} U, + PMiMo gy 4 pEMiMy(pyp Q) M MaA,

+ BA,-Tr [(EMIM“{BJ U, + PMM(pyp 4 pAMiMzpyp Q) ﬂfﬁﬂeﬁ] }

There are totally 12 types of amplitudes

MM (pp), MMz (), MM (), PR (), PR MR (M), AMOM2 (A,

EMAMy(£p) | Y (), PYM(ar), PEMM (0r), PEMM2(0r), PAM M2 (ar)
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Amplitudes of Hadronic Two Body Decays

The 12 types of two-body hadronic decays of heavy mesons can
be expressed in terms of the distinct topological diagrams

[Chau ('80); Chau, HYC(’86)]

o | %’% U § % 'M

T (tree) C (color-suppressed) E (W-exchange) A (W-annihilation)
(j‘j\/]_%u - W
I : Q_nwow, 0 f ‘SMIL’ )
i u | !

| %E’\‘O ! g %%
\J \J

P’ PCEW S’ PEW PE, PEEW PA! PAEW

HYC, Oh (’11)

All quark graphs are topological with all strong interactions
encoded and the SU(3) flavor symmetry assumed !!!
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Amplitudes of Hadronic Two Body Decays
6 amplitudes for the so-called emission diagrams

MM (0f) = 4msmg—j (T2 (M) + = Calp) Ty 2 (M)}

CMMa(0) = dmay () 2L (T (M) + = Ca( TR ()},

pMiMa(0p) = el (ITERA) + - Cal T a)
+{Co(n) + %C@}]TF*“““*&{M) Gl T () ),

P (M) = () Tip M2 (M) + 4,.,}0 Ca(p) Ty 2 (M)
+[05{;a} ¥ ,.j caua}]fé”ﬁ““”ﬂ{m + = Colp) TR (1)),

PMiMz(pfy = 4msm 7 2{[09(;.;} ,: Cro(p)|TEM2 (M) + - ICID{;L}TWE‘M'“{M}
+HCr(h) + = CaWITER2(01) +%G’E(MTQM;{“%(M}}-.

PEMM(0p) = 4msuef,f§{[cmtm + N Cali) T ()TN (A1)
+HCs(p) + Ec‘fmnﬁﬁﬂ ) + = (;a)Tﬂi”i ”zr:M)}.. (A-7)
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Amplitudes of Hadronic Two Body Decays

6 amplitudes for the so-called annihilation diagrams

AMMz

EMMz

Pl M2y

P ()

Péli\rﬁ ﬁrfz{u)

PERM2(0)

L - FM M,
Ames(pe) V/_{[f*l i) ""ff' 2 ()] Af (M) +

Ne

1
Co(p) A M2 (M.

1 FMM 1 N M M
Arag(p)—=1[Calp) + —C1(p)]A7 772 (M) + —Cy () A7 772 (M)
/ ﬁ{l 2 (1) No ()AL (M) No ()AL R (M)}

A (1)L {[Cy() +

V2

1 FAMy M 1
— (- Acpn VM — ('
—l_ J\IT{:T -J(FL)] SP { } —I_ JFHIT{:T od

]\\'T

+[Ce ()

1 () AFMM2 (0 gy 4

1
N¢

(m) AL (M)},

Ca(u) A7 M2 ()

G 1 1
4?1‘&5{;'.1!.)7{ [Calpe) + ﬁﬂ'ﬂﬁ}]ﬂiﬁﬂh{gmﬂ n E@ﬂmﬁg’fﬁh{zmﬂ

1 1
+[Cs (1) + ——Ce(w)]AL g M2(M) + —Cs
‘\f Ne
1
Ao (pe) 8/_2{[09 i) No C‘m{ﬁ]]ﬂffh‘”z(ﬂﬂ—l—
1 1
+[Cr () v Ca(p)] AL M2 Ay 4 No Cy
ﬂ (AL M= (M) +
1 FM
+[Cs(p) + NG ()] Asp ™

() Agp 2 (M)},

Ng¢

(n)Agp M2 (M)},

Ne¢

() A7 R M2 (M),

|
Cm(#}ﬂi"u’ﬁrﬁ i"lrh( L’f}

1
Co(p) AY M2 ()

(A-8)
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Amplitudes of Hadronic Two Body Decays

There are in general 24 amplitude contributions. Here for an example

The factorizable emission contributions for the (V-A)x(V-A)

TEMM )y = MMz (g o TEMM2 (),
ey 1Cg .
Tfiﬂ'ilmz (i‘h’f} = 111\'— F‘M Fﬂ-ﬂ Er.,.jrgf / [ du d.rdy mEBcE?iu{u}
o JOo JO
{mp(2my, — mpz)énm, (z) + par, (2mp — me)[@hy, (x) — dir, (2)] } Mo (¥)hTa (u, T),
1 Cg - . . .
Tre (M) = lﬁ“w_ Fy Fy Fi, fu /ﬂ /; du dr dy mppar, dar(w)éan (y)dhy, ()b (u. o).

The factorizable annihilation contributions for the (V-A)x(V-A)

ATMM2(ppy = APMOM2 gy L AFMOAM2 gy
AP0 = -2 XE By B, Fu, [ / f du dz dy mhor(u)

{(1 = y)mbonn (v)oan (x) + 2un, pan, [(2 — y)Bhy, (v) + yoig, W)]dhy, ()}l (2. 1),
A ) = 1S By R, B [ f [ du d dy mon (u)

{xmBon, (y)dar, (x) + 2uaty par, [(1+ )@ (x) — (1 — 2)dyy, (2)]hy, () gy (2. ),
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Amplitudes for B = 1

Take B - 1mrr decay as example, the decay amplitudes can be
expressed as follows:

ABB® 7ta) = VuValPET(B)+ 2P (B) + PE™(B) + 2P "(B)
+3 PAT (B) = SAET (B)] — Vua Vi  T™(B) + E™(B)]
ABT = 7n0) = = {VigV3IPE,(B) + P (B)] = ViVl T™(B) + C™ (B}
AB® = m°n) = = {~VuValPF"(B) - PRy(B) ~ 3PS (B) + PE™(B)
+2PT™(B) + 3 P (B) — - PEF(B)]

+Vig Vip[-C"7(B) + E”(B I},
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Amplitudes for B =

Totally, it involves 11 amplitudes, which are defined as follows:

E‘MIME I:MJI'

My M
PriMz (M)

4W&s(#}%{[lf1[#] + NLCCE{#}] T2 (M)

1
+= Go(w) T 2 (M)},
C

1
N¢

FM; M4

G Ty~ = (M)

G
4wns(ﬁ}?g{[cztﬁ1 -

1
+o- G Ty M2 (M)},
C

G
amas() £ {1G () + -

1
+— Cio(p) T}}"
N¢

Cao(u)1 T, M2 (M)

1M1[M} + [Gr ) + Nicfﬂiﬁ]]ng*lME(M]

1
= Ga(n) Tgp " 2 (M)},
C
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Numerical Results:

Branch Ratio & CP Violation for B> PP

Table: The branching ratios (in units of 1[]_'5} and direct CP asymmetries in B — wK decays.

The central values are obtained at pgy = pg=0.37GeV.{Penguin dominate)

Moda Data[HFAG] This work
NLO+Vertx | NLO®™ | NLO®"(—10°)  NLO®"(5°)  NLO®'(20°)
BT — = 1K' 2314 1.0 2.5 1.4 19.0 226 %549
Bt 5 xUKt 1204 0.6 12.8 125 11.2 13.1 140
BY s r—k* 19.4 £ 0.6 19.2 10.5 17.4 20.5 233
BY s 00 0.8+ 0.6 8.3 84 74 5.0 10.2
Acp(rTKY) 0.000 + 0.025 —0.006 0.006 0.006 -0.007 0,007
Acp(rOKH) 0.050 + 0.025 0.053 0.012 0.003 0.034
Acp(x—KT) | —0.008 +0.012 —0.118 0.139 0.158 -0.131 0.105
Aco(="K?) _0.01+0.10 —0.052 0.139 0.143 -0138 0.137
5o 0.58 £ 0.17 0.699 0.760 0.768 0.756 0.745
T Kg
NLOef ! “NLO correction + effective Wilson coefficients”
NLO/7 (9%) “NLO correction + effective Wilson coefficients +
- ' annihilation with strong phase”
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Numerical Results:
Branch Ratio & CP Violation for B> PP

Table: B —+ 7w, KK decay modes (Tree dominate)

Maode Data[HFAG] This work
NLO+Vertax | NLO®™ | NLO®"(—40°)  NLO®"(5°)  NLO®"(50°)

BY 51— =t 5.16 + 0.22 7.1 6.5 6.00 6.6 76
Bt & xt a0 5.50 + 0.40 4.1 5.5 5.51 5 5.5
Y 050 1.55 + 0.19 0.3 1.0 1.11 1.0
Bt 5 KTRY 1.36 + 0.28 1.7 1.6 1.0 1.7 2.2
BY . kURD 0.96 £+ 0.20 1.5 14 0.7 1.5 22
BY 4 KKk~ 0.15 4 0.10 0.00 0.00 0.00 0.00 0.00
Acp(m— =) 0.38 + 0.06 0.206 0.266 0.230 0.260 0.141
Acp(=t =) 0.06 £ 0.05 —0.000 -0.001 -0.001 —0.001 .0.001
Acp(=9=0) 0.43 + 0.25 0.382 0.453 0.272 0.485 0.780

o —0.61 + 0.08 —0.504 -0.506 -0.353 —0.524 -0.538
Acp(KTRY) 0.12 £ 0.17 0.101 0.008 0.041 0.101 0.106
Acp(K°RY) —0.56 + 0.7 0.000 0.000 0.000 0.000 0.000
Acp(KTK™) - —0.184 -0.184 -0.184 —0.184 -0.184
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Table: Comparisons of predictions between our framework and QCDF, pQCD methods in

B — . mK decays.

Mode Data QCDF pQCD This work
NLO+Vertex NLO+Vertex NLO(a®" , 689)

B+ - =tK? | 231+ 1.0 21.7+%.2+49.0 24.5?3'.";['11"‘;.%}} 22.5 22,616,108

Bt — =%+ | 120+ 06 1254, TH0 139?%2&2? 12.8 13.1+3,7+6.0,

BY = »—K+| 194406 10.317,9+8.2 2097129 {fk'ﬁ 19.2 20.5+5,2+10.4

BY — =O0K0 9.8 £ 0.6 8.6735.8, 9.1t53.53'[{t5;;] 8.3 g.ot2 1.0,

BY » x| s16t022 7.0 555 5.5";5;8'[{4'_2'12] 1 5615300

BY = =t=0 | s50+ 040 st LA a0t 340 1T) 4.1 5575313,

BY — 050 1.55 + 0.19 1.1+4040.7, D.zgt%_EEDD}{"f;gi] 0.3

Acp(=tKY) | 0.000 +0.025 [0.00287% N T | —0.01 + 0.00(+0.00) | —0.006 —0.007 g 07 o 013

Acp(=PKk*) | 0.050 £ 0.025 | 0.04070033+0.044 _cr.ult%ﬁ[[tﬂfg%j —0.053  0.01810,014+0.022

Acp(=—K*) | —0.008 £ 0.012| —0.07aTQUTHO0 1 o, Dgt%ﬁ[["’_%ﬂj —o0.118  —o0.131 Q0022

Acp(=%Kk%) | —0.01 £0.10 | —0.106+0,027+0.056 _ﬂ.u?t%ﬁ[[tﬂf;;'j —0.052  —0.135+0,003-+0.004_

S0k, 0.58 + 0.17 ; D.Tﬂi%lnuz{{_‘fd?él} 0.699 0.756 (I H0 002

Acp(r—=T) | 0.38+o0.06 | 0170700130003 n.15i%.21']2{{ﬂ:'£;é} 0.225 0.260+0.Q43+0.059,

Acp(=t=0) 0.06 + 0.05 —0.0002 0.00 + 0.00(£0.00) | —0.000 —0.001 100

Acp(=0=0) 043 +025 | 057210138+0.303 D.Eﬂi%?;{{_‘i};?é 0.382 0.4g51+0. 00140169

Srw —0.61 + 0.08 . _n.43t1\'5ﬁ[[+_'36':_'g£j —0.504  —0.524F0Q,017+0.003
QCDF: H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).

pPQCD:

H. N. Li, S. Mishima, A. I. Sanda, Phys.Rev. D72, 114005 (2005).
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From the naive power-counting based on factorization theory predicts

Br(m~n") > Br(z~x") > Br(x"z").

From the experimental data

Br(m~nt)~Br(x~7")| |Br(x%x?)

Two ratios
2Br(Bt — 7K ) p _ Br(B” =7 KT)
He = BB+ 5 77 K) " = 2Br(B0 — KD
Experimental data R.=1.1240.07 [fn=0.99£0.07

Our Theory Predictions R.=1.15 R, =113
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Numerical Results:
Branch Ratio & CP Violation for B> PV

Table: The branching ratios (in units of lﬂ_ﬁ} and direct CP asymmetries in penguin dominated
B — PV decays

Mode Data[HFAG] This work

NLO+Vertx  NLO®T  NLO®T(—10°)  NLO®T(5%)  NLO® (209)

BT & K*UsT 00408 10.3 0.0 7.6 0.8 118
Bt 5 K*+i0 6.0+23 6.2 5.5 4.8 5.0 71
BY Lkt 8.6+ 0.0 8.8 6.3 72 3 10.6
B k=050 2.440.7 3.5 16 31 C30 ) 46
BT = aKT 8.30 + 0.65 9.3 6.0 6 76 9.6
BY 5 oKD 5.3+ 1.1 8.0 6.6 5.4 73 9.2
ACP(H*“ ) —0.03 + 0.042 —0.017 0.018 0.020 0.017 0.015
Acp(K**=0) 0.04 +0.20 —0.224 0123 0.164 0.103 0.045
Ar:pli ~xt) —0.23+0.08 —0.357 0,355 0.415 0.327 0.251

p(#:‘”n':’) —0.15 4 0.12 _0.067 0125 _114 0100 0.143
Acp(aK™) 0.2340.15 —0.022 -0.025 -0.028 Qo) -0.020
Acp(¢K?) —0.01 4 0.06 0 0 0 0 0
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Table: The branching ratios (in units of 1(]_'5} and direct CP asymmetries in penguin dominated
B — PV decays

Mode Data[HFAG] This work
NLO+Vertex  NLO®T  NLO®' (45°)  NLO® (60°)  NLO® (759)
BT 5 pTKY 8.0 + 1.45 5.2 71 71 6.8 6.3
BY — o'kt | 381+0.48 3.0 33 28 ) 24
BY & p— Kt 8.6+ 1.0 5.4 6.2 73 73 7.2
BY . p0k0 4.7+ 0.7 2.8 3 4.9 5.0 5.0
BT — wKT 6.7+ 0.5 24 36 43 5.3 5.2
BY — wk® 5.0+ 0.6 1.9 3.2 41 48 4.6
Acp(pTKD) —0.12 + 0.17 0.016 0.013 0.014 0.014 0.014
Acp(pKT) 0.37 + 0.11 0.635 0.727 0.504 0.4 0.285
Acplp—K*) 0.15 + 0.06 0.605 0.540 0.373 GET 0.106
Acp(p°K?) 0.06 4 0.20 0.056 -0.136 -0.044 -0.015 0.015
Acp(wKT) 0.02 + 0.05 0.453 0.404 0.167 0.001 0.015
Arp(wk?) 0.32 + 0.7 —0.011 0.117 0.048 0.002
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Table: Tree dominant B — PV decay modes

Mode Data|HRAL] This work
NLO 4 Vertex NLOE
default (—45~ .0%) (45% .0%) (0, —45%) (0% ,45%)
BT & pt ol 10.9 + 1.5 12.0 13.0 14.2 13.5 137 142
BY — g0t 8.3+ 1.3 5.2 7.4 7.0 7.8 7.2 7.4
BY 4 ptm— 15.7+ 1.8 19.6 17.4 16.5 19.1 17.5 17.4
BY & o=t 73412 6.2 6.5 6.5 6.5 6.1 75
B o000 2.0 + 0.5 0.2 C 13D 1.5 1.2 15 11
Bt & R*Uk+ 0.68 + 0.19 0.6 e x l 0.3 0.3 0.3 0.3
Bl _ k-URO < 1.9 0.6 0.4 0.2 0.8 0.8 0.1
Acplet=Y) 0.02 £ 0.11 0.255 0.100 0.106 0.133 0.195 0.131
Acp(pP=1) 0.1875%0 —0.308 _0.330 -0.260 -0.300 0.285
Acplet=") 0.11 + 0.06 0.120 0.126 0.108 0.066 0.121 0.127
Acp(p— =) —0.18 £ 0.12 —0.281 0.282 —0.283 -0.281 -0.217 0.176
Acp(p®=Y) —0.30 £ 0.38 0.058 0.187 0.112 0.381 0.258 -0.008
Acp(R=UKT) 0.101 0.257 —0.342 0.205 0.112 0.837
Acp(k*OR?) 0.000 0 0 0 0 0




Table: Comparisons of predictions between our framework and QCDF, pQCD methods

0% ,=5" and 07 =60°

wp
Mode Data[31] QCDF[11] pQCD(LO)[33, 34] this work
LO NLO+4Vetex  NLO(a®ff)
B* 5 pta' | 1089415 1.8 6 ~ 12.0 12.0 1 R
B 5 Ot 8313 N Sl 5~ 6 5.4 5.2 74T
B® — pta— 157+ 1.8 1597110 18.6 19.6 17.415-31+32
B® - p— ot 7.3+ 1.2 g2+p-d+03 6.9 6.2 6.5 55500
BY — p070 20405 1.3+17+1.2 0.07 ~ 0.11 0.2 0.2
0] . +0.204-0.31 o012 a+0.04+0.1
B+ — K*'K+| 0.68£0.19 | 0.80F)30+031 0.32+0-12 0.3 0.6 0.3 00403
B" - K*K° < 1.9 04710750503 0.4970 05 0.3 0.6 04701503
Agp(pta®) | 0.02£011 | 0.007F) 02 +0.050 0 ~ 20 0.251 0255  0.1997) 27000
Acp(pPat) 0187072 | —n.ogg T os oA —20 ~ 0 -0.351  —0.308 e
Acp(pte=) | 011 £0.06 | 0.0447) 050058 0.113 0120  0.1267 7 08 5ot
Acplp~=t) |-0a8+o0a2|-0227 00 oo 0225 —0.281 —0.2847 0 05t 0 ois
Acp(p®r®)  |—0.30+0.38] 01100 D0t 020 —75~0 0.048  0.058 0.187 D oo
0 +0.0114+0.028 0. 056+ 0. 01040, 092++0.040 . e 23
Acp(K*°K) B —0.089 7 611 0.024 |~ 0069 5 nxa " 0,002 0065 _0.0060 | 0-360 0.191 0.257 5 049 "n.01o
070 +0.013+40.007 040
Acp(k*0K9) - —0.035 70120000 - 0.000  0.000 oy

QCDF: H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).
PQCD: H.N. LiandS. Mishima, Phys. Rev. D 74, 094020 (2006).
C.D. Lu and M. Z. Yang, Eur. Phys. J. C 23, 275 (2002).




Table: Comparisons of predictions between our framework and QCDF, pQCD methods

a  _ gl _go
0% . =0% =5

pQCD(LO)[33]

Mode Data[31] QCDF[11] this work
LO NLO+Vertex NLO(a®/f, 87)

BY = K*'z% | 09.9+08 104730 6.01% 573 7(5.5) 7.5 10.3 9.8+22+2.0
Bt —+ K*+q%| 69423 6.7 0 T+2-2 4.315 0711 (4.0) 4.7 6.2 5.9720+ -2
B 5 K*rxt| 864008 9271055 6.00 55 Ta(5.1) 6.5 8.8 8.9 24+
BY s K*0z0 2.4+0.7 3.5 04+ 18 2.0t 200 (1.5 2.5 3.5
B+ — ¢K+ 8.30 &+ 0.65 g.gtEris 7.8 0 (13.8) 10.8 9.3 7670
BY — KO 83+1.1 812000 7.3 0t (12.9) 10.4 8.9 7.3 00T
Acp(K*0xt) |—0.038 £ 0.042| 00047 0iet 004 | —0.017 0 e 0 Da(—0.03) |-0.021  —0.017  —0.0175 ) ooa o063
Acp(K*+a%) | 0.04+£029 | 00167000 0100 | —0.3270 217010 (—0.38) |-0.348  —0.224  —0.1037) 0350080
Agp(K*ta~)| —0.23£0.08 |—0.12170 50810120 | —0.607 )32+ 0-20(—0.56) |-0.443  —0.357  —0.3277 )20+ D00
Acp(K*9x0) | —0.15£0.12 [—0.108F 00 +00 | 0,117 DT+ 00% (—0.60) | 0,012 —0.067  —0.1307] 035+ 0-00
Acp(eKT) 0.234£0.15 | 0.00670 000000 | 001 TR0t (—0.02) |-0.022 —0.022 Ly
Acp(oK?) —0.01 £ 0.06 | 00097000000 | 0.0370-05 00 (0.00) 0 0 e

QCDF: H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).

pQCD:

H. N. Li and S. Mishima, Phys. Rev. D 74, 094020 (2006).




Table: Comparisons of predictions between our framework and QCDF, pQCD methods

0 1 =07 =60°

Mode Data[31] QCDEJ11] pQCD(LO)[33] this work
LO NLO+4Vertex NLO(a®/f, 87)
Bt — ptKU| 8.0+1.45 7.8 ot 8770070 4(3.6) 4.2 5.2 6.870at13
B+ — pPK+ | 3.814+0.48 35739122 5115 73%(2.5) 2.3 3.0
B p~K+| 86+1.0 86751t 88708102 (4.7) 4.9 5.4 T3 0T
BO — pOKO | 47+0.7 54732403 4873 3132(2.5) 2.7 2.8 501000 E
BY 5w wK* | 67+£0.5 487180 10,6704 7 2(2.1) 2.4 3.6 537002
BY + wK" | 50+06 41713750 9.8 515 1(1.9) 1.9 3.2
Acp(pt K% |—0a24047| 000315 peattans | 0017001 000 (0.02) | 0.019 0.016 0.0147 5 o o 0E
Acp(p®K*) | 0372011 | 0454512540300 | omt0aatD1T(079) | 0.726 0.635 0.463 70 0as 0011
AcplpK+)| 015+ 006 | 0.31975 11570155 | 0647030707 (0.83) | 0.503 0.605 0.2007 0 B2 h 0 Doz
+0.0124+0.087 =+0.08+0.07 - + 0. 0054+-0.025
Acp(pK9) | 006 +0.20 | 0.087 005 0 0es | 0077005 00T (0.07) |-0.040 0.056  —0.0157 0 oS00
Acp(wK*) [ 0024005 | 022170 BTH0H0 T 0ot 0.1540.00 (5 39) [ o688 0.453  0.091F0-031+0.020
Acp(wK?) | 0324017 |—0.0477 ) D1ET0 08 | 0037003 0 05 (—0.03) | 0.065  —0.011 0.0267 5 001 T 0
QCDF:  H.Y.Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).

pQCD:

H. N. Li and S. Mishima, Phys. Rev. D 74, 094020 (2006).
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Table: Branching ratios for B — VV decay modes (in unit of 10~°) which includes the
contribution of effective Wilson ceoefficients and effect of different strong phase 6° = 60° + 15°)
for annihilation diagram.

Maode Data[HFAG] This work
NLO+Vertex  NLO®'  NLO®' (45°)  NLO®' (60°)  NLO® (75°)
B+ 5 otV 24.0 + 2.0 13.4 16.8 16.8 < » 16.8
BY 5 otp— 24.2 + 3.1 723 10.8 21.7 72 3 227
B0 _, 0,0 0.73 + 0.27 0.4 0.02 0.67 0.61 0.57
Bt 5 K=Yyt 9.2 + 1.5 16.2 14.0 9.6 5.3 7.2
B+ 4 K=+,0 < 6.1 0.9 0.0 6.4 5.6 5.0
BY 5 K*+,p— < 12 13.0 13.0 0.1 7.0 6.0
B0 _, k=+0,0 3.4+ 1.0 5.6 5.2 3.6 3.1 27
Bt 5 R*Yk*+ 1.2 + 0.5 0.9 0.8 0.6 $ 0.4
BY . F+0k~0 1.28 + 0.35 0.8 0.6 0.5 0.5
BY 5 K*tK*— < 2 0.07 0.07 0.07 0.007 0.07
Bt 5 aK*T 10.0 + 1.1 10.4 15.2 10.0 9.5 8.4
BY _ ak*0 9.8 + 0.7 18.7 148 10.5 0.2 8.1
Bt &+ wK*T < 7.4 5.6 42 3.3 i 2.8
BY 5 wk*0 2.0 + 0.5 6.2 4.1 2.8 C2s5 ) 2.2
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i

Mode Data[31] This work
NLO+Vertex NLO=/T NLO®ff(45°) NLO®ff(60°) NLO=/f(75°)

Acp(ptp®) —0.051 % 0.054 0.001 0.001 0.001 0.001 0.001
Acplptp) 0.06 £+ 0.13 —0.002 -0.029 -0.041 -0.038 -0.033
Acp(p?a") - 0.702 0.177 0.350 0.417 0.475
Acp(K*0pt) —0.01 £0.16 —0.005 -0.006 -0.009 -0.009 -0.008
Acp(F 1*+ P 0.207 558 0.184 0.182 0.266 0.273 0.257
Acp(K*=pt) - 0.148 0.151 0.231 0.231 0.206
Acp(K*05") 0.00 £0.19 —0.090 -0.101 -0.147 0.155 -0.154
Acp(K*K*t) - 0.081 0.085 0.141 0.143 0.128
Acp(K*K*") - 0 0 0 0 0

Acp(K*TK*) - —0.261 _0.261 _0.261 _0.261 -0.261
Aqp(i*+) —0.01 £0.08 —0.003 -0.003 -0.0006 -0.007 -0.007
Acop(aK*?) 0.01 & 0.05 0 0 0 1] 0

Acp(wK*+) 0.20 + 0.35 0.341 0.383 0.534 @ 0.463
Aep(wK*0) 0.45 + 0.25 0.078 0.116 0.170 [ 0.185
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The longitudinal polarization fraction

Mode Data[31] This work
NLO4Vertex NLO=ff NLO=ff(45°) NLO=ff(60°) NLO=f(75%)
friptp”) 0.950 + 0.016 0.94 0.92 0.95 0.95 0.95
frilptp™) 0.978 £ 0.023 0.95 0.95 0.95 0.95 0.95
fr.(p"p") 0.75 £ 0.15 0.84 0.86 0.77 0.74 0.71
L (K*0 5+ 0.48 4+ 0.08 0.85 0.82 0.57 0.45 0.32
K*Yp
Fr(E*+p9) 0.0670-% 0.86 0.85 0.65 0.47
fLiK*—p™) - 0.81 0.80 0.57 0.46 0.34
Fr(K*?a%) 0.657 £0.12 0.78 0.75 0.48 0.36 0.22
FrlE*OK*+) 0.757 008 0.85 0.81 0.60 0.4 0.37
(K*0F+0 0.80 £0.13 0.83 0.63 0.60 0.46
L
(K*+K*— 0.99 0.99 0.99 0.99 0.99
L
frieK*H) 0.50 £ 0.05 0.87 0.83 0.58 0.45 0.31
(pF*0 0.480 £ 0.030 0.87 0.83 0.58 0.45 0.31
L@
friwK**) 0.41 £0.19 0.90 0.86 0.68 0.58 0.48
fr(wk=*") 0.70 £0.13 0.03 0.89 0.67 0.37




Table: Comparisons of predictions between our framework and QCDF, pQCD methods

with f1,=0.52GeV and #” = 60°. The first error arises from the varying for pigq. = 1.4 ~ 1.6 GeV, the

second one stems from the shape parameters of licht mesons.

Mode Data[31] QCDF[11] pQCD [47, 48] this work
LO NLO4Vertex NLO(#%)

Bt — ptp” 240+20 | 20071550 1T+241 13.7 13.4 13.4
B® = ptp- 242431 | 2655730131 3BL5+4 21.1 22.3 24.9
BY — p%p° 0.734+027 | 0971 3HLY | no+o1+01 | 03 0.4 0.4 0.6+07+0L
Bt - K*0gt 9.2+ 1.5 9.2t 1H30 17 (13) 11.4 16.2 9.8 g.atdirad
B+ — K*+p° < 6.1 5.5F0e+2 9.0 (6.4) 7.3 9.9 6.2 59776113
B & K*tp~ <12 gotl-ites 13 (9.8) 10.2 13.9 8.5 g.atTotas
BY — K*0p° 34+1.0 4670833 5.9 (4.7) 3.9 5.6 3.4 3.ato a7
Bt -+ K*'K*t | 12405 0.670 1703 0.48 0.7 0.9 0.6
B » K*°K*" | 1.284+035 | 06701703 0.35 0.5 0.8 0.6
BY - K*'K*~ <2 01550701 0.07 0.07 0.07 —0.01—0.01
Bt — oK *t 10,04+ 1.1 | 100734123 15.96 15.9 19.4 12.4 9.6 5834
BY — gK*0 90.8+0.7 | 957191 | 1486(10.2%37) | 154 18.7 11.8 g 2+2-3+2.3
B+ — wK*+ <74 ot 7.9(5.5) 5.4 5.6 3.7 3.0°0.00 )
BY — wK*" 20+05 | 25703138 9.6(6.6) 5.8 6.2 3.8

QCDF:

H. Y. Cheng and C. K. Chua, Phys. Rev. D 80, 114008 (2009).

pPQCD:

H. W. Huang, C. D. Lu, et. al. Phys. Rev. D 73, 014011 (2006).
H. n. Li and S. Mishima, Phys. Rev. D 73, 114014 (2006).
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Mode Datal[5, 42] This work

NLO |[NLO=ff [NLO®ff(—10°) NLO=ff(5°) NLO=If(20°)

Bs +atK-— 5.0+ 1.25 7.7 7.0 7.0 @ 7.2
B. =+ «"K" - 0.2 1.1 1.1 1.1 1.1
B, +KtK—|2444+144+35| 208 | 205 17.5 22.0 26.2
B. —+ K"R" - 22.6 | 20.7 17.5 22.3 26.9
App(ntK™) 39+17 Br(B.— K K")~Br(Bsg—n KT 27.8 24.7
Acp(n®K™) - 776 | 616 56.0 64.4 72.1
Acp(KTK ) - —14.4| -15.4 -18.2 —14.2 -10.8
Acp(K"KE™) - 0 0 0 0 0
A(Bs - K~n7) ~ A(Bg —+ 7 77) SU(3) symmetry

\ 2

Br(B; + K 7))~ Br(By =7 7")

Acp(B, = K 77 ) & Agp(Bg — ™)

M. Gronau, PLB 492, 297 (2000). X. G. He, J. Y. Leou and C. Y. Wu, PRD 62, 114015 (2000).

Br(B,—+ K K )~ Br(B; —n K7)

Acp(B, » K K') ~ Acp(By =+ n K7)
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Table: Comparisons of predictions between our framework and other methods in Bs — PP decays.

Mode Data QCDF pQCD SCET This work |
L0 NLO
Bs - »tK—| soxi2s | 53T RN | e 5000 | asti2t13tes |72 77
00 +2.541.2 +0.05+0.1040.02
Bs — =UK : 175 ot GO 0 lete o s 0.7 +07 02 02
Bs — KYK— |4+ 1443525272 TH025 | 436182075407 | 182+ 67111405 166 208
Bs — K'K? : 2611351329 | 15615,0483400 1 m7+e6t05+06 (182 26 +4.3+1
+_— +0.0040.10 +0.16+0.00+0.01 +0.01+0.26
Bs —+ =tm 05+05 |0.267 0 1087 o 018 0.23 0.23%
Be — x0x0 ] ”-13+%?3+ﬁ@035 o Pure annihilation processes |gge 012 ﬁ.12+ndc€1+ﬂﬁlg
Th— T5 0730 303303 150760
A.;p{wn KD )| w17 ED'TT?%D_:E'E 14.1_13_!3!?_?3‘_;:,512.2 0+17+19+5 [215 24.3 ET-E_EEGGE?}JJ
+17.4426. +1.847.432. +2.0+86.
Acp(=RY) : 35'3_&'%142%3 59.4_+4ﬁ%ﬁ_%ﬁ.€ —58+30+30+13 |12 T7.6 54-43}&311111?
4w — ) _ : . _ : : . _ R _ _ : :
Acp(KTK—) ?'Tu_ﬁﬁ'zﬁdl 23.3+09H4900.5 6E5+642 157 —14.4 14.2_3_104.
0g0 +0.04-40. : 10+
Acp(KORD) : 0.410 0010, : 1G1 - < 10 00 0.0 G.GD_E_IGE
4o $0.141.240. +0.4+1,
.ﬂ.cp{'.'rn *.'TD ) - 0 _I'E—D':'-l"f—llfaﬁ-l 52 4.5 4.5_DD§_IGEE
+0.141.210. 10441,
Acp(==") : 0 —12 Gai2-01 22 45 45 0o 0
QCDF: H.Y.Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009).

pQCD: A.Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76, 074018(2007).

SCET. A. R.Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006).
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B = wK*. pK| |Bs — V||45,60,75 Bs — P||-10, 5, 20
Mode This work

—— NLO |NLOeff | NLOeff(45°) NLOQeff(60°) NLOeff(759)
dominated | B: — # " K* | 8.2 7.3 7.2 7.2 7.3
Color B, = #"K*" | 0.2 0.3 0.3 0.3 0.3
suppressed |4 . (x— K*+)|-27.5| -28.3 _18.7 —12.8 6.0
Acp(rPK*9) @ 66.5 ) 15.4 22.7

NLO [NLO=ff |NLO=ff{—10°) NLO®ff(5°) NLO=f{20°)
B, = ptK~— |19.T| 175 17.5 17.6 17.7
B, — g"K" | 04 0.6 0.5 0.6 0.6
Acplp~K*T) | 17.9| 189 19.2 18.5 16.4
Acp(p® K™ @) _29.7 _36.8 C25.3) -12.9
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Mode This work
NLO|NLO=ff [ (5%, 60°) (—10°, 60°) (20°, 60°) (5%, 45°) (5°, 75°)

B, -+ K* K+| 5.8 6.6 7.8 7.8 7.8 7.7 7.8
B, - K-K*+| 8.1 7.6 8.2 6.5 9.7 8.2 8.2
B, — K*'K° | 9.0 7.9 8.5 6.7 10.3 8.5 8.5
B. =+ KK*" | 5.6 7.5 7.1 7.1 7.1 7.4 6.6

B: = p 7wt |0.04| 0.04 0.008 0.006 0.014 0.014 0.006

B: -+ 7 pt |0.04| 0.04 0.006 0.003 0.011 0.011 0.003

B, =" |004| 0.04 0.006 0.003 0.012 0.012 0.005
Acp(KTK*)|54.0| 488 23.2 23.1 23.2 31.4 14.0
Acp(K*YK~)|-326| -322 | —205 -38.2 -22.0 -20.5 -29.5
Acp(K°K*M | 0 0 0 0 0 0 0
Acp(K*°K™ | 0 0 0 0 0 0 0

Acplpte™) |19 -1.0 —0.6 -0.2 1.1 1.1 0.2

Acp(rtp™) [-16] -16 —0.4 -0.3 0.7 0.7 0.3

Acp(m®p) | -1.7| -1.7 —0.6 -0.3 0.9 0.9 -0.3
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Numerical Results:

Branch Ratio & CP Violation for B_s-> PV

Table: The branching ratios (in units of :{ID_E} of B; — PV decays. For comparison, we also
quote the theoretical estimates of the branching ratios in the QCDF and pQCD frameworks.

Mode QCDF pQCD This work
LO  NLO NLO(2T , 89)
T — TO A0S TIO0T0.4705 56107
B: —+ m 1K 78755 T T o - T2 52 05
B _, ~Of+0 o go+0-80+0.84 0.7 +0-02+0.0410.001 _ G0
5 - _++::|l.3‘i1+_nug35 : _E?G%H:l.anfl_g.m dominated + ++:|
+ope— 440, 741341, 5.210.
T | AR | o aatohta || Color e
+2.941. +0.02+0.07+0. 7070
Bs — p°K l-g_g.g_an.lﬁ ‘:"':’E_Dl.ﬂz_zﬁsl:%_ﬂn.m suppressed Ll
«— ot +7.0+8. +1.142.540. 0301,
B: =+ K*—K 11,3+ L0481 S e T8 05 11
Be s K—K** 19 3+3-0+4.8 6.0t L 7+1.740.7 Penguin g o+1.342.1
5 _, k=00 10 Eia%li?fsf‘iz . 3121.'5552.1116% ’ dominated, | . EIi?,'aaﬁ_zs':'
o | ik | LG ol
. 7547, +0.742.230. 10,211,
B: —+ KK 10.16%_53_']4@? -4.E.EI:EI_E.E._Elllﬁ_elj_I:I.I:EI 4.6 5.6 71 il
— 4+ 40, UL, S0, U540, U410, oonn fona +u0 U4,
e PTR®OE | T 850 [anninilation | @0
Bs — w—pt 0.0z WU+0. 0.24T0-02+0.0a4U. S p.p1 Y- OU+0.
oo | SR | e ioese contibutions |00
Bs = mp 0027 g oo—0.0r | %Bpos_0.06—0.00 [ = = O g.00_0,00~

QCDF: H.Y.Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009).

pQCD:

A. Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76, 074018(2007).




" N
Numerical Results:
Branch Ratio & CP Violation for B_s-> PV

Table: The direct CP asymmetries (in %) in the Bs — PV decays.

Maode QCDF pQCD This work
LO NLO NLO(2® , 67)
Acp(m— K*+) —24.07 T —19.07 53 0T, | 240 7 —12Et CUPRSL
Acp(xOK*0) | —26.3HRRHE2 | it TARS20 | wa s CEaGLT,
Acplp— K1) 117535200 14,242,442, 3412 17.2 17.9 U2,
Acp(e K?) 8.9 T Al S | 2e T
Acp(KHK*—) 25519, 2410.3, 55.3 74485451, 525 540
Acp(K*TK™) —11.0H0, 3120 —36.61 528013 400 326  —20.5785H43
Acp(KPR*D) 0.10+0.08:+0.05 0 0 0 otOH0
Acp(K*ORD) 0.4910.0070. 07 0 0 0 gt0+0
acplotn) | —ui GRS | 13908:2800 | ae s
sootrto) | w2t GEE | aegSEROET | as s (—oatify, )
Acp(=Y6"%) 0 1.7+0.2+2.830.2 1.6 17 _n.ﬁjﬁ'j_lf_:ﬁq/
QCDF:. H.Y.Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009).
pQCD: A.Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76, 074018(2007).
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Numerical Results:

Branch Ratio & CP Violation for B_ s> VV
Mode Exp[35, 46, 47] This work
Color NLO|NLO*®ff | NLO®=ff(45°) NLO=ff(60°) NLO=ff(75°)
suppressed Bs — p"K*° < TGT 0.6 0.8 0.7 0.7 0.7
Tree B, — ptK*~ 23.6 | 210 20.7 20.6 2.6
dominated B, — K* K** 13.4| 12.8 11.0 10.4 0.8
Penguin B, — K*E*" < 1681 15.0 | 13.1 10.6 9.8 9.1
dominated B, — dd 2404809 |221| 187 12.1 @ 7.9
Aep(pK*) 66.8 | 56.4 60.8 6.8 50.0
Acp(ptK*) -10.1| -10.8 -11.3 —0.7 7.2
Acp(K*~ K*1) 201 17.9 26.3 26.4 24.6
Acp(K*9K*Y) 0 0 0 0 0
Acp(pd) 0 0 0 0 0
fr.(p"K*9) &0 84 79 77 T
friptK*) 06 06 06 95 05
frL(K*—K**) 72 71 54 48 43
fr (K *O R 76 72 500 41 32
fr(dd) 348 +4.1+21| 71 65 50 @ 31
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Numerical Results:
Branch Ratio & CP Violation for B_ s> VV

Table: The comparisons in theoretical methods in Bs — VV decays. The central values are
obtained with _La_;:D.EEGEV and #° = 60°. The first error in our predictions arises from the varying
for wseale = 1.4 ~ 1.6 GeV, the second one stems from the shape parameters of light mesons.

Mode Exp QCDF pQCD This work
LO NLO NLOLST 59
Bs — p K™" < 767 1.3 0.33 0.2 0.6 100340,
Bs — ptK*— 21.6 20.9 223 236 2107 o5 g
Bs — K*—K*+ 7.6 6.7 10.3 13.4 10,473,027
Bs — K*Of=0 < 1681 - = S == g.gt31+2.5
Be s+ b a0+80 | {understand from approx. _
Be —+ ptp— SU(3) flavor symmetry a0
0.0 " +0.01+0.02
B — oY% < 320 0.34 0.51 0.28 035  0.357 00
Up+0 1.053.0
Acple"K*") 46 61.8 52.2 66.8 sﬁ.ﬂtg_gtf_f
AcplpTK*™) —11 —8.2 -10.0 -10.1 —g.?gﬂ%il_a
Arp(K*—K*T) 21 9.3 16.1 20.1 2647515
Acp(K*0R+D) 0.4 0 0 D
Acplea) 0.2 d Dtnn_qu
AcpleTe™) 0 —2.1 5.8 5.0
Acp(p®e?) 0 —2.1 5.8 5.0
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Numerical Results:
Branch Ratio & CP Violation for B_ s> VV

Mode Exp QCDF pQCD This work

LO NLO NLO(a®" | #9)
fl (e K*Y) 90 455 73 g0 mH
fietK*—) 92 93.7 a6 96 051 F0
fl(K*—K*+) 52 43.8 66 72 L A
fK*2k=0) 56 40.7 60 76 ati
fi () ME+41+21 36 61.9 65 71
filleTp ) 100 ~ 100 ~ 100 ~ 100 ~ 100
f1 (2% 6°) 100 A 100 | ~0 100 ~o 100 ~ 100

QCDF: H.Y.Cheng and C. K. Chua, Phys. Rev. D 80, 114026 (2009).

pQCD: A.Ali, G. Kramer, Y. Li, C. D. Lu, et. Al. Phys. Rev. D76, 074018(2007).
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Approximate SU(3) Flavor Symmetry

SU(3) symmetry relations

¥

Br(B, - K nt)a= Br(Bg—m ")

AGP(BS —+ f‘f_?r+} R Ag_p{ﬂﬁr —+ :rr_:rr"']

Acp(B, + K KY) ~ Acp(By —»m K1)

Br(B, — K K)~ Br(By — m K™)

M. Gronau, PLB 492, 297 (2000). X. G. He, J.Y. Leou and C. Y. Wu, PRD 62, 114015 (2000).

Our Theoretical Predictions

Br(B. = K ") Acp(B. — K-

i = ~1.08) |Ra., = ~ 1.07.
Ry Br(Bg = m—nt) 108 Aes Acp(Bg — 7 mT) |
Br(B. — K K1) Acp(Bs — K-K)

Rp, = ~1.07 |Ry.. = S ~ 1.08,
Br = Br(Ba=n K1) Bace = 4 pBasnkh) 10
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Approximate SU(3) Flavor Symmetry

SU(3) symmetry relations

Br(B, —» K**K~ )~ Br(By — K*tn)

Br(B, — K~ K*)~ Br(By — p K™)

Acp(B, = K**K~) ~ Acp(By — K*F17)

Acp(B. = K- KW~ Acp(By— p KV)

Our Theoretical Predictions

Br(B, — K**K") Acp(B, — K* K")

Bor = By S i) S 0Y% Bace = o) 09
Br(Bs —» K*K*) Acp(Bs — K*~K*)

Rp, = ~1.06, Ra.,— 0.8.

Br = BBy — p K1) - Mer T T By KT
Br(B. — ¢¢)
Rp, = =~ 1.08. Important to be tested
5" Br(By — ¢K*0) P




"
SUMMARY

The six-quark operator effective Hamiltonian approach
based on the perturbative QCD, naive QCD factorization
and nonperturbative-nonlocal twist wave functions has
been established to compute the amplitudes and CP
violations in charmless two body B-meson decays.

With annihilation contribution and extra strong phase,
(62 =5°)| for B> PP and |(6° =60°)] for B> VV, our
framework provides a simple way to evaluate the
hadronic matrix elements of two body decays.

In the six-quark operator effective Hamiltonian approach,
the factorization is a natural result and it is also more
clear to see what approximation is made (such as the
Type lll diagrams), which makes the physics of long-
distance contribution much understandable.
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CONCLUSION

It is different from the QCDF as our method allows us to

calculate the transition form factors from QCD calculation.

It Is different from pQCD as our method includes both
the perturbative QCD effects via the running coupling
constant and the nonperturbative QCD effects via the
dynamical infrared mass scale of gluon and quark in the
nonlocal effective six quark operators.

It is different from the SCET as our method involves
only the well-understood three physical mass scales:
The heavy quark mass, the perturbative-nonperturbative
QCD matching scale around 1.5 GeV, the basic
nonperturnbative QCD scale around 0.4~0.5 GeV.

Our method should be applicable to the Charm
meson two body decays by considering higher
order mass correction of charm quark in HQEFT
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Explicit CP Violation in SM

1973: 3 Generation Quarks in SM
Kobayashi-Maskawa complex Yukawa Couplings

Direct CP violation in kaon decays
g'le = (20+4+5) X104
(YL. Wu, Phys. Rev. D64: 016001,2001)
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Explicit CP Violation in SM

Direct CP violation in B decays -
1l
— 2|
aeplm K7y = —0.11 =002 *
10__ I\' ‘H' ............
1 a— ‘ |
acplmtor™) =046 = (.13 £\~
Belle Collaboration, K. Abe er al, Phys. Rev. Db 68, 2_
012001 (2003). BABAR Collaboration, B. Aubert et al., gz ' 'u.|4' | 'o.ls' | 'o.la' - ; - '1_'2' : '1f 7
Phys. Rev. Lett. 93, 131801 (2004), Z. Ligeti, hep-ph/ Y
0408267; M. Giorgi, hep-ex/0408113; Y. Sakai, hep-ex/ _ o
0410006, CP violation in B decays

YL.Wu & YF. Zhou, PRD71,
021701 (2005)



