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We calculate the branching ratios and CP-violating asymmetries for BY — 7°n) decays in the
perturbative QCD (pQCD) factorization approach here. We not only calculate the usual factorizable
contributions, but also evaluate the nonfactorizable and annihilation type contributions. The pQCD
predictions for the CP-averaged branching ratios are BR(BY — 7%7) = 0.86 X 10”7 and BR(B? —
m07n') = 1.86 X 1077, The pQCD predictions for the CP-violating asymmetries are A%L(7%7) ~
—4.5%, AYL(707') ~ —9.1%, ARX(7%n) ~ —0.2%, and ATX(7°7n') ~ 27% but with large errors. The
above pQCD predictions can be tested in the forthcoming LHC-b experiments at CERN.
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L. INTRODUCTION

The experimental measurements and theoretical studies
of the two-body charmless hadronic B meson decays play
an important role in the precision test of the standard model
(SM) and in searching for the new physics beyond the SM
[1]. For these charmless B meson decays, the dominant
theoretical error comes from the large uncertainty in eval-
uating the hadronic matrix elements (M;M,|0;|B) where
M, and M, are light final state mesons. The QCD factori-
zation (QCDF) approach [2] and the perturbative QCD
(pQCD) factorization approach [3,4] are the popular meth-
ods being used to calculate the hadronic matrix elements.

When the LHC experiment is approaching, the studies
about the decays of B; meson draw much more attentions
then ever before. At present, some two-body charmless
hadronic B, meson decays have been calculated, for ex-
ample, in both the QCDF approach [5] and/or in the pQCD
approach [6]. In this paper, we would like to calculate the
branching ratios and CP asymmetries for B, — 71"
decays by employing the low energy effective
Hamiltonian [7] and the pQCD factorization approach.
Besides the usual factorizable contributions, we here are
able to evaluate the nonfactorizable and the annihilation
contributions to these decays.

Theoretically, the two B, — 7°n) decays have been
studied in the naive and generalized factorization approach
[8,9] or in the QCD factorization approach [10]. On the
experimental side, only the poor upper limits for the
branching ratios are available now [11]

BR (B — 799") < 1.0 X 1073, (1)

Of course, this situation will be improved rapidly when
LHC-b starts to run at the year of 2007.

For B, — 799" decays, the light final state mesons are
moving very fast in the rest frame of the B; meson. In this
case, the short distance hard process dominates the decay
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amplitude, while the soft final state interaction (FSI) is not
important for such decays. The FSI effect is in nature a
subtle and complicated subject. The smallness of FSI
effects for B meson decays into two light final state mesons
has been put forward by Bjorken [12] based on the color
transparency argument [13], and also supported by further
renormalization group analysis of soft gluon exchanges
among initial and final state mesons [14]. With the
Sudakov resummation, we can include the leading double
logarithms for all loop diagrams, in association with the
soft contribution.

This paper is organized as follows. In Sec. II, we calcu-
late analytically the related Feynman diagrams and present
the various decay amplitudes for the studied decay modes.
In Sec. III, we show the numerical results for the
CP-averaged branching ratios and CP asymmetries of
B, — 71" decays and compare them with the measured
values or the theoretical predictions in QCDF approach.
The summary and some discussions are included in the
final section.

II. PERTURBATIVE CALCULATIONS

For B, — 7'y decays, the related weak effective
Hamiltonian H.y can be written as [7]

.Hﬁ=%P%mwmmmm+qumm
10

—mmzawaw} @)
i=3

The explicit expressions of the operators O; can be found,
for example, in Refs. [15,16].

In the pQCD approach, the decay amplitude is concep-
tually written as the convolution,

A(B, — M,M,) ~ f 4k, d*kyd ks TH[C (D) Dy (k)

X @y (k) Dy, (k3)H (ky, ko, k3, 1)), (3)
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where k;’s are momenta of light quarks included in each
mesons, and Tr denotes the trace over Dirac and color
indices. C(¢) is the Wilson coefficient which results from
the radiative corrections at short distance. The function
H(ky, ko, k3, t) describes the four quark operator and the
spectator quark connected by a hard gluon whose g2 is in

the order of AMjy, and includes the O(/AMjy) hard

dynamics. Therefore, this hard part H can be perturbatively
calculated. The function ®,, is the wave function which
describes hadronization of the quark and antiquark to the
meson M. While the function H depends on the processes
considered, the wave function ®,, is independent of the
specific processes. Using the wave functions determined
from other well-measured processes, one can make quan-
titative predictions here.

Since the b quark is rather heavy we consider the B,
meson at rest for simplicity. It is convenient to use light-
cone coordinate (p*, p~, pr) to describe the meson’s mo-
menta,

1
T=—7@"xp), and pr=(pLp) @
p NG} p p Pr p,p
Using these coordinates the B, meson and the two final
state meson momenta can be written as
My Mp

\/j? (1’ 1) OT): \/j (17 Or 0T)5

Py P, =

5

Py ="20,1,0,) v
3 \/i y L, VT)s

respectively, here the light meson masses have been ne-

glected. Putting the light (anti) quark momenta in B, 7°

and 7’ mesons as k;, k,, and ks, respectively, we can
J
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choose

ky = (x;P{,0,Kk7), ky = (x2P5, 0, Ko7),
k3 = (0, X3P3_, k3T)'

Then, the integration over k|, k5, and k3 in Eq. (3) will
lead to

AB, — 7'n") ~ f dx,dx,dx3b,db,b,db,bydb,

X T C(6)® g (xy, by)D 0(xy, by)
X (I)nm (x3, b3)H(x;, by, DS, (x))e 50,
@)

where b; is the conjugate space coordinate of k;r, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
double logarithms (Inx;) on the longitudinal direction are
summed by the threshold resummation [17], and they lead
to S,(x;) which smears the endpoint singularities on x;. The
last term, e 5%, is the Sudakov form factor which sup-
presses the soft dynamics effectively [14]. In numerical
calculations, we use a, = 47 /[, In(£*/ AS)CD)] which is
the leading order expression with A(Q%D = 193 MeV, de-

rived from AQep, = 250 MeV. Here 8, = (33 — 2n,)/3,
with the appropriate number of active quarks n;.

Similar to B — pn" and B — 7" decays, there are 8
type diagrams contributing to the B, — 7°n") decays, as
illustrated in Fig. 1. We first calculate the usual factorizable
diagrams 1(a) and 1(b). Operators Oy, O,, O3, O4, Oy, and
O, are (V — A)(V — A) currents, the sum of their ampli-
tudes is given as

1 00
Fop= 4\/—2'7TGFCFfTrm%S'[) dxldx3ﬁ) bydbibydbydp (x1, b){[(1 + x3) P (x3, b3) + (1 — 2x3)r5, (4 (x5, b3)

+ d’g(x& bS))] : as(té)he(xly X3, bl’ b3) exp[_Sah(t;)] + 2}"%(1)};]()(3, b3)ax(l%)he(x3’ X1 bS’ bl) exp[_Sab(l%)]}y

where r; = mgff/mle; Cr =4/3 is a color factor. The
function 4., the scales ¢, and the Sudakov factors S, are

displayed in the appendix.

The form factors of B, to n) decay, F g 51_""(/) (0), can thus
be extracted from Eq. (8), that is

P ©

pB—n" g*=0) =
\/EGFfﬁMIZSS

0,1

The operators Os, Og, O, and Og have a structure of
(V= A)(V + A). In some decay channels, some of these

"The term mg** is the chiral enhancement factor to be defined
lately in Eq. (25).

®)

[

operators contribute to the decay amplitude in a factoriz-
able way. Since only the axial-vector part of (V + A)
current contribute to the pseudoscaler meson production,
(m|V = AIBXn|V + A|0) = —(@|V — AIB)Xn|V — A|0),
that is

FEl = —F,,. (10)

For the nonfactorizable diagrams 1(c) and 1(d), all three
meson wave functions are involved. The integration of b;
can be performed using & function §(bs; — b,), leaving
only integration of b; and b,. For the (V — A)(V — A)
operators, the result is
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71'0 n.O
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/A‘\ " o n e
(e) () () (h)
FIG. 1. Diagrams contributing to the B — 797) decays [diagram (a) and (b) contribute to the B, — ) form factor Fg%_'"m].
16 1 00 P _ _
M,, = — 7GrCpm [ dx, dxydics f bydb,bydb, Mey = ~Mey, (12)
V3 *Jo 0
X ¢ (x1, b)) 5 (xa, br)xs[dy(x3, b))
= 2r5¢7(x3, b)) - a(tp)hp(xy, X3, X3, by, by) For the nonfactorizable annihilation diagrams 1(e) and
X exp[— Scd(ff)]- (11) 1(f), again all three wave functions are involved. Here we

have two kinds of contributions. M ,,, and M 5,, describe the
M f,, is for the (S — P)(S + P) type operators, which are  contributions from the (V — A)(V — A) and (S — P)(S +

from Fierz transformation for (V — A)(V + A) operators: P) type operators, respectively,
|

16 1 00
o= = TCsCrm, fo dox, dx,dxs ]0 bydbybydbydy (x1, bz b (s, b2) b (x by)

+ raridxy (5 (xa, by) — ¢L(xa, b)) - (D1 (x3, by) — d1(x3, ba)) + x3(Ph(xp, by) + L (x0, b)) - (P (x5, by)

+ @7 (x3, b)) e (1)) (xy, X3, X3, by, by) expl =S, (11)] — {05 (x3, bo) % (x, b2)

+ rari[((n + x5+ 2)h(xa, by) + (x5 — x3) @7 (x2, b2)) ph(x3, by) + (x5 — x3) P (x3, by)

+ (0 + x3 = 2)@7(x3, b2)) T (xp, Do) e (1) (xy, x5, X3, by, by) expl—S, (1711, (13)

M

Mz, = b—ngFcFm‘g\_ || dxidvadss [ 7 bidbibadbady, (1, b, b B bo) + oG by
- ¢£(er b,)) - (¢f,(x3: by) — ¢Z,(x3, b,)) + xz(qﬁﬁ(xz, by) + ¢>7Tr(xz, by)) - (¢f,(x3, b,)
+ ¢f,(x3, bz))]}as(t})h}(xly X3, X3, by, by) CXP[_Sef(f})] — {0 dh, bz)ﬁb?,(xz, by)
+ rard[(( + x5 + 2)h(xa, by) + (x5 — X2) P 1 (x2, b)) o (x3, by) + (x5 — x2) (x5, by)

+ (g + x3 = 2)¢7 (x3, b)) T (xp, b)) By (1) 7 (xy, X2, X3, by, by) expl =S, (1)1} (14)

where r‘;;d = mg undd [ p, [for the definition of chiral enhancement factor mg wdd see Eq. (25)].
The factorizable annihilation diagrams 1(g) and 1(h) involve only 7° and 5 wave functions. There are also two kinds
of decay amplitudes for these two diagrams. F,,,, is for (V — A)(V — A) type operators, FZ, is for (V — A)(V + A) type

operators:
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1 00
FY =F,, = 4\/§7TGFCFfB,\.m41§X‘/;) dxzdxsﬁJ bydbyb3dbs{[x; % (x5, b3) in(xp, by) + 2r, (x5 + 1) % (x3, b3)

+ (03 = D (x3, b3))ph(xa, by)] - a, () h,(x, x3, by, b3) eXP[_Sgh(fg)] - [xzd’é,(x& b3) 5 (xz, b))
+ 2r il ph (s, b3) (0 + 1) dL (x5, ba) + (5 — DL (xa, b)) - @ (£8)h,(x3, X2, b3, by) exp[— S, (18]}

If we exchange the 77 and 7”) in Fig. 1, the correspond-
ing expressions of amplitudes for new diagrams will be
similar with those as given in Egs. (8)—(15). The expres-
sions of amplitudes for new diagrams can be obtained by
the replacements,

Gho bl el el e
(16)
For example, we find that
F,.= —Fm](,), FP_ = —FaPn(,). an

Now we are able to calculate perturbatively the form

factors Fg ‘_'"()(O) and the decay amplitudes for the
Feynman diagrams after the integration over x; and b;.
Since we here calculated the form factors and amplitudes
at the leading order (one order of ay(t)), the radiative
corrections at the next order would emerge in terms of
a,(t)In(m/f), where m's denote some scales, like
mp, 1/b;, ..., in the hard part H(z). We select the largest
energy scale among m's appearing in each diagram as the
hard scale #'s for the purpose of at least killing the large
logarithmic corrections partially,

1t = a, max(\/x3smp, 1/by, 1/b3),

12 =a, max(\/xymg, 1/by, 1/b;),

t; = a,  max(\/x3mp, 1/by, 1/b3),

1= a, max(\/x;mg , 1/by, 1/b3), (18)
tr = a, - max(\/x;x3mp, \JXyx3mp , 1/by, 1/by),

tp = a, - max(yxx3mp, 1/by, 1/b,),

t} a, - max(y/x; + xp + x3 — x1x3 — Xox;3

X mB:, 1/)sz:ﬂ’an, l/bl, l/bz),

where the constant a, = 1.0 = 0.2 is introduced in order to
estimate the scale dependence of the theoretical predic-
tions for the observables.

In Refs. [15,16], a brief discussion about the n — %’
mixing and the gluonic component of the ' meson have
been given. Here we do not show it again.

Combining the contributions from different diagrams,
the total decay amplitude for B — 77°7 can be written as

(15)

{

VoM (') = F,{£,(C) +1Cy) — £,(-3C; — 1y
+3Cy +1C10)}F>(6,)
+ M, {€,Cy — &(—3Cg +3C10)}F,(6),)
+ My + M) {6,Cy — £3C10}F1(6),)
— &M, + MEL3CF(6)). (19)

The decay amplitudes for BY — 7%n/ can be obtained
easily from Egs. (19) by the following replacements
sinf,,

V2 (20)
F,(60,) — F5(6,) = cosf, — \/Esinﬁp.

Fi(0,) — Fi(6,) = cosb, +

Note that the possible gluonic component of %’ meson has
been neglected here.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters and wave functions

We use the following input parameters in the numerical
calculations

AT =250 MeV, £, = 130 MeV,
f5, =230 MeV,
mg” = 1.95 GeV,

Mg = 5.37 GeV,

mg“‘? = 1.4 GeV,
fx = 160 MeV,
My, = 80.41 GeV.

2D

For the CKM matrix elements, here we adopt the
Wolfenstein parametrization for the CKM matrix, and
take A = 0.22, A = 0.853, p = 0.20 and » = 0.33 [11].
For the B; meson wave function, we adopt the model
Mz x> 1

¢p (x, b) = Np x*(1 — x)? exp[— 2w§‘ ~5

(wBsz}

(22)

where wp_is a free parameter and we take wp = 0.50 *
0.05 GeV in numerical calculations, and Ng = 63.7 is the
normalization factor for wp = 0.50.

For the light meson wave function, we neglect the b
dependant part, which is not important in numerical analy-
sis. We use the wave functions of 77 meson (¢4 (x), ¢L(x)
and ¢7(x)) as given in Ref. [18]. For n meson’s wave
function, d)‘;‘w, 1,;” and ¢£M represent the axial vector,
pseudoscalar and tensor components of the wave function,
respectively, for which we utilize the result from the light-

034017-4



BRANCHING RATIO AND CP ASYMMETRY OF ...

cone sum rule [19] including twist-3 contribution. For the
explicit expressions of the wave functions and the values of
related quantities, one can see Eqgs. (50) and (51) of
Ref. [15].

We assume that the wave function of uii is same as the
wave function of dd. For the wave function of the s3§
components, we also use the same form as dd but with
m{’ and f), instead of md¢ and f,, respectively. For f, and
fy» we use the values as given in Ref. [20] where isospin
symmetry is assumed for f, and SU(3) breaking effect is

included for f:
fX:fW’ fy:\lzf%(_f%r (23)

These values are translated to the values in the two mixing
angle method, which is often used in vacuum saturation
approach as:

fg = 169 MCV,
fs = —25.9°(—18.9°),

f1 =151 MeV,

24
0, = —7.1°(—0.1°), @9

where the pseudoscalar mixing angle 6, is taken as —17°
(—10°) [21]. The parameters m} (i = Nya) Mss) are
defined as:

"2 -
(m, +my)’ (2my)
(25)

We include full expression of twist-3 wave functions for
light mesons. The twist-3 wave functions are also adopted
from QCD sum rule calculations [22]. We will see later that
this set of parameters will give good results for B, —
7" decays.

ndﬁ(uﬂ) — T
m =my

i

3
(=)

|

B. Branching ratios

For B, — 79" decays, the decay amplitudes in
Egs. (19) can be rewritten as

M = Vi,V T = VEV,P =V, V, T + 2e7+9)],
(26)

where
Vi Vis
V;:bvus

7]

T 27)

is the ratio of penguin to tree contributions, y =

arg[ — “,/’—“f’b[] is the weak phase (one of the three CKM

angles), and ¢ is the relative strong phase between penguin
(P) and tree (T) diagrams. In the pQCD approach, it is easy
to calculate the ratio z and the strong phase & for the decay
in study. For B, — 7%n and 7%’ decays, we find numeri-
cally that

z(7'n) = 38.3, 8(m'n) = —94°, (28)

PHYSICAL REVIEW D 75, 034017 (2007)
2(7n') =55, 8(7'n') = —20°. (29)

The main error of the ratio z and the strong phase & is
induced by the uncertainty of w; = 0.50 = 0.05 GeV.

Using the wave functions and the input parameters as
specified in previous sections, it is straightforward to cal-
culate the branching ratios for the four considered decays.
The theoretical predictions in the pQCD approach for the
CP-averaged branching ratios of the decays under consid-
eration are the following

Br(B? — 7%n) = [0.867031(wp ) 533 (my) T 5:59(a,)]

X 1077, (30)

Br(B) — 7'7') = [1.86 0 1% (wp ) T0:51 (m,)*133(a,)]

X 1077, (31
for 0,, = —17°, and
Br(B) — 7 = [L18"33ws,) 3 50m) " $3a)]

X 1077, (32)

Br(B) — 7'n') = [1.54233 (w5 ) 1033 (m,) 1557 (a))]
X 1077, (33)

for 6, = —10°. The main errors are induced by the un-
certainties of ¢, = 1.0 £ 0.2, wg_ = 0.50 = 0.05 GeV and
my = 120 £ 20 MeV, respectively.

It is easy to see that (a) the errors of the branching ratios
induced by varying a, in the range of a, = [0.8, 1.2] can be
significant for the penguin-dominated B, — 7°n" decays;
and (b) the variations with respect to the central values are
large for the case of @, = 0.8, but very small for the case of
a, = 1.2). This feature agrees with general expectations:
when the scale ¢ become smaller, the reliability of the
perturbative calculation of the form factors in pQCD ap-
proach will become weak!

The pQCD predictions of the branching ratios as given
in Eqgs. (30)—(33) agree well with the theoretical predic-
tions in the QCDF approach, for example, as given in
Ref. [5]:

Br (B — 7%7n) = (0.751333) X 1077,

(34)
Br(BY — 7%7/) = (1.1333}) X 1077,

where the individual errors as given in Ref. [5] have been
added in quadrature.

C. CP-violating asymmetries

Now we turn to study the CP-violating asymmetries for
BY — 799" decays. For these neutral decay modes, the
effects of B — B? mixing should be considered.

For BY meson decays, we know that AT'/Am, < 1 and
AT/T < 1. The CP-violating asymmetry of B%(B) —
791" decay is time dependent and can be defined as
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T(BY(AN) = fep) — T(BAL) — fep)
T(BY(A1) = fep) + T(BYAL) — fep)

= AYL cos(Am,Ar) + AT sin(AmAr),

Acp

(35)

where Am is the mass difference between the two B? mass
eigenstates, At = fcp — t,, is the time difference between
the tagged BY (BY) and the accompanying BY (BY) with
opposite b flavor decaying to the final CP-eigenstate f-p at
the time fcp. The direct and mixing induced CP-violating
asymmetries AYL and AR can be written as

o AP —1 - 2Im(Acp)
AL =TI AR 66
where the CP-violating parameter Acp is
Vi V(' n | Heg| BY 1+ ze/07Y)
op = 1t {70 | Hege| BY) _ iy ze 37)

Vo Vil n | H| BY) 1+ zel®+Y)”

Here the ratio z and the strong phase 6 have been defined
previously. In pQCD approach, since both z and & are
calculable, it is easy to find the numerical values of A%
and A for the considered decay processes.

In Figs. 2 and 3, we show the y dependence of the
CP-violating asymmetry AL and AZX for B — 7'q
(solid curve) and B? — 7%n (dotted curve) decays for
0,=—17°.

The pQCD predictions for the direct CP-violating asym-

metries of B — 7%1() decays are
A (B — 7%m) = [~4.5558(1) 58 (wp,) = 0.6(m7) 11

X (mg)*07(a,)] X 1072, (38)

ALBY) — 7)) = [=9.1733(») (4(ws,) + 0.3(m)
- 1.9(my)* 41 (a)] X 1072

(39)

n' .
_15 -u PO SR TN NN TR TN SN T [N YN Y Y N T T ST TN SN NN TN ST TN T NN SO SO SN
0 30 60 20 120 150 180
v (degree)

FIG. 2. The direct CP asymmetry Adci;. (in percentage) of B, —
07 (solid curve) and B, — 7°%’ (dotted curve) as a function of
CKM angle vy for the case of 0, = —17°.
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40_ T T T T T
S| O
= 430 F 0, ]
< r N
20 £ ]
10 | .
[ non
0'/
_10'....|....|....|....|....|....'
0 30 60 90 120 150 180
vy (degree)

FIG. 3. The mixing induced CP asymmetry A®X (in percent-
age) of B, — 7’7 (solid curve) and B, — 7%’ (dotted curve)
as a function of CKM angle vy for the case of 6, = —17°.

where the dominant errors come from the variations of
wp = 0.50 £0.05 GeV, mj=14=*03GeV, a, =
1.0 £ 0.2, my = 120 = 20 MeV and y = 60° = 20°.

As a comparison, we present the QCDF predictions for
A8 (BY — 797') directly quoted from Ref. [5]

AGHBY — 77) = Q1876979534 3D x 107

(40)

where the “default values” of the input parameters have
been used in Ref. [5], and the error sources are the same as
the first four input parameters in Eqgs. (38) and (39).
Currently, no relevant experimental measurements for the
CP-violating asymmetries of B? — 7% decays are
available.

The pQCD predictions for the mixing induced
CP-violating asymmetries of B — 77°9") decays are

AR (B — 70n) = [-0.2 £ 0.1(9) 3} (wp )" 13(mg) T3

X (mg)*283(a,)] X 1072, 41)
APX(BY — 70n') = [27.0238(y) 53 (wp ) TH2(mT)
= 0.2(my) %N a)] X 1072, (42)

where the dominant errors come from the variations of
wp = 0.50 £0.05 GeV, mj=14=*03GeV, a, =
1.0 £ 0.2, mg = 120 £ 20 MeV and y = 60° = 20°.

If we integrate the time variable 7, we will get the total
CP asymmetry for B — 7°7") decays,

1 . X .
1 +x2A%l;) * 1 +x2Afé‘;§‘,
where x = Am,/T" = 26.5 for the B — BY mixing [23].
We found numerically that the magnitude of the total CP

asymmetry for (B — 7°9") decays are smaller than 2%
in the whole considered parameter space.

Acp = (43)
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D. Effects of possible gluonic component of 5’

Now we consider the contributions to the considered
B, — ") decays induced by the possible gluonic com-
ponent of ) meson [21,24,25].

Among various mechanisms proposed to account for the
distinctive pattern of branching ratios of B — K™ 5() de-
cays [26—30], the assumption of a nonzero gluonic com-
ponent of 7Y meson and its rule in interpreting the
anomalously large decay rate Br(B — Kn') have been
studied intensively [21,24,25,31,32]

In Ref. [21], Kou examined the contributions to the
gluon fusion process gg — n’. In his paper [21], the 75
and 1’ meson were written as

lm) = X, + Yylny),

N ) 44)
In") = X,y + Yylng) + Z,ylgluonium),

where 9, = (uit + dd)/~/2 and , = s5. From the experi-
mental data on the radiative light meson decays, such as
=y, 7' — (¢, p,y)y and J/|y — 7'y decays, the
author found that the gluonic component in ' should be
less than 26%.

By employing the QCD factorization approach, Beneke
and Neubert [31] studied the B — K™ 5" decays by con-
sidering systematically the flavor-singlet amplitudes.”
They estimated the flavor-singlet contributions to B —
K7 branching ratios, including those from the b —
sgg — sm") transition, from the hard or soft spectator
scattering contributions [29-31] (see Fig. 3 of Ref. [31]
for the relevant Feynman diagrams), and from the flavor-
singlet weak annihilation contribution. They also consid-
ered the leading two-gluon contribution to the B — 7
form factors and claimed that such contribution might be
significant for the form factor F5 "', but small for F£ .

In Ref. [32], by employing the pQCD factorization
approach, Charng, Kurimoto and Li calculated the flavor-
singlet contribution to the B — 7 transition form factors
from the gluonic content of the ) meson, induced by the
Feynman diagrams with the two gluons emitted from the
light quark of the B meson (see Fig. 1 of Ref. [32]). They
firstly announced that the enhancement to the form factor

— ! . .
F g " can reach 10%—40%, but after removing an error in
their computer program,” they found that the gluonic con-

>The flavor-singlet amplitude was defined as the one for
producing a gg pair not containing the spectator quark in the
coherent flavor-singlet state (uit + dd + s5) or a pair of gluons,
where the quark or gluon pairs will hadronize into an 7 or 7’
meson.

3According to Li’s latest talk [33], the analytical formulae as
given in Egs. (32-40) of Ref. [32] are correct, but the numerical
results about the gluonic contribution to B — 7' form factor as
presented in Ref. [32] are not correct because of an error in their
computer program.
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tributions to both B — 5 and B — 7’ form factors are less
than 5%.

In order to make a rough numerical estimate of the
gluonic effects on the decay modes under study, we here
follow the same procedure as being used in Ref. [32] to
estimate the gluonic contributions to the B, — n) transi-
tion form factors F, g “'1_"7(” and in turn to the branching ratios
and CP violating asymmetries. Using the formulae as
given in Ref. [32], we found that the gluonic contributions
to the branching ratios are less than 4% for B, — 7'n
decay, and around 20% for B; — 7rn’. The central values
are now

Br(B? — 7%9) = 0.83 X 1077, (45)

Br(B? — 799') = 225X 1077, (46)

for 0p = —17°, and

Br(B — 7%9) = 1.17 X 1077, 47
Br(BY — 7%%') = 1.90 X 1077 (48)
for 0, = —10°.

As for the CP-violating asymmetries of B; — 7'y
decays, the gluonic corrections are largely canceled in
the ratio and therefore negligible: less than 5% and 10%
for B, — 7'y and B, — 7°n’ decay, respectively.

The smallness of the gluonic corrections to the branch-
ing ratios can be understood as follows. First, the gluonic
correction to the form factors are small in size: ~2% for
F, g s— ™" and around 13% for F, g =7 Second, only the first
two diagrams Fig. 1(a) and 1(b) are affected by the gluonic
corrections to B — 7' form factor, while the contributions
from other six diagrams remain unchanged, the total ef-
fects are thus not large in size.

Although much progress have been achieved in recent
years, but frankly speaking, we currently still do not know
how to calculate reliably the contributions of the possible
gluonic component of %) meson. From our previous
works, as presented in Refs. [15,16] where only the domi-
nant contributions from quark contents of 5 and 7’ were
taken into account, the pQCD predictions for the branching
ratios of B — pn"”) and B — 71" decays also show a very
good agreement with currently available data. It seems that
large gluonic contributions are unnecessary for these decay
modes. Latest calculations in this paper and in Refs. [32—
34] also show that the gluonic contributions to B — Ky,
n" 7 and B, — 7°n"" decays are all small.

Of course, more theoretical studies about the gluonic
contributions to B meson two-body decays involving 7
meson as final state particles are clearly needed, and better
experimental measurements for the relevant decay modes
are also necessary to clarify this point.
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IV. SUMMARY

In this paper, we calculate the branching ratios and
CP-violating asymmetries of BY — 7%n, B — 7%/ de-
cays in the pQCD factorization approach.

Besides the usual factorizable diagrams, the nonfactor-
izable and annihilation diagrams are also calculated ana-
lytically. Although the nonfactorizable and annihilation
contributions are subleading for the branching ratios of
the considered decays, but they are not negligible.
Furthermore these diagrams provide the necessary strong
phase required by a nonzero CP-violating asymmetry for
the considered decays.

From our calculations and phenomenological analysis,
we found the following results:

(i) The pQCD predictions for the form factors are
FJ7M(0) = —0.276 and Fg; " (0) = 0.278, which
agree well with those obtained from other methods.

(i1) For the CP-averaged branching ratios of the consid-
ered decay modes, the pQCD predictions for 6, =
17° are

Br (B — 7%n) = (0.867}:13) X 1077,
Br(B? — 7'7/) = (1.861178) X 1077,
here the various errors as specified in Egs. (30) and
(31) have been added in quadrature. The pQCD
predictions are also well consistent with the results
obtained by employing the QCD factorization
approach.
(iii) For the CP-violating asymmetries, the pQCD pre-
dictions for A% (B, — 7°9") and ARX(B, —
79n") are generally not very large, while the time-

PHYSICAL REVIEW D 75, 034017 (2007)

integrated CP asymmetries are less than 2% in
magnitude.

(iv) The major theoretical errors of the computed observ-
ables are induced by the uncertainties of the hard
energy scale 7;’s, the parameters wp and m, as well
as the CKM angle y for CP asymmetries.
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APPENDIX: RELATED FUNCTIONS

We show here the function /;’s, coming from the Fourier
transformations of H©,

ho(xy, x3, by, b3) = Ko(\/X1x3mpb)[0(by — bs3)
X Ko(/x3mgby)Io(\/x3mpbs)

hf(xb Xa, X3, by, by) = {6(by — b)Iy(Mpfx,x3b1)Ko(Mp /X X3D,)

+ (b < by)}-

h}(xp Xy, X3, by, by) = {60(by — by)Ko(i/x3x3b, M)y (i\/X2x30,Mp)

h?(x1, Xy, X3, by, by) =1{60(by — by)Ko(iJx3x301 M p)Io(i\/x2x30,Mp)

+ (by < by)}-

(49) + 0(b3 — by)K(\/x3mpb3)
X Iy(x3mpby)]S,(x3), (A1)
ho(x2, x3, by, by) = Ko(i/xx3mpb3)[6(b5 — b,)
X Ko(iJx3mpbs)Io(iJx3mpbh,)
+ 0(by — b3)Ko(i\/x3mpby)
X Iy(i/x3mpb3)]S,(x3), (A2)
|
KO(MBF(l)bl)’ for F(zl) >0
i (1) 2 2 (A3)
T Hy (Mg, [IFE,)|by),  for Ffy <0
Tri
+ (by < by)}- THE)I)(\/M + Xy + X3 — X1 X3 — X2X3b,Mp), (A4)
Ko(MgF b)), for F(,) >0
i (1) 2 2 (A5)
T Hy (Mg, [|IFE,)|by),  for Ff,) <0
{
Ff) = (x — xp)x3. (A7)

where J is the Bessel function and K, I, are modified
Bessel functions Ky(—ix) = —(7/2)Yy(x) + i(7/2)Jy(x),
and F;)’s are defined by

F(zl) = (xl - X2)X3, (A6)

The threshold resummation form factor S,(x;) is adopted
from Ref. [35]
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212¢1°(3/2 + ¢)
Jal(1 + ¢)
where the parameter ¢ = 0.3. This function is normalized

to unity.
The Sudakov factors used in the text are defined as
Sap(t) = s(x;mg/N2, by) + s(x3m3/\/—2_, bs)
+ 5((1 — x3)mp/V2, b3)
1 [ i In(z/A)
—— | In
Bi —In(b;A)

S,(x) = [x(1 = 2], (A8)

tn In(t/A)

— ln(b3A)} (A9)

Sea(t) = s(x;mp/N2, b)) + s(xymp/~2, by)
+ 5((1 = x)mp /2, by) + s(x3mp/V2, by)
+ 5((1 — x3)mp/V2, by)

1 In(z/A)
Bi —In(b;A)

tn In(z/A)

20 (b, A)

} (A10)
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Sep(t) = s(eymp /N2, b)) + s(xymp /2, by)

+ 5((1 — x))mp/N2, by) + s(xsmp/2, by)
+ 5((1 = x3)mp /N2, by)
In(t/A)

B 1 In(z/A)
E[ln_ In(b, ) + 21In

“—In(b,A)

} (A11)

Sen(t) = s(eamp /2, by) + s(x3mp/2, bs)

+ 5((1 — xp)mp/N2, by) + s((1 = x3)mp /2, bs)

In(t/A) , | In(t/A) }

1
B Bl[h"— B A) " In(boA) (A12)

where the function s(g, b) are defined in the Appendix A of
Ref. [36].
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