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Three-body decays B — ¢(p)Ky in perturbative QCD approach
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We study the three-body radiative decays B — ¢(p)Ky induced by a flavor-changing neutral current in
the perturbative QCD approach. Pseudoscalar-vector (PV) distribution amplitudes (DAs) are introduced for
the final-state ¢K (pK) pair to capture important infrared dynamics in the region with a small PV-pair
invariant mass. The dependence of these PV DAs on the parton momentum fraction is parametrized in
terms of the Gegenbauer polynomials, and the dependence on the meson momentum fraction is derived
through their normalizations to timelike PV form factors. In addition to the dominant electromagnetic
penguin, the subleading chromomagnetic penguin, quark-loop and annihilation diagrams are also
calculated. After determining the PV DAs from relevant branching-ratio data, the direct CP asymmetries
and decay spectra in the PV-pair invariant mass are predicted for each B — ¢(p)Ky mode.
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I. INTRODUCTION

A large number of experimental investigations on
three-body hadronic B meson decays have been carried
out by the BABAR [1-6], Belle [7-10] and LHCb [11-13]
Collaborations in recent decades. The forthcoming Belle-II
experiments will further improve the accuracy of their
measurements by means of Dalitz analyses [14]. These
decays, involving QCD dynamics much more complicated
than in two-body ones, impose a severe challenge to the
development of corresponding theoretical frameworks. The
currently available frameworks based on the factorization
theorem for three-body hadronic B meson decays include
the perturbative QCD (PQCD) approach [15-18] and the
QCD-improved factorization approach [19-21]. Though
the factorization theorem is not yet proved rigorously,
phenomenological applications have been attempted, and
abundant predictions have been made. There exist other
approaches, such as final state interactions [22] and heavy
meson chiral perturbation theory [23,24]. The stringent
confrontation of theoretical predictions with data in the
whole final state phase space is likely to reveal new
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dynamics, signifying the importance of three-body had-
ronic B meson decays.

Most of PQCD studies of the above decays focus on the
kinematic configuration corresponding to edges of a Dalitz
plot, whose formalism can be simplified by the introduction
of two-hadron distribution amplitudes (DAs) [15]. In these
regions two of the three final state hadrons collimate with
each other in the rest frame of the B meson. At the quark
level this configuration involves the hadronization of two
energetic collinear quarks, produced from the b quark
decay, into the two collimated hadrons. The hadron-pair
system, dominated by infrared QCD dynamics, can then be
factorized out of the whole process, and defines the two-
hadron DA @, ;,, [25-28]. The factorization formula for the
B — hhyhs decay is then expressed as

M:®B®H®q)hlh2®®h37 (1)

where @5 (®),) denotes the B meson (k3 hadron) DA, and
® means the convolution in parton momenta. The hard
kernel H for the b quark decay, similar to the two-body
case, starts with the diagrams of single hard gluon
exchange. An advantage of the above formalism is that
both resonant and nonresonant contributions to the hadron-
pair system can be included into the two-hadron DA
through appropriate parametrization. Although Eq. (1)
has been applied to the whole three-body phase space, it
should be understood that it is precise only in the region
with a small hadron-pair invariant mass. A two-hadron DA
loses its accuracy in the central region of a Dalitz plot,
where the major contribution to three-body decays arises
from two hard gluon exchanges [15]. Nevertheless, it is also
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the region, where a two-hadron DA decreases with certain
power law of the invariant mass, and gives a minor
contribution.

In this paper we will extend the PQCD approach to the
three-body radiative decays B — PVy with P (V) repre-
senting a pseudoscalar (vector) meson. The significance of
these decays has been well recognized: the involved flavor-
changing neutral current b — sy, occurring only at loop
level in the standard model, is sensitive to new physics
effects. Following the similar reasoning, the two-hadron
DAs ®py can be introduced to collect the dominant
contribution from the region with a small PV-pair invariant
mass mpy. For instance, nearly 72% of the signal events
appear in the low mass region with m,x € [1.5,2.0] GeV
[29]. Besides, the emitted photons from the leading
electromagnetic O;, transition are mainly left-handed
(right-handed) in B~ and B° (B* and B°) meson decays.
A chirality flip may be induced by local four-quark
operators and the chromomagnetic penguin operator Og,
from QCD corrections, as well as by final state interactions
among various resonant channels [30]. We will address the
above subjects, taking the B — ¢(p)Ky decays as exam-
ples. The resonant contribution to the ¢K system is
negligible [29,31], so the parametrization for the DAs
@,k in Ref. [32], which contain timelike form factors
with certain power-law behavior, is adopted. The resonant
contributions from the states K;(1270) and K*(1680)
to the pK system dominate [33,34]. Therefore, the
parametrization of the DAs @, follows that for quasi-
two-body B meson decays [17,18,35,36], namely, the
Breit-Wigner model.

In Sec. II we construct the PV DAs according to the
procedure proposed in [32]: the dependence on the
parton momentum fraction is parametrized in terms of
the Gegenbauer polynomials, and the dependence on
the meson momentum fraction is derived through
their normalizations to time-like PV form factors. In
Sec. III we analyze the three-body radiative decays
B — ¢(p)Ky, determine the PV DAs from relevant
branching-ratio data, and then predict their direct CP
asymmetries, photon polarization asymmetries, and decay
spectra in the PV-pair invariant mass. Our work is more
complete than [32], because the contributions from the
operators Oy,, Og,, and O, are all considered, and the
annihilation diagrams are calculated. The summary is
given in the last section, and the factorization formulas for
the B — ¢(p)Ky decay amplitudes are collected in the
Appendix.

II. PSEUDOSCALAR-VECTOR DISTRIBUTION
AMPLITUDES

We choose the B meson momentum Pp, the PV-pair
momentum P, and the photon momentum P, in the light-
cone coordinates as

mpg mp
Pp=—(1,1,07), P=—(1,7,07),
B \/i( T) \/E( n T)
mpg
P,=—(0,1-79,07), 2
¥ \/E( n T) ()

with the B meson mass mp and the variable 5 =
PY/m% = w*/m%, w being the invariant mass of the PV
pair. Define the momenta of the vector and pseudoscalar
mesons by

Py = (P (1= O+ )P/ (o~ m})(1-£).0),

Py =((1=0)P* (= R)P* .=\ (¢w? = m})(1-0).0),
(3)

respectively, which obey P = P; + P,, with the vector
meson momentum fraction { and the mass ratio ry =
my/mpg. The smaller pseudoscalar mass has been neglected.
Write the spectator momenta in the B meson and in the PV
pair as

mp mpg
k= (0, —=x.kir ), ky=|—7=2z0,kyr |, (4
1 < \/z 1 lT) 2 (\/i 2T> ( )

respectively, x; and z being the momentum fractions. We
also define the polarization vectors € of the PV system by

1
e*(i)zﬁ(0,0,:Fl,—i), € =

A two-meson DA ¢(z,{, w) describes the hadronization
of two collinear quarks, together with other quarks popped
out of the vacuum and playing no role in a hard decay
process, into two collimated mesons. It can be decomposed
in terms of the eigenfunctions of the ERBL evolution
equation [37,38], i.e., the Gegenbauer polynomials
CY?(2z—1), and the partial waves, i.e., the Legendre
polynomials P;(2{ — 1) [26,28]. However, for the PV
system, the different spins of the pseudosalar and the
vector render the Legendre polynomial expansion not
applicable. Hence, we extract the { dependence from the
normalizations of the PV DAs to the associated timelike
form factors [32], which depend on the PV-pair invariant
mass o, a procedure similar to deriving the two-pion DAs
via the process yy* — z7z~ [39]. To be explicit, we
evaluate perturbatively the matrix elements of local currents

(L.=n.07).  (5)

9l
=

(V(Py.€*(V))P(P,)|g'(0)I'q(0)[0), (6)

using the vector and pseudoscalar DAs up to twist 3, where
the polarization vectors of the vector meson satisfy
€*(V)-P, =0 and € (V)?=—1, and T represents the
possible spin projectors I, ys, ¥u, 7,75, and o,,ys. The
above matrix element is precisely the normalization of the
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PV DA associated with the spin projector I', and also the

PV timelike form factor associated with the local current (PVIq'(y)15(0)[0) = 0, (11)
g'T'q. The objective of the perturbative calculation is to
identify the kinematic structure of the matrix element in ~ where n_ = (0, 1,07) is a lightlike vector, the convention

terms of Py, ¢*(V), and P, for each I', which are then  €p;p3 = —1 has been employed, and the PV DAs ¢,
approximated by the momentum P and the polarization (¢, ;,,) are of twist 2 (twist 3). To get the first term in
vectors € of the PV system according to the power  Eq. (7), we have applied

counting rules in the heavy quark limit [32]. In this way

we obtain the { dependence of the PV DAs up to twist 3

ie., O(w/mg). ’ (P1=Py), = (20 - 1)P,, (12)
The expansions of the nonlocal matrix elements for ) . o ' .
various spin projectors I" up to twist 3 are listed below: in which the coefficient 2 — 1 is absorbed into the DA ¢,
giving rise to its { dependence. We have also made the
(PV|g' (y7)rur549(0)]0) approximation
1
_ izP- *
— P,,A dze™™ ¢y (z, ¢, w) + wey, €7, (V)P — €5, (V)P ~ (e}, P, —€7,P,), (13)
1 .
X/ dZe'ZP'y¢a(Z,Z:, a))7 (7)
0

2 (Prubay = PPy =20 = D(ei,Pu =i, P). (14)
(PV|q'(y7)0u,759(0)|0)

as arriving at Eq. (8). It is found, compared to [32], that the

= —i{(e’}ﬂP — €7, ”)/ dze™ (2,8, o) term (P,P,, — Py, P,,) does not generate the twist-2
contribution (er,P, — €7, P,), since a transverse momen-

+ (ei” P,—¢€;,P,) / dze PV s (2., )} (8) tum a.nd a transyerse polarization have differen.t physical
meanings. Equation (10) comes from the approximation of

the kinematic factor

(PVIZ (5 )750(0)]0) = w / Ly (2 w), (9)

2
= oo (VPRS2 5 (26 = Degugueit Pt (15)
(PVIg'(y7)r,q(0)[0)
_; ° €upa€i PP / ! PP (2.0 w),  (10) We summarize the PV DAs for the longitudinal and
P-n_ 0 transverse polarizations from Egs. (7)—(11) as

(PV(P.e;)|q' (y7);4(0),10) = / dzeP{(ysP)9) (2.6, @)+ (15)j0h, (2.8, @) + (rsdi )13 (2.¢.0) },

m

(PV(P.e3)| (v"),4(0),]0) = / dze™ {(rsgs Pt (.o 0) + (rstig ool o)

V2N,
+l P-n eﬂy/)a(yﬂ)lje;yppniqsv(Z’g’w)}' (16)

They contain the products of the timelike form factors F(w), which define the normalizations of the DAs, and the z-
dependent and {-dependent functions:

by (L) = 35@fu< J2L=1). (L) = 35@f,,<z>, ba(o.Co) = 353(_“”)f3< J2e-1),
3FT( ) 3Fa(0)) 3FL(CO>
VAN, VAN, VAN,

Different from Ref. [32], the DA ¢,, in the above expressions does not depend on the meson momentum fraction ¢. Note that
only the DAs for the transversely polarized PV pair are relevant to the three-body radiative decays B — PVy considered
here.

$:i(z.8.0) = [1(2)8 pa(z.lw)= fa@). #,(zlw)= fo(2)(20-1). (17)
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We include the first Gegenbauer moment for the function
fa(z), making the pK DA ¢, a bit asymmetric in the parton
momentum distribution, and assume the asymptotic form
z(1 — z) for the functions f,,(z) for simplicity,

¢a(Z, é” a)) = 37

K (0
bt =20 - o) (19

The ¢K timelike form factors, dominated by nonresonant

contributions, are parametrized as [32]
2
PK mr
Fi (o) = ——FHF5F——,
r (@) (0 —my)* + m7

2
mom
Fi¥(w) = FI¥(w) = :

(19)

(w—m;)> + momﬁ ’

with the chiral scale my ~ 1.7 GeV [40] and the threshold
invariant mass m; = mgy + mg. That is, we keep the
pseudoscalar mass only in the phase space allowed for
the time-like form factors. The tunable parameters a; and
mr~m|, expected to be few GeV, will be determined from
the fit to the data of the B — ¢ Ky branching ratios. Since
¢, gives a larger contribution, as verified numerically in the
next section, the data lead stronger constraint to its first
Gegenbauer moment. This explains why we introduce a;
only into ¢,,.

The amplitude analysis on the resonant structure of the
final state in the BT — KTz~ n"y decay [34] provides a
useful guideline for parametrizing the resonant contribution
to the B —» pKy mode, for which K (1270) and K*(1680)
are the major intermediate resonances. The resonance
K(1270) is a mixture of the K 4(1°P;) and K,z(1'P,)
states,

K1(127O) = SineKKlA -+ COSQ[(K]B,
K(1400) = cos Ox K4 — sinOg K 3, (20)

Ok being the mixing angle. With the insertion of Eq. (20),
the quasi-two-body B — K(1270)(— pK)y decay ampli-
tude can be expressed as the combination of the B —
Ki4(— pK)y amplitude and the B — K z(— pK)y ampli-
tude, such that the K;4 and K;z meson DAs with the
specific symmetry in the z dependence can be employed.
The pK DAs for the B — K,(1270)(— pK)y modes are
then parametrized as

$i(z.¢ ) = %K]EZJ)CKZ“ ~2) [aé +3ai(2z-1)
Fab 512D

bolz8w) = f—% anu +(2e=17)
+%a'1'(2z— 1>3],

oz ) = f’f—%cmo(l —22)
+al(6z-622-1)](2¢-1). (1)

where the mixing factor cx and the Gegenbauer moments
associated with the K, (K ) state take the values

a) = 1(=0.15 £ 0.15),

al = —0301020(=1.95+045),  at =0.2670%(1),
ai = —1.08 £0.48(0.3070%),

ay = 0.02 +0.21(-0.02 & 0.22). (22)

cx = sinfOg(cosO),

In principle, the Gegenbauer moments for the pK DAs are
free parameters. Here we adopt those for the K, and K3
DAs [41,42] as their typical values in the numerical study

below. The form factor F’fK picks up the standard Breit-
Winger model,

2

m
FpK(w) _ Kl(.1270) ’ (23)
: m2 —w?—im I
K, (1270) K, (1270)* K,(1270)

mg, 1270) Tk, (1270)) being the mass (decay width) of the
K(1270) meson.

Note that we have proposed different parametrizations of
the nonresonant and resonant contributions: for the former,
the final state interaction is ignored, and their form factors
are real and normalized to F(m;) = 1. Because it arises
from a wider range of the invariant mass, the different
power-law behaviors of the form factors, F ?K ~ l/w?* and
F Z’If(a)) ~ moylw® at large w [43-45], have been taken into
account. For the latter, the major contribution comes from
the region around the resonance mass, so it is reasonable
not to differentiate the power-law behaviors of the form
factors in ¢, , ,, but parametrize them in terms of the same
Breit-Wigner model.

Another resonance K*(1680) contributes via the B —
K*(1680)(— pK)y channel [33,34]. Since the Gegenbauer
moments of the K*(1680) DAs are unknown, we simply
assume the asymptotic form z(1 — z) for the z dependence
of the corresponding pK DAs. The standard Breit-Wigner
model is also used for the associated form factor
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2
Cms .
Ff (o) = — s D) . (24)
M (1680) — @~ — iMg=(1680) Lk (1680)

where the parameter ¢, characterizing the strength relative
to the amplitude from the resonance K;(1270), will be
determined from the fit to the measured B — pKy branch-
ing ratios. There is no interference between the K; and K*
states because of their different quantum numbers.
Denoting the amplitude from the K;(1270) (K*(1680))
channel by A; (A,), we compute the total amplitude
squared for the B — pKy decays according to [34]

AP = (AL + AP, (25)

1
1+¢c?
in which the factor 1/(1 + ¢?) plays the role of an overall
normalization.

III. NUMERICAL RESULTS

As stated before, the evaluation of the three-body
radiative B meson decay amplitudes reduces to that of
two-body ones [46-48] with the introduction of the PV
DAs. We consider the Oy, Og,, and O, operators, and the
annihilation contributions, performing an analysis more
complete than in [32], where only the emission diagrams
from O, were included. The explicit factorization formulas
for various contributions are collected in the Appendix. The
B — PVy differential decay rate, i.e., the decay spectrum in
the PV invariant mass, is then derived from
dar 1 1
o= T V=) [ AT ), 26)

where the vector meson momentum fraction { is bounded
by m?/w® < ¢ < 1, and AR represents the amplitude for
the right-handed (left-handed) photon emission.

The inputs for the masses (in units of GeV) [49], the
widths of the K| and K* mesons (in units of GeV) [34], and
the mean lifetimes of the B mesons (in units of ps) are listed
below:

mpgro = 5.280, my = 1.019,
Mge = 0494, mgo = 0.498,
mp = 0775, mK1<]270) = 1272,
mK*<1680) = 1717, FK1(1270) = 0098,
FK*<1680) = 0.377, TBi — 1.638,
g0 = 1.519. (27)

Phenomenological investigations in the literature and
experimental data have indicated that the mixing angle
O for the K, and K,z mesons is around either 33° or 58°
[50-56]. As to the Cabibbo-Kobayashi-Maskawa (CKM)

matrix elements, we employ the Wolfenstein parametriza-
tion with the inputs [49],

A =0.222506 4+ 0.00050, A = 0.811 + 0.026,
p=0.12410012 7 =0.356+0.011.

In addition, we take the B meson decay constant
fp =0.190 GeV, which is in agreement with the lattice
results fp = 0.186 £0.004 GeV [57] and fp = 0.186 &+
0.013 GeV [58], and with those from the recent theoretical
studies [59,60].

We take into account the following theoretical uncer-
tainties. The first source of errors originates from the
hadronic parameters, specifically the shape parameter of
the B meson DA, wp = 0.40 +0.04 GeV. For the B —
pKy decays, this source of errors also includes the variation
of the Gegenbauer moments in the pK DAs. The second
source characterizes the next-to-leading-order effects in the
PQCD approach: we vary the hard scale ¢ from 0.80¢
to 1.2¢ (without changing 1/b;) and the QCD scale Agcp =
0.25 +0.05 GeV. The CKM matrix elements V,;, and Vg
involved in the dominant operator Oy, have small uncer-
tainties, so the resultant error will be ignored in our
numerical analysis.

The Gegenbauer moment a; in Eq. (18) and the free
parameters myz | in Eq. (19) can be extracted from the
branching-ratio data [49]

Bexy(BT — ¢KTy) = (27 £0.4) x 1075,
Bexo(B = ¢K ) = (27+0.7) x 107, (28)

We obtain for a; = —0.3 and mz | = 3.0 GeV,

B(B* —» ¢pK*y) = (2.6970 131043y x 1070,
B(B® — ¢K%) = (24110 187337) x 107°, (29)

which match the observed values well. The negative a,
implies that the light spectator quark intends to carry, as
expected, a smaller fraction of the ¢K pair momentum. It
has been examined that the above results are stable against
the variation of my | around few GeV. The central value of
B(BT — ¢K*y) in Eq. (29) is lower than the prediction
(2.9f8g ) x 107 in [32] because of the combined effects of
the following changes: retaining the kaon mass here
suppresses the phase space, but the asymmetric DA ¢,
compensates the reduction a bit.

The exclusive B meson decays into the resonances
K(1270) and K*(1680) have been reported by BABAR
with the branching ratios [34],

Bep(BT = K, (1270)1y) = (44.115%) x 1076,
Bexp(Bt — K*(1680)y) = (66.75{74) x 107°. (30)
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The branching factions of the K;(1270) and K*(1680)
transitions into the pK final state [49]

Bexp (K1 (1270) — pK) = (42 £ 6)%.
By (K°(1680) = pK) = (B31430%. (31

then lead to

Beop(B" = K1 (1270)" (= p°K*)y) = (6.21]3) x 107°,
(32)

Bexp(BT = K*(1680)" (= p°K*)y) = (7.074) x 1075.
(33)

Note that the total branching ratio [34]
Bexp(BT = p°KTy) = (82+£0.9) x 1076, (34)

deviates from the sum of Egs. (32) and (33), since the
nonresonant contribution and the other minor K (1400),
K*(1410), and K3(1430) resonant contributions, which
may cause destructive interference, have been neglected.
The free parameter ¢ in Eq. (24), characterizing the
magnitude of the K*(1680) resonant contribution relative
to the K(1270) one, is determined by the fit to Egs. (32)
and (33). Note that the parameter ¢ has reflected the
strength of the K*(1680) — pK transition.
For 0y = 33°, the best fit value ¢ = 2.0 yields

B(B* — K{(1270%)(= p"K*)y) = 6.115{ 21745 x 1076,
B(B* — K*(1680%)(— p"K*)y) = 6.72 7537/} x 1076,
(35)

and the branching ratios of the B” meson decays are
predicted to be

B(B" — K;(1270°)(= p°K®)y) = 5.005{ 7,47 x 107°,
B(B® —» K*(1680°)(— p°K®)y) = 6.1311: 257099 % 107°.
(36)

For 6x =58° we choose the best fit value ¢ = 1.8,
obtaining

BB = K\ (1270°) (= p°K ")) = S957120038 x 1075,
B(B* — K*(16807)(— p°K*)y) = 6.487 5103 x 1079,
(37)

and predicting

Br(Bt — vK1(1270)F[K;F — p°K*])(1079)

0 20 40 60 80 100 120 140 160 180
Ok (°)

FIG. 1. 6 dependence of the BT — K,(1270)(— p°K*)y
branching ratio.

B(B® — K,(1270°)(= p°K°)y) = 4.921/§F D! 107,
B(B® —» K*(1680°)(— p°K?)y) = 5.841 5076 » 1076
(38)

We mention that an upper bound @ < 1.8 GeV for the pK
invariant mass, the same as the experimental cutoff [34],
has been applied to the calculation. To test the sensitivity of
the branching ratios to the mixing angle 6, we fix ¢ = 2.0,
and display the 0 dependence of the BT — K;(1270")x
(= p"K*)y branching ratio in Fig. 1. The coordinates
Ok ~33° and 58° happen to locate on the two sides of a
peak, explaining why the results in Egs. (35) and (37) are
close to each other.

Summing the contributions from the two quasi-two-body
modes according to Eq. (25), we get

12.85,8 x 107, for O = 33°,
124739 % 1070, for 6 = 58°,
(39)

B(B* — pPK*ty) = {

11.1739 x 107°,  for @ = 33°,
10.873% x 1070, for 04 = 58°,
(40)

B8~ K%)= {

whose theoretical uncertainties contain only those associ-
ated with the considered resonances. The isospin symmetry
then gives the estimate

B(B* = pTK%) = 2B(B* — p°K*y),
B(BY = p=K*ty) = 2B(B° — p°K%%). (41)

The direct CP asymmetry in the B — PVy decay is
define by
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/]

4+

0 14 + by
1.5 2 2.5 3 3.5
mex (GeV)

dBr(BT — ¢K*tv)/dmyr (1075GeV 1)

(@) BT — ¢Kty

dBr(B® — ¢K%v)/dm i (1076CGeV 1)

1.5 2 2.5 3 3.5
magK(GCV)

(b) B — ¢K

FIG. 2. Predicted B — ¢Ky decay spectra (curves) and the Belle data (points with error bars) in the ¢K invariant mass.

B
B(

y)—B(B - PVy)
)+ B(B— PVy)

o] /t—.?l
allla ]l
<<

Acp = r=— (42)
—

Since the difference of the weak phases between V7,V and
Vi, Ves is negligible, the dominant O;, contribution can
induce an appreciable CP asymmetry only through its
interference with the amplitudes proportional to V;, V.
We predict the direct CP asymmetries (in units of
percentage)

Acp(BT — pK*ty) = 37819307 (43)
—2.6701707, for g = 33°,
Acp(BT — p°K'y) = { 1402 :
_27j01j02 ) fOr HK — 5807
(45)
Acp(B® = p°K%) = { —0.161 000 005 for O = 33°,
—0.1470 001055 for O = 58°,
(46)

whose errors are smaller than those of the branching
fractions, due to the cancellation of partial theoretical
uncertainties in the ratio in Eq. (42). If other sources of
uncertainties are included, which do not cancel in the ratio,
such as the one from the u-quark loop formed by the O,
operator [46], the errors are expected to become sizable.
Both the Belle and BABAR Collaborations have measured
the direct CP asymmetries (in units of percentage) [29,31]

—3+11+8, (Belle),

Acp(BF = pK+y) = 47
cr(B = dKTy) {—26i14i5, (BABAR),( )

which are consistent with our prediction in Eq. (43).

The photon polarization involved in radiative B meson
decays has attracted a lot of attentions [30,61-63], whose
measurements provide a crucial test for the standard model.
In this work we calculate the photon polarization asym-
metry defined by [62]

" A(B > PVyg)* + |A(B > PV )]

and find P, ~ 1, implying that the left-handed contribution
is tiny in both the B — ¢Ky and B — pKy modes. This
result is equivalent to the dominance of the O, operator in
both the nonresonant and resonant channels. The smallness
of the Ogg, O, and annihilation contributions agrees with
the observation made in Ref. [64].

At last, Fig. 2 shows our predictions for the ¢K mass
distributions in the B — ¢ Ky decays, in which the points
with error bars represent the Belle data [29] normalized to
the central values B(BT — ¢pK'y) =2.48 x 107® and
B(B® - ¢K%) = 2.74 x 107°. The comparison manifests
the consistency with the Belle measurements: both the
predicted and observed BT — ¢KTy spectra reach the
maximum at around mgyg ~ 1.8 GeV after a leap from
the threshold. The peak position accords the qualitative
argument in the PQCD approach [15] that the dominant
nonresonant contributions to three-body B meson decays
arise from the region with the invariant mass about
O(Amg), A = mgz — m, being the B meson and b quark
mass difference. The predicted B — pKy decay spectra,
presented in Fig. 3, exhibit two peaks around the K (1270)
and K*(1680) masses as expected. Our predictions for the
above decay spectra can be confronted with future data.
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3.5

Ok = 33° ——

dBr(B* — p'K*)/dm,k (1075GeV 1)

1.2 1.4 1.6 1.8 2 2.2
myr (GeV)

(@ Bt — pt K%

FIG. 3.

IV. SUMMARY

In this paper we have explored the three-body radiative
decays B — PVy in the PQCD framework, concentrating
on the B — ¢(p)Ky modes. The dominant contributions to
three-body B meson decays originate from the regions
corresponding to edges of Dalitz plots, where two final
state mesons are nearly collimated with each other. The PV
DAs have been introduced to absorb the infrared dynamics
in the meson pair, so that a three-body decay amplitude can
be factorized, similar to the two-body case, into the
convolution of the PV DAs and hard kernels. We have
extracted the dependence of the PV DAs on the meson
momentum fraction through their normalizations to the
time-like form factors, and proposed appropriate para-
metrizations for the nonsonant and resonant contributions.
For the B — ¢pKy decays, the nonresonant contributions
dominate, and the prominent feature of the decay spectra is
the enhancement near the threshold. For the B — pKy
decays, we have adopted the Breit-Wigner model with a
tunable parameter to characterize the relative strength
between the K (1270) and K*(1680) states.

Fitting the PQCD factorization formulas to the branch-
ing-ratio data, we have fixed the free parameters in the PV
DAs, which were then employed to predict the direct CP
asymmetries, the decay spectra and the photon polarization
asymmetries of the B — ¢(p)Ky modes. The O,, Og,,, and
O, operators, and the annihilation contributions have been
taken into account, so this work is more complete than in
the literature [32], where only the emission diagrams from

|

Gr

Hoe —
eff \/§ e

with the Wilson coefficients C; and the local operators

[Z Voo Vid CL ()0 (1) + () 0 (1)} = Vi Vi S cmom} +He.,

dBr(BY — pPK ) /dm,k(107°GeV 1)

1.2 1.4 1.6 1.8 2 2.2
mpK(GcV)

(b) B = p~ Kty

Predicted B — pKy decay spectra in the pK invariant mass with the K| mixing angle 05 = 33°(¢ = 2.0) and 58°(¢ = 1.8).

07, were considered. It has been shown that our results are
in good agreement with all the existing data. More precise
data from future experiments will help testing our pre-
dictions, including other minor resonances which have
been ignored here, and improving the application of the
PQCD formalism to more three-body B meson decays.

The analysis of the B — K*zy decays is similar, but
requires the inclusion of all the K,(1270), K,(1400),
K*(1410), and K*(1680) intermediate states [34]. Five
parameters are then needed to describe the interference
among the resonances with the same spin parity, three of
them accounting for the magnitudes and two for the phases.
The present data are not sufficient to determine these
parameters, so we will leave the B — K*zy modes to a
future investigation.
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APPENDIX: FACTORIZATION FORMULAS

The effective Hamiltonian relevant to the b — s tran-
sition is given by [65]

(A1)
i=3~8g
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FIG. 4. Feynman diagrams from the operator O-,.

O = G5ia)y-r@bilv-ns  OF = Giadv-a(@bvoss 05 = (ibi)y-sd_(@4)v-
q
= (Szbj)V—AZ(Z]jCIi)V—A’ Os = (Eibi)V—AZ(E]ij)VJrA’ O¢ = (Eibj)V—AZ(Z]jQi)VJrA’
q q K
e _ v g = v a a
Oy, = mesﬁﬂ (L+75)biF,, Oy = @mbsiaﬂ (1+y5)T5b;Gl (A2)

where the terms associated with the strange quark mass in the O, and Og, operators have been dropped.

The dominant contributions to the three-body radiative decays B — PVy come from O7,, whose diagrams are displayed
in Fig. 4 with the photon being emitted from the operator. The factorization formulas for the emissions of the right-handed
and left-handed photons are written as

e 1 o
M, = =4y Sy [ avidz [ biabibsdbaan.0) (1= {101+ ), (A3)

+\/_(1_2Z)(¢L+¢a)] e( ) (XI’Z b17b2)+\/_(¢v+¢a) e( ;)h;(xlvz’bl’bZ)}’
M%y =0, (A4)

respectively, where the left-helicity amplitude M%, vanishes because of the neglect of the strange quark mass, and the
arguments z, ¢, and w of the PV DAs are implicit.

The diagrams associated with the operator Og,, are depicted in Fig. 5, where the hard gluon from the operator Og, kicks
the soft spectator, making it an energetic collinear quark, and the photon is emitted via the bremsstrahlung. The amplitudes
are written as

a 2C
Mgé )= —Fmmee/ dxle/ bydb bydbyp(xy, by){[(x; —22)¢, + 3v/nz(dy + $a)]OsE.(ty)
X (X152, b1, D7) = [(1 =1+ x1) (X1, + /N2(y + ha))|QpE(8,) 1), (X1, 2, by, by) }, (AS)
2C 1 0
M =2 E i 0ue [ dxidz [ bidbibadbady(n.bi) (1= 2)n(2x, - e,
+ 3%,y — Pa)) YE (1) (1, 2, by, by), (A6)

for the first two diagrams, where Q) labels the charge of the b (s) quark in units of the electron charge e, and as

2C 1 ©
ME(0) = F Qe [ dnidz [ brdbibadby(x b)) (~(1 = )2+ 2= 21 - 1),

+ 3\/ﬁZ(¢v + ¢a)]Ee(tc)hc(xl’ 2, blv bZ) + [(1 - ”)(x1¢t + \/ﬁ(xl - Z)(¢v + ¢a))]
E, (te)he(xy,2, b1, b))}, (A7)
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v gl
b 5 5 b Osg s
q q q q
b Osg 5 b Osg 3
q q q q
Y Y

FIG. 5. Feynman diagrams from the operator Oy,

M Q) = Emmi0,e [ dndz [ bidbibadbay(er.b){[=an(1 + 22 = 230 = ),
+ 31 =n)(z = x1)(¢y — Po)Ec(t)he(x1, 2, by, by) + [(1 =) (n(x) — 2)¢,
nx1($y — Pa))Ee(te)he(x1,2, b1, by) ), (A8)

for the last two diagrams.

Next we consider the quark loop corrections from the operators O;. The operator O; does not contribute due to the color
mismatch, and the O; ¢ insertions are small compared to the O, insertion. Hence, we concentrate only on the O,
contributions, in which the photon is emitted either by an external quark or from the quark loop.

The diagrams with the photon being emitted by an external quark are shown in Fig. 6. The effective vertex b — 3g
resulting from the loop integration in the MS scheme is given by [66]
2 12 2|z 2
I" = G(m;, k>, p) —=| bT(k*y* — k“K)(1 —y5)s,
871 3

1 2 x(1=x)k* =i
G(m?,k*, ) = _/o dx4x(1 — x) log [m’ X ﬂzx) 16], (A9)

where k is the virtual gluon momentum and m;, i = u, c, are the masses of the quarks in the loop. The amplitudes are
written as

a 2
MlRl( ) — _mBQS / d.xle/ b db bzdb2¢3(x1, )|:G( %,—xlsz,tb) 3:|

S Z(3xl¢l + \/ﬁ(z - 2xl)(¢1¢ + ¢a>)Ee(Zb>hb<xl s Zs bl ) bZ)’ (AIO)

034033-10
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v Y
b “ 5 b 0 5
. ., g C ,
_ _ @)
b % 5 b 2 5
q ¢ q q
v v

FIG. 6. Quark-loop diagrams from the operator O, with a photon being emitted by an external quark.

MEO — _mBe / dx,dz / bydbybydbady(x,. b ){ [G(m[z, —xyzmd ty) — %]xl(l _2)
x (3nz, + /(22 = x1) (@) — $a)) QsEo (1) hyy(x1, 2. b1, by) — {G(m?, =X ZMm, 1))
-3 et =m0, - g @B 3.2 0100
for the first two diagrams, and as

C 1 0
R(b)(Qq) e —fm%Qqe/o dXIdZA bldblbzdb2¢3(xl,b1){ |:G(m12, (Z —xl)(l - )mB,t )

2

—g}(l—ﬂ)[3(z—xl)(1—17)¢,+Z\/77(1+2Z—17—2xl)(¢1+¢a)] E (t)h.(x1,2, by, by)

GO0 (2= 1)1 =) ) = 3| (1 =07+ Vs =@+ )
< B0 2.b1.0)

C 1 ©
lei(b)(Qq) = —fm%qufA dxleA bldblbzdb2¢3(xlabl){ |:G(m12 (z=x)(1 —’7)’”129’12-)

- %] (1= 1)z = x1)Bn2h = V(2 + 2 = 21— 1) (s = bo)|Ew (1Yo (1. 2. by )

3
|G, (= x) (=) = 3] [0 =)0 =)0 =21, = Vi (= )]
< B0, 2.b1,0)

for the last two diagrams.
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0y s b Oy 5
f“ﬁ C é”% C
q q q

FIG. 7. Quark-loop diagrams from the operator O, with the photon being emitted from the quark loop.

In the case where the photon is emitted from the quark loop, as displayed in Fig. 7, the sum of the effective vertex

b — 5yg* produces [67,68]
1. (1 - 7/5) a av
I= byf’TT sl,,,AFAY,
where

I/wp = A4[(q : k)e/wpa(q - k)g + euporqgkrkﬂ - e/wm'qo-quy] + AS [e/lpm'qo-krkv - kze,ut/paqr]’

with

B 4169/ /1 x Xy
x(1 = x)k* + 2xyq - k — m?

4zeg —x 1—x
/ / dy 2( )
x(1 = x)k* + 2xyq - k — m?

q (k) being the photon (gluon) momentum. The amplitudes for the two diagrams are expressed as

8C 1—x
Mgi————FmBe/ dx/ dY/ dxldz/ b dblqu x,b ) ( ) =Sp(ta)

z 5% (1 =n)z{xy[(1 =n+2x)¢p, = /(1 =1 = 2+ x1) (¢, + ¢,)]

ozl - n)m — m;

= x(1 = x)Bx1¢, + v/n(z = 2x1) (¢ + da)l}

M, ———mBe/ dx/ _xdy/ dxldz/ bidb g (xy, by )ay(ty)e S5t

7 X (1 =mz{xy[2nz¢, + (z = x1) V(s = ¢a)] = x(1 - x)

X
xyz(1 - ’1)’”3 —m;

x [nzp, = x1/n(@y — Pa)l}

in which the function %/, is defined by

= Ko(vamaby) - [0(8)Ko(b,VB) + 0-8) 5 ) b 7).
with

yi(l=m) ,  _ m
l1—x mB+x(l—x)'

2 _ 2
B = xyzmy —
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The annihilation diagrams are exhibited in Fig. 8, to
which three types of operators contribute, the left-handed
current between the b and ¢ quarks and the left-
handed current between the final state quarks (LL); the
left-handed current between the b and ¢ quarks and the
right-handed current between the final state quarks (LR);
the (S — P)(S + P) current from the Fierz transformation
of the (V — A)(V + A) operators (SP). Here we define the
combinations of the Wilson coefficients,

a; = C, + C/3, as = Cy + C3/3,
ag = Cg + Cs/3, ag = Cg + C4/3,
ayg = C10 + C9/3 (A22)

The factorization formulas for the annihilation contribu-
FIG 8 Annihilation diagrams. tions are given by

1 [
MESH)(0,) = 23/Gnmy0,e[(2C — )F, + F,| /0 dx /) brdba(x. b1) x Ef(1)Ko(v/x1 (1= mmgby) (1 = 7).
(A23)
ML (0,) = 24/Gym3el(2L = 1)F, — /dx/ brdbydp(xy. by)
XA{QpE,(t.)Ko(\/1 —n+xympb)(1 —n+x;) + Q E,(1,)Ko(\/x1 (1 —n)mpby)x, }, (A24)
1 S
MEG(0,) = 2\/6nm30,e](26 — 1)F, - F,] [) dx /) bidbypg(xy.by) x E,(t,)Ko(v/xi (1 = n)mgb)(1 =),
(A25)
MEGER 0y = 2/6nm3e[(2 = 1)F, + F,) / dx/ bydb,dp(x;. by)
X {QpE (1) Ko(\/1 =0+ ximghy ) (1 =5+ x;) + QuE, (1) Ko(v/x1 (1 = n)mgh)x, }, (A26)
ManZLL (Qq) _Mamf LB (Qq)
—=2nefum, [z [ bsano] 0,00+ 4w 1) T HY (VT=Tmab)

= Qi + D) G HY (VAT = mab) . (A27)

Man™(0,) = -Mir ™ (0,)
= 2Gnesam [ s [ baannd 0.0~ 2 = )1 T Y (VT2

1Y (/20 —n)me»}, (A28)

in

- <1 _”)Qq((ﬁi ¢a)E/ (t}) 2
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M (0,) —4\/8ef3m%/1d1/oo bzde{Qs%Eﬁz(ff)iE”Hél)(v1 — 2mphy)
+Qq( >¢tE/ tf (\/TmeZ } (A29)

1 00 ]
Masi(0,) = 4/ef ym / dz / bzdbz{ Q.n(1 = )i, (1) 5 HY (VT = zmpby)
0 0

QL) 5 HY (VT = mab) . (A30)

Finally, we sum the squared amplitudes for the B™ meson decays in the helicity basis,

(BN =3 icr o A (BY)P,

with
, G i(a i , i(a. i(b.
Ai(B*) = 7gvzhvus{czwli,> + MP(Q,) + M) + alwfnn“)(gu) + M (000
+ GE e v 1O M+ M (0,) + Mi ) = CEve v, 16 M+ Co (M + MP(0,)
\/i ch "V es1-2 lc le \/— th Y ts U Ty YTy 8g 8g 8g u
+ (ag + ar)(Mii(0,) + Mt (0.)) + (ag + ag) M (0.} (A31)

We have the similar sum for the B’ meson decay amplitudes with

; G i ; Gr . i(a i ;
Ai(BY) = 75 ViV d Co M + MIP(0,) + M)} + 7; Ve Ve A M + M (0,) + M5}
G . i(a i
= 7; V;;,Vm{csty + Cyy (M + M (0,4))
1 i(a i 1 i
+ <a4 - 5%0) (Ma(m}LL)(Qd) + Ma(thL)(Qd)) + <a6 - §a8> /\/la(,,s,f)(Qd)}. (A32)

It is seen that the O, contributions to the B* and B" meson decays are identical.

The explicit expressions for some functions appearing in the above factorization formulas are presented below. We adopt
the model

Bal0) = N1 =2 |3 () oy (A33)

for the B meson DA, where b is the impact parameter conjugate to the spectator transverse momentum k7, Np is the
normalization constant, and the shape parameter wp = 0.40 4= 0.04 GeV has been determined through the study of the B
meson transition form factors [43,44].

The hard scales are chosen as

t, = max{y/zmg, /b, 1/b,}, t;, = max{+/|x; — nlmg, /zx;mg, 1/by, 1/b,},

t, = max{\/1 — zmg, \/zx;mp, 1/by, 1/b,}, t, = max{\/1 + x| — nmg, \/zx;mg, 1/by, 1/b,},

te = max{\/z(1 —n)mg, \/|(x; = 2)(1 = n)|mp, 1/by, 1/, },

to = max{\/x; (1 = n)mp, /|(xy = 2)(1 = n)[mp, /by, 1/by},

t, = max{/x;zmp, \/@, /by, t,=max{\/1—n+x;mg. 1/b;}, ¢, =max{\/x;(1 —n)mg, 1/b,},

t; = max{v/1 — zmg, 1/b,}, t; = max{ Vz(1 =n)mg, 1/b,}. (A34)
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The hard functions are written as

ho(x1.2.b1.b,) = KO(\/ZTlme )o(by - by)Ko(vzmpby)Io(\/zmpby) + (b < b,)]8,(2),
hy(x1,2,b1.by) = KO(\/ZTlmeZ)Sz(xl)

% )Hél)(\/ |x1 = nlmgby)Jo(\/|x1 = nlmpby) + (by < by)]. x; <n,

X
9 Ko(\/xl me2)IO(1/x1 me ) <b2 <> bl)’ X1 > n,
hy(xy.2.by,by) = Ko(\/xlzmgbl)— [0(b, — bz)Ho (V1 =zmpby)Jo(V1 = zmghy) + (by < b1)]S,(2),
h(x1,2, by, by) = Ko(\/x12mpby)S,(x;)[6( by)Ko(\/ 1+ x1 —nmgby)Io(\/1 + x| = nmghby) + (by <> by)],

e, 2By, o) = 3 006y = b2) Y (/U= s Mo(V/2T = nmbs) + (b2 < b1)]S,(2)

X{f (()1)( |(x; —2)(1 = n)|mghy), x; <z,
o(v/(x1 = 2) (1 = n)ymgby), .

>

hlc(xl,Z, b], bz)

Il
T
—~

S
8]
|
S
~—
~
(=]
—~

I x1 (1 =n)mpby)Io(\/x1(1 = n)mpby) + (by <> b1)]S,(x;)
x {— (VI =T =nlmgba). x <,

Ko(v/(x1 = 2)(1 = n)mpb,), Xp >z

The Sudakov factor S,(x) from the threshold resummation follows the parametrization in [69]

2142410(3/2 + a)
VL (1 + a)

with the parameter a = 0.4. The evolution factors are given by

Si(x) = Pe(1 = X)), (A35)

E.(t) = as(1) exp[=Sp(1) = $2(1)],  Eu(1) = S,(x1) exp[=Sp(1)],  Eu(r) = Si(z) exp[=S2(7)].  (A36)

with the Sudakov exponents

su) =s(n 2200 ) 45 [ Fram). 50 =s(:Tm0) +5(0-0 7% 0) +2 [ Lo,

(A37)
Yg = —a,/m being the quark anomalous dimension. The function s(Q, b) is expressed as
A g A . A@ g AQ A e2re—1 g
s(0,b)=—qgn|<-)——(@—-b)+—gln| =—1 —————1In In{ < |, A38
(Q-0)=735,4 (b) 2, AP gt (b ) Lﬂz a5, ( 2 ﬂ <b> (A38)
where
o 1 33-2 153 -19
=2 b=m L p=— T =2 Y
\/EAQCD bAgep 12 24
4 67 #* 10 1
AN =2 AQ = _ = _ Inl = e7e A
3 0o "3 273 hiin 2¢ (A39)

ny being the number of the quark flavor, and yg the Eular constant.
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