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Mixing-induced CP asymmetry in B — K"y decays with perturbative QCD approach
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The mixing-induced CP asymmetries in B — K*y — K¢’y and B — K*y — K, 7°7y are expected to
be small within the standard model. So they are among the most promising decay modes to test the
standard model. In this paper, we compute the mixing-induced CP asymmetries in these decay modes,
within the framework of the standard model, using perturbative QCD, and our conclusion is Sk .0, =

=Sk, 20, = —(3.5+ 1.7) X 1072,
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L. INTRODUCTION

The standard model (SM), which includes the
Kobayashi-Maskawa (KM) scheme for CP violation [1],
is being tested by determining the three sides and three
angles of the unitary triangle. The observations of the CP
asymmetries in B — J/yKg [2,3], B— 7w [4,5], and
B — DK [6,7] decays show that a major contribution to
CP violation comes from the KM scheme. We know that
the KM scheme is not the whole story. Baryogenesis
cannot be explained by this scheme. To understand this,
we must search for new physics. It is therefore important to
consider all possible CP violating phenomena.

Among many B meson decay modes, the radiative decay
B — K*vy attracted much attention because it is a flavor-
changing-neutral-current process, which occurs only
through quantum corrections. So it is expected to be sensi-
tive to the physics beyond the SM. This decay has been
seen, and first experimental results on CP asymmetry and
isospin breaking effects have been investigated [8,9]. This
has also been investigated within the framework of pertur-
bative QCD (pQCD) [10,11]. We expect the experimental
situation to improve in the near future.

There is a good reason why the mixing-induced CP
asymmetry in B — K"y is expected to be small within
the SM. If B® and B° mesons can decay into a common
final state f, the mixing-induced CP asymmetry is gener-
ated by the interference between B — f and B — B —
f decay amplitudes as shown in Fig. 1. For B — K"y
decay, the candidates for f are K¢m’y and K, 7°y.
Throughout this paper, whenever we write B’ —
Kispmy, we mean K57’y to come from B°—
K*y — K(s1ymy. The continuum background K )7°
which is not from the K** decay can be subtracted. While a
detailed experimental study is necessary to understand the
error on the asymmetry coming from this background, we
guess that the error is much smaller than the theoretical
error included in our result. The B® meson dominantly
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decays into a photon with left-handed chirality as shown
in Fig. 2(a), because the chirality is automatically deter-
mined by the vertex structure. In order to generate the
asymmetry, the amplitudes representing the two paths
shown in Fig. 1 must interfere. Both B and B® must decay
to the same final state f. However, the B meson domi-
nantly decays into a photon with right-handed chirality as
shown in Fig. 2(b). That is, the dominant contributions of
B° and B° meson decays have different photon chiralities,
and they cannot interfere. The amplitude which can inter-
fere, A(B — K(S,L)WO’)/L), is suppressed by the factor of
m/m,, compared to A(B® — K5 ;)my); thus the asym-
metry which is generated by B® < B° mixing is suppressed
by m,/m; [12]. If the experimental data show a large
mixing-induced CP asymmetry, much larger than 10%,
for example, it directly indicates that there exist a new
physics beyond the SM. So we expect that the mixing-
induced CP asymmetry in the B — K*y decay mode is a
crucial decay mode to test the SM. The experimental data
for mixing-induced CP asymmetry in B — K*7 are given
by Belle and BABAR as follows [13-15]:

gex _ [—0.7972% +0.10  [Belle],
K'y—=Ksm'y | —=0.21 = 0.40 + 0.05 [BABAR)]

This paper is organized as follows: in Sec. II, we want to
review the B meson decay and mixing-induced CP asym-
metry, and in Sec. III, we show decay amplitudes for B —
K*vy decay which is classified into left-handed or right-
handed photon chiralities. We show the numerical results
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FIG. 1. The mixing-induced CP asymmetry is caused by the
interference between B — f and B® — BY — f decay ampli-
tudes.
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FIG. 2. Figures (a) and (b) show the major decay modes and
the helicity configurations of the radiative decays of bg, and by,
respectively.

in Sec. IV, and in Sec. V we present our conclusion on the
mixing-induced CP asymmetry in B — K*7y decay.

II. B MESON DECAY
A. Mixing-induced CP asymmetry

Here we want to review the mixing-induced CP asym-
metry in the neutral B meson decay system [16—18]. There
are two neutral B mesons, BY and B, and if we turn off the
weak interaction, B° and B° mesons are independent of
each other, and the transition between B° and B° mesons
does not occur. But if the weak interaction is once turn on,
B? and B° mesons change each other through the common
mediated states f. The time-dependent CP asymmetry is
given as follows:

T'(B°(1) — f) —T(B°(1) — f)

Acp(t) = F(Bo(t) — f) + F(Bo(t) - f)
= AcosAMt + SsinAMz, 2.1
o 1 — |ﬁ|2 _ ZIm[ﬁﬁ]
1+ [ _Tll;_’lz’ -
where
A(f)=(flH!B%, A(f)=(flHu!B%, p =%.
(2.3)

Here S is called the mixing-induced CP asymmetry, and in
the B — J/WKj case, for example, S = sin2¢,. We can
test the SM by determining the three angles from ¢; to ¢5
by investigating the mixing-induced CP asymmetries in
some decay channels.

B. Mixing-induced CP asymmetry in B’ — K7y and
B’ — K, 7'y

Next we want to discuss the mixing-induced CP asym-
metry in B— K"y decay. In order to examine the CP
asymmetry, we have to look for the common final states
between B° and B meson decays. The candidates in B —
K*y decay are B— K¢’y and B — K, 7’y; K* meson
decays into K° and 7, and K° meson goes to K or K .
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The effective Hamiltonian which induces the flavor-
changing b — s+ transition is given by [19]

Heg(AB=1) = %[ > Vi VidCr(p) 01 ()

q=u,c

WO W)= VaVil 3 0w
i=3

~6
+ C77077(M) + CSg(lu’)08g M)}} +H.c,
2.4)

where C;’s are Wilson coefficients, and O;’s are local
operators which are given by

0(1q) = (5:9)v-a(@;b)v—a

O(Qq) = (5:9)v-a(@;b;)y-a,

03 = (Eibi)VfAZ(C?jqj)VfAy
7

0, = (Eibj)V—AZ(L?jQi)V—Ar
q

Os = (Eibi)vaZ(C?jqj‘)V+A’ 2:5)
q

O¢ = (Eibj)V—AZ(E]jQi)V-FAr
q

e _
07, = 3 5,07 (mgPy, + m,Pg)b;F,,,
8 -
Ogg = msia"‘”(msPL + mbPR)T?jbjGZ,V‘

Here we set PR =(1=+v)/2 and (§;q;)ys4 means
2G;y*Pkq;, where i and j are color indexes.

We consider the decay amplitudes B — K¢7'y and
B — K; 7"y. The decay amplitude A(B — K ; 7’y) can
be extracted as follows: first the B meson decays into K*
and vy by the weak interaction. The decay amplitudes
caused by O, operator can be expressed as

A, =AB— K,)

= Fm{K* %y |ba*"(1 + y°)sF,,|B%),
Ag = AB" — K*p)

= Fmy(K*Oyglba** (1 — y°)sF,,,|B),

_ _ _ (2.6)
Ay =AB°— Kp)
= F'm,(K*y|50#"(1 + ¥°)bF,,|B®),
Ap = A(B" — K*0p)
= F'm{(Kyglso*"(1 — y°)bF,,|B%),
where we set the common factor;
J— * e
F= V”’V”W' 2.7

114022-2



MIXING-INDUCED CP ASYMMETRY IN B — K*y DECAYS ...

At the next stage, K* meson decays into K° and 7° mesons
through the strong interaction. The strong interaction con-
serves the C and P symmetries, then we can express the
decay process by a common complex factor f; =
A(K* — K97%) = A(K*® — K°7°) as shown in Fig. 3.
Finally, we consider the process in which the K° meson
goes to Ky or K;. Here the indexes S, and L, express the
“short,” and “long” lifetimes, of two K mesons, respec-
tively, and denote the amplitudes for K® — K ; and K° —
K as follows:

A(K" — Kg) = fs,
A(K® = Kg) = fs,

AK® — K;) = f1,
_ (2.8)
AK*— K;) = —fL.

Then by denoting Fg = ffg and F; = f,f,, the decay
amplitudes for B — K¢7°y and B — K; 7’y can be ex-
pressed as follows:

A(B° — Kgm¥y;) = FsAp,
A(B® — Kgm'yg) = FsAg,

_ _ 2.9
A(B — Kgm'y,) = FsAp,
A(BO — K57T0’}/R) - FSA_R’
AB* — K, 7y,) = F1 A,
A(B — K, myg) = F A,
LT YR LAR 2.10)

AB® — K 7y,) = —F A,
AB® = K, 7yg) = —F Ap.
Thus the time-dependent CP asymmetries become
Acp(B® — Ksm'y)

_ T(B%1) — Ksm'y) — T(B°(t) — Ksm°y)
- T(B%(1) — Kgmy) + T(B°(t) = Ksmy)

V4
cosAMt + X sinAM¢,

>~

(2.11)

ACP(BO - KLW'O’)’)
_ T(B°(r) — K, 7%y) — T(B°(t) — K, 7%)
~ T(B°(r) — K, 7%) + T(B°(t) — K, 7y)

Y Z
= — cosAMt — — sinAMz, (2.12)
X X
K° £ "
Y
7TO K

FIG. 3. The figure shows the B’ — K*y — K97%y decay
mode. The K*® — K97° process possesses the complex factor
f1 which is common in both K** — K%#% and K** — K°#°
because the strong interaction conserves the C and P symme-
tries.
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where we define

X =1AL2 + |Ag[* + |AL]* + |Agl%
Y = |AL1? + |Ag]? = (IALI* + 1Ag[?),
Z =2Imle 2P (A A + AgAL)]

(2.13)

and we can see that the signs of the mixing-induced CP
asymmetry between B — K7’y and B — K; 7%y, which
are proportional to sinAM¢, are opposite. The mixing-
induced CP asymmetries are caused by the interferences
between A; and A;, Ap and Ap.

The form factors in Egs. (2.6) are related by C, P, and
CP symmetries. We set the one form factor as the standard
like (K*y, |bo#*(1 + y°)sF ,,|B°) = F, the other form
factors can be expressed as
<K*07R|50-MV(1 - YS)SFMV|30>

= —(K*0y, |PtP(bot (1 + y%)sF,,)PTP|B®)
= _Fl’
(R*y,|5047(1 + ¥*)bF,,,|B%)
= (K. |CtC(bo**(1 + v )sF,,)CTC|B®)
=F,
(K*yglsor” (1 = y*)bF,,,|B%)
= —(K*%y,|cPtcP(ba*" (1 + y°)sF,,)CPTCP|B)

= —F,. (2.14)
Thus, Egs. (2.6) can be expressed as
AL:mSFF], AR:_meFlJ
_ _ (2.15)
AL = me*Fl’ AR == —mSF*Fl,

and the mixing-induced CP asymmetries in Egs. (2.11) and
(2.12) become
- = 2% in2 2.16

Skemdy = ~Sk, a0y = m—b sin2¢. (2.16)
That is, the mixing-induced CP asymmetries are predicted
to be small within the SM roughly by the factor of m,/m,
as pointed out by [12], because A; and Ay are suppressed
compared to Ag and A; .

However, in the near future, the mixing-induced CP
asymmetry of B — K*vy will become one of the most
important tests for the SM, so it is very important to
estimate the CP asymmetry more accurately by taking
into account the small contributions compared to the domi-
nant contribution caused in the 07, operator. Cognizant of
this point, we also consider chromomagnetic penguin
(Og,), the QCD annihilation (O3 ~ Og), u and c loop
contributions, and also the long distance effects. Then we
compute the mixing-induced CP asymmetry in B —
K¢y and B — K, 7%y decays within the SM, and com-
pare the experimental data given by [13-15].
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ITI. FACTORIZATION FORMULA

The decay amplitudes can be factorized into scalar (M%)
and pseudoscalar (M") components as

M= (e, ex:)M5 + i€, _eyer.M” 3.1
where €, and €g- are transverse polarization vectors for 7y,
and K* mesons, respectively. In the B — K™y decay mode,
the emitted photon is a real photon, so the chirality of the
photon is constrained to be left handed or right handed,
because the longitudinally polarized photon is forbidden
by the gauge invariance. Then the polarization vector of the

photon can be expressed as
eL=<ooi(1 i)) eR=<ooi(1 —i))
’y b ) \/z i » ’y b b \/E ’ M
(3.2)

and polarization of the K* meson is uniquely determined
by the helicity conservation of the spinless B meson decay

as
R _— 1 . L __ 1 .
€ = (0, 0,\/—5(1, —1)), € = (0, O,E(l, l)).
3.3)

The detailed expressions for the B — K*y decay ampli-
tudes with the pQCD approach are in [11], then here we
want to show the way how to divide the B meson ampli-
tudes into the ones with left-handed or right-handed photon
chiralities.

A. O, contribution

The decay amplitudes caused by O, components which

are proportional to m,, as shown in Fig. 4 can be expressed
as Egs. (14) and (15) in [11]:

M3 (my) = =M (my) = M5 (3.4)
M3 (my) = —M3(my) = rpM5y, (3.5)

where we define r, = m,/Mp. In this time, we distinc-
tively express the quark mass m; which comes from the
07, operator from the meson mass M.

(a) v (b) v

o1,

00000
Q9 Q0
S
3
2

d d d d

FIG. 4. The figure shows the B — K**y decay contribution
caused by the O, operator. The photon is emitted from the
operator, and the hard gluon exchange enables the fast moving
K* meson to form.
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Here we want to concentrate on the characteristic rela-
tionship between the scalar and pseudoscalar components
as M7Sy(m,,) = —M7 (my). If we write down the decay
amplitude as in the form of Eq. (3.1), we can factor out
the common factor as

M = M5 (mp)l(e, - €x) — i€, €yep.] (3.6)
When we enter Egs. (3.2) and (3.3) into Eq. (3.6), the
combination €% and ek. only survives. That is, the chir-
alities of the photon and K* meson are automatically
determined, and in the B meson decay caused by the
component of O, operator which is proportional to m,,,
the emitted photon has necessary right-handed chirality.

The decay amplitude caused by the O, operator com-
ponent which is proportional to mg, on the other hand,
becomes as follows:

M3 (mg) = M3 (mg) = —r, M5\ (3.7)
M3 (my) = My (mg) = —r M5 (3.8)

The characteristic relation M;gy(ms) = Mfy(ms) implies
that the combination e§ and eﬁ* only survives. It indicates
that in the B meson decay caused by the component of the
07, operator which is proportional to m, the photon has
left-handed chirality.

Furthermore, we investigate the B meson decay. The
amplitude for B meson decay can be extracted from the
Hermite conjugate operator for the B meson decay:

M3y my) = M7y (my) = i My (39)
M3P(my) = M3 (m,,) = i MY (3.10)
M3 (mg) = = M52 (m,) = r, ?, M3 @3.11)
M3V (mg) = —M5" (m,) = ft §;b). (3.12)

In B meson decay, the relations ]\71§7(mb) = M%(mb)

and M%(ms) = —Mé’y(mx) are satisfied, and they indicate
that, in B meson decay, the photon chiralities are left
handed and right handed, respectively.

We can summarize the B and B meson decay amplitudes

Ag, A;, Ay, and A; caused by the 07, operator as follows:

Ag,, = M5\ (my) + M3 (my)[ (€, - €x-)
(3.13)

— i€, _€yer.]
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(a) (b)

7 7
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g § ul 5 5 u
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FIG. 5. Diagrams for the contribution of operator Og,. The
hard gluon is emitted from the operator and glued to the
spectator quark, and photon is emitted by the bremsstrahlung
from the external quark line.

A, = (M3 (my) + MO (m))[(e, - ex-)
+ i€, —€yer.] (3.14)

- & 1osta
Ary == (M3 (m,) + M3 (m) (e,

— i€, €yer.] (3.15)
Av,=—¢ (M“‘”(mb) + M5 (my))(e, - ex)

t
+i€,,—€yer] (3.16)

From Eqs._(3.13), (3.14), (3.15), and (3.16), we can see that
AL, and Ag,, are certainly suppressed compared to Ag,,

and ALH by the factor of mg/m, within the SM.
Furthermore, we can see the relationships Ag,, /& =
—Ap, /€ and A, /& = —Ag, /€] explicitly, which are
discussed in Egs. (2.15).

B. Og, contribution

Next we concentrate on Og, contributions as shown in
Fig. 5. From Egs. (19)—(22) in [11], we can see that the
amplitudes from M(”)(mb) to M. (C)(mh) satisfy the relation-
ship M g(mh) = g(mh) and they imply that the chi-
rality of the photon from the B meson decay caused by the
component of the Og, operator which is proportional to m,
is right handed except for My @ ¢ (m;,). When we concentrate

on the exceptional case M g g), on the other hand, the twist-2
(leading) component for the K* meson wave function ¢% e
also has an Mg, (m,) = —Mg, g(mb) relation. The origins to
generate the difference between My ,(m;,) and ML o (my) are

higher twist components, then the effect of the anomaly of

PHYSICAL REVIEW D 73, 114022 (2006)

the photon chirality should be small. If we divide M (S?(mb)

components into right-handed and left-handed photon chi-

rality amplitudes M(d)R(mb) and M(d)L(m,,) by using the

relationship as
Mg(;;?(mb) = (e, - €g )Mg(d)(mb)

+ i€, —€yer.M P(d)(mb)

= M{ " (my)l(e, - exr) —

+ Mg (my)[(e,

; M v
(€, €y€R.]

c€x) T i€, _€yer.]

(3.17)

they can be expressed as follows:

MR (my) = — Mg (my)

1
— —FOQ¢r, fo dx,dx, f byd,bydb,
X (1, by)S, () ay (1)l 505k ()]

X Cy(t)[3xpr k[ PY-(x2) + % (x2)]
+ 2+ x = x) Pk (x))]

X H(JIAZ|by, Egby, Egb,), (3.18)

My S(d)L (my) =M élfd)L (my,)

= —FO99,¢r, Ll dxldxszldlbzdbz
X ¢plxi, bl)St(xZ)as(tg)e[isg(lg)isl(*([g)]
X Cg(18)3xprg:[pY(x2) — Pp%.(x2)]
X HS(/|AZ|by, Egby, Egbs). (3.19)

Then the decay amplitudes with left and right photon
chirality can be expressed as follows:

Apy, = (M (my) + MG (my) + Mgy (my)
+ My (m,) + My R (m)(e, - ex-)
— i€, _€yer.] (3.20)
Ap,, = (M (my) + Mg (my) + Mg (m)
+ M3 (my) + M3 (my)(e, - €x-)
+i€,,_€yer] 3.21)
A, = = SO0 n) + M3 ) + M,
+ Méé‘“(m ) + My (my))[(e, - €x)
— i€, _€yer.] (3.22)
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A, = = E MO my) + MG Omy) + Mg (my)

8¢ 8¢ %
+ M (my) + M m)) (e, - €xc)

; M
ti€,,—€yer.]

(3.23)

In this way, we can classify all the decay amplitudes in [11]
into ones with left-handed or right-handed photon
chiralities.

C. Loop contributions
1. Quark line photon emission

Here we mention about the charm and up loop quark
contribution as in Fig. 6. In this case, the photon is emitted
through the external quark lines. The detailed expressions
for the decay amplitudes are shown from Egs. (31)—(35) in
[11], and M ff“) =M fi(“) means the photon chirality is left
handed, and M5® = —M"® and M3 = — M indi-
cate that the photon chirality is right handed. In the Mﬁ‘f)
case, we can divide the amplitudes into the ones with left-
handed or right-handed photon -chiralities by using
Eq. (3.17):

S(d)R __ S(d)R
M7 =—My;

1
=%F<0>§,- f dx,dx, ] b,db,b,db,
0
X el S8 =Se 1 C, (1) b p(x1, by ), (1), (x)
2
X Héd)( |A’22|b1,E2b1,E2b2)|:G(m12, —AZ, 1) 3

X [arge (1 4+ 2x)[ Y (x2) + % (x7)]
+3(x —x1) g (x2)],

| — |

(3.24)

d d d d
(c) (d)
0, _ (o)
b 5 b 3
7 1 1 1
d d d d
0 0

FIG. 6. Diagrams for i = u, ¢ quark loop contributions in-
serted O, operator, with the photon emitted from the external
quark line.
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M=
= %F@gi ﬁ : dx,dx, [ bydbbydb,el=Ss(2) =Sk (15)]
X Cy(t9)pp(xy, by)ay(19)S,(x,)
X HY (,/IAZ|b,, Ezbl,Ezbz)[G(m?, —AZ, 1)) — ﬂ

X X1 (2 + x)[ P (x2) — P (x2) ] (3.25)

Then the decay amplitudes with each photon chirality can
be expressed as follows:

Ag, = M" + MY+ MO (ey - e
(3.26)

— M v
i€, €y€l.],

s S(d ;
AL, = (le“) + MIE )L)[(ey cex) + Le#,,+_6§fe]"(*],

(3.27)
. &
g, = = ¢ O+ ME)(e, - exc)
— i€+ €yer] (3.28)
Ao, = =S 080+ 350+ IO, e
1
+ i€, €yer.] (3.29)

2. Loop line photon emission

Next we consider the loop contributions in which the
photon is emitted from the internal quark loop line as
shown in Fig. 7. The explicit formulas for the decay
amplitudes are Egs. (42) and (43) in [11]. In this case,
we can also divide the decay amplitudes into the ones with
each photon chirality by using Eq. (3.17):

(a (b)

<
ol

b

i

d d d d

FIG. 7. Diagrams for i = u, ¢ quark loop contributions in-
serted O, operator, with the photon emitted from the internal
loop quark line.
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(a) (b)

MglR = —MZR ¥ ¥
4 1 1-x 1 . i . i
= ——F(O):fif dxf dyf dx,dx, ’ 05~ 0 ’ ’ Os~ 05 !
3 0 0 0
- / bidbyp(xi, b)Calbr)a(1y)el S =S@l o ’
(9) (d)
_ 11— (Y.
xysz% _ m,2 [nyz[( x2)rl( (¢K (xz) 3 0um 0, s P 040, .
+ () = (1 +26) ¢ ()] d o .,
+ x(1 = )[rg (P2 (x3) + P%.(x2))
Y Y
T 2
3010 ¢k () [JH (01A, b1y |B]), (3.30) FIG. 8. Annihilation diagrams with QCD penguin operators O;
inserted.
MSE = ME!
4 1 1—x 1 S(b)R _ _ asP(b)R
:gF(O)é‘:lf dx] dyf dxldx2 M4 M4
0 0 0 © 360, fpm 1
[—Sp(t2) =Sk (12)] =P g & dx,
X [ bydbypp(xy, by)Colty)ar(ty)et > 7o 2 4M? 0
1 X b (=8 )1; 7 )
% v xyxer*[d,K*(xZ) b (x2)] szdbzazl(fa)sz(xz)e 5 Hy’(b,B,)
2
X [@Y(x2) + §%.(x2)], (3.36)
X H,(bA, by4/|B?]), (3.31)
. ) . SO — MP(b)L
and we can summarize the decay amplitudes with each 4
photon chirality as follows: 3
= F(O)% K*fr/ dx,
Ag, = MSF[(€, - €x) — i€, €y er.], (3.32)
X fbzdb2a4(tZ)St(x2)e[_SK*(’u)]ig
AL,- = MﬁglL[(Ey ' GK*) + iGMV+,EfyLEII/(*], (333)
2 X HY(bsB,)(1 = x)[ b3 (x2) + i (1))
A Si agSL . w_y (3.37)
Ap, = — 3 M e, - ex) — i€y, —eyep] (3.34)
l Mf(d)k _ _ MP(d)R
A — gl . v 3 1
X fbzdb2a4(tla’)S,(x2)e[7SK*(’Z)Jig
D. Annihilation contributions X H(()l) (b2B)xo[ DY (x2) + % (x2)], (3.38)
In this section, we want to discuss the annihilation
contributions caused by QCD penguin operators from O3 MSDL — pPL
to Og shown in Fig. 8. In the neutral mode, the tree 4 4
annihilations caused by O;, O, do not exist. O3, Oy, and _ _pO 3\/6stB7Tr ¥ ! dx
Os, Oy operators have (V — A)(V — A), and (V — A)(V + 4M3 K51 2
A) vertices, respectively, and we define a4(r) = C4(r) + -
C5(1)/3, ag(t) = C¢(r) + Cs5(1)/3. From Egs. (55)—(62) in X fbzdb2a4(tZ)St(x2)e[*SK*<’a)]iS
[11], we can see that Mf‘“) has left-handed photon chirality, o ) . 33
and M9, M, and M have right-handed photon chi- X Hy (baBol bie(x2) = b (x2)] (3.39)
rality. Furthermore, we can divide Mf(’) and Mf‘d) into the
ones with left- or right-handed photon chiralities as fol- Then we can summarize the decay amplitudes with each
lows: photon chirality as follows:
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Ag, = MEPR + M5O + MR (e, - er)

— i€+ €y€R] (3.40)
(MS(a) + MS(b)L + Ms(d)L)[(E EK*
+ 16W+,eyeK*], 3.41)
Ag, = i : M3 + MO + M) (e, - )
— i€y, _€yer.] (3.42)
A= ?, (MOR + M3 + M) (e, - ex-)
+i€,,—€yer.] (3.43)

A, = (M" + M DN(e, - ex) — i€y, eher.]

(3.44)
(3.45)

ALG = é;t (MS(b) + MS(d))[( €, €x) + iEM,,Jr_ef;el”{*].
(3.46)

E. Long distance contributions to the photon quark
coupling

Here we want to discuss the long distance contributions.
In order to examine the SM or search for new physics
indirectly by comparing the experimental data with the
values predicted within the SM, we have to take into
account these long distance effects: B — K*(i, p, w) —
K*vy (Fig. 9). If we use the vector-meson dominance, the
B — K*vy decay amplitude can be expressed as inserting
the complete set of possible intermediate vector meson
states like

(K*y|He|B) =

Z(le Tl V) —— pra— (VK*|He!B),

(3.47)

where V = ¢, p, w. Now we concretely consider B —
K" — K*vy. Four diagrams contribute to the hadronic
matrix element of (K*i|H|B) (see Fig. 10), and first of
all, we consider the leading contributions: the factorizable
ones shown in Figs. 10(a) and 10(b).

v

- ¥, p,w
b 5

FIG. 9. Vector-meson-dominance contributions mediated by

U, p, w

PHYSICAL REVIEW D 73, 114022 (2006)

@ 7 ®) 7
b \ / s b \ / s
©) ) .
b \ A s 2\ / s
d ‘% d d E d
FIG. 10. (A), (B) are factorizable and (C), (D) are nonfactor-

izable contributions to the hadronic matrix element for
(K*¢y| Hegr| B).

1. Factorizable contribution

The detailed explanation for the derivation of the factor-
izable amplitudes and explicit formulas is from Eqs. (77)—
(79) in [11]. The momentum of the photon g*> =0 is
smaller than the threshold mass 4m2, then the imaginary
part from the decay width in the propagator of the p meson
should not be generated. The long distance contribution
mediated by the p meson is much smaller than the u quark
loop contributions, the change does not effect the final

numerical results. We can see that Mgg has right-handed

photon chirality, and for M(LBL;, it is also possible to divide it
into the ones with left- or right-handed photon chiralities as
mentioned above, and the results become as follows:

8?2 1
MIBR — — pgPBIR — e 22 _FO L dx,dx, ] b,db,b,db,

B
X ¢plxy, b1)St(xz)as(f?)e[_s"(tg)_s’(*(tg)]éh(I?)
X H§b)(A7b1, Ciby, C1by)[rg- Y. (x2) + Pk (x2)

2Kg¢,(m2¢,)2
3

80 (m3,)’ gp(mf,)zD,

+ rg- % (xz)]<<fc

+
6 2

+ gu[ (3.48)

8 !
MIPL = pgPBL — A;T FO f dx,dx, ] bydb,bydb,

X ¢p(x1,b 1)Sz(xz)as(f?)e[_sg(lg)_s’(*(1}77)]01(fl7])
X H§b)(A7b1, C1by, C7b3)rg=(1 4+ x)[ ¥ (x7)

2 2
X — . (x m(aL

+

232 232
gw(;nw) gp(l:p) D (3.49)

e
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S(A s )
Ag,, = (ML(D) + ML(LI;)R)[(G), C€xr) — 16W+_6’;61”<*],

(3.50)
Ap, = M5 " [(ey - ex) + s ehep]  (35D)
_ g;k MS(B)L[( A ) . ©oy ]

Rpp — ? LD €, " €k L€, y+—€Ey€p-]
(3.52)
- &
Ar, = = M5+ ME ey - )
ti€y, ey ep] (3.53)

2. Nonfactorizable contribution

Next we consider the nonfactorizable long distance
contributions as in Figs. 10(c) and 10(d). In order to
estimate the effect to the total mixing-induced CP asym-
metry, we roughly estimate the degree of nonfactorizable
long distance contribution to the factorizable long distance
contribution. We have already known that the theoretical
computation which is estimated by including only the
factorizable contribution and experimental data for the
transversely polarized branching ratio in B — J/¢/K* de-
cay mode do not agree with each other [11]. If we assume
that the difference between the experimental value and
theoretical prediction is due to the nonfactorizable ampli-
tude, we expect that it amounts to about 40% contribution
to the factorizable amplitude. We include the nonfactoriz-
able contribution as the free parameter which satisfies the
condition such that its contribution amounts to about 40%
to the factorizable one, and we numerically compute the
effect to the mixing-induced CP asymmetry as show in
Sec. IV.

IV. NUMERICAL RESULTS

We want to show the numerical analysis in this section.
In the evaluation of the various form factors and ampli-
tudes, we adopt Gy = 1.16639 X 107> GeV 2, leading
order strong coupling « defined at the flavor number n; =
4, the decay constants fz = 190 MeV, fg+ = 226 MeV,
and f% = 185 MeV, the masses Mg = 5.28 GeV, My =
0.892 GeV my;, = 4.8 GeV, m, = 1.2 GeV, and m, =
0.12 GeV [20], and the meson lifetime 75 = 1.542 ps.
Furthermore we used the leading order Wilson coefficients
[19] and we take the K*, p, and @ meson wave functions
up to twist-3.

In order to compute the mixing-induced CP asymmetry,
we clarify the theoretical error for it.

(1) Firstif we change the meson wave function parame-

ter in the range wy = (0.40 = 0.04) GeV, the un-
certainty of the mixing-induced CP asymmetry

PHYSICAL REVIEW D 73, 114022 (2006)

amounts to about 10%. Furthermore, the uncertain-
ties from the quark mass amount to about 20%. Then
the error from the input parameters is about 20%.

(2) We can expect that the uncertainty from the higher
order effects should be largely canceled because we
take the ratio in the computation of the asymmetry.

(3) About the error from the Cabibbo-Kobayashi-
Maskawa (CKM) parameters, we change the p, 7
parameters in the range p = p(1 — A%/2) = 0.20 +
0.09 and 7 = n(1 — A%/2) = 0.33 = 0.05 [21], and
numerically estimate how the physical quantities are
affected by the change of parameters. The result is
that about 30% error is generated by the uncertainty
for the CKM parameters.

(4) Furthermore, we introduce the nonfactorizable long
distance contribution as mentioned in Sec. IIIE2,
and it can generates about 30% error for the
asymmetry.

(5) Finally, we introduce 100% hadronic uncertainty for
the u quark loop, and the asymmetry changes about
10%. In summary, the total theoretical error
amounts to about 50% for the mixing-induced CP
asymmetry.

Then the numerical results for the mixing-induced CP
asymmetries in B — K¢7’y and B— K, 7’y like
Egs. (2.11) and (2.12) which are caused by O;,, Os,, c,
and u quark loop contributions, QCD annihilations, and the
factorizable and nonfactorizable long distance contribu-
tions become as follows:

Skemy = —Sk,my = —(35£1L7) X 1072 (@.1)

V. CONCLUSION

In this paper, we compute the mixing-induced CP asym-
metry in the B — K*vy decay mode with perturbative QCD
approach by including also the small contributions except
for the dominant O, amplitude. Within the SM, we can
roughly estimate the asymmetry as S?Xﬁoy > =D X
sin2¢p; = —(2.7 = 0.9) X 1072, when we change the
CKM parameters as p=020*009 and 7=
0.33 £ 0.05. If we compute the asymmetry by taking into
account for only O7,,, our computation becomes Sk 0, =
—(2.7 £ 0.9) X 1072, Comparing the above two values,
we can check that our computation goes well, and contri-
butions except for O;, generate about 15% asymmetry.
Then we investigated what contribution except for Oy,
makes a difference from Eq. (4.1). If we neglect the
QCD annihilation contributions, the asymmetry becomes
as Sk 0, = —(3.8 % 1.7) X 1072, by abandoning all the
long distance contributions, Sg .0, = —(3.4 % 1.3) X
1072, and we discard the u and ¢ quark loop contributions
Sk, = —(3.0*14)X 1072 and Sk 0, =—(33*
1.6) X 1072, respectively. From the above consideration,
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the most effective contribution which generates the differ-
ence from the prediction with only O, amplitude is the u
quark loop contribution, because the amplitude with left-
handed photon chirality for B meson decay in Eq. (3.31)
can interfere with the right-handed photon chirality as
mentioned in [22,23].

The experimental data for the mixing-induced CP asym-
metry in B— K,7"y are given by Belle and BABAR as
follows [13-15]:

ox _ [—0.7972% +0.10  [Belle],
K*y—Ksm'y —0.21 = 0.40 = 0.05 [BABAR].
(5.1)

Comparing our prediction in Eq. (4.1) with the experimen-
tal data in Eqs. (5.1), we can see that our theoretical

PHYSICAL REVIEW D 73, 114022 (2006)

prediction is included in the range of the experimental
data. Furthermore, the time-dependent oscillations in B —
K¢y do not depend on the resonance structure; whether
the Ky7'7 final state comes from K* or not [24]. The fact
will be helpful experimentally to accumulate higher statis-
tics. Then we look forward to the improvement of the
experimental error in the near future and also for the
Super B factory when it is built.
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