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Abstract: Using the perturbative QCD approach, we studied the effects of the hadronic structure of photons on the

pure annihilation rediative decays B — ¢y and By — (0°,w)y. These decays have small branching fractions due to

the power suppression by A/mp, which makes them very sensitive to next-leading power corrections. The quark

components and the related two-particle distribution amplitudes of a final state photon are introduced. The branch-

ing fractions can be enhanced remarkably by factorizable and nonfactorizable emission diagrams. The branching
fraction of B — ¢y increases by approximately 40 times, and those of By — %y and B; — wy are on the order of

0(10719). We also note that the ratio of branching fractions of By — poy and By — wy is very sensitive to the ef-

fects of the hadronic structure of photons. All these results can be tested in future.
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I. INTRODUCTION

The B meson system, being a bound state that con-
sists of a b quark and a light antiquark, provides an ideal
laboratory for precise study of the Standard Model (SM)
of particle physics and thus facilitates the search for new
physics (NP). Because the b quark mass is much larger
than the typical scale of the strong interaction, the other-
wise troublesome long-distance strong interactions are
generally less important and are under better control than
in other lighter meson systems. Radiative decays B — Vy
are of particular interest in this respect. For example, the
isospin-asymmetry  parameter A =T(B* - p*y)/
[2I(B°(B°) — p"y)] -1 and the direct CP asymmetry
parameter Acp = [B(B~ — p~y) = BB - p*y)]/[B(B~ —
p~y)+B(BT — p*y)] allow us to extract the angle a of the
Cobibbo-Kobayashi-Maskawa (CKM) unitary triangle
[1]. The radiative B — K*y decays are usually viewed as
probes of the NP [2, 3] because they are induced by the
flavor-changing-neutral-current b — sythat only occurs
by loops. Therefore, it is meaningful to improve the the-
oretical predictions of these radiative decays, so as to

match the accurate measurements to be obtained in the
ongoing LHCb and Belle II experiments.

In the past few years, many efforts [4—8] have been
devoted to improving the theoretical predictions of these
exclusive radiative decays by including various correc-
tions, such as next-to-leading order in the strong coup-
ling «a,, non-factorizable corrections, and charm loop
contributions. Each correction may affect the experiment-
al observables, such as the branching fractions, CPasym-
metries, and forward-backward asymmetries. Some spe-
cial radiative decays such as B — ¢y and B, — (0°,w)y,
where the quarks in the final state are different from those
in the initial B meson, are called pure annihilation radiat-
ive decays. In particular, the annihilation diagrams are
viewed as power suppressed by A/mp with a typical had-
ronic scale A; therefore, the branching fractions are es-
timated to be small. For the decay B” — ¢y, which is in-
duced by penguin operators, the decay amplitude can be
factorized into the simple matrix (¢|5y,s|0) and the trans-
ition form factor (ylc?yﬂ(l —¥5)b|B%) in the naive factoriza-
tion. Its branching fraction is estimated to be on the order
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of O(10713), and it can be O(107'?) [9] by adding the
QCD corrections. Within the perturbative QCD (PQCD)
approach, its branching fraction has been predicted to be
1.6x 1072 [10] by one of us (Li). These predictions are
still much smaller than the current available upper limit
1.0x 1077 [11]. As a decay induced only by the penguin
operators, the branching fraction might be enhanced re-
markably by the effects of NP, such as in the R-parity vi-
olation supersymmetry model [9] and the non-universal
Z' model [12]. In this respect, before judging the effects
of NP, we should calculate the branching fractions in the
SM as precisely as possible.

As we know, in addition to the high order corrections
of a;, power corrections are important for the finite b
quark mass. In the B meson decays, there are many types
of power corrections, such as that from the high-twist dis-
tribution amplitudes of the B mesons [13—15], the high-
twist light-cone distribution amplitudes (LCDAs) of the
final state mesons [16, 17], and the hadronic structure of
the photon (HSP) [18, 19] in radiative decays. In the
framework of PQCD, the power corrections for B — ylvy
decay have also been investigated [19], wherein it was in-
dicated that both the contribution from the high-twist B
meson wave functions and the HSP can change the lead-
ing power result by approximately 20%. In view of the
power counting rules, the corrections from high-twist LC-
DAs of light mesons are no more than 10% for non-
leptonic B decays [20]. For the radiative nonleptonic B
decays that only occur through annihilation diagrams at
leading power, when the HSP is considered, the contribu-
tions from emission diagrams are involved, and the
branching ratio might be enhanced. Hence, the pure anni-
hilation decays are perhaps sensitive to the power correc-
tions. Motivated by this, we employ the PQCD approach
to investigate the corrections from the HSP to the B — ¢y
and B; — (p,w)y amplitudes, so as to improve the preci-
sion of the theoretical prediction.

The outline of this paper is as follows. In Sec. 11, we
briefly review the theoretical background and summarize
the expressions for the B— ¢y and B; — (p,w)y amp-
litudes. In Sec. III, the numerical results and discussion
are presented. We conclude this study in Sec. I'V.

II. FRAMEWORK AND INPUTS

It is well known that, when facing annihilation type
contributions, in collinear factorization such as QCD fac-
torization, the singularities destroy the perturbative calcu-
lations, and then, parametrization is adopted to evaluate
this type of contribution, which leads to a decrease in pre-
dictive ability. Using the PQCD approach [21, 22] based
on kr factorization, one can calculate the annihilation
diagrams perturbatively, because the end-point singularit-
ies are smeared by keeping the intrinsic transverse mo-
menta of the inner quarks. The pure annihilation decay

B; — nir was first calculated in 2004 [23] and the pre-
dicted branching fraction was confirmed by LHCb in
2006 [24], which implies that the results of pure annihila-
tion decays based on the PQCD approach are reliable.

In this study, we work in light-cone coordinates. In
the B meson rest frame, the momenta of the initial B
meson, the final vector meson (V), and the photon are ex-
pressed as

m -
PB=7%(1,1,0L),
mp > > mp b >
Py=—=(",1,0.), P,=—(1-r-,0,0)), (1)
V2 ARG B

with » = my/mg, my and mg being the masses of the vec-
tor meson and the B meson, respectively. For the light
quark in the B meson, we denote its momentum as

m
ki = (x17%,0,k1T), 2

where x; is the momentum fraction of the light quark,
and k7 is the transverse momentum of the light quark.
Similarly, the momentum of the quark of the final vector
can be written as

ko = (0,x2m—\/§,kzr)~ 3)

In this study, we do not regard the photon as a point-like
particle any more and consider its hadronic structure;
then, the momentum of the light quark in the photon can
be written as

ks = ("’—\ga —r*)x3,0,kar | (4)

In PQCD, the decay amplitude of the process
B— MM, is factorized into the convolution of the
Wilson coefficients (WCs) C(r), the hard kernel
H(x;,b;,t), and the wave functions of the initial and final
states, which can be expressed as

1 00
A Zf dxldXQdX3f bldblbzdb3b3db3C(I)q)B(xl,bl)
0 0

X Da(x2,b2)D3(x3,b3)H(x;, b;, 1) exp[ =S (x;,b;,1)],
%)

with b; being the conjugate variable of the transverse mo-
mentum k;7. The physics above the scale (m;) have
already been absorbed into the WCs C(r). The hard ker-
nel H(x;,b;,t) is governed by exchanging one hard gluon
and can be calculated perturbatively. The parameter ¢ is
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the largest scale appearing in the hard kernel H(x;,b;,1).
The wave functions describing the soft physics below the
factorization scale are not perturbatively calculable but
universal, which can be studied in some nonperturbative
approaches. The last exponential term is the so-called Su-
dakov form factor, which arises from the resummation on
the double logarithmic terms containing the additional en-
ergy scale introduced by the transverse momentum.

In PQCD, the most important inputs are the wave
functions, which describe the inner dynamics of the ini-
tial and final particles. In the past decades, the wave func-
tions of the B meson and vector mesons have been well
studied in two-body nonleptonic B decays, such as in
Refs. [21-23, 25-28]. In general, the wave function
® 1,0 With Dirac indices a, are decomposed into 16 in-
dependent components, 1,3, )/(‘Yﬁ, O'fi;, (Y*¥5)ap, and ysqg.
For the heavy pseudo-scalar B meson, the structure
(Y*ys)ap and 7ys.s components remain as leading contri-
butions. Therefore, ®p .4 is written as

Dpop = \/W {(lp BYS)apdls + VSaﬁCbB} (6)

where N. =3 is the color's degree of freedom, and ¢2’P
are Lorentz scalar wave functions. According to the
heavy quark effective theory, we obtain ¢ ~mpes.
Hence, the B meson's wave function can be simplified as

Dpop(x,b) = [(1” 175)ap + mBVSaﬁ] ¢p(x,b).  (7)

i
V2N,

For the Lorentz scalar wave function ¢g(x,b), there is a
sharp peak at the small x region; we use

x2

2

m

#p(x,b) = Npx*(1 —x)zexp[— L
Zwb

1
- §<wbb>2], @®)
which is adopted in Refs. [21, 22]. It is noted that ¢p is
normalized by the decay constant fg,

_fB

1
fdx¢3(xb 0)= ZVW

©

As mentioned above, the parameters wp, = 0.40+0.08 for
the B® meson and wy, = 0.50+0.10 for the BY meson are
almost best fits from the well measured results of the
By — Kn, nn decays [21, 22, 28, 29], including the
branching fractions and the CP asymmetries. For the vec-
tor mesons ¢, p°, and w, we also pursue the same strategy
and adopt the same wave functions obtained in QCD sum
rules [30]. Very recently, the Gegenbauer moments in the
wave functions of the light mesons have been fitted to
available data of branching fractions and direct CP asym-

metries globally [31], and the fitted results are in good
agreement with those in [30].

When studying the hard exclusive processes in-
volving photon emission in QCD, a specific feature is
that a real photon contains both a pointlike, electromag-
netic (EM) component and a soft, hadronic component.
Similar to a transversely polarized vector meson, the two-
particle distribution amplitudes of a final state photon can
be defined as [32]

(v(p, V1g(2)7apq(0)|0)

1 .
OGO Ps850 = o) [ e g,
(10)

(P, VNg(2)7aq(0)I0) = =0y f3y8), f due” 4y (u, ),

(11)
(v(p, Dlg(2)yay59(0)|0)
1 * ! iup- a
= Z qu3yfaﬁpappza-gyﬁ j()‘ due™? Z'//; )(u,,u), (12)

where 4 and g, denote the polarization and the related po-
larization vector. The Lorentz scalar wave functions
¢y(u,p) and zp(” (u, ) are twist-2 and twist-3 distribution
amplitudes (DAs), respectively. (Gq) and y(u) are the
quark condensate and the corresponding magnetic sus-
ceptibility. f3, is the decay constant of the photon, which
appears in the twist-3 DAs. It should be emphasized that
(qq), x(u) and f;, are all scale dependent, and their evol-
ution equations can be found in Refs. [18, 19]. Finally,
we write the momentum space projector for the two-
particle LCDAs (up to twist-3) as

M), = 4Q,,{ Gy IRy 40 = o (£ W )
f%yfﬂvpo-(y'uy > *V[ au W(a)(uall)

—2E " (u, 1)

ok, ]}aﬁ,
(13)

and n=(1,0,07) and 7#=(0,1,07) are two unit vectors
with opposite directions. In our numerical calculations,
the contributions from transverse momentum depend-
ence of the photon wave functions are very small, which
indicates that the last part in the third term can be neg-
lected safely.

The distribution amplitudes ¢, (u,u), ¢"(u,u) and
Y (u, ) have been systematically studied in Ref. [32], and
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their expressions are written as

¢y (u, 1) = buii

1+, bnwcz”(f)], (14)
n=2

15
W) = 10P2(E) + = [30) (1) - ) ()| Pa€).
(15)

YO (u,p) = C”(t)

T+ 0l - o ym)]

(16)

with £ =2u-1. Cﬁ/ 2(§) and P,(¢) are Gegenbauer poly-
nomials and Legendre polynomials, respectively. Since
the scale dependence of the parameters b,(u), w‘y/ (u) and
w;‘(y) have been well studied in Refs. [19, 32], we do not
show them here. Typically, when =1 GeV, we have

by =0.07£0.07, W} =38+18, o =-21+1.0. (17)

Because the massless photon is transverse polarized
only, the decay amplitude of the radiative decay B — Vy
can only be decomposed into two parts as

A= (&) )A + €wpory ey POPTAL,  (18)

1
Py-P,

with the polarization vectors of the vector meson and the
photon ‘9v and &, respectively. With the calculated AS
and A" in the PQCD approach, the branching fraction of
the B — Vy decay is

S 12 P2
B = TBMU _ r2), (19)

8mmp

where 75 is the lifetime of the B meson. At the leading

Fig. 1.

order and the leading power, the decay amplitudes A’
and A" have been calculated in detail in Ref. [10], and
we do not present them further.

Now, we study the contributions from the HSP to de-
cays B — ¢y and By — (0°,w)y. In the following, we take
B® — ¢y asan example for illustration, which is gov-
erned by the b — d5s transition. According to the effect-
ive Hamiltonian [33], the corresponding diagrams are
plotted in Fig. 1. The decay amplitude with the contribu-
tion of the HSP can be expressed as

4 . a7 ag\ i
ﬂ;I(B — ¢y) ==ViV,, (d3 +as— 37 - ?)ﬂlfli?
Ci0\ L
He- 50 )
Cs\ isp)
+{Co-3) )
ay (LL) (LL)
+ (a3 - ?)(ﬂll-lafl +ﬂlHaf2)
a7\ ( Hi(LR) i(LR)
+ (as - 2 )(ﬂH,afl +‘?{H,af2)
Cio i(LL) i(LL)
+ (C4 5 ) (‘ﬂH,an 1t Ay f2)
Csg (S P) i(S P)
+ (C6 - 7 ) (ﬂlH,anfl + ﬂlH,aan) ]’ (20)

with i = §, P. The combined coefficients a; are defined as

a3 =C3+C4/3, as =Cs+C¢/3,
a7 = Cy+Cs/3, ag = Co +C10/3. 1)

The subscripts "ef" and "enf" stand for the factorizable
and nonfactorizable diagrams with the emission of a ¢
meson, respectively. Similarly, "af1(2)" and "anf1(2)"
mean the factorizable and nonfactorizable annihilation
diagrams, where the number "1 (2)" means the case in
which the produced strange quark enters the ¢ meson (y).
The superscripts "LL," "LR," and "S P" represent the in-
serted (V-A)®(V-A4), (V-A)R(V+A), and (S -P)®
(S + P) currents. The expressions of the diagrams with

=

(color online) Leading order Feynman diagrams of B® — ¢y decay with the hadronic structure of the photon in PQCD.
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different operators are given in the Appendix. Combin-
ing Egs. (19) and (20), we calculate the branching frac-
tion of this decay.

III. RESULTS AND DISCUSSION

In this section, we first list some parameters in our
numerical calculations as [11, 30]

f5=210£20 MeV, fg =230+20 MeV,
fi =186+9MeV, f] =165+£9 MeV,
fI=151£9 MeV, Vy, =0.999172*5000024,
0.00082 0.00023
Vs =0.03978*000082 v/, = 0008547590033

5= 1.519x107"%s, 75 = 1.527x107"%s. (22)

Using the above input parameters, we calculate the
branching fractions of B° — ¢y,B; — py, and Bs; — wy
including corrections from the HSP at leading order and
list the results in Table 1. In addition, the results of the
leading power are presented for comparison. In our calcu-
lations, three types of errors have been studied, which are
from uncertainties of the nonperturbative physics, un-
known QCD corrections, and CKM matrix parameters.
The first errors are from the uncertainties of the paramet-
ers in the wave functions, such as the decay constants and
the inner parameters in the distribution amplitudes of the
initial and final mesons. It should be emphasized that
these types of errors are dominant, and more precise res-
ults from nonperturbative approaches are needed in fu-
ture. The second uncertainty comes from the QCD scale
Aqcp and the hard kernel scale ¢, whose variants reflect
the effects of the higher order QCD corrections. In this
study, we set Aqcp =(0.25+0.05) GeV and vary ¢ from
0.8¢ to 1.2¢. The final errors are caused by the CKM mat-
rix elements.

From Table 1, one finds that, at the leading order, the
branching fractions of the B; — (0°,w)y decays are much
larger than that of B® — ¢y; this is because the former de-
cays have the aucomponent and thus gain contributions
from the tree operators with larger WCs. It is important to
note that, when the contributions from HSP are included,
the branching fractions of all concerned decays are en-
hanced remarkably, and the branching fraction of B — ¢y
increases by approximately 40 times compared with that
of leading power. At leading power,B — ¢y is governed
by the transition b — dss, and the produced 5 and s
quarks form the final @ meson. The photon can be radi-
ated from any quark participating in the weak interaction.
Due to the symmetry, the contributions of the photon ra-
diated from the strange and anti-strange quarks are can-
celed by each other; therefore, only the diagrams with
photons emitted from the beauty and down quarks con-

Table 1.
branching ratios (IBR) of the pure annihilation type B — Vy

Leading order (LO) branching ratios and improved

decays in the PQCD approach.

Decay modes LO(107'2) IBR(107'1)
B - gy 0.9%03703750 35703014
B, — %y 728385408153 1243470552060
By — wy 8.6133745+02 351513 a0

tribute to the amplitudes. The explicit amplitudes are giv-
en in Ref. [10]. When the contributions of the HSP are in-
cluded, more diagrams contribute to the amplitudes A
and A", as shown in Fig. 1. Compared with diagrams of
leading power, both factorizable and nonfactorizable
emission diagrams contribute to the amplitudes without
cancellations. Furthermore, for the nanfactorizable
diagrams, besides the (V-A)(V—-A) operators, the
(S — P)(S + P) operator that results from the Fierz trans-
formation of the (V- A)(V +A) takes large contributions.
This picture is very similar to that of the B — p% decay.
After summing all contributions, we find that the amp-
litude from the HSP is much larger than that of the lead-
ing power, leading to a larger branching fraction.

Generally, the power expansion (1/mg) in B meson
decays is an effective expansion in most decay modes,
such as two-body non-leptonic decays. As stated in Sec.
I, there are many sources of power corrections, such as
the high-twist DAs of B and light mesons, the soft correc-
tions to the leading twist contributions, and the sublead-
ing power “hadronic” photon correction. For the power
corrections from B and light mesons, their contributions
are less than 20%. Such corrections could be plagued by
large theoretical uncertainties, and we have not discussed
these effects yet in the current work. However, for the
pure annihilation radiative B — Vy decays, the leading
power contributions (annihilation diagrams) are already
power suppressed compared with decays dominated by
the emission type diagrams. When the HSP is taken into
account, the emission diagrams are involved, which en-
hances the next-to-leading power contributions and
makes the higher power corrections significantly larger
than those of the leading power. All these can be sum-
marized as follows: for some special decay modes, if the
leading power contributions are suppressed by some
mechanism, the higher power contributions could be lar-
ger than those of the leading power, which may lead to
the branching fraction being enhanced significantly.

We also note that the branching fractions of By — p%y
and B; — wy are on the order of O(107'Y), and that of
B — ¢y is on the order of O(10~!"). Unfortunately, such
small branching fractions cannot be measured in current
experiments. To highlight the effects of the corrections
from HSP, we define a ratio as follows:
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_ BB, - p)

Row = B(B; - wy)’

(23)

which can reduce of the dependence on the nonperturbat-
ive parameters effectively. At leading power, Ry, ~ 8 is
much larger than 1, whereas this ratio becomes 0.35 when
the HSP is involved. It is apparent that this ratio de-
creases by approximately 40 times; thus, it may be a good
probe for testing the effects of HSP when the data are
available. At leading order, because of the interference
between theuin and dd components, By — p’y has larger
penguin contributions than B; — wy, leading to the
branching fractions of B; — p’y being much larger than
that of B; — wy. When including the HSP corrections, al-
though they are suppressed by the CKM matrix elements
and the power, the newly introduced tree contributions by
the #u component in the photon are comparable with
those of penguin contributions, due to the large WCs, es-
pecially in the nonfactorizable diagrams. Because the
signs of dd in p° and @ are different, the interferences
between contributions of tree operators and penguin ones
are different for B; — p’y and B, — wy decays. Again,
due to the interference between the tree and penguin con-
tributions, the HSP corrections to By — p’y are much
smaller than those to B; — wy, leading to a small R, .

As mentioned above, the HSP corrections could in-
crease the branching fractions of these pure annihilation
decays remarkably. In Ref. [19], it is found that the con-
tribution of the HSP plays an important role in the
B — ylv decay and the branching faction can be de-
creased by 20%. In Ref. [34], the contributions of electro-
magnetic penguin operators to By — (0°,w)y decays have
also been examined in QCDF, and the results indicate
that they are suppressed by the electromagnetic coupling
constant a,. Very recently, these three decays have been
comprehensively analyzed at leading power in the frame-
work of soft-collinear effective theory in [35], where the

authors found that the ¢ —w—p° mixing effect could en-
hance the branching fractions of B — ¢y and B; — wy
by approximately three orders of magnitude. If their con-
clusion holds in PQCD, the branching fractions of
B° — ¢y and B, — wy are roughly estimated to be on the
order of 1078 and 1077, respectively, which might be
measurable in Belle-Il and LHCb experiments. Future
measurements on these decays will be helpful in discern-
ing all the above physics mechanisms.

IV. SUMMARY

As pure annihilation type radiative B decays sup-
pressed by A/mgp, the decays B — ¢y and B, — (0%, w)y
governed by flavor changing neutral currents have small
branching fractions, which makes them very sensitive to
the effects of the new physics beyond the SM. Before
studying the effects of new physics, it is necessary for us
to calculate the observables in the SM with high preci-
sion. In this study, we mainly investigate the power cor-
rections from the HSP in these pure annihilation decays.
Because the quark components in photons are taken in ac-
count, emission diagrams are involved, which are not
suppressed in comparison to the annihilation diagrams.
Thus, the branching fraction of B — ¢y is enhanced by
approximately 40 times, and the branching fractions of
By, — p’y and B; — wy are on the order of O(107'7).
Moreover, to shed light on these types of corrections and
reduce theoretical uncertainties, we define a ratio of
branching fractions of By — p’y and B, — wy, namely
R,w, and find that this ratio is changed significantly by
the HSP. All the above results can be tested in high lu-
minosity accelerators in the future.

APPENDIX A: AMPLITUDES

The amplitudes of factorizable emission diagrams (a
and b) with the (V- A)(V — A) current are given as

3 . 1 00
‘7[}3(5;) = \/;HCFerVQdm%ththf dX]dX3f b1db1b3dbspp(x1,b1)
0 0

x{[fsy(xacp;(xa) +4(x3 +2)}(x3)) — 4mpx (U)(dd)py (x3) | Cta) Eepta)hep[x1, x3(1 = 1), b1, b3

- f3y[¢$(x3) - 4¢;(x3)]C(tb)Eef(tb)hef[x& x1(1=r}),b3,b ]},

(AT)

3 i 1 00
‘?{Z(,S;) = \/;ﬂch(bTrVQdm%Vfthdf dxldef b1db1b3db3¢p(x1,b1)
0 0

X {[fgy((z + x3)%(x3) + 4x30) (x3) ) + Ampx () dd)py (x3) | C(ta) Eey (taDhes (x1, x3(1 = 13), by, b3)

+ fay|054(x3) = 463 (x3) | C(t6) Eef (1) he s [x3, x1(1 = 17), b, bl]},

(A2)
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with the color factor Cr =4/3 and the ¢(1020) meson de- are very similar to a vector.

cay constant f¢T . Qg is the charge of the down quark in For the nonfactorizable emission diagrams (¢ and d),
the hadronic structure of the photon. The Sudakov form not only the (V-A)V-A) current but also the
factors E,r, hard functions h.r, and scales 7,;, can be (S —P)(S +P) current can be inserted, and the corres-

found in Ref. [27] because the behaviors of the photon ponding amplitudes are written as
|

1 00
Ayt =rCrrymyQq fo dx;dxydis fo b1dbybydbrdp(x1,by)
x { |82 = Dby (s (ymip(ded)(5 (x2) + @(62)) | Eens(taDhensal 1, %2, 53, b1, b
=4[220, (r3 ) ymp(da)( 9y (x2) + 65(x2)) = fy (2 + 23)(@(x3)55 (x2) — 40, (x3)8 (1)) |
><Eenf(lb)henfb[xl,xz,x3,b1,bzl}, (A3)
1 00
Ayt =xCrrymyQq f dxdxpdaxs f b1dbbydby¢p(x1,by)
0 0

X { [8(1 = x2)6h, (xa W ymp(dd)(#5(62) + 8 (62)) | Eens(taDhensal 1, X2, X3, b1, b
+4[ 220, (r3 ) )mp(da)( 9 (x2) + G(x2)) + fy (32 + 23)(4) (33 (x2) = 9% (x3)85 (1)) |

X Eenf(tb)henfb[xl,xz,xs,bl,bz]}, (A4)

1 00
Apon? =nCrrymyQq f dxydxadxs f bidb1bydbydp(x1,bi)
0 0
x {4 |20, = Dby Cea ) (ymp(d)( 9 (x2) = By (x2)) = foy (x2 = x3 = D465} (x3)} (x2) + ¢ (x3)5(x2) )|

X Eonf(ta)henfalx1, %2, %3, b1,b2] + [ 8200, (xa y (m(dd)( ¢} (x2) — 65 (x2) )| Emf(rwhenfb[xl,xz,xg,b],bzl},

(AS5)
Apon? =nCrrymyQq fo 1 dxydxodxs fo "~ bydbibadbaga(r.b)
x {4 [201 = x2), Cea ) (yms(dd) (9 (x2) = B3 (x2)) + fay (1 = 32 + 23)(48) (X3 (x2) + B (x3)85 (1)) |
X Eong(ta)hengalX1,%2, %3, b1,b2] + [8x20, (s (m(da)( 9y (x2) = @(x2))| Eeny (o em g [x1, %2, %3, b1, bz]}~
(A6)

For the annihilation diagrams (e-%), because the produced strange quark can enter not only the ¢ meson but also the
photon, we have to discuss two cases. If the strange quark enters the photon, the corresponding factorizable and nonfac-
torizable annihilation amplitudes with possible currents are given as

1 00
Ayt =- \/gncp FoQsry faymy f dx,dixs f bydb,bsdbs
0 0
x{[x3(¢$<x3> + 490 (x3)) (05 (x2) — B (x2)) — 264(x3)5 (x2) + 86 (x3)8%(x2) | Eap(te)hagel X2, X3, b, b]

+ [x2(¢$(x3) — 4y (x3)) (95 0r2) + B (x2)) + (44 (x3) + b (x3) )85 (x2) - ¢;(x2))] Eqp(t)hagflx2, x3,b2, ba]},
(AT)
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3 1 o
ﬂg§§§3 =\/;7rcF [ Osrv faym, fo dxpdaxs fo bydb,b3dbs

x{[¢$<x3>(<x3 = 2)py(02) = X35(x2)) = 4y (x3)( (o3 = 205 (2) = X35(x2)) | Eap(teDhagelx2, %3, b2, 3]

2 (#403) — 408 (x03) ) (85 0r2) + 83 (2)) = (@503 + 48y (x2)) (8 (22) — B (x2) )] Eafaf)haff[xz,xg,bz,bgl},

(A8)
S(LR) _ 7S(LL)
A art = Aparis (A9)
P(LR) _ _ gP(LL).
Apart = ~Anasis (A10)
S(LL ! *
‘ﬂHEan}l :4”CFQ5’Vm%£ dx;dxpdxs j(; b1db1bydbr¢p(x1,b1)
X { [ £ (#5635 (x2) — 40 (x3)}(x2)) + 2(x2 = Dryhy (x3)), (e (t)ms(s)
X Eang(t)hanfelx1,X2,%3,b1,b2] =2 [xzrv¢y(x3)¢fp(xz))((ﬂ)m3] Eang(tn)hansnlx1,x2, X3,b1, bz]}, (A11)
P(LL ! *
ﬂH(,an}l :47TCFerVm% ﬁ d.X'] dx2dx3 jo‘ b] db] bgdb2¢3(x1 N b])
x { [ 737 (46 (xa)hy (x2) — 95x3)5 (x2)) + 202 = Dryeby (x3)6 (e (uyms () |
X Eqn(tg)hanfelX1,%2,X3,b1,b2] =2 [erv¢y(x3)¢£p(xz))((#)m3] Eanp(t)hangnlx1, X2, %3, b1, bz]}, (A12)
SSP) _ pS(LL)
ﬂH,anfl - ﬂH,anfl’ (A13)
P(SP) _ _ pP(LL)
ﬂH,anfl - _ﬂH,anfl' (A14)
When the strange quark enters the ¢ meson, the amplitudes are expressed as
S(ULL) _ 7S(LR) _ 7S(LL)
Aarr = Anarn = A (A15)
P(LL) _ _ gP(LR) _ _ P(LL)
Aparr = Anar = Ay aps (Al6)
S(LL : *
ﬂH(,an}Z =4”CFermeajo‘ dx;dxodxs fo b1db1bydbypp(x1,b1)
X { [ £ (@400 (x3) = 40 (x2) 83 (43)) = 237y ()8l (63 ) (355D | Evan (b Yhan g1, %2, %3, b1, b2
+2 [(x3 - 1)rv¢y(x2)¢fp(x3))((ﬂ)m3] E g (t)hangnlx1 ,xz,xs,bl,bz]},
(A17)

023104-8
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1 00
ﬂz(ﬁf;}z =47rCFerVm%f dxld)Czd)C3f bldblbzdb2¢3(xl,b1)
0 0

x { [ £y (465 (205 (x3) — 45 (x2) (x3)) + 237y by (x2) 8y (X3 W ()M (55)| Eantg)hange[ X1, 32,3, b1.b2]

-2 [(X3 - 1)VV¢7(X2)¢;(X3)XCU)MB] Eanf(lh)hanfh[xl,Xz,xs,bl,bz]},

(A18)
S(SP) _ 4S(LL)
Ay an> = Ananpa> (A19)
P(SP) _ P(LL)
Abt.an 2= A an f2° (A20)
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