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In this paper, we calculate the branching ratios and CP-violating asymmetries for B® — p%%") and
BT — p*n" decays in the perturbative QCD factorization approach. In this approach, we not only
calculate the usual factorizable contributions, but also evaluate the nonfactorizable and annihilation type
contributions. Besides the current-current operators, the contributions from the QCD and electroweak
penguin operators are also taken into account. The theoretical predictions for the branching ratios are
Br(B* — p™ ") =9 x 1076 and Br(B® — p°n") = 5 X 1078, which agree well with the measured
values and currently available experimental upper limits. We also predict large CP-violating asymmetries
in these decays: AYL(p* 1) = —13%, AlL(p= ') = —18%, AYL(p"n) =~ —41%, AYL(p"n') = —27%,
ARX(pOn) = +25%, and AZX(p°n') = +11%, which can be tested by the current or future B factory

experiments.
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L. INTRODUCTION

Along with the great progress in theoretical studies and
experimental measurements, the charmless two-body B
meson decays are getting more and more interesting and
attracting more and more attentions, since they provide a
good place for testing the standard model (SM), studying
CP violation and searching for possible new physics be-
yond the SM.

For the two-body hadronic B meson decays, the domi-
nant theoretical error comes from the uncertainty in eval-
uating the hadronic matrix element (M, M,|0;|B) where
M, and M, are light final mesons. At present, the QCD
factorization (QCDF) approach [1,2] and the perturbative
QCD (PQCD) factorization approach [3—5] are the two
popular methods being used to calculate the hadronic
matrix elements. The perturbative QCD approach has
been developed earlier from the QCD hard-scattering ap-
proach [3]. Some elements of this approach are also
present in the QCD factorization formula of Refs. [1,2].
The two major differences between these two approaches
are (a) the form factors are calculable perturbatively in
PQCD approach, but taken as the input parameters ex-
tracted from other experimental measurements in the
QCDF approach; and (b) the annihilation contributions
are calculable and play an important role in producing
CP violation for the considered decay modes in PQCD
approach, but it could not be evaluated reliably in QCDF
approach. Of course, one should remember that the as-
sumptions behind the PQCD approach, specifically the

*Electronic address: xiaozhenjun@njnu.edu.cn
Electronic address: guolb@email.njnu.edu.cn
*Mailing address.

1550-7998/2006/73(7)/074002(18)$23.00

074002-1

PACS numbers: 13.25.Hw, 12.38.Bx, 14.40.Nd

possibility to calculate the form factors perturbatively,
are still under discussion [6]. More efforts are needed to
clarify these problems.

Up to now, many B meson hadronic decay channels have
been calculated and studied phenomenologically in both
the QCDF approach [1,7,8] and in the PQCD approach [9—
13]. In this paper, we would like to calculate the branching
ratios and CP asymmetries for the B — pn) decays by
employing the low energy effective Hamiltonian [14] and
the PQCD approach. Besides the usual factorizable con-
tributions, we here are able to evaluate the nonfactorizable
and the annihilation contributions to these decays.

Theoretically, the four B — pn") decays have been
studied before in the naive or generalized factorization
approach [15], as well as in the QCD factorization ap-
proach [8]. On the experimental side, the branching ratios

of B— p*n, p™n' decays have been measured [16-19],
Br(B* — p*n) = (8.111]) X 107°, 0
Br(B* — p*x/) = (12.9%%2 £ 2.0) X 10°.

For B — p°n, p’n' decays, only the experimental upper
limits are available now [19]

Br(B® — p’n) < 1.5 X 1076,
Br(B® — p°n') < 4.3 X 107°.

2

In B— pn" decays, the B meson is heavy, setting at
rest and decaying into two light mesons (i.e. p and )
with large momenta. Therefore the light final state mesons
are moving very fast in the rest frame of B meson. In this
case, the short distance hard process dominates the decay
amplitude. We assume that the soft final state interaction is
not important for such decays, since there is not enough
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time for light mesons to exchange soft gluons. Therefore, it
makes the PQCD reliable in calculating the B — pn"
decays. With the Sudakov resummation, we can include
the leading double logarithms for all loop diagrams, in
association with the soft contribution. Unlike the usual
factorization approach, the hard part of the PQCD ap-
proach consists of six quarks rather than four. We thus
call it six-quark operators or six-quark effective theory.
Applying the six-quark effective theory to B meson decays,
we need meson wave functions for the hadronization of
quarks into mesons. All the collinear dynamics are in-
cluded in the meson wave functions.

This paper is organized as follows. In Sec. II, we give a
brief review for the PQCD factorization approach. In
Sec. III, we calculate analytically the related Feynman
|
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diagrams and present the various decay amplitudes for
the studied decay modes. In Sec. IV, we show the numeri-
cal results for the branching ratios and CP asymmetries of
B — pn") decays and comparing them with the measured
values. The summary and some discussions are included in
the final section.

II. THEORETICAL FRAMEWORK

The three scale PQCD factorization approach has been
developed and applied in the nonleptonic B meson decays
[3-5,9-12] for some time. In this approach, the decay
amplitude is separated into soft, hard, and harder dynamics
characterized by different energy scales (z, m;, My,). It is
conceptually written as the convolution,

A (B— MMy) ~ f &y d*kad* ks THLC() D (kYD (ko) Dy, (k) H (K, K, i, 1)], 3)

where k;’s are momenta of light quarks included in each
mesons, and Tr denotes the trace over Dirac and color
indices. C(r) is the Wilson coefficient which results from
the radiative corrections at short distance. In the above
convolution, C(¢) includes the harder dynamics at larger
scale than M scale and describes the evolution of local
4-Fermi operators from my, (the W boson mass) down to

t ~ O(/AMp) scale, where A = My — m,,. The function
H(ky, ky, k3, t) describes the four quark operator and the
spectator quark connected by a hard gluon whose g2 is in

the order of AMy, and includes the O(y/AMy) hard dy-
namics. 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~, py) to describe the meson’s mo-
menta,

1
p* = ﬁ(pO +pY) and pr=(p'. p?. (4)J

{

Throughout this paper, we use the light-cone coordinates to
write the four momentum as (k|, ki, ki). Using these
coordinates the B meson and the two final state meson
momenta can be written as

M
P = —5(1, 1,07),

2

M

P, = Tg(l, r2,07),
M

P3 = Tg(oy 1 - rlZ)yOT)y

(&)

respectively, where r, = m,/my; the light pseudoscalar
meson masses have been neglected.

For the B — pn") decays considered here, only the p
meson’s longitudinal part contributes to the decays, its
polar vector is €; = \/%41\2 (1, =73, 0¢). Putting the light

(anti-) quark momenta in B, p and 1" mesons as ky, k,,
and k3, respectively, we can choose

ki = (x;P{,0,ky7), ky = (x,P5, 0, Kyp),
k3 = (0, X3P;, k3T)'

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

ﬂ (B - pn(l)) ~ fdxldXZdX3b]dblb2db2b3db3 TI'[C(Z)(I)B(Xl, bl)q)p(x2> bz)(pn(/)(x:;, b3)H(Xi, bi’ t)Sl(xi)efs(l)], (7)

where b; is the conjugate space coordinate of k;r, and ¢ is
the largest energy scale in function H(x;, b;, t). The large
logarithms ( lnm—rw) coming from QCD radiative corrections
to four quark operators are included in the Wilson coef-

{

ficients C(f). The large double logarithms (In’x;) on the
longitudinal direction are summed by the threshold resum-
mation [20], and they lead to S,(x;) which smears the end-
point singularities on x;. The last term, e 5", is the
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Sudakov form factor resulting from overlap of soft and
collinear divergences, which suppresses the soft dynamics
effectively [21]. Thus it makes the perturbative calculation
of the hard part H applicable at intermediate scale, i.e., My
scale. We will calculate analytically the function
H(x; b;, t) for B— pny" decays in the first order in a;
expansion and give the convoluted amplitudes in next
section.

A. Wilson coefficients

For B— pn" decays, the related weak effective
Hamiltonian H. can be written as [14]

_Gr
2
10

—VuViy Z Ci(M)Oi(M)} (8)
=

H o = [ Vs V(€1 (1) 04 (1) + Col) 04(12)

We specify below the operators in H g for b — d tran-
sition:
Of = c?ay“Luﬁ “igyuLb,,
0% = d,y*Lu,
03 = aayﬂl‘ba

“igYuLbg

> dpYuldp
ql

04 = 6?a’y'u'l‘bﬁ' : ZC_I/BYMLC];,

q/

05 = C?a‘yMLba : Zq/[%‘yMRQQ;!
q/
06 = C_ia’y,u’LbB ' qu/B’Y,uquw (9)
q/
— 3 i o
_Ed v*Lb, Zeq quMRqﬁ,
q
3 _
=§d Y*Lbg - Zeq/quMwa
q
3 _
Oy =§dayﬂLb Ze /qﬂ'yﬂLqﬂ,
Oy = 3 gy Lbg - G337y, Lq.
- E aY B Zeq’QﬂyM 9as

q/

where « and B are the SU(3) color indices; L and R are the
left- and right-handed projection operators with L = (1 —
vs), R = (1 + vys). The sum over ¢’ runs over the quark
fields that are active at the scale w = O(m,), ie

(q'€{u, d, s, c, b}). The PQCD approach works well for
the leading twist approximation and leading double loga-
rithm summation. For the Wilson coefficients C;(u) (i =
1,...,10), we will also use the leading order (LO) expres-
sions, although the next-to-leading order calculations al-
ready exist in the literature [14]. This is the consistent way
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to cancel the explicit u dependence in the theoretical
formulae.

For the renormalization group evolution of the Wilson
coefficients from higher scale to lower scale, we use the
formulae as given in Ref. [9] directly. At the high myy, scale,
the leading order Wilson coefficients C;(My,) are simple
and can be found easily in Ref. [14].

In PQCD approach, the scale ¢ is chosen at the maximum
value of various subprocess scales to suppress the higher
order corrections, which may be larger or smaller than the
my, scale. In the range of m, = t < my,, we will evaluate
the Wilson coefficients C;(¢) at scale ¢ by using the leading
logarithm running equations, as given explicitly in
Eq. (CI) of Ref. [9]. In numerical calculations, we also
use a, = 47/[B; ln(tz/Ag)CzD)] which is the leading order
expression with A(S) = 193 MeV, derived from AS%D =
250 MeV. Here ,81 (33 — 2n4)/12, with the appropriate
number of active quarks ng: ny = 5 for t = my,.

At a given energy scale t = m, = 4.8 GeV, the LO
Wilson coefficients C;(m;) as given in Ref. [9] are

C, = —02703, C,=11188,  C;=0.0126,
C, = —0.0270,  Cs=0.0085  C,= —0.0326,
C, =0.0011,  Cg=0.0004  Cy= —0.0090,

Co = 0.0022. (10)

In the range of r <m,;, then we evaluate the Wilson
coefficients C;(r) by using the C;(m,,) in Eq. (10) as bound-
ary input and the leading logarithmic running equations as
given in Appendix D of Ref. [9] for the case of n; = 4. For
the Wilson coefficient C,(¢), for example, the running
equation in the two different regions can be written as

Cy(t) = Y=o/ + n¥/23), for my =t <my,

(11)
Cy(1) = %(,)7—6/23 + n2/23)(é:—6/25 + 512/25)
+ ‘1‘(7’—6/23 _ 772/23)(5—6/25 _ 512/25)’
for t<my, (12)

where 1 = a(t)/ag(my) and € = ag(t)/ag(m;,). For the
running equations of other Wilson coefficients one can see
Appendix C and D of Ref. [9].

B. Wave functions

In the resummation procedures, the B meson is treated as
a heavy-light system. In general, the B meson light-cone
matrix element can be decomposed as [7,22]
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1 d*z
o @m°

__ J:{ufg T mB)y{m(kl)

k=Y
2

where n = (1,0, 0g), and v = (0, 1, Oy) are the unit vectors
pointing to the plus and minus directions, respectively.
From the above equation, one can see that there are two
Lorentz structures in the B meson distribution amplitudes.
They obey to the following normalization conditions

e™®1%(0|5,(0)d5(2)|B(pp))

¢B(kl):|} , (13)

CY

d*k P
f(2 )l“%( 1)_2m W¢B(k1)=0
(14)

In general, one should consider these two Lorentz struc-
tures in calculations of B meson decays. However, it can be
argued that the contribution of ¢ is numerically small
[23], thus its contribution can be numerically neglected.
Using this approximation, we can reduce one input pa-
rameter in our calculation. Therefore, we only consider the
contribution of Lorentz structure

1
Gy = \/?NC@B + mp)ysppky). (15)
In the next section, we will see that the hard part is always
independent of one of the ki and/or k;, if we make
approximations shown in next section. The B meson
wave function is then the function of variable k; (or k;")
and le,

bylky, k) = [ dit itk kD). (16)

The wave function for dd components in ') meson are
given as

q)ﬂdd (P’ X 5) =

\/— () + mg dh (x)
+ {mg Wk — v -] (0} A7)

|
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where P and x are the momentum and the momentum
fraction of 7,;, respectively. We assumed here that the
wave function of 7,; is same as the 7 wave function. The
parameter ( is either +1 or —1 depending on the assign-
ment of the momentum fraction x.

In B— pn") decays, p meson is longitudinally polar-
ized. We only consider its wave function in longitudinal
polarization [23,24],

1
2N,

X ]0 L dxe LB, b ()

+m,d,(0)] + m, ()}
(18)

The second term in above equation is the leading twist
wave function (twist-2), while the first and third terms are
subleading twist (twist-3) wave functions.

The transverse momentum k+ is usually conveniently
converted to the b parameter by Fourier transformation.
The initial conditions of leasing twist ¢;(x), i = B, p, 1,
7', are of nonperturbative origin, satisfying the normaliza-
tion

(p™ (P, €1)lda(2)up(0)10) =

fl ¢;(x, b =0)dx = (19)
0

1
26"

with f; the meson decay constants.

ITII. PERTURBATIVE CALCULATIONS

In the previous section we have discussed the wave
functions and Wilson coefficients of the amplitude in
Eq. (3). In this section, we will calculate the hard part
H(t). This part involves the four quark operators and the
necessary hard gluon connecting the four quark operator
and the spectator quark. We will show the whole amplitude
for each diagram including wave functions. Similar to the
B — 1rp decays [25], the eight diagrams contributing to
the B — pn") decays are shown in Fig. 1. We first calcu-
late the usual factorizable diagrams (a) and (b). Operators
01, 0,5, 03, 04, Og, and Oy are (V — A)(V — A) currents,
the sum of their amplitudes is given as

1 00
F,, = 42G paCpnt [0 dox,dx; ﬁ bydbybydbsdy(xy, by) - L1 + 130, (x5, b) + (1= 203)r, (5 (x3, b3)

+ d);,()@, bS))]as(ti)he(xl’ X3, bl’ b3) exp[_Sab(ti)] + 2rp¢:;(x3r b3)as(l%)he(x3r X1 bf’v bl) exp[_Sah(l%)]}: (20)

where Cr = 4/3 is a color factor. The explicit expressions
of the functions /!, the energy scales #, and the Sudakov
factors S, (1) Can be found in the Appendix. In the above
equation, we do not include the Wilson coefficients of the
corresponding operators, which are process dependent.
They will be shown later in this section for different decay

{
channels. The diagrams Fig. 1(a) and l(b) are also the

diagrams for the B — p form factor A P, Therefore we
can extract Ay ¥ from Eq. (20).

The operators Os, Og, O7, and Og have a structure of
(Vv —A)(V + A). In some decay channels, some of these
operators contribute to the decay amplitude in a factoriz-
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able way. Since only the axial-vector part of (V + A) other cases, we need to do Fierz transformation for these
current contribute to the pseudoscalar meson production, operators to get right color structure for factorization to
(pIV = AIBY IV + Al0) = —(p|V — AIBXn|V — Al0) work. In this case, we get (S + P)(S — P) operators from

P n p n ’ (V — A)(V + A) ones. For these (S + P)(S — P) operators,
(1) Fig. 1(a) and 1(b) give

the result of these operators is opposite to Eq. (20). In some
|

1 00
Fg’p = 8\/§GF7TCFf%mé/; dxldx3ﬁ bydb,b3db3p(xy, by) '{[¢p(x3, b3) + rp((x3 + 2)q5f)(x3, bs) — x3¢;,(x3, b3))]

“a,(t))h,(xy, x3, by, bs) eXP[—Sab(ti)] + (x1¢p(x3’ bs) + 2”p¢Z(X3, b3))ay(12)h,(x3, x1, b3, b1)eXP[_Sab(t§)]}-
(22)

For the nonfactorizable diagrams (c) and (d), all three meson wave functions are involved. The integration of b5 can be
performed using & function 6(b; — b,), leaving only integration of b; and b,. For the (V — A)(V — A) operators, the result
is

16 1 00
M., = = 5 GrmCom jo dox,dx,dxs ﬂ) bydbybydbydg(xy, b)) (xs, by)
’ {x3[¢p(x3’ b,) — 2rp¢tp(x3’ b3)]as(tf)hf(xl: X, X3, by, by) CXP[_Scd(tf)]}- (23)

For the nonfactorizable annihilation diagrams (e) and (f), again all three wave functions are involved. Here we have two
kinds of contributions. M, is the contribution containing operator type (V — A)(V — A), while M%, is the contribution
containing operator type (V — A)(V + A).

16 1 0
p :ﬁGFWCFm%L dxldxzdx3j;) bydb bydbypp(xy, by) '{[x3¢p(x3, bz)(f)é,(xz, b,)

+ r,ry (3 = x)(dh (X0, bo) @l (x3, by) + 7 (x2, by) + 3 (x3, by)) + (x5 + xX2) (B (X2, b)) b (x3, bo)

+ 7 (xo, b)), (x5, D)) - ag(tp)hp(xy, xp, X3, by, by) expl =S¢ (17)] — [x2b (x5, by) 7 (x2, b2)

+ 1,1y (0 = x3)(5 (X, b2) L, (x5, ba) + DT (x0, b)) B3 (x5, by)) + 11y - (2 + X2 + x3) P (%0, b2) 3 (x5, by)

— (2= x3 — x3) 7 (x2, by) P, (x3, 1)) - as(t%)h%(xl’ X3, X3, by, by) CXP[_Sef(f%)]}’ (24)

— _ T
where r,, = r, = m{/mpg.

Mz, = - %Gm@mzﬁ [ iy [ bidbibadbatn(er, by) - (Leary o b0 ba) + @3z )
- x3rp(¢f,(x3, b2) + d);)(-x?v bZ)) ' (ﬁf,\](Xz, bZ)]as(tjlf)h}(xl’ X2, X3, bl’ b2) exp[_sef(t})]
+[(2 = x)ry @, (x3, b2) (D4 (x2, by) + L(xa, b)) — (2 — x3)r, (@5 (x3, ba) + (x5, b))y (x2, )]

X a (t(p)h3(xy, xp, X3, by, by) exp[ =S, ((1})]}. (25)

The factorizable annihilation diagrams (g) and (h) involve only p 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, and F4, is for (S — P)(S + P) type
operators,
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(a) (b)
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(c) (d)

/A‘\ 77(,) n(,)

(e) ) (e) (f)
n") n") p p
> > ) >
P p n") n")
(2) (h) (e) (b)

FIG. 2. Diagrams contributing to the B— pn") decays

(diagram (a) and (b) contribute to the B — n(’) form factor
(/)
FE.

FIG. 1. Diagrams contributing to the B— pn" decays
(diagram (a) and (b) contribute to the B — p form factor Ag_'p ).

Fop=—

1 00
4\/§7TGFCFme§ﬁ dxzdx3j;) bydbybydbs - {[x3¢ ,(x3, b3) % (xa, by) + 21,1, b (xa, by)((1 + x3) 3, (x3, bs3)

-(1- x3)¢tp(x3’ by)]eey(2)h,(x2, X3, by, b3) CXP[_Sgh(fg)] + [x2¢p(x3’ b3)¢’,‘,(x2, b,)
+ 2rpr7]¢f)(x3J b3)((1 + Xz)d){,;()(z, bZ) - (1 - Xz)(ﬁ%()(z, bZ))]as(fe})ha(-x?ﬂ X2, b3’ b2) CXP[_Sgh(té)]}; (26)

1 00
FP = —832GpmCpnthfy ]0 dxydxs ﬁ bydbybsdbs - {2 (x5, b3 P (i bo) + a7 (b3 (x, bs)

— ¢h(x3, b))y (xa, b)) - (12 ho(x2, X3, by, b3) exp[— S, (12)] + [2r, 3 (x3, b3) 'y (x2, o)
+ xory (@0 (xa, by) — dL(xa, b2)) (x5, b3)] - ag(12)h,(x3, X3, b3, by) exp[—S,, (12)]} (27)

In the above equations, we have assumed that x; < x,,
x3. Since the light quark momentum fraction x; in B meson
is peaked at the small x; region, while quark momentum
fraction x, of 7 is peaked around 0.5, this is not a bad
approximation. The numerical results also show that this
approximation makes very little difference in the final
result. After using this approximation, all the diagrams
are functions of k; = x;mp/ V2 of B meson only, inde-

\
pendent of the variable of k; . Therefore the integration of

Eq. (16) is performed safely.

If we exchange the p and 5) in Fig. 1, the result will be
different. Because this will switch the dominant contribu-
tion from B — p form factor to B — 1) form factors. The
new diagrams are shown in Fig. 2.

We firstly consider the factorizable diagrams Fig. 2(a)
and 2(b). The decay amplitude F, induced by inserting the
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(V — A)(V — A) operators is

PHYSICAL REVIEW D 73, 074002 (2006)

1 00
F, = 427Gy Cpf i ﬁ dox,dxs [0 bydbybadbad gy, by) - L1+ x3) b (es, b3) + 1 (1 — 26) (P (xs, b3)

+ @¢1(xs, b3)] - a(tD)h,(xy, x5, by, b3) expl =S, (11)] + 2, dh (x5, by)a (D) h,(x3, X1, b3, by) exp[ =S, (1) ]}

(28)

These two diagrams are also responsible for the calculation of B — ) form factors Fg_'” and F g ﬁn/, These two form

factors can be extracted from Eq. (28).

Since only the vector part of the (V + A) current contribute to the vector meson production, the decay amplitude F?
induced by inserting (V — A)(V + A) operators is identical with the amplitude F, as given in Eq. (28), i.e.,

F,. (29)

Because neither scaler nor pseudoscaler density gives contribution to a vector meson production, (p|S + P|0) = 0, we

get FS*P =0,

For the nonfactorizable diagrams Fig. 2(c) and 2(d), the corresponding decay amplitudes are

16

1 00
M, = =2 G Cpm jo dox, dxydxs ]0 bydbybydbydg(xy, b)), (6a by) - LB (s, b2)

NG

- 27'.,.’ ¢£(x3’ b2)]as(tf)hf(xl’ X2, X3, bl’ b2) eXP[_Scd(tf)]}’ (30)

32

1 00
ML = = Gy Crr,mi fo dox, dx,dxs ]0 bydbybadbydg(xy, by) - {LeadA(xs, o) (0 b) — (o b))

+ 1y (v + x3)(h7 (x3, by) = @5 (x0, by) + DT (x3, by) bl (xa, b2)) + (x5 — x2) (B (x3, b)) Pl (xs, by)
+ ¢7T7(x3» bz)d’f)(xzy bz)))]as(lf)hf(xh X2, X3, by, by) CXP[_Scd(lf)]}- (31)

From the nonfactorizable annihilation diagrams Fig. 2(e) and 2(f), we find the decay amplitude M, for (V — A)(V — A)

operators, M? for (V — A)(V + A) operators,

16
M, =

1 00
A 7GrCom ]0 dox, dx,dxs ﬁ) bydbybydbybyp(xy, by) - s, (52, b2) b (x5, b)

+ 1,y ((r3 = x2)(h7 (63, bo) bl (xa, b2) + 7 (x3, by) + 3 (x2, b2)) + (33 + x3)(d%(x3, b2) b3 (xa, by)

+ (f):,()@, bz)d’fg(Xz, b,)))]- as(t})h}(xl’ Xy, X3, by, bz)eXP[_Sef(l})] + [x2¢p(x2’ bz)d’é,(x& b,)

+ 1,1y (0 = x3)(@5 (x5, b2) L, (xa, by) + h1 (x5, by) - D3(x0, b)) + (2 + Xy + X3) D (x5, by) B (x2, by)

— (2= xy = x3) 7 (x3, by) - D), (3, b)) (17D M7 (x1, X, X3, by, ba) exp[—S,p(17) ]} (32)

ME =ML, (33)

For the factorizable annihilation diagrams Fig. 2(g) and
2(h), we have

F,=—F,, and FF=—FF, (34)

ap
Now we are able to calculate perturbatively the form
factors Fg_'"( )(0), AgT” (0), and the decay amplitudes for

the Feynman diagrams after the integration over x; and b;.
When doing the above integrations over x; and b;, we

{
should include the corresponding Wilson coefficients
C;(t;) calculated at the appropriate scale 7; using
Egs. (C1) and (D1) of Ref. [9]. Since we here calculated
the form factors and amplitudes at the leading order ( one
order of a,(t)), the radiative corrections at the next order
would emerge in terms of () In(m/t), 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,
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1} = a, - max(\/x3mg, 1/by, 1/b3),

15 = a, - max(\/x;mg, 1/by, 1/b3),

13 = a, - max(/x3mp, 1/b,, 1/b3),

14 = a, - max(\/xymp, 1/b,, 1/b3),

ty = a, - max(\/x;x3mp, \JXyx3mp, 1/by, 1/by),
tp = a, - max(xx3mp, 1/by, 1/by),

17 = a, - max(yx; + x; + x5 = x1x3 — xXpx3mp,

VXaxzmp, 1/by, 1/b,),

where the constant @, = 1.0 = 0.1 is introduced in order to
estimate the scale dependence of the theoretical predic-
tions for the observables.

Before we put the things together to write down the
decay amplitudes for the studied decay modes, we give a
brief discussion about the  — 7’ mixing and the gluonic
component of the n’ meson.

The 7 and %’ are neutral pseudoscalar (J* = 07) me-
sons, and usually considered as mixtures of the SU(3)y
singlet 1, and the octet 7g:

(35)

n\ _ (cosb, —sin0p><n8> 36
(1,’) <sin0p cosd, n /) (36)
with
! (uirt + dd — 255)
ng = —(uil — 255),
\{6 (37

n = ﬁ(uﬁ + dd + s3),
where 6, is the mixing angle to be determined by various
related experiments [26]. From previous studies, one ob-
tains the mixing angle 6, between —20° to —10°. One best
fit result as given in Ref. [27] is —17° = 0, = —10°.

As shown in Egs. (36) and (37), i and 7’ are generally
considered as a linear combination of light quark pairs. But

)=l

1 1 1 1
- §z<—C7 56 736~ ¢Cuo

1
—C3_C4_

1
c,+=C
1 2 3

VB ) = Fo l €,C+ 5

2 6 6
+ Mep{[fucz ¢ (

3
2

Jrapato,)] = P 505+ Co -

1 1 1
C3 + 2C4 + 2C6 +_C8 _—Cg +—C10

2

1 5
—C7 __CS +§C9 + ClO
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it should be noted that the n’ meson may has a gluonic
component in order to interpret the anomalously large
branching ratios of B — K%' and J/V — 7'y [27,28]. In
Refs. [27-29], the physical states i and 1’ were defined as

uii + dd _
I = X, |55 + s )
uii + dd .
=X, T> + Y,y|s5) + Z,/|gluonium), (38)
where X SUR Y TR and Z , parameters describe the ratios of

uit + dd, s5 and gluonium (SU(3) singlet) component of
1), respectively. In Ref. [27], the author shows that the
gluonic admixture in 1’ can be as large as 26%, i.e.

Zﬂ//(x‘r](') + Yn(/) + Zﬂ/) = 0.26. 39
According to paper [28], a large SU(3) singlet contribution
can help us to explain the large branching ratio for B —
Kn' decay, but also result in a large branching ratio for
B— K%y decay, Br(B— K°n)~7.0(13) X 10°® for
0p = —20°(—10°) as given in Table II of Ref. [28], which
is clearly too large than currently available upper limits

[19]:

Br(B— K°n) < 1.9 X 107°. (40)

Although a lot of studies have been done along this
direction, but we currently still do not understand the
anomalous gg — n’ coupling clearly, and do not know
how to calculate reliably the contributions induced by the
gluonic component of n’ meson. In this paper, we firstly
assume that 5’ does not have the gluonic component, and
set the quark content of 17 and 5’ as described by Egs. (36)
and (37). We will also discuss the effects of a nonzero
gluonic admixture of 7’ in next section.

Combining the contributions from different diagrams,
the total decay amplitude for Bt — p*n decay can be
written as

. )}f%Fl 0,)

1 1
-C; - —C8>F1(9p)

6 2

)}Fl(ep)

2 2

= £Cat €= 30y = 5C0 a0 + 0, + Mo+ MIEC) — £(C + CL- Fi)

— QME, + MP)E(Cs + C) - Fy(,) + F{[f(% €+ ) - f(% Cy+ Gt 3Gt Cu) |Fua,).

(41)

where &, =V, V4, €&, = V;, Vig, and F(0,) = —sing, + cosﬁp/\/i and F,(6,) = —sinf, — \/Ecosﬁp are the mixing
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factors. The Wilson coefficients C; should be calculated at the appropriate scale ¢ using equations as given in the

Appendices of Ref. [9].

Similarly, the decay amplitude for B — p®n can be written as

V6M(p"n) = Fe[fu<cl + %Q) - f:(- 3

3 2

3 3 2

1 1 5
_C3 - C4 +—C7 +§C8 +§C9 + C10>j|F1(0p)

6 3 3

1 1 1 1 1 1
- Fep{[fu(cl + —C2> - ft(— Cy+Cy—=Cy—~Cy+=Cy— —Cloﬂf%ﬂ(@p)

1

6 6

1 1 1
(504 g0t 30t g Cu)frFae,)]

+ ng‘ft(

1 1 1
§C5 + C6 _6C7 _§C8> : F1(6’p)

1 1 1
- Mep{|:§uC2 - §I<C3 + 2C4 + 2C6 +§C8 - ECQ +§C10>i| ° Fl(ﬁp)

1

1 3 1 3
- §z<C4 + Co — ECS - §C10>F2(9p)} + (M,, + Mu)|:§uc2 - §z<_C3 + Ecs + §C9 + 5C10>i|F1(0p)

1

— 7 + 2D Cs = 5.C )P 0,) + M 6,Co = £ —C

The decay amplitudes for B— p* %’ and B — p°x’ can
be obtained easily from Egs. (41) and (42) by the following
replacements

fo Iy = fon Fop

sind
Ly 43
7 (43)

F5(60,) — F5(6,) = cosb, — \/Esinﬁp.

Fy(0,) — Fi(6,) = cosb, +

Note that the possible gluonic component of 7’ meson has
been neglected here.

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters and wave functions

We use the following input parameters in the numerical
calculations

AV =250 MeV, £, = 130 MeV,
f5 = 190 MeV,
f, =200 MeV,

Mg = 5.2792 GeV,

ml = 1.4 GeV,
fK = 160 MCV,
My = 80.41 GeV.

(44)

The central values of the CKM matrix elements to be used
in numerical calculations are [26]

|V,.al = 0.9745, |V.,] = 0.0040,

(45)
[V,,] = 0.9990, [V,q] = 0.0075.

For the B meson wave function, we adopt the model
Mix? 1
bs(x, b) = Npx(1 — x)exp| — =Lo — -
2w, 2

<wbb>2}
(46)

3

375 (42)

1 3
Cg + §C9 + 2CloﬂFl(el,).

{
where w, is a free parameter and we take w, = 0.4 =

0.04 GeV in numerical calculations, and Ny = 91.745 is
the normalization factor for w;, = 0.4. This is the same
wave functions as in Refs. [9,10,23,30], which is a best fit
for most of the measured hadronic B decays.

For the light meson wave function, we neglect the b
dependant part, which is not important in numerical analy-
sis. We choose the wave function of p meson similar to the
pion case [24]

b, (x) = %fpx(l — [ +0.18C22x — )], (47)
b (x) = %{3(% —1)2 + 0.3(2x — 1)[5(2x — 1)?
— 3]+ 0.21[3 — 302x — 1)? + 35(2x — 1)*]},
(48)

5 (x) = 23—6f,§(1 —22)[1 + 0.76(102% — 10x + 1)].

/6
(49)
The Gegenbauer polynomial is defined by
C*(1) = 3522 - 1). (50)
For 1 meson’s wave function, g{)/,‘,dg, ’,’,da and cﬁfm

represent the axial vector, pseudoscalar, and tensor com-
ponents of the wave function, respectively, for which we
utilize the result from the light-cone sum rule [31] includ-
ing twist-3 contribution:
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#h (1) = fgﬂ—ﬂb+aygbﬂ—hﬁ—ﬂ

3
\/_
+a ”dd [21(1—2x)4 14(1—2x)2+1]},
H30m, =202 Y31 = 200
5 30m3 = 5P, X
81
1OpTl(1(1 de)

X [35(1 — 2x)* — 30(1 — 2x)? + 3]},

#h,00 = Jz_chx{l

1 27
—1]+ §<_3’fl3w3 -

2
%pnda

3 1 1
(f)gm(x) = \/—Z—chx(l - 2)C) . |:6 + <57’3 — 5773(1)3

7 3
- %p%’dd 5p,mczg"")(le2 —10x + 1):|,
(51
with
ali = 0.44, aj“ =0.25, ak =0.20,
ak =0.25, Py = Ma/mg™, 15 = 0.015,
w3 = —3.0. (52)

We assume that the wave function of ui is same as the
wave function of dd. For the wave function of the s5§
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. [32] where isospin
symmetry is assumed for f, and SU(3) breaking effect is
included for f:

fX=f7T’ fy: Zf%(_f%r (53)

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

fs = 169 MeV, f1 =151 MeV,

(54)
0g = —25.9°(—18.9°), 0,

= —7.1°(=0.1°),

where the pseudoscalar mixing angle 6, is taken as —17°
(—10°) [27]. The parameters m} (i = Mad(umy Mss) are
|

Fl (6[))

T(p'n) = 75

PHYSICAL REVIEW D 73, 074002 (2006)
defined as

m2 _—_— ZM%( —m
(2my)

ndd(uu — T
my =my

—_— m
(mu + md) 0

(55)

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 [33]. We will see later that
this set of parameters will give good results for B — pn)
decays. Using the above chosen wave functions and the
central values of relevant input parameters, we find the
numerical values of the corresponding form factors at zero
momentum transfer from Egs. (20) and (28)

A2 =0)=037,  FFU(2=0)=0.15,

) 56)
FE7 (2 = 0) = 0.14.

These values agree well with those as
Refs. [31,32,34].

given in

B. Branching ratios

For B — pn"” decays, the decay amplitudes in Egs. (41)
and (42) can be rewritten as

M = Vi VT = Vi VP = V5V, T[1 + zei@+9)],
(57
where
ViV, P
z=‘ i l‘ (58)
ViV || T

is the ratio of penguin to tree contributions, a =

arg[— “,/’;"‘j;’”b ] is the weak phase (one of the three CKM

angles), and & is the relative strong phase between tree
(T) and penguin (P) diagrams. The ratio z and the strong
phase 6 can be calculated in our PQCD approach. One can
leave the CKM angle « as a free parameter and explore the
CP asymmetry parameter dependence on it.

For B — p™* n decay, for example, one can find “T” and
“P” terms by comparing the decay amplitude as defined in
Eq. (41) with that in Eq. (57),

1 1
. {Fep<c1 + gC2>f§, + M,,C, + Fe<§ C, + c2> + (M, + M, + Map)cl}, (59)
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Fi(6,) 1 3 1 5 1 1 1
( + ) \/_ {Fep<_§c3_C4_§C7_§C8+§C9+C10>f¥]+F5p<§CS+C6_6C7_§C8>
3 1 3 1 1
+Mep(_C3+2C6_§C8+5C9+5C10>+F6(§C3+C4+§C9+C10>

+M,, + M, + M,)(C; + Co) + ML + ME)(Cs + C7)}

F5(6,)
NE)

1
C;,+-C
7T 68

+

ir(a

Similarly, one can obtain the expressions of the corre-
sponding tree and penguin terms for the remaining three
decays.

Using the “T” and “P” terms, one can calculate the
ratio z and the strong phase & for the decay in study. For
B* — p*mand p* 7’ decays, we find numerically that

2ptm) =010, S(ptm) =—137°,  (61)

z(p™') =0.15, S(p*ny') = —139°.

The errors of the ratio z and the strong phase ¢ induced by
the uncertainty of the input parameters, such as w;, =
0.4 £0.04 GeV, m§ = 1.4 = 0.1 GeV, and o = 100° =
20°, are very small in magnitude and not be shown explic-
itly in Egs. (61) and (62). The reason is that the errors
induced by the uncertainties of these input parameters are
canceled almost completely in the ratio.

Unlike the case of QCD factorization approach, the
energy scale ¢ (in PQCD factorization approach ) appeared
in the Wilson coefficients C;(f) and in the Sudakov form
factors S;(r) vary simultaneously during the integration
over x; and b; (i = 1, 2, 3). If we choose the hard energy
scale #s as defined in Eqgs. (35) with a, = 1, there will be
no remaining scale dependence left explicitly after the
integration. But we know that such scale dependence
should exist and likely dominate the errors on theoretical
predictions for those observables. Since the calculation in
this paper is performed at the leading order and thus may
suffers from the uncertainties due to the scale dependence
of the LO Wilson coefficients. In Ref. [35] the authors
calculated the branching ratios of B — K, 7rar firstly at
the next-to-leading order by using the PQCD factorization
approach, and they found that the NLO contribution can
give about 15-20% correction to LO predictions. The size
of NLO contribution in PQCD approach is indeed very
complicated to calculate. To explore it, as shown in

(62)

1 1 ‘ 1
ECQ _gcl()) f;] + Mep<C4 + C6 _ECS

1

5 Cio (60)

)

[

ordinary definition of scale #;’s in Refs. [9—-13], and take it
as an estimation for the uncertainty of the possible scale
dependence. Numerically we find that

2ptm) = 0107206 S(pty) = (—13772)°, (63)

+0.06
—0.01”

2p* ) =0.15 8(p™ ') = (—13977)°, (64)
for a, = 1 £ 0.1. The larger change of z and é corresponds
to the case of a, = 0.9, while the magnitude of the varia-
tions is consistent with the general expectation.

From Eq. (57), it is easy to write the decay amplitude for
the corresponding charge conjugated decay mode

M=V,Vi,T— Vi Vi T + zel-a+d)],

(65)

Vi Vi P =

Therefore the CP-averaged branching ratio for B — pn!
is

Br=(IMP +|M>/2

= |V, Vi, TI’[1 + 2z cosa cosd + z2], (66)
where the ratio z and the strong phase 6 have been defined
in Egs. (57) and (58). It is easy to see that the CP-averaged
branching ratio is a function of cosa for the given ratio z
and the strong phase 6. This gives a potential method to
determine the CKM angle « by measuring only the
CP-averaged branching ratios with PQCD calculations.
But one should know that the uncertainty of theory is so
large as to make it unrealistic.

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
branching ratios of the decays under consideration are the

Eq. (35), we here multiply a factor a, = 1.0 £ 0.1 to theJ following
Br(B* — p*n) =[8573%wy) "33(mT) = 0.4(a)*{3(a,)] X 1075, (67)
Br(B* — p*n') = [8.7553(w,) 153 (mg) L53(a) 153 (a)] X 1076, (68)
Br(B® — pn) = [0.024* 532 (w,) F3303(m{T) = 0.002(a) "0 102(a,)] X 1076, (69)
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Br(B® — p°n') = [0.061353%(w,) 13004 (mT) = 0.003(a) *3443(a,)] X 1076, (70)
for 6, = —10°; and

Br(B* — p*n) = [10.6732(w,) 55(mT) = 0.5(a) T }4(a,)] X 1076, (71)

Br(B* — p* 7)) = [6.5123(w,) £ 0.6(m7) = 0.5(a)*99(a,)] X 107°, (72)

Br(B" — pn) = [().0421’8:8%3(60,,) *+0.005(mJ )+8882( )+8(1)%§(a,)]) X 1079, (73)

Br(B" — p®n') = [0.0471003%(w}) t 006 (mT) = 0.001(a) *§: 503 (a,)] X 1076, (74)

for 6, = —17°. The major errors are induced by the ;etical predictions for the CP-averaged branching ratios in

uncertainty of hard energy scale f, w, =04=* the PQCD approach are well consistent with those given in
0.04 GeV, mJ =1.4*0.1 GeV, and a = 100° = 20°, the QCD factorization approach [2]:
respectively. It is easy to see that

(a) The errors of the branching ratios induced by vary- Br(B® — p*n) = (9.4%3 9) X 1076, (75)
ing a, in the range of a, = [0.9, 1.1] are less than Br(B* — p*7') = (6.3749) x 1076,
20% for the tree-dominated B — p* 1" decays; but
can be significant for the penguin-dominated B —
o1 decays: Br(B® — p°n) = (0.037517) x 107¢, iy
(b) The deviations with respect to the central values are Br(B° — p°7') = (0.0153/2) x 1075, (76)
large for the case of a, = 0.9, but very small for
a; = 1.1. where the individual errors have been added in quadrature.
(c) In general, the theoretical predictions have a weak It is worth stressing that the theoretical predictions in the
dependence on the variation of a, for 1 <a, <1.5.  PQCD approach have large theoretical errors induced by
But the numerical results show a very strong depen- our ignorance of NLO contributions, and the still large
dence on the variation of a, for a, < 1: Fora, = 0.8,  uncertainties of many input parameters. In our analysis,
for example, the error of the branching ratio  we consider the constraints on these parameters from
Br(BT — p*n) will become as large as +40%; analysis of other well measured decay channels. For ex-
For a, = 0.7, some numerical integrations even be-  ample, the constraint 1.1 GeV = mJ = 1.9 GeV was ob-
come broken. tained from the phenomenological studies for B — 77
This feature agrees with the general expectations: the decays [9], while the constraint of o = 100° % 20° were
energy scale #;’s can not be too low in the PQCD factori-  obtained by direct measurements or from the global fit
zation approach, otherwise, the reliability of the perturba- [19,36,37]. From numerical calculations, we get to know

tive calculation of the form factors and decay amplitudesin ~ that the main errors come from the uncertainty of w;, mf,
PQCD approach will become weak or even lost a, 6, and the next-to-leading order contributions.

completely. In Figs. 3 and 4, we present, respectively, the PQCD
It is easy to see that the PQCD predictions for the  predictions of the branching ratios of B— p*n and p* 7’
branching ratios of considered decays agree very well  decays for 6, = —10°, w, =0.4*0.04 GeV, m] =

with the measured values or the upper limits as shown in 1.4 = 0.1 GeV and a = [0°, 180°]. Figure 5 shows the
Egs. (1) and (2). For the four B — pn") decays, the theo-  a-dependence of the PQCD predictions of the branching

30

\\\\“‘“.

Br(p™) [10°]

Br(pt) [10°]

o
s 60 90 120 150 180 % 30 60 80 120 150 180 K 30 60 90 120 150 180 0 S0 60 90 120 150 180

Q. (deg) o (deg) o (deg) 0. (deg)

FIG. 3. The a dependence of the branching ratios (in unit of = FIG. 4. The « dependence of the branching ratios (in unit of
107%) of BT — p* 0 decay for m7 = 1.4 GeV, 8, = —10°,  107%) of B* — p* 0" decays for @, = 0.4 GeV, 6, = —10°,
w; = 0.36 GeV (dotted curve), 0.40 GeV (solid curve) and m§ = 1.3 GeV (dotted curve), 1.4 GeV (solid curve) and
0.44 GeV (short-dashed curve). The gray band show the data. 1.5 GeV (short-dashed curve). The gray band shows the data.
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FIG. 5. The « dependence of the branching ratios (in unit of
107%) of p%x (solid curve) and p°%’ (dotted curve) decays for
my =14 GeV, 6, = —10°, w, = 0.40 GeV.

ratios of B— p’n" decays for 6, = —10°, w,=
0.4 GeV, m§ = 1.4 GeV and a = [0°, 180°].

From the numerical results and the figures we observe
that the PQCD predictions are very sensitive to the varia-
tions of w,, and m{. The parameter m{ originates from the
chiral perturbation theory and have a value near 1 GeV. The
m{ parameter characterizes the relative size of twist 3
contribution to twist 2 contribution. Because of the chiral
enhancement of m{, the twist 3 contribution become com-
parable in size with the twist 2 contribution. The branching
ratios of Br(B — pn")) are also sensitive to the parameter
m{, but not as strong as the o, dependence.

C. CP-violating asymmetries

Now we turn to the evaluations of the CP-violating
asymmetries of B — pn”) decays in PQCD approach.
For BT — p*n and BT — p*%’ decays, the direct
CP-violating asymmetries Acp can be defined as:

IMP? = |MP> 2zsina sind
MR+ M2 1+ 2zcosacosd + 2

dir —

» (77)

where the ratio z and the strong phase d have been defined
in previous subsection and are calculable in PQCD
approach.

Using the central values of z and 6 as given in Eqgs. (61)
and (62), it is easy to calculate the CP-violating asymme-
tries. In Fig. 6, we show the a— dependence of the direct
CP-violating asymmetries AL for B= — p~ 7 (the solid
curve) and B* — p~ ' (the dotted curve) decay, respec-
tively. From Fig. 6, one can see that the CP-violating
asymmetries AYL(B* — p*n) and AYL(B* — p=7') are
large in magnitude, about —15% for o ~ 100°. The large
CP-violating asymmetries plus large branching ratios are
clearly measurable in the B factory experiments.

PHYSICAL REVIEW D 73, 074002 (2006)
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FIG. 6. The direct CP asymmetries (in percentage) of B™ —
p*m (solid curve) and BY — p* 5’ (dotted curve) as a function
of CKM angle a.

For a = 100° = 20°, one can read out the allowed
ranges of A‘é‘}, from Fig. 6 directly

AZL(B* — p=n) = (=137 §Ha)3,(a,) X 1072, %)
AB(B* = p*n') = (~18"14(a)" (@) X 1072

where the second error comes from a;, = 1.0 £ 0.1, it is
indeed not very large. The possible theoretical errors in-
duced by the uncertainties of other input parameters are all
very small, since both z and § are stable against the
variations of them.

The theoretical predictions for the direct CP-violating
asymmetries A%L(B* — p=n") in the PQCD approach
are generally larger in size than those obtained by using
the QCD factorization approach [2]

A%i;,(Bi — pTn) =(—24+64) X102 (79)
A (B — ) = 417159 X 1072

On the experimental side, the new world-average [19] is

Acp(BT — pT )™ = (=3 £ 16) X 1072, (80)
which is still consistent with the predictions in both PQCD
and QCD factorization approach within the still large
experimental error. More data are clearly needed to make
a reliable judgement.

We now study the CP-violating asymmetries for B —
p°n") decays. For these neutral decay modes, the effects of
B — B° mixing should be considered. For B® meson de-
cays, we know that AI'/Am; < 1 and AI'/I" < 1. The
CP-violating asymmetry of B’(B%) — p°n) decay is time
dependent and can be defined as
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_ T(BYAN = fep) = T(BYAN = fep)
T(BS(AN = fcp) + T(BYAN = fcp)
= A%r cos(AmAt) + ARX sin(AmAb),

81)

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

dir — |/\CP|2 -1 Amix _ ZIm(/\CP) (82)

cp 1+ |ACP|2’ cp 1+ |ACP7|2,

where the CP-violating parameter Acp is

_ V,*b th<p0 77(/) |Heff |BO> _
Vi Vip® 0" | H | BY)

CcP

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

For B — p®y and p°n’ decays, the numerical values of
the ratio z and the strong phase § are

2(p°n) = 4.0, 8(p°n) = —57°, (84)

2p’n) =68, 8(p°n) = —65°. (85)
Unlike the case of B* — p~ 7" decays, we here have z >
1, which means that the “P”’ term is much larger in size
than the “7” term for B® — p°n() decays, since the “T”
term here is a color-suppressed tree.

In Figs. 7 and 8, we show the a— dependence of the

direct and the mixing-induced CP-violating asymmetry

0
~ -5
S
= a
T O
< | N\ .
-30
45
0 30 60 90 120 150 180

o (deg)

FIG. 7. The direct CP asymmetry A%L (in percentage) of B —
p°n (solid curve) and B — p°n’ (dotted curve) as a function of
CKM angle a.
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FIG. 8. The mixing-induced CP asymmetry A‘g};" (in percent-
age) of B® — p°n (solid curve) and B® — p°x’ (dotted curve) as

a function of CKM angle «.

AdL and AR for BY — pOx (solid curve) and B — p°n’
(dotted curve) decays, respectively. For & ~ 100°, one can
find numerically that

AGH(B® — p'n) =~ —41%, 36)
ADX(BY — pOn) = +25%,
AGH(B® — p'n') = =27%,

mix ( RO 0,,/ (87)
APR(B? = p'1n') = +11%.

They are also large in size. The theoretical errors induced
by the uncertainties of input parameters are only about
10% because of the cancellation in ratios. If we vary a,
in the range of 0.9 =< g, = 1.1, however, the theoretical
predictions for the CP-violating asymmetries of the
penguin-dominated B® — p°n(") decays may change sig-
nificantly

Adr(BY — pOn) = [—85%, +24%)],

' (88)
APX(B® — p°n) = [~19%, +35%],
A‘éi;,(BO — 9077/) =[-75%, +13%], (89)

AZX(BY — pOn') = [~9%, +22%)].

This feature may be interpreted as an indication of the
importance of the NLO contributions to those penguin-
dominated decay modes.
If we integrate the time variable ¢, we will get the total
CP asymmetry for B® — p%%") decays,
Ace A+ ATH,

(90)

1+ 2 1+ x2

where x = Am/T" = 0.771 for the B® — B° mixing [26]. In
Fig. 9, we show the a-dependence of the total CP asym-
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FIG. 9. The total CP asymmetry A%} (in percentage) of B —

p°n (solid curve) and B — p°n’ (dotted curve) as a function of
CKM angle «.

metry Acp for B — p°n (solid curve) and B® — p°x’
(dotted curve) decay, respectively. For & ~ 100°, the total
CP asymmetry is around —10% for B — p%n" decays.
For B*—p™n and p*xn' decays, the Ilarge
CP-violating asymmetry around — 15% could be measured
in the running B factory experiments since their branching
ratios are rather large, ~107°. For Br(B® — p°x) and
p°n' decays, however, it is very difficult to measure their
CP-violating asymmetries at current running B factories
since their branching ratios are very small, ~107% only. It
could be measured in the forthcoming LHCb experiment.

D. Effects of possible gluonic component of 7’

Up to now, we have not considered the possible contri-
butions to the branching ratios and CP-violating asymme-
tries of B — pn’ decays induced by the possible gluonic
component of 7’ [27-29]. When Z,, # 0, a decay ampli-
tude M’ will be produced by the gluonic component of 7’.
Such decay amplitude may interfere constructively or de-
structively with the ones from the ¢g (¢ = u, d, s) compo-
nents of 1/, the branching ratios of the decays in question
may be increased or decreased accordingly.

Unfortunately, we currently do not know how to calcu-
late this kind of contributions reliably. But we can treat it as
an theoretical uncertainty. For |M'/M(qg)| ~ 0.1 — 0.2,
for example, the resulted uncertainty for the branching
ratios as given in Egs. (68) and (70) will be around 20 to
30%.

From Eq. (68), one can see that the theoretical prediction
of Br(B™ — p*%’) in the PQCD approach agrees well
with the measured value within 1 standard deviation, which
means that there is no large room left for the contribution
due to the gluonic component of 7’. We therefore believe
that the gluonic admixture of 7’ should be small, and most
possibly not as important as expected before.

PHYSICAL REVIEW D 73, 074002 (2006)

As for the CP-violating asymmetries of B — pn’ de-
cays, the possible contributions of the gluonic components
of the n' meson are largely cancelled in the ratio.

V. SUMMARY

In this paper, we calculate the branching ratios and
CP-violating asymmetries of B°— pxn, B°— ply/,
B* — p*m, and BT — p* 7' decays in the PQCD facto-
rization approach.

Besides the usual factorizable diagrams, the nonfactor-
izable and annihilation diagrams as shown in Figs. 1 and 2
are also calculated analytically. Although the nonfactoriz-
able and annihilation contributions are subleading for the
branching ratios of the considered decays, but they are not
negligible. Furthermore these diagrams provide the neces-
sary 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) From analytical calculations, the form factors for
B— 7, B— 1’ and B — p transitions can be ex-
tracted. The PQCD results for these form factors
are  AgTP(0)=0.37, Fy "(0)=0.15 and
FS7"(0) = 0.14, which are in good agreement
with those obtained from the QCD sum rule
calculations.

(i) For the branching ratios of the four considered
decay modes, the theoretical predictions in PQCD
approach are

Br(B* — pTp") =9 x 107°, 91)

Br(B" — pn) = 5 x 1078, 92)

Although the theoretical uncertainties are still large
(can reach 50%), the leading PQCD predictions for
the branching ratios agree well with the measured
values or currently available experimental upper
limits, and are also consistent with the results ob-
tained by employing the QCD factorization
approach.

(iii) For the CP-violating asymmetries, the theoretical
predictions in PQCD approach are

A (B* = p* ) =~ —13%, 93)
AYL(B* — p* 7)) = —18%, (94)
A(B? — pOn) =~ —41%, ©5)
ADE(BO — p0p) =~ +25%,
Adir BY — o%p) = —27%,
cpl P o ©6)

ARX(BY — pO%') = +11%,
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for a = 100°. For B* — p™n decay, the
CP-violating asymmetry around —15% could be
measured in the running B factory experiments. For
the neutral decays, their CP-violating asymmetries
may be measured in the forthcoming LHCb
experiments.

(iv) The major theoretical errors of the computed ob-
servables are induced by the uncertainties of the
hard energy scale 7;’s, the parameters w;, and mg,
as well as the CKM angle «.

(v) From the good consistency of the PQCD prediction
of Br(B* — p*n') with the measured value, we
believe that the gluonic admixture of %’ should be
small, and most possibly not as important as ex-

pected before.
|
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APPENDIX: RELATED FUNCTIONS

We show here the function 4;’s, coming from the Fourier
transformations of H©,

ho(xy, X3, by, b3) = Ko(JxX1x3mpb,)[0(by — b3)Ko(\/x3mpb)lo(\/X3mpb;)

hf(xl’ X3, X3, by, by) = {6(by — b)1o(M g /xx3b1)Ko(Mp/x1x3b5)

hi(x1, X3, X3, by, by) = {0(by — by)Ko(in/x5x301 M p)lo(i/32x30,M p)

+ (by < by)}-

+ 0(bs — by)Ko(/x3mpbs)Io(\/x3mpb1)]S,(x3), (A1)
ho(xa, X3, by, b3) = Ko(i/x3x3mpb3)[0(b3 — by)Ko(i\/X3mpb3)Io(i/X3mpb;)
+ 0(by — b3)Ko(i/x3mpby)Io(i/x3mpbs)]S,(x3), (A2)
KO(MBF(I)bl)’ for F(Zl) >0
+ (b= b))t | W 5 ) (A3)
ZLH, (M IF(I)Ibl), for F7;) <0
KO(MBF(Z)bl)) for F(zz) >0
i pp(1) 2 2 0. (A4)
ZHy (M, [|IF3,)|by),  for F(,) <0
h(x1, Xp, X3, b1, by) = {0(by — b2)Ko(iy/X2x30,Mp)To(iy/52x30, M) + (by < by)}
TTi
THE)I)(\/‘XI +x2 +X3 — X1X3 —x2x3b1MB), (AS)

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

F2

o= (X1 — x2)x3, (A6)

Ff) = (x; — xp)x3. (AT)

{
The threshold resummation form factor S,(x;) is adopted

from Ref. [23]

2121 (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

S,(x) = [x(1 = x)J, (A8)
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A A
Sap(t) = s(eymp /N2, by) + s(xsmg /N2, b3) + s(1 — x3)mp/~2, b3) — é[ln—hllr(lt(él/i) + ln_hllr(lt(é}])\

] o

Seat) = sCeymg /N2, by) + s(xymp/N2, by) + s((1 = x)mp /2, by) + s(x3mp /N2, by) + s((1 = x3)mp/~2, b))

B % [21“ —hlll(f(éﬁ) * h"—hlll(f(éﬁ) } (A10)
Sep(t) = s(ximp/~2, by) + sGeamp/2, by) + s(1 = x)mp /N2, by) + s(x3mp//2, by) + s((1 = x3)mp/~2, by)
B % [lr—llir(f(/bﬁ) * 21“—11;:(2?1)} (A1D)
Sen(t) = s(xamp/V2,by) + s(xzmp/N2 by) + s((1 = x2)mp/V2 by) + s((1 = x3)mp/V2, by)
B 311 [1‘“‘—1 ?ff(éﬁ) +in= ?ff(@i)} (A12)

where the function s(g, b) are defined in the Appendix B of Ref. [9] and the hard energy scale #;s have been given in
Eq. (39).
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