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The radiative B — py, B— w7y decay modes are caused by the flavor-changing-neutral-current
process, so they give us good insight towards probing the standard model in order to search for new
physics. In this paper, we compute the branching ratio, direct CP asymmetry, and isospin breaking effects
using the perturbative QCD approach within the standard model.
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I. INTRODUCTION

The standard model (SM) predicts large CP violation in
B decays [1,2] and they have been verified in B — J/¢/K|
[3,4], B— arr [5,6], and B — DK [7] decays. The quest
of high energy physics has always been to search for the
most fundamental theory. So our immediate goal is to
search for deviation from the predictions of the SM. It is
believed that the quantum effects in B meson decay am-
plitudes may contain effects of new physics.

The flavor-changing-neutral-current (FCNC) process
which causes b — sy and b — dy decays may contain
new physics (NP) effects through penguin amplitudes. As
the SM effects represent the background when we search
for NP effects, we shall compute these effects. In doing so,
we can understand the sensitivity of each NP search.

The first experimental evidence of this FCNC transition
process in B decay was observed about a decade ago,
where the inclusive process b — sy and exclusive process
B — K*vy were detected, and their branching ratios were
measured [8]. On the other hand, the expected branching
ratio for b — dy is suppressed by O(1072) with respect to
that for b — sy, because of the Cabbibo-Kobayashi-
Masukawa (CKM) quark-mixing matrix factor. The world
average for b — d penguin decays is given as follows

[9]:

Br(B® — p%y) = (0.38 £ 0.18) X 107
Br(B" — wy) = (0.541933) X 107°
Br(B* — pTy) = (0.68723%) X 1076,
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Theoretically, B — p7y and B — wy are widely studied
both within and beyond the SM [10,11]. The bound states
are involved in the exclusive process, so the perturbation
theory cannot be used in a simple manner. It has been
shown that, at least in the leading order, all nonperturbative
effects can be included in the definition of the B meson and
the vector meson wave functions, and the rest of the
amplitude (the hard part of the amplitude) can be computed
in the perturbation theory. This is called the perturbative
QCD (pQCD) approach and it was proven several years
ago [12,13]. In this paper, we compute the branching ratio,
direct CP asymmetry, and isospin breaking effects for B —
pY, B— wvy decays by using the pQCD within the SM.

The remaining part of this paper is organized as follows.
In Sec. II, we briefly review the pQCD approach, and in
Sec. III we present some basic formulas such as the effec-
tive Hamiltonian and kinetic conventions. In Sec. IV, the
hard amplitudes calculated in pQCD are given. Section V is
devoted to numerical calculation and discussion. Finally, a
brief summary is given in Sec. VL.

II. PERTURBATIVE QCD APPROACH

In order to explain the pQCD approach, we want to
suppose that a static B* meson decays into p* and vy
through the O, operator as in Fig. 1.

In the rest frame of the B™ meson, the b quark is almost
at rest and the spectator u quark moves around the b quark
with O(A) = O(Mp — m;,) momentum, where My and m,,
are B meson and b quark mass, respectively. Then the b
quark decays into d and 7, and these products dash away
back-to-back with O(Mj/2) momenta. When a quark is
rapidly accelerated like this, infinitely many gluons are
likely to be emitted by bremsstrahlung. There is a familiar
phenomena in QED, when an electrically charged particle
is accelerated, infinitely many photons are emitted. But the
gluon emission by bremsstrahlung QCD must result in
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FIG. 1. The heavy b quark decays into the light d quark and a

photon through the electromagnetic operator, and the decay
products dash away back-to-back with momenta O(My/2). In
order to form a p* meson with no hadron jets, the spectator

quark must line up with d. This can be accomplished most
efficiently by exchanging a hard gluon.

many hadrons in the final state. As the emitted gluon will
hadronize, the fact that no hadron except for p(w) should
be observed in B — p(w)7y, means that the bremsstrahlung
gluon emission mentioned above cannot occur. Thus the
branching ratio for an exclusive decay B — p(w)y is
proportional to the probability that no bremsstrahlung
gluon is emitted. The amplitude for an exclusive decay
contains the Sudakov factor and it is depicted in Fig. 2. As
seen in Fig. 2, the Sudakov factor is large for small b and
small Q, where b is the spatial distance between quark and
antiquark into B meson, as shown in Fig. 3, and Q is the b
quark momentum inside the B meson. Large b implies that
the quark and antiquark pair is separated in space, which in
turn implies less color shielding. Similar absence of the
color shielding occurs when the b quark carries the most of
the momentum of the B meson. That is, as seen in Fig. 2, in
order to form a p(w) meson with no hadron jets, the
condition for color shielding is essential. The condition
needed for the color shielding is the small separation in
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FIG. 2. The dependence of the Sudakov factor exp[—s(Q, b)]
on Q and b where Q is the b quark momentum, and b is the
interval between quarks which form hadrons. It is clear that the
large b and Q region is suppressed.
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FIG. 3. b is the transverse interval between the b and u quark
in the B meson.

space between quark and antiquark within the meson, and
it indicates that the energy scale of the decay process
should be high. Actually, the invariant-mass square of the
exchanged gluon depicted in Fig. 1 is about O(AMjp),
which can be considered to be in the short distance regime.
Thus we can see that the decay process can be treated
perturbatively. The decay amplitude for the exclusive
mode like B — p(w)y decay can be factorized into the
hard part with a hard gluon exchange, which can be treated
perturbatively, and the soft part of all nonperturbative
strong interactions is included in the meson wave
functions.

Then the total decay amplitude can be expressed as the
convolution like

1 1/A
] dxl d)Cz / dzbldszC(t) ® eXp[_S(Xl, X7, bl, bz, [)]
0 0

® D, ,(x2, by) ® H(xy, Xp, by, by, 1) ® Pp(xy, by),
(n

where @, (x,, b;) and ®g(x;, by) are meson distribution
amplitudes, exp[ —S(x, x5, by, by, 1)]is the Sudakov factor,
which results from summing up all the double logarithms
of the soft divergences. H(x|, x5, b{, b,, 1) is the hard kernel
including finite piece of quantum correction, b, b, are the
conjugate variables to transverse momenta, and x;, x, are
the momentum fractions of spectator quarks.

In the computation of the decay amplitudes with the
pQCD approach, we adopt the model functions for the
meson distribution amplitudes. The meson amplitudes are
characterized by the strong interaction. The effective range
of the strong interaction which can propagate, is wide.
Then the meson distribution amplitudes should be ex-
pressed as some averaged physical quantity. Thus the
meson amplitude does not depend on the decay process
etc. For the B meson wave function, we adopt a model
[14]. For the p and @ meson wave function, we use ones
determined by the light-cone QCD sum rule [15]. The
detailed expressions for the meson functions are in
Appendix A.
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ITI. BASIC FORMULAS

The flavor-changing b — dy transition induced by an
effective Hamiltonian is given by [16]

Gr
V2
+ Vo, VEAC ()0 () + CF (1) 0% (w)}

a thvjd[ Z

i=3~6

Hp = |:VubV:d{C(1u)(,U')0(1u)(M) + ()0 (w)}

Ci(w)Oi(u) + C7, ()07, ()

+ CSg (M) OSg(Iu’)

} + (He), 2)

where Cls are Wilson coefficients, and O's are local op-
erators which are given by

O(q) = (d;q,))v-a(G@;bi)y-a.
(q) = (d q:)v- A(qu,)v A

oy = (dibi)vaZ(qqu)V*A’
q

Oftq) = (Ciibj)V*AZ(qui)V*A7
q

0(5‘7) = (5ibi)vaZ(51jqf)V+A’ v

O(q) (dlbj)v AZ(CI/‘I v

e _
07y = medio-lw(l + vs)b,F,,,

8 3 v
Ogg == @mhdia” (1 + ’)/S)Tfjb]G’ZV,

and we neglect the terms which are proportional to d quark
mass in Oy, and Og,. Here (3;q;)y=4 means g;y*(1 +
yS)qj, and i, j are color indexes. With the effective
Hamiltonian given above, the decay amplitude of B —
p(w)y can be expressed as

G
=75 2.V s VaaCiluXFIO(IB), ()
iq

A = (F|H|B)
where F denotes the final state py or wvy. In addition, the
amplitude can be decomposed into scalar (M5) and pseu-
doscalar (M") components as

i

TPV S»YMST/VPPPUMP (5)

A= (g} - 8;)MS + €uvpo

where Py and P, are the momenta of p (w) meson, and
photon, respectively. &), and &y, are the relevant polariza-
tion vectors. The matrix element (¥|O;(x)|B) can be cal-
culated in the pQCD approach.
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For convenience, we work in light-cone coordinate.
Then the momentum is taken in the form

p’+p pd—

ﬁ’ﬁ

p=<p+,p:faT>=( e p2>) (©)

and the scalar product of two arbitrary vectors A and B is
A-B=A,B*=(A*B"+A B*)—A,-B,. In the B
meson rest frame, the momentum of B meson is

— M55
7 (1 1.0.), 7

pPp = (PE’PIE’PBJ_)
and by choosing the coordinate frame where the p or w
meson moves in the “—" and photon in the “+” direction,
the momenta of final state particles are

> M >
= (P, P, P,)) = 7‘29(1, 0,0,), (8)
o M -
Py = (Py, Py, Pyy) = 7129(0, 1,0,). )

The momenta of the spectator quarks in B and p or w
mesons are

. M .
k= (kg ) = (Tgxl, 0, k1r>: (10)
. My, -
ky = (ky, ky, kyp) = (0, Tsz2’ k2r>y (11)

where x;, and x, are momentum fractions which are de-
fined by x; = k{/Pj, and x, = k5 /Py, respectively.

IV. FORMULAS OF THE HARD AMPLITUDE

In this section we give the amplitudes caused by each
operator in Eq. (3).

(a) (b)

07’)' 07»),

q q q q

FIG. 4. Contribution from operator O, to B — p(w)y decay.
The photon is emitted through the operator, and hard gluon
exchange is needed to form a p(w) meson.

094005-3



LU, MATSUMORI, SANDA, AND YANG

A. Contribution of 0,
At first, we present the contribution of the electromag-
netic operator O,.. The diagrams are shown in Fig. 4. In

this case, the photon is emitted through the operator, and
J

_MP(H)

S(a) _
M77a - Ty
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hard gluon exchange is needed to form a p(w) meson.
Contributions of the O;, operator to the amplitudes M5
and M" defined in Eq. (5) are as follows:

— —2F 0, f dx,dx; [ dbydbyb, byae,(19) expl—Su(19) — Sy(1)1S,00)Cr (1) b1, b)ry[dY(e2) + ()]

X H%”)(A7bz, B,by, B;1by),

Mg(b) — —Mg))(,b)

(18 = max(Ay, B, 1/by, 1/b,)),

(12)

= _2F(0)§t/dxldx2jdbldb2b1b2as(t€)exp[_53(tl77)_SV(tg)]St(XZ)C77(tl77)¢B(x1’bl)[(l +x2)p1(xy) + (1 = 2x,)

X ry[%(x2) + d% () TIHY (A7b1, C1by, Coby), (12 =max(A5, Cy,1/by, 1/b,)),

H%“)(A7bz, B7by, B1by) = Ko(A7D2)[0(b) — by)Ko(B7b1)I(B7b,) + 6(by — by)Ko(B7b2)1y(B1by)],

HY(A7by, C1by, Ciby) = HIV(Asby, Cby, C1bsy), (15)

A% :XIXZMQ, B% :X]M%, C% :XzM}Z;. (]6)
Here K, I, are modified Bessel functions which are ex-
tracted by the propagator integrations. We define the com-

mon factor as

Gpe

FO = —f =
2

CrM3, a7

and the CKM matrix element as &, = V7, V. The expo-
nentials exp[—Sz(7)] and exp[—Sy(r)] are the Sudakov
factors [12], and the explicit expressions of the exponents
Sp, Sy are shown in Appendix B. The quark structures for
vector mesons are p* = |du), p° = |au — dd)/~/2, and
w = |iau + dd)/+/2, then the decay amplitudes for each
decay modes caused by O, operator are given as follows:

i — i@ ()
M(B* = p*y), = M5 + miY, (18)
. 1 . .
MEB = p'y)p, = = [ + )L 19)
. 1 . .
M(B® — pOy),, = —= (M) + MD], (20)

V2

where j expresses the decay amplitude components S or P.

(13)

(14)

B. Contribution of Og,

The diagrams for the contribution of the chromomag-
netic penguin operator Og, are shown in Fig. 5.
Contributions of each diagram are given in the following.
In this case, a hard gluon is emitted through the Oy,
operator and glued to the spectator quark line, and a photon
is emitted by the bremsstrahlung from the external quark
lines. Each decay amplitude caused by Og, operator is
expressed as follows:

(a) (b)

OS_(] OSg
b d b d
q q q q
() ()
Os, Os,
b d b d
q q q q

FIG. 5. Diagrams for the contribution of the chromomagnetic
operator Og,. A hard gluon is emitted through the Og, operator
and glued to the spectator quark line. Thus a photon is emitted by
the bremsstrahlung of the external quark lines.
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M{;S(“)(Qb) = _Mg(a)(Qb)
= ~F60, [ dvdv, [ dbidbybibaa () expl-Su(sg) — Sy(E)IS,(1)Cay ()bt b)

X [xry @4 (xy) + x5 (xy) + X2VV¢1\)/(X2)]H5(;Q)(A8172, Bgby, Bgb,), (1§ = max(Ag, Bg, 1/by,1/b,)),

(21)
M"(Q,) = -M{"(Q,)
= —F(O)fthfdxldxzfdbldbzblbzas(flg’)CXP[—SB(fé’) = Sy(1§)]8,(x2) Cso (§) s (x1, )
X [=3xry d§(x2) + (2xy — x1) Pl (xy) — 3x2rv¢’(,(x2)]H§b)(A8b1, Cgby, Cgb,),
(tg = maX(Ag, Cg, l/bl, l/bz)), (22)
My9(Q,) = —M{Q,)
= _F(O)szqjdxldxzfdbldbzblbzas(fg) expl—Sp(#§) — Sy (#5)1S,(x1)Cyy(£§) P 5(xy, by)
X [xyry d$(xy) — x1 1 (x5) + Xz”vﬁl"l‘?(xz)]Hg(;c)( |AZ|b,, Dgby, Dgby),
(t§ = max( |Aé2|’ D8’ 1/bl’ l/bZ))’ (23)
M, = —FO¢,0, ] dx,dx, f dbydb,bbya (1) exp[—Sp(td) — Sy(£0)1S,(x2) Coy (1) b p(xy, by)
X [(xy = x1 +2)d](xy) + 6x2rv¢l&(xz)]Hg(;d)( |AZ1b,, Egby, Egb,), (24)

M{“0,) = FO¢,0, j dxdx, ] db dbybbya(1d) expl—Sp(1d) — Sy (t0)1S,(x2) Cy, (1) P (x1, by)

X [(xy = x; +2)d(xy) + 6x2rv¢“lz(x2)]Hg(gd)( |AZ|b,, Egby, Egb,), (1¢ = max(/|AZ|, Eg, 1/b,,1/b,)),

(25)

H\"(Agby, Bgby, Bsby) = Ko(Aghy)[0(by — by)Ko(Bsb))o(Bshy) + (by < by)], (26)
i

Héh)(Asbl» Cgby, Cgby) = — Ko(Agh))[0(b) — bz)H(()l)(Csbl)Jo(Csbz) + (b < by)], 27

2

Hg(gC)( |AZ|b,, Dgby, Dgby) = 6(AF)Ko(/IAZ1b,)[0(b) — by)Ko(Dgb)1y(Dgb,) + (by < by)]

+ 0(-AR)iZ HY GIAF1b)[6() — b2)Ko(Dsb))lo(Dsb) + by = b)), (28)

T
H(J1AR1by, Egb, Egby) = 6(AR)i 5 KoIAZ1b)[6(b) = b2)Hy (Egbi)Jo(Egba) + (b1 = by)]

~ 00425 ) 1y WIAR 1 06 — b Eb)I(Eba) + by b)) 29)
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(b)

FIG. 6. Diagrams in which the operator O, is inserted in the
loop, and a photon is emitted from the external quark line. O,
does not contribute and it can be shown that O; ¢ can be
neglected.

A% = XI.XZM%;, B2 M2(1 + xl)
C2 = MA(1 — xy), AZ = (x; — x)M3, (30)
D} = x| M3, EZ = x;M3,.

Here we define Q,, as the electric charge for the quark g:
Q, = Q,= —1/3 and Q, = 2/3. Then the decay ampli-
tudes for each decay channels can be written as follows:

M(B* = p* v = M (Qy) + M (Q0) + M (Q)

+M{"(0,), 31)
M(B® — py)g, = - T[M““)(Qb) + ML (04)
+ M{7(0,) + ME(0,)) (32)
M(B" — py)], = 7[M§Q“><Qb> + MP(Q,)
+ ML (0,) + ML (0] (33)

J

M5@(Q,) = MP“(Q,)

PHYSICAL REVIEW D 72, 094005 (2005)

FIG. 7. Diagrams in which the operator O, is inserted in the
loop, and a photon is emitted from the internal loop quark line.

C. Loop contributions

In this section, we consider the contributions of dia-
grams with the effective operators Ols inserted in the
loop diagram. O; does not contribute because of the color
mismatch. Penguin operators O3 _¢ insertion is neglected,
because they are small compared with O, insertion in the
loop diagram. Therefore, we only consider the tree O,
operator insertion. These diagrams can be separated into
two types. One type is that of a photon emitted from the
external quark line (Fig. 6), and the other is that of a photon
emitted from the loop quark line (Fig. 7).

1. Contributions of external-quark-line emission

For the calculation of the diagrams in Fig. 6, one can at
first calculate the effective vertex b — dg by performing
the loop integration. For the topological structure with O,
inserted in the loop diagram of Fig. 6, the effective vertex
obtained with the MS scheme is

v 8 2 I Ta v v
(34

Gm?, k% n) = — [1 dx4x(1 — x)
ir o 0

2 _ 2
y log[mi x(1 2)c)k l6j|’ 35)
u

where i = u, ¢ is the flavor of the loop quark, k is the
momentum of the virtual gluon, and v is the Lorentz index
of the gluon field. We can see that the vertex function has
gauge invariant form. With the effective vertex given in
Eq. (34), the contributions of diagrams in Fig. 6 can be
obtained as follows:

= EF(O)finfdxldxzfdbldbzblbzas(tg)CXP[_SB(tg) = Sy(td)1S,(x))Cr (1) P p(xy, by)

a 2
X x1x2ry[ Y (x3) — ﬁ’/(xz)]Hé )(Asbz, Bgb,, Bsbz)[G(m%, —X1Xym3, 18) — g} (36)
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X [Bxixa8(xy) + Bry{dl(xy) + &9 (xz)}]H(b)(Agbl, Csby, Csbz)[ (m?, —x;xym3, 1§) — g} (37

3

S(b)(Qd) = P(b)(Qd)
= _EF(O)fiQdfdxldxzfdbldbzblbzas(tg) exp[—Sgp(#2) — Sy ()18, (x2)Cr (L) P (xy, by)
M9, = -M{9(0,)

- 1F“”f 0, f dox,dx, f dbydbyby byaey(15) expl — S5(15) — Sy (1£)18,(r)) Cat) b 1, by)

2
X [xary{ ol (xa) + ¥ (x0)} — X1¢xT/(xz)]H§;C)( |AZ|b,, Dgb, Dsbz)[G(m%, (xy — x)m3, 1§) — g} (38)

1
Mlsfd)(Qq) = EF(O)fqu jdxldxz fdbldbzblbzas(fg) exp[—Sp(1§) — Sy(1d)1S,(x2) Co () b p(xy, by)

X [3(xy = x) L (x2) + xorp{3(1 + x2) P (xy) — (1 — x2)¢“’/(x2)}]H§d)( |AZ|b,, Egby, Egb,)
2
x| G, = xomi ) =5 | (39)
1
Mi%(Q,) = =5 FO¢0, ] dxydx, j dbydbyb bya (1) expl = Sp(rf) = Sy ()18, () Co(t) ps(x1, b1)
X [3(x; — x)@h(xs) — 2o A(1 = %) b4 (x2) — 3(1 + x,) % (x)HHY (JIAZ b1, Egb), Egb)
2
X [G(m%, (xy — x;)m3, tgl) — g} (40)
[
Then the decay amplitudes in this case can be expressed as I,,=A JA(g - k)E/wptr(q — k)7 + €,p0rq Kk,
follows:
i(a) i(b) i) Eupa'rqo-kTQV] + AS[EMpUqukaV
M(B* —p 7)]1,_M{, (Qp) + M1;7(Qy) + M{7(Q,) 0 -
k*€0p0q” ] (45)
+ M9, (41)
and
M(B® — pOy)l, = ——=[MI(0,) + MIP(Q,) _ dieg
V2 1= 3.2
+ MI(Q,) + MI(0)], (42) B xy
]0 xﬁ) yx(l—x)k2+2xqu—miz+is’
MB® — wy)}; = T[M’(“)(Qb) + M1 (0,) + M{(0) (46)
J(d)
+ Mli (Qd)] (43) A — _4ieg
s =
2. Contributions of internal-loop-quark-line emission 1 1—x x(1 — x)

The diagrams in which a photon emitted from the inter- X ﬁ) dx ﬁ) dy x(1 — x)k* + 2xyqk — mlz + ie’
nal loop quark line are shown in Fig. 7. The sum of the (47)
effective vertex b — dyg* in Figs. 7(a) and 7(b) has been
derived in [17,18]. The result can be expressed as where ¢ is the momentum of the photon ¢ = Py — Py, and

I =dy?(1 — y5)T*bl 44)

o€y €L

with the tensor structure given by

k is the momentum of the gluon k = k, — k. The result of
the amplitudes M5 and M” contributed by each diagram in
Fig. 7 can be expressed as
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4 1 1—x
My = =3P [Cax [Tay [ [ dbibia ) expl =Sy ICan) ates, b (b1, biy157)

X m[ﬁc(l — 0)x23x1 7, (x2) + xory{ Y (x2) + PP (x2)}) — xyxa((1 + 2x1) bl (xy)
B i
= ry{(1 = 2x5) Y (x2) + ¢ (x2)})], (48)
M;i = %F(O)fz‘ Ll dx ﬂ)l*x dy[dxldxzv/‘dblblas(t%) exp[—Sp(12:)]Cs (1)) b p(x1, by) Hyi (b1 A, by |B2])
W[x(l = 0)xGx 7 (x) + xr el () + ¢ ()} — xyx((1 + 2x,) ¢l (x,)
B i
= r{(1 = 2x7) ¥ (x2) + DY (x)})], (ty; = max(A, {/|B*|, 1/by)), (49)
2
A2 = 'xleM%?’ B2 = )Cl)CzM% - ly?xsz% + ﬁ, (50)
Hy(b1A, biyIB?|) = Ko(b1A) — Ko(by14/|IB?]) (B> =0),

= Ko(b1A) = i3 Ho(byy/IB%) (B> <0), (51)

and the decay amplitudes for each decay modes are as
follows:

{
1. Tree annihilation

We consider the tree annihilation caused by O, O,

) ) ) M operators shown in Fig. 8.
M(B* — p*y),, = M3, M(B® — pOy)); = — \/%’ , In the charged mode, this contribution is color allowed;
_ on the other hand, it is color suppressed in the neutral
. M, modes. We define the combinations of the Wilson coeffi-
0 _, Jo—= "2
M(B @Y V2 (52) cients as
D. Annihilation diagram contributions ar(r) = C,(0) + C(1)/3, ax(1) = C(1) + C1(1)/3,
Next we consider the annihilation-type diagrams. They (53)
provide the main contribution for the isospin breaking
effects in Br(B™ — p*y) and 2Br(B® — p°y) decays. and each decay amplitudes can be given as follows:
|
M39(Q,) = MY“(Q,)
360, fyv
= —F(O)f,,szﬁ/rvfdxl fdblbl CXP[_SB(fﬁ)]Sz(Xl)ak(lﬁ)d’B(Xl, b)Ky(b,A,),
B
(t = maX(Aa: l/bl)): (54)
A
360, fyr T
Mj(kb)(Qq) = _F(O)éru#’”vfdxzfdbzbz CXP[_SV(lZ)]Sz(Xz)ak(lZ)lEH(()])(sza)
B

X [x2%(x2) + (2 = x2) Y (x2)], (55)

3760, fpm
MiP(Q,) = FO¢,~ ~h==
B

(tA = maX(Ba) l/bZ)))

rv [ dx, f dbaby exp[—Sy(t4)1S,(r)ar()i5 Hy (282 ~ 1) () + 124 (x2)],

(56)
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MiE(C)(Qq’) P(C)(Qq )
3 /

= F(O)fuwrvfdxl fdb by exp[—Sp(t)]1S,(x1)a (1) dp(xy, b)) Ko(b,C)),
(14 = max(C,, 1/by)), (57)

Miid)(Qq”) = F(O)fu%rv]dh/dbzbz exp[—SV(tf{)]S,(xz)ak(ti)igH(()l)(sza)

B
X [=(1 = x)p§(xp) + (1 + x3) Y (x)] (58)
3760
M Q) = F<°>§ufﬁ;;”rv [ dx, f dbaby expl =Sy (1)1, (x)ar(1)i 5 H (62D, )[(1 + x) % (x2)

- (1 - x2)¢‘v/(x2)]r (tz = maX(Da’ 1/b2))’ (59)
A2 =(1+x)M3, B: = (1 — x,)M3, C2 = x| M3, D? = x,M3. (60)

Here we use the index k in order to express the Wilson
coefficient combination in Eq. (53). Then each decay
amplitude can be expressed as follows:

= MZ\(:)(QI;) + Mix(zb)(Qd)
+ M4LO(Q,) + ML(Q,),  (61)

MB* — p*y),

. 1 . .
M(B® — p%y), = ﬁwﬁ“)(Qb) + M4"(0,)

+ MLO(Q) + ML) (62)

. 1 i .
M(B® — wy), = E[Mfé, (0, + M0,

+ ML) + M) (63)

(b)
b q
>o[
q/ q//
(c) (d)
h q h q
o< >0L
J J y "

FIG. 8. Annihilation diagrams in which the operators Oy, O,
are inserted. The box denotes operator insertion.

(a)

b q
{[/ [[//

(S

2. OCD penguin annihilation

Next we consider the QCD penguin annihilation contri-
butions. There are two types of the annihilation diagrams
in which the operators O;’s are inserted. One type is shown
in Fig. 9 and the other is in Fig. 10.

First we consider the Fig. 9 contributions. Here we also
define the combinations of the Wilson coefficients as

a3(1) = C;(1) + Cy4(1)/3,
as(t) = Cs(1) + C¢(1)/3,

ay(t) = Cy4(1) + C5(1)/3,

ae(t) = Ce(t) + Cs(1)/3.
(64)

For (V — A)(V — A) operators, the results are as follows:

(a) (b)
b q b q
d q/ d q/
{c) (d)
b q b q
0< >.(>L
d q d q

FIG. 9. Annihilation diagrams in which the QCD penguin
operators are inserted. The box denotes operator insertion.
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MY (Q,) = MY (Qy)
360, fy
— pog OO, / dx, [ dbyby expl— S5t )1S,(e)ax(t9 )b (e, b1)Ko(BrAy),
B

(14, = max(A,, 1/by)), (65)
M Q) = PO VT 1 [, [ b x5 1 bt G 028,
X [x2¢‘(,(x2) + (2 = x)dy(x)] (66)
M () =~ ORI [ ey [ b expl—y 601 (e T 05,
B

X [(2 = x) 5 (xp) + x20Y(x7)], (th, = max(B,, 1/b,)), (67)

M3 Q) = —M5 (Q,)

34/6
- —F<°>§,%gv”rv [ i [ iy expl=Su(e8, (x5 dar bKo(1Cy)
(15, = max(C,, 1/by)), (68)
M (@) = 08 ORI [ g, [ ol =5, 15 (i T 0,
B
X [=(1 = x)p§(xp) + (1 + x3) PV (x2)], (69)
3 /
MO () = —F0 g V0L T qu P57y [avs [[dbsbyexsl=SytefIS Gan(el )i 020,
X [(1 + x2)¢V(-x2) - (1 - x2)¢V(x2)] (tAl = maX(Dw l/bZ))) (70)
A2 = (1 4 x))M3, B2 = (1 — x,)M3, C2 = xM3, D? = x,M3. (71)

[
Here we use the index k in order to express the Wilson  plitudes in Fig. 9 contribute only to the neutral decay
coefficient combination in Eq. (64), and upper index “—" modes and they are color suppressed contributions, thus
means the (V — A)(V — A) vertex structure. The total am-  they are given as follows:

-1
@ (b) M(B® — pOy),, = 7[(M§{’j (Q.) — M} ()
b\g\/ d b\.\/%./ ’ + M40 () — MY Q)] (72)

M(B" — wy),, = T[zM,'f;‘; (@) +{M (Q.)
(c) @ + Mi;(ﬁ) (02} + 2Mi;(1? (Q4)
) y b y M) (0.) + My ()N (73)

Amplitudes with (V — A)(V + A) operators can be re-
7 /{'\ g g /\5’\ ¢ lated to those with (V — A)(V — A) amplitudes as
M (0,) = MY (Qy),
FIG. 10. The other type of annihilation diagrams with operator P( a)t _ P( a)- (714)
insertion. (Qp) = (Op)
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M3 (0,) =MD (Q,), s)
ME (@) = -MEY (),

MY Q) = M5Y(Qy), 6
M Q) = M Q).

M Q) = M3 (0,0, -

MED (0,1 = =MD" (0,),

where “+”” expresses the (V — A)(V + A) vertex structure.
The decay amplitudes caused by the (V — A)(V + A) ver-
tex exist only in the neutral modes and can be expressed as
follows:

1 - s
= %[{Mi‘f? Q) — M4 (Q)}

+{M"(0,) —

M(B® — p°y)},
M (N (78

-+ 1 i(a)t HH)
M(B° — wy)), = J—E[sz,&j (Q,) + M5 (0,)
+ M () + 2M T (0,)
+ {0 + M (N (79
|

+ . 3\/6Q -
M (Qg) = —M5P" (0,) = F<°>pr”’2fB
B
M3 (Q,) =
. i 360, fpm
M) (Qy) = —M5(Q,) = FO¢, ==

M3

then the amplitudes of this type with (V — A)(V + A)
vertex become as follows:

M(B* — p* v = MYS) (Qy) + M3 (Q)
+ M5 (0)+ My Q). (87)

. 1 o i
M(B® — pOy)y = = —=[MJS) (05) + M) (Q)

NG
+ M5 (Q0) + MY Q)] (88)

PHYSICAL REVIEW D 72, 094005 (2005)

Next we consider the type two diagrams shown in
Fig. 10.
For (V — A)(V — A) operators inserted in these dia-

grams, the results MASZ'PY are the same as MIEISI’PY:

= Mﬁ(zaj_ (Qp) + Mi(zbz_(Qd)
+ M5 (0)+ MY Q). (80)

M(B* — p*y)h,

- b
M(B® — py)}, = [MQ(Z) (Qp) + MY (0,)

VG

+ MR (00 + M) ()] (81)

_ 1 L o
M(B® = wy)), = —=[M3"(0,) + M{3) (Q.)

NG
+ M) Q) + MY ()] (82)

On the other hand, for (V — A)(V + A) operators, the
results are

M35 (0,) = MEY (Q,) =0, (83)

fdxzfdbzbz eXP[_SV(le)]Sz(xz)ak(lzl)¢ (Xz)l—H(l)(sza),

(84)

M (Q,) =0, (85)

[ s [ dbsbexpl=5y ()18, (a)an(o)) i T 02D,

(86)

[
a+ 1 H) S(h)F
M(B® — wy)y = =M (0,) + MY (0,)

2
+ M (00 + MR ()] (89)

In these type two cases, they are all color allowed decay
modes.

E. The final decay amplitudes MS and M?

Finally, we summarize the amplitudes M/’s, j = S, P for
each decay mode:
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MI(B* — p*y)=M(B* — p* ), + M(B* — p*y),
+M(B* — pTy)|, + M(B* — p*y)};
+M(B* — p Tyl + M(B* — pty)),
+M(B* = p*y), (90)

MI(B° — py) = M(B® — p°),, + M(B" — p"y)},
+ M(B" — p°y), + M(B — p°y)j;
M(B® = pOy), + M(B° = pOy),
+ M(B® — p°y)iy + M(B° = p'y),
+ M(B° — p"y), o1

MI(B® — wy) = M(B" — wy), + M(B® — wy)i,
+ M(B® — wy){i + M(B® — ary)éi
+ M(B° — wy)l + M(B® — wvy)};
+ M(B® — wy)j + M(B° = wy)),
+ M(B° — w*y)f:;. 92)

V. NUMERICAL ANALYSIS AND DISCUSSIONS

In our numerical calculations, the choice of the input
parameters is summarized in Table I, where A, A, p, and 7
are CKM parameters in Wolfenstein parametrization [19],
and p = p(1 — 1A%, 7 = n(1 —12?). Their values can
be found in PDG [20]. The numerical results for each
decay amplitude M/ in the B® — p®y (Table 1I), B —
w7y (Table III), and B* — p*+y (Table IV) in units of
107° GeV 2 are as follows.

When we estimate the physical quantities like branching
ratio, direct CP asymmetry, and isospin breaking effect, we
take into account the following theoretical errors. The
detailed discussions for the errors are in [21]. First, we

TABLE I. Summary of input parameters.
CKM parameters and QCD constant e
p _ =4
A A 7 Am
0.2196 0.819 0.20 £0.09 0.33 £0.05 250 MeV

Meson decay constants

fB fp ; fw f{)
190 MeV 220 MeV 160 MeV

195 MeV 160 MeV
Masses
MW MB Mp Mw me.
80.41 GeV 528 GeV 0.77 GeV 0.78 GeV 1.2 MeV
B meson lifetime
TB() Tp*
0.154 ps 1.674 ps

PHYSICAL REVIEW D 72, 094005 (2005)

change the input parameters; the decay constants and wp in
the B meson wave function, and we regard the 15% error in
each case at the amplitude level. This generates the theo-
retical error for the physical quantities about 40% in the
branching ratio, 5% in the direct CP asymmetry, and 30%
in the isospin breaking.

Second, we estimate that the higher order effects in
perturbation expansion to be about 15% error in the am-
plitude. This leads to about 30% in the branching ratio and
in the isospin breaking. Here, the cancellation of the higher
order effects can occur by taking the ratio of the decay
width in the direct CP asymmetry. Then we can neglect
these uncertainties for the CP asymmetry.

Third, the error due to the CKM parameter uncertainties
p and 7 generates about 30% error in the branching ratios
and direct CP asymmetry, and 100% error in the isospin
breaking effects. We can see that the uncertainty which
comes from the CKM parameters are large compared to
B — K*vy decay modes [21]. The reason for it is that all
CKM matrix elements which concern B — p(w)y decay
ViVias ViyVeas Vi, Viua) are comparable, and the three
angles of the KM unitary triangle are sizable: the situation
is different from in B — K*vy decay. The conditions men-
tioned above make the uncertainty from the CKM parame-
ters large.

In the end, we also take into account the uncertainties
from u quark loop contributions like Figs. 6 and 7. We
guess that the nonperturbative effects in the u quark loop
might lead to large hadronic uncertainties. So, we intro-
duce the 100% theoretical error at the amplitude level. This
theoretical uncertainty leads to small uncertainties (about
2%) for the branching ratio, 80% errors for the CP asym-
metry, and about 3% errors for the isospin breaking effects.

Then the total theoretical error for each physical quan-
tity becomes about 60% in the branching ratio, 85% in the
CP asymmetry, and 100% in the isospin breaking effects.

With the amplitudes M and M defined in Eq. (5), the
total decay rate of B — p(w)y is given by

B |MS|2 + |MP|2

F b
87TMB

(93)

and the relevant decay branching ratio is defined to be

Br= %r, (94)

where 75 is the mean lifetime of the B meson. The branch-
ing ratios for neutral and charged modes are defined as

+ + 1 — —
BrB* — p*y) = S[BHB* = p*y) + BrB~ — p~7)]

(95)

1 _
Br(B" — p"y) = 5[Br(B" — p") + Br(B® — p"y)]
(96)
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TABLE II.  The numerical results for B — p%y decay at p = 0.20, 7 = 0.33, and wy = 0.40 GeV.
MS/FO¢, MP/FOg,
M%/F(O)fz Mgg/F(o)fr Zizl,szZi/F(O)gt M;)'y/F(O)gt Mgg/F(O)‘ft Zi:1,2M£i/F(O)§t
—172.12 —0.44 — 1.19i —7.76 — 3.45i 172.12 0.48 + 1.18i 7.55 + 3.47i
M3 /FOE, M5 /FOE, MY /FOE, M;, [FOE,
0.39 + 1.01i —1.21 + 8.84i —0.08 — 0.97i 0.42 — 6.28i
M5, /FO¢, M5,/ FO¢, Mi/FO¢, My JFO¢, M5 JFO¢, ML/FO¢,
1.35 + 2.06i —1.11 — 27.76i 1.14 — 0.01§ —1.13 — 1.98i —0.73 + 28.15{ —2.47 + 0.17i
TABLE III. The numerical results for B — w+y decay at p = 0.20, i = 0.33, and wg = 0.40 GeV.
M3/FOg, ml/FO,
M%/F(O)fr Mgg/F(O)ft Zizl,zMii/F(O)ft M%/F(O)ft Mgg/F(O)fr Zi=1,2M§i/F(O)§t
161.59 0.44 + 1.21i 7.73 + 3.45i —161.59 —0.47 — 1.18i —=7.71 — 3.42i
M3 /FO¢E, M5, /FO¢, MY/ FO¢E, M5 /FO¢,
—0.46 — 0.99i 1.21 — 8.58i 0.12 + 0.99i —0.36 + 6.35i
M3, /[FO¢€, M35, /[FO¢, M3/FO¢, MY, /FO¢, My, /FO¢, M{/FO¢,
—1.03 — 2.10i 1.64 + 27.00i 1.04 — 0.01¢ 1.06 + 2.10i 0.05 — 27.45i —2.25+0.12i

TABLE IV. The numerical results for B¥ — p*y decay at p = 0.20, 7 = 0.33, and wp = 0.40 GeV.

M}/FO¢, MP/FOg,
M5, /FO¢, Mg, /FO¢, Si1aMS/FO¢, M JFO¢, Mg,/ FOE, Sim1oMb/FO¢,
243.72 476 — 3.12i —4.61 — 2.73i —243.72 —4.56 + 3.15i 4.08 + 2.42i
M; JFOE, M3 JFO¢, MP JFO¢, ML JFO¢,
—0.74 + 2.70i 1.70 — 15.36i 1.51 — 3.02i —0.48 + 11.23i
M3, /FO¢, M3, JFO¢&, M5/FO¢, Mt FOg, ML JFO¢, ME/FOE,
—2.39 + 6.05: 1.70 + 39.28i 37.28 — 7.90i 2.65 —5.19{ 0.99 — 39.80i —55.47 — 0.37i

and its predicted values become as

Br(B®— pYy) = (1.2 £0.7) X 107¢ o7
Br(B® — wy) = (1.1 £ 0.6) X 1076 ©8)
Br(B* — p*y) =25+ 1.5) X 107%  (99)

The direct CP asymmetry is defined by
e e B —py)-TB —p'y)
A, (B= — p~y) =
B ) R ) A TBT =
(100)

for charged B meson decays, and

[(B° = p"(@)y) ~T(B° = p°(w)y)

[(B— p’(w)y) +T(B° — p°(w)y)
(101)

A (B — p2(w)y) =

for neutral B meson decays. The numerical results for these
CP asymmetries in B — p7y and wvy are as follows:

Aep(B® = pPy) = (17.6 = 15.0)% (102)

Ap(BY — wy) = (17.9 * 15.2)% (103)

A, (BT — p*y) = (17.7 £ 15.0)% (104)

Next we discuss the isospin breaking effect in B — py
decay. The isospin relation requires that the branching ratio
of Bt — p*y is two times of B — p’y. However, the
contribution of the annihilation diagrams can violate this
isospin relation. We can define the isospin breaking pa-
rameter as

F(B+ — T )

Mg (B— py) = 21-‘(30—_% -1, (105)
I'B~—py)

Ag-(B— py) = mé()—_)lopoyy) -1, (106)
Aoy + Ay

Alpy) = % (107)

If isospin relation is maintained, A(p7y) defined above
should be zero. Our numerical result for isospin effects is

Alpy) = —(5.4 + 5.4)%. (108)
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VI. CONCLUSION

In this paper, we calculated the branching ratio, direct
CP asymmetry, and isospin breaking effects within the
standard model using the pQCD approach. Our predictions
for the physical quantities are summarized in Table V.

The B — p magnetic form factor T{ is defined as

<P(P2’ e-K") | quEO'/LVb | B(P1)>

= —in(O)eWBpegPBqP, (109)
where P = P, + P,, ¢g = P; — P,, and the value com-
puted by the pQCD approach is 77 = 0.26 = 0.07. The
value from the light-cone-QCD sum rule (LCSR) is Tf =
0.29 £ 0.04 [22], then our value of the form factor is in
good agreement with LCSR. The branching ratios only
from 07, become Br(B* — p~y) = (2.4 = 1.2) X 107,
Br(B®— p%y) = (1.1 £0.5) X 10°°, and Br(B"—
wy) = (1.0 = 0.5) X 107%; then by comparing them to
Egs. (97)—(99), we can see that Oy, contributions are
dominant.

The subtle excess of the branching ratio of B® — p®y
compared to that of B — w7 is caused by the following
two reasons: (1) the difference in the meson mass and
decay constants between p and w; (2) the annihilation
contributions from O, to Og. We examined these possibil-
ities, and concluded that the subtle excess of the branching
ratio mainly comes from (1), and the effects from (2) are
very small.

The isospin breaking effect A(p7y) is caused by the
contributions Og, (Fig. 5), charm and up quark loop con-
tributions (Fig. 6), and O; ~ Og annihilation contributions
(Figs. 8—10). Our prediction for this quantity is given in
Eq. (108). The main contributions to the isospin breaking
effect come from O; ~ Og4 annihilation diagrams. In gen-
eral, we can expect that the annihilation contributions are
suppressed by the factor O(m,/m,,), where m, = m,, m,.
In our computation, weak annihilations caused by O3 ~ Oy
are about 5% and tree annihilations caused by O, O, are
1% in the neutral modes (see Tables II and III); on the other
hand, in the charged mode, weak annihilations are about

TABLE V. The conclusion related to the branching ratio, CP
asymmetry, and isospin breaking effects.

Numerical results

Branching ratio
B — wy
(1.1 £0.6) X 107°

B® — ply
(1.2+0.7) X 107°

BT —pTy
25+1.5 %107

Direct CP asymmetry
B — wy
(17.9 = 15.2)%

BT —p'y
(17.7 = 15.0)%

B® — ply
(17.6 = 15.0)%

Isospin breaking effects
A(py) = —(54*£54)%

PHYSICAL REVIEW D 72, 094005 (2005)

2% and tree annihilations are about 20%; this contribution
is large because it is a color allowed process (see Table IV)
in the amplitudes. If we neglect O; ~ Og annihilation
contributions, the isospin breaking effects have the oppo-
site sign: A(py) = +(3.4 = 3.4)%. Thus the annihilation
contributions are crucial to the isospin breaking effects.

When we compare our results with the world averages of
experimental data for the b — dvy decay modes [9], our
results for the branching ratios are somewhat large. For
now, we shall not worry about it for the following reason:
Note that our conclusion given in Table V,

1
Br(B" — py) = Br(B" — wy) = EBF(B+ —p*y),
(110)

follows from the isospin symmetry and the fact that the
contribution from the Oy, operator dominates over all
other contributions. A similar conclusion has been derived
from the B — K*y decay mode [23], and experimental
results for B — K*7y agree with our conclusions. While
the error is large, the relationships indicated by Eq. (110)
are not obviously seen in the recent experimental data. We
thus feel it is too early to discuss the validity of Eq. (110).
We expect that the data may change by about a factor two if
Eq. (110) is approximately valid.
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APPENDIX A: WAVE FUNCTION

In the calculation of the decay amplitude, the wave
functions of meson states can be defined via nonlocal
matrix elements of quark operators sandwiched between
meson states and vacuum. Next let us introduce the wave
functions needed in this work.

The two leading-twist B meson wave functions can be
defined through the following nonlocal matrix element
[24]:

1 d*z
0 (277)4

e™1%(0]G,(2)bg(0)|B(pp))

|+ Mms[% b3 (k) + %%(kl)}}

- _ ﬁ{% + Mp)ys[dp(ki) + V2 (k) gar

Ba

(AD)

where k; is the momentum of the light quark in the B
meson, and n = (1,0, 0y), and v = (0, 1, 0y). The normal-
ization conditions for these two wave functions are
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4 —_JB 4 —_JB
[ameiwn = [dusp =2
(A2)

The relations between ¢z, ¢ and or, Py are
A T ] 5 %2, (A3)

In practice it is convenient to work in the impact pa-
rameter b space rather than the transverse momentum
space (k| -space). So we make a Fourier transformation
[d*k e 1P to transform the wave functions and hard
amplitude into b-space. Then the normalization condition
for ¢ and ¢ can be expressed as

jldquB(x,b:O): I5
0

22N,
I

f dx¢pg(x,b =0) = 0.
0

(A4)

¢ and ¢ 5 include bound state effects; they are controlled

by nonperturbative dynamics. They can be treated by
|

(p/ (P, €))lda(2)up(0)|0) =

For the transverse p meson, the distribution amplitudes are
given as [15]:

BT (x) = ji’ x(1—0[1 +02C% 0] (A7)
b = Jo [ (1+ 2) + 02432 — 1)
P 2\/—
+0.12(3 — 3022 + 35:4)} (A8)
P4(x) = f/p_t[l +0.93(10x2 — 10x + 1)],  (A9)
where t = 1 — 2x and
vy SV
L(x) = dy(x) =
2«/—2N 2./2N. (AL0)
d (a)
Py = 8«/2_N xS

We use €p03 = 1 and set the normalization condition
bout ={ v) )}
about ¢; = {1, g\, g"} as

f dxe(x) = 1. (A1)
0

f dxe’XPZ[MV[fvT]qSV(x) + 4/ Ploy(x) —

PHYSICAL REVIEW D 72, 094005 (2005)

models or by solving the equation of motion in heavy
quark limit.

In some particular models, ¢, and ¢ can be selected
such that the contribution of ¢ is the next-to-leading-
power A /my [25]. In this case the contribution of ¢ can
be neglected at leading power. Hence, only ¢ is consid-
ered in this case. We adopt the model for ¢ in the impact
parameter b space, which is widely used in the study of B
decays in the perturbative QCD approach [14]

1 )CMB Z_w%bz
2(‘“3) 2 }

(AS)

dp(x, b) = Npx*(1 — x)? exp[—

where the shape parameter wp has been determined as
wp = 0.4 GeV, and Ny is the normalization constant.

In B — p7y and wy decays, p and w meson can only be
transversely polarized. We only need to consider the wave
function of transversely polarized p or @ meson. They are
defined by

,u,Vpa'[y 7M]EVVPpn+ ¢a (x)i|

(A6)

{
The Gegenbauer polynomial is defined by

() = %(sﬂ - 1. (A12)

APPENDIX B: SOME FUNCTIONS

The expressions for some functions are presented in this
appendix. In our numerical calculation, we use the leading
order «; formula as

2 B, = 33 — 2n;
Boln(u/A,,)’ 0 3

and we fix the number of the flavor as n; = 4. The explicit
expression for the Sudakov factor s(z, b) is given by [26]

b= | ’/ﬁ[ln(i)fx(aﬁ(u))+B<as(m>} (B2)

o a\2[67 = 10 2 ey
= ISR Bt N T (e it - _E
e (3] e 3oomn(3)]

a,(p) = (BI)

T 9 3 27
(B3)
2 ag e2ve — 1
B=-"In[———), B4
37 “( 2 > B4
where v = 0.5722 is Euler constant and Cr = 4/3 is
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color factor. The meson wave function including summa-
tion factor has energy dependence,

dp(xy, by, 1) = dp(xy, by) exp[—Sp(1)], (B5)

dy(x2, 1) = Py (xs) exp[—Sy(1)], (B6)

and the total functions including Sudakov factor and ultra-
violet divergences are

t  di
Sp(t) = s(x, Py, by) + 2 [I . %y(asw» (B7)

PHYSICAL REVIEW D 72, 094005 (2005)
Sy(t) = s(xaP5, by) + s((1 — xp)P5, by)

12 / LR (). (B8)
1/b, M

Threshold factor is expressed as below [23,27], and we
take the value ¢ = 0.4:

2172¢1°(3/2 + ¢)

S =110

[x(1 = x)]" (B9)
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