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Abstract: In this study, we investigate quasi-two-body B(s) — K™y — Kmy decays in the perturbative QCD ap-
proach. Two-meson distribution amplitudes are introduced to describe the final state interactions of the K pair,

which involve time-like form factors and Gegenbauer polynomials. We calculate the CP averaged branching ratios

of the B;) — K"y — Kny decays. Our results are in agreement with newly updated data measured by Belle II. This

suggests that it is more appropriate to analyze these quasi-two-body B decays in the three-body framework than the

two-body framework. We also predict direct CP asymmetries for the considered decay modes and find that

Acp(Byg — K*y — Kny) is small and less than 1% in magnitude, whereas Acp(By; — K*y — Kny) is larger and

can reach a few percent. Our predictions can be tested in future B meson experiments.
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I. INTRODUCTION

Many experimental studies on three-body B meson
decays [1-9] have been performed in recent years. This
type of decay has gained increasing attention for the fol-
lowing reasons. (1) Many new resonance states are ob-
served in the invariant mass distributions of three-body
decays, which are difficult to understand in terms of a
common meson or baryon and are known as exotic states.
Researchers are puzzled by their inner structures and
have proposed numerous assumptions, such as compact
qqqq tetraquarks, gqqqq pentaquarks, loosely bound had-
ronic molecules, and glueball and hybrid states. (2) These
decays involve significantly more complicated QCD dy-
namics compared with two-body decay cases, which im-
poses a serious challenge to present theoretical frame-
works. The hard bh-quark decay kernels in three-body B
decays contain two virtual gluons at the leading order,
which are difficult to directly evaluate owing to the
enormous number of Feynman diagrams. (3) Large direct
CP asymmetries in the localized regions of phase spaces
for three-body B decays have been observed in experi-
ments. For three-body B decays, CP violation depends on
the invariant mass, and regional CP asymmetries can be

measured through the Dalitz plot. However, such observ-
ables do not exist in two-body B decays. To study these
three-body B decays, many approaches based on sym-
metry principles and factorization theorems have been
proposed. Symmetry principles include U-spin [10—13],
flavor SU(3) symmetry [14—17], and the factorization-as-
sisted topological-diagram amplitude (FAT) approach
[18]. Factorization theorems include the QCD-improved
factorization approach [19—24] and perturbative QCD
(PQCD) approach [25-34], and it has been proposed that
the factorization theorem of three-body B decays is ap-
proximately valid when two energetic final particles
move collinearly and the bachelor particle recoils back.
At the same time, the interactions between them can be
neglected. Based on this quasi-two-body-decay approx-
imation, two-meson distribution amplitudes (DAs) are in-
troduced into the PQCD approach, where the strong dy-
namics between the two final hadrons in the resonant re-
gions are included.

On the experimental side, the B** — K*%*y decays
have recently been investigated by Belle II [35], and their
branching ratios were obtained through different decay
modes.
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Br(B” —» K*[K*7 ly) = (45+£03+02)x 107,
Br(B” - K*[K7"ly) = (44 £0.9+0.6)x 107,
Br(B* — K™ [K*7ly) = (5.0+0.5+0.4)x 107,
Br(B* - K™ [K'n*1y) = (54£0.6£0.4)x 107, (1)

The two-body B%* — K***y decays have been studied
using different theories, including the PQCD approach
[36-38]. Here, we study three-body radiative B decays in
the quasi-two-body approximation using the PQCD ap-
proach. Verifying the consistency between the three-body
and two-body analyses of the B(;) —» K*y — Kry decays
can support PQCD factorization for exclusive B meson
decays. Furthermore, by studying these more subtle chan-
nels compared with two-body decays, we can deepen our
understanding of isospin symmetry and the narrow width
approximation involved in these decays. After introdu-
cing the new non-perturbative inputs, the two-meson
DAs, the factorization formula for the three-body B de-
cay B — hjhyhs can be written as [39, 40]

M:®B®H®®hlhg®®h3’ (2)

where ®p(P),) denotes the B(hz) meson DA, @y, ), is the
two-meson DA for Ak, that fly collinearly, and ® repres-
ents the convolution in parton momenta. Then, the hard
kernel H for the b quark decay, similar to the two-body
decay case, starts with the diagrams of single hard gluon
exchange.

This paper is organized as follows. In Sec. II, the kin-
ematic variables for three-body radiative B decays are
defined. The considered two-meson (Kn) P-wave DAs
are parametrized, whose normalization form factors are
assumed to follow the relativistic Breit-Wigner (RBW)
model. Then, Feynman diagrams and the total decay
amplitudes for these channels are given. In Sec. III, the
numerical results are presented and discussed, where we
compare our predictions with other theoretical and exper-
imental results. The summary is presented in the final
section.

II. FRAMEWORK

We begin with the parametrization of the kinematic
variables involved in the B — K*y — Kny decays. In the
rest frame of the B meson, we define the B meson mo-
mentum Pg, K meson momentum P;, 7 meson mo-
mentum P, K* meson momentum P = P; + P,, and y mo-
mentum P3 in light-cone coordinates as

Py="L(1,1,0r),P = ZE(1,,07).Ps = Z£(0,1

_,O’
NG NG NG n,07)

P ="

mp
= > 1- sP 5
(&, (1=Om, Pir) N

% =0),{n,P2r), (3)
where mp is the B meson mass, the variable 5=
P?/m% = w*/m3,  is the invariant mass of the Kn pair,
and ('is the momentum fraction for the K meson. The mo-
menta of the light quarks in the B and K* mesons are de-
noted as kp and £, respectively,

m m
kBZ(O,T%xl,le), k=(7§2,0,k2T)a (4)

where x; and z are the momentum fractions.

A. Distribution amplitudes

Because the massless photon is only transversely po-
larized, only the transversely polarized P-wave DAs of
the Kn pair contribute to the final results, which are
defined as [30]

(I)I];n(z’{’w) Y5 ér p¢Kﬂ 2, W )

\/W
+wys ¢rdi, (z, wz)

VPO
ey eryppn_o

+iw—p~n_ ¢§(ﬂ(z,w2)} (1 -0,
(%)

with the functions [41]

3F g (0?)

V2N,

3
X 1+a1lK‘3t+a2lK‘§(5t2—1) ,

Pin(2 @) = 2(1-2)

Ten(@?)
442N,

k(@)
8 V2N,

¢ (2,00 =

P (zw?) = (1+7), (6)

where ¢ = (1-2z), and the Gegenbauer moments associ-
ated with the transverse polarization a;4.,a5. are determ-
ined in Ref. [34] and are listed in the next section.

The strong interactions between the resonance and fi-
nal-state meson pair can be factorized into a time-like
form factor, which is guaranteed by the Watson theorem
[42]. For narrow resonances, the RBW [43] function is a
convenient model to effectively separate them from other
resonant and nonresonant contributions with the same
spin and has been widely used in experimental data ana-
lyses. Here, the time-like form factor F”K”(a)z) is paramet-
rized with the RBW line shape and can be expressed in
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the following form [44, 45]:

2
my.,

F” 2 — , 7
kn(@) my, —w? —img-Tg-(w?) M

where mg. and Tx.(w?) are the pole mass and width, re-

spectively. The mass dependent width I'x-(w?) is defined
as

P 1 (Polraw?
FK'(aP):rK*(%)[:l] ()
|Pol 1+ (|P1|rpw)?

where |l71> | is the magnitude of the K(r) momentum meas-
ured in the resonance K* rest frame, whereas |17())| is the
value of IIT; | corresponding to w =mg-. Lg is the orbital
angular momentum in the Kz system, and Lg = 1 corres-
ponds to the P-wave resonances. Owing to limited stud-
ies on the form factor F ;ﬂ(wz), we use the two decay
constants fg_ and fx- of the intermediate particle to de-
termine this factor through the ratio F Iéﬂ(wz)/Flll(ﬂ(wz) ~
(f¢./fx) [27]. Note that this approximation is workable
in the region with w? ~ m%..

For the wave function of the heavy B, meson [46],
we take

(DB(” (-x7 b) =

\2N. (P /B, + mBm)VSQSBM(x, b). )

Here, only the contribution of the Lorentz structure
¢p,(x,b) is considered because the contribution of the
second Lorentz structure ¢p, is numerically small and
has previously been neglected [47]. For the distribution
amplitude ¢p (x,b) in Eq. (9), we adopt the following
model:

x2

2 272
myg ~ a)bb (10)
2w127 2 )

5, (x,b) = Ng x*(1- x)zexp[—
where the shape parameter w;,=0.40+0.04 (wp =
0.50+0.05) GeV is well fixed using rich experimental
data on the B(; meson from many studies, and the coeffi-
cient Np, is determined by the normalization

fol dx¢p, (xr,b=0)=1. An updated discussion on the B
meson wave function can be found in Ref. [48].

B. Analytic formulae

For quasi-two-body B — K*y — Kry decays, the ef-
fective Hamiltonian relevant to the b — s transition is
given by [49]

Hen =&[ DV VaClan0f? () + Coa 05 ()
\/E q=u,c
= D VaViCiwOiw | +He., (11
i=3~8¢

where the Fermi coupling constant Gg = 1.166x 107>
GeV~2[50], and Vap Vs and V,,V}; are the products of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
The scale u separates the effective Hamiltonian into two
distinct parts: the Wilson coefficients C; and local four-
quark operators O;. The local four-quark operators are
written as

O\ =(51q))v-a(@;bi)v-a.
0(251) =(5iq)v-4(G;bj)v-a,
O3 =(5;b)v-a Z(@jq/')v-A,
q

O4 =(5ibj)y-a Z(C_]jCIi)V—A,
q

Os =(5ib)v-a Z(f?jq/')v“x,,
q

Os =(5ibj)v-a Z(C_]jCIi)V+A,
q

3
07 =§(§ibi)V—A zq: eq(Giq;)v+as

3
O3 =§(§ibj)V—A zq: eq(Giqi)v+a,s

3
Oy =§(§ibi)V—A Zq: eq(Giq;)v-as

3
O =§(§ibj)V—A ; eq(Gjqi)v-a>

e
077 :@mh@ﬂ'ﬂv(l +75)biF/1Va

08g :émhfio'yv(l +’)/5)T;‘l/bjGZV, (12)

with the color indices i and j. Here, V+A refer to the
Lorentz structures vy, (1 +ys). Note that the terms associ-
ated with the strange quark mass in the Oy, and Og, oper-
ators are dropped.

The typical Feynman diagrams at the leading order
for quasi-two-body B — K*y — Kry decays are shown in
Figs. 1-5, where we take the B — K*%y — K°2% decay as
an example. The contributions from the 0,,Og,, 0, oper-
ators and the annihilation type diagrams are presented,
and the analytic formulas for the decay amplitudes of
each Feynman diagram can be found in our previous pa-
per [32]. The wave functions and corresponding paramet-
ers must be replaced in the calculations.
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Fig. 1. (color online) Feynman diagrams from the operator 0, .

Fig. 2. (color online) Quark-loop diagrams from the operator O, with the photon being emitted from the quark loop.
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Fig. 3. (color online) Feynman diagrams from the operator Osg,.
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Fig. 4. (color online) Quark-loop diagrams from the operator 0, with a photon being emitted by an external quark.
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d d
(c)

Fig. 5.

By combining the amplitudes from the different Feyn-
man diagrams, the total decay amplitude of the charged B
meson decay is given as

Gr .. : " 4
=5 ViVl Co (M7 M@+ M)

+ar (Ml Q)+ Mg (0u) }

AB)

G i(a i i
+ 7% Vi Ves [Co (M@ + MIP(Q,) + M, )]

GF _ . ; i(a i
- 7% Vi Vis{ Cry My + g (Mg + M2 (0.)
+ (as + a10) (M ™ (Qu) + M (0.)
+(ae + aS)Mit(rfnP)(Qu)},
(13)

where i = R, L correspond to contributions from the right-
handed and left-handed photons, respectively, and the
combinations of the Wilson coefficients are defined as

aj =C2+C1/3, a4=C4+C3/3, a6=C(,+C5/3,
ag =Cg+C7/3, ajo=Cip+Cy/3. (14)
Similarly, the total decay amplitudes for the

B?X) — K"y — Kry decays are listed below.

G i(a i i
T;V;hvus {C2 (Ml(u) + M](th))(Qd) + Mzu)}

Vi, Ves [Co (MO 4+ MO (0 + M)

A(B%) =

L Gr
2
G % i i(a 1

- TFEV”” Vis {Cry Mo, + Cag (M0 + MY (00))

1 i(a il
+(as = 5a10) (Mg (Qa) + Magi™ (Qu)

(color online) Annihilation diagrams.

1 i
+(ag = 5as) Mann (Qa)} (15)
: G i(a i i
A(BY) :7% VipVua {CZ (M](u) + Ml(f)(Qf) + MZM)}
G i(a 1 i
+ 22V Vea [Co (M + MD(Q0) + M, )|
2
GF « i i(a l
-5 Vi {Cry M+ Cag (MG + M (0))
1 i(a i
+(as = 5a10) (M (@) + Ma (25)
1 i
+(a = 5.a8) M (Q0)].
(16)

Then, the differential decay rate can be described as

a8 |P|IP;| 2

1 3 i
— =T A 17
dw? B64ﬂ3m% i;," | a7

where the squared amplitudes for the B(;) meson decays

are summed in the helicity basis, 75 is the mean lifetime
; . . —

of the B¢, meson, and the kinematic variables |P;| and

— . .

|P3| denote the magnitudes of the K and y momenta in the

center-of-mass frame of the Kr pair,

P3| = =(m3 - ) /. (18)

III. NUMERICAL RESULTS

The adopted input parameters in our numerical calcu-
lations are summarized below (the masses, decay con-
stants, Gegenbauer moments, and QCD scale are in units
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of GeV, whereas the B meson lifetimes are in units of ps)
[50-52].

Aqcep =0.25, mp. =5.279, mp =5.280, mp = 5.267,
=0.494, mgo = 0.498, my,. =0.140,
My = 0.135, mgo =0.89555, mg- =0.89176, fz=0.19,
f, =023, 75 = 1.638, 7 = 1.520, 7 = 1.509,
[go =47.3, Tk =50.3, rpyw =4GeV™!, fx- =0.217,
fE =0.185, aif. =0.31+0.16, ay. = 1.188+0.098.
(19)

my = 48, mg-

As for the CKM matrix elements, we employ Wolfen-
stein parametrization with the inputs [50]

A=0.22453+£0.00044, A =0.836+0.015,
p=0.12270018, 7=0.35570011. (20)

Using the differential branching ratio in Eq. (17) and
the squared amplitudes in Egs. (13) and (15) and integrat-
ing over the full Kn invariant mass region (mg +m;) <
w < Mg, for the resonant components, we obtain the
branching ratios of the quasi-two-body decays as

BV(BO — K*O'y N K+7T ,y 3 08+1 .29+0.33+0.24+0. ]2) X 10—

—-0.86-0.30-0.36-0.08

+0.64+0.16+0.12+0.
155—044 0.15-0.19-0.

Br<B0—>K*0y—>KOﬂ 04 8

(

( )
(LT 10
( )

)
)
Br(BJr — K"y — K+7r0y)
)=

3 21+1 .25+0.36+0.20+0.15 X 10—

+ *t 0_+
B’(B - K7y - Ky ~0.87-0.31-0.23-0.12

21)

where the first source of errors originates from the shape
parameter of the B meson DA, wp=0.4+0.04 GeV, the
second error is from the Gegenbauer coefficients in the
kaon-pion DAs, aj;. =0.31£0.16 GeV, a;. =1.188+
0.098 GeV, and the final two errors are induced by next-
to-leading-order effects in the PQCD approach, that is,
changing the hard scale ¢ from 0.80¢ to 1.2¢ and the QCD
scale Agcp =0.25+0.05 GeV. From our results, we can
see that the dominant theoretical error arises from the un-
certainty on wg, which is close to 40%. The error in-
duced by the Gegenbauer coefficients in the Kz pair DAs
is smaller at approximately 10%. These four decays are
mediated by the b — s transition. In our calculations, the
Feynman diagrams from the operator 07, give the dom-
inant contribution, which is proportional to V;,V;, ~ A2,

Assuming isospin conservation for the strong decay
K* — Kr, we can obtain the following relations:

I'(K*° — K%%%)

(K0 - K*n™)
I'(K*Y — Kn)

=2/3,
I'(K*0 — Kr) /

=1/3,

[(K** = K%7")
I'(K** — Kn)

B F(K*+ N K+7T0) B
=2/3, m_l/& 22)

Under the narrow width approximation, the branching ra-
tios of these quasi-two-body decays can be expressed as

Br(BO - K0y > K+7r_y)
=Br(B° - K*%)-BHK™ - K*n"),
Br(B" - K% - K'%)
=Br(B° - K*%)- BHK"® — K°29),
B}"(B+ - K%y — K+7r07)
=Br(B* — K**y)- Br(K** - K*n°),
Br(B+ - K%y — K07r+)/)
=Br(B* - K**y)- Br(K** - K°"). (23)
Using the experimental data given in Eq. (1), which were
measured by Belle II in the last year, combined with
isospin conservation (Eq. (22)) and the narrow width ap-

proximation (Eq. (23)), we can estimate the branching ra-
tios of the quasi-two-body decays as follows:

(3.00+£0.20+0.13)x 107,
(147 +0.30+0.20)x 107,
=(1.67+0.17+0.13)x 107>,

(3.60+£0.40+0.27) x 107°.
(24)

Br (B —> KV 5 Ktny

)=
Br(B - K*Oy — Konoy)
Br(B — Ky — K+7r0)/)
v)=

Br(B+ — Ky - K"

These estimates and our predictions are consistent with
each other; therefore, it is reasonable to extend the PQCD
approach to quasi-two-body B meson decays.

Using the numerical results given with Eq. (21), we
calculate the relative ratios R;, between the branching ra-
tios of the charged and neutral B decays,

Br(B+ - Kty — K07T+'y)

R — 1 04+0 63’
! Br(BY —» K*0y — K*nv) ~046
Br(B* = Kty — K*n%y
Ry = ( ) = L1705 (25)

Br(B" — K*9y — K%z0y)

If we assume the branching ratio of the decay K* — K to
be 100% and the narrow width approximation to be true,
Br(B* — K**y)

Br(B" = K*0y)"
PDG  [50], the ratio

we can relate them with the ratio R =

Using data  from
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B B+ K*+ . .
— u =0.94+0.08 can be obtained. Using
Br(BY — K*0y)

the updated data measured by Belle II [35], the ratio

B B+ K*+
= u =1.16+0.14. The values of thesera-
. Br(B > K*%) . o
tios once again support the usability and rationality of
PQCD factorization for quasi-two-body B decays. Fur-
thermore, we can relate these ratios with isospin asym-

metry, which is defined as

_I(B" > K% -T(B* - K**y)

A= .
1 F(BO—>K*O‘}/)—F(B+—>K*+’}/)

(26)

This can be rewritten using the formula Br =7g['/h

1= 2 BrB* = K**y)/Br(B" — K") 1-BR

A = TR+ _ TR+
1= TR . — 0 <0 - TR _°
1+;Br(B — K**y)/Br(B" — K*Yy) 1+T—R

B+
27)

The ratios R;, suggest that isospin asymmetry between
the decays B* — K**y and B — K*%y is small at approx-
imately 2 % in magnitude, which is supported by the
present data. The branching ratios of the two-body
B0 — K*+9y decays have previously been calculated
with the PQCD approach [37], where the results were
Br(B® = K*%) = (52+2.6)x 1075, Br(B* — K**y) = (5.3+2.7)x 10~
Two years later, they were updated to Br(B° — K*0y) =

GSLBRED X107, Brib — K= G

%1073 [53]. Comparing these two calculations, differ-
ences still exist. A comparison of all the theoretical res-
ults with the updated data measured by Belle II supports
the idea that it is more appropriate to study these quasi-
two-body B decays in the three-body framework than the
two-body framework. Under the times of high precision
measurement, these results should be carefully tested in
LHCD experiments.

Using the same two-meson DAs for the Kr pair, we
also calculate the branching ratios for the B —

osk | | ]

dBr (B'—=K*y—K'n%) /dm,, (107GeV)

0.7 0.8 0.9 1.0 1.1 12 13 14 L5
mg, (GeV)

Fig. 6.

K%y — K°7%(K~n*)y decays and obtain the results as

BB = Ky — K%)= (03530080 10

Br(BY — K% — Kn*y) = (0695031100705 0 03 X 10°°.
(28)

These two decays are induced by the b — d transition,
whose penguin contributions are proportional to
Vip Vi, ~ 2* and expected to be suppressed by one order of
magnitude relative to those induced by the b — s trans-
ition. From Eq. (28), we can obtain Br(B; — K*'y) =
(1.04*931y% 1076 through the K*® — K~n* internal decay

-0.34

mode and (1.05*339)x 107¢ through K*° — K°z°. Our pre-

dictions are consistent with the results given in Ref. [53]
Br(B) > K%)= (L1130 15005) x 107, (29)

The consistency of these results indicates that the PQCD
approach is applicable to two-body and three-body B de-
cays at the same time.

We also predict the w-dependences of the
B* - K**y - K*n% and B;— Ky —» K n*y decay
spectra shown in Fig. 6, which exhibit a maximum at the
Kn invariant mass at approximately 0.895 GeV. The
curves for the other four B decay modes are similar be-
cause the same time-like form factors are used for the Kx
DAs. It is easy to see that the main contribution to the
branching ratio originates from the region around the pole
mass of the K* resonance, as expected. For example, the
central values of the branching ratio BR(B® — K**y —
K*ny) are 0.89x 107 and 1.30x 10~ when we integ-
rate over @ by limiting the ranges of w = [mg. —0.5T'k.,
mg-+0.5Tk.] and w = [mg- —Tg-,mg-+Tg-], repectively.
These amount to 52 % and 76 % of the total branching
ratio Br(B* — K"ty — K*n%) = 1.72x 1073, respectively.

The direct CP asymmetry of By — Ky — Kny is
defined as

0.9 b

0.6 ‘/\‘ R

[
L “/ L\ A

0.7 0.8 0.9 1.0 I.1 1.2 1.3 L4 15
mg, (GeV)

dBr (BO—~K*%—Kn'y) /dm, (107%GeV™)

0.3

0.0

(color online) Predicted B* — K**y — K*n%y (left) and B; — K*%y — K~n*y (right) decay spectra in the Kx invariant mass.
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I“(B(S) — Ky — (Kﬂ)y) -T'(Bi) — K*y — Kny)

F(B(s) - Ky — (Kn)y) +I[ (B — K*y - Kry)
(30)

Acp =

For our considered decays, direct CP asymmetry is
mainly induced by interference between the contribu-
tions from the 07, and tree operators, which is propor-
tional to V*, V,54). We predict the direct CP asymmetries as

Acp (BO - K0 > K+Jr_y)

—(_ +0.04+0.61+0.06+0.00 -2
—( 0'58—0.00—0.65—0.09—0.21)X 107,

Acp (BO - K0 > Koﬂ'oy)

_(_( ec+0.37+0.68+0.43+0.03 2
—( 0'55—0.00—0‘77—0.00—0.08)X 107,

ACP(B+—>K*+‘)/—>K+7TO’)/)

—_(_ +0.24+0.37+0.79+0.18 -2
—( 0~79—0.21—0.74—<).00—0.15)>< 107,

ACP(B+—>K*+)/—>KO7T+)/)

_(_( 20+0.35+0.70+0.02+0.46 2
—( 0-39—0.16—0.80—0.34—0.00)>< 107,

Acp (B? - k*oy - Koﬂ'o)/)

_ +0.83+0.70+0.65+0.10 )
= (4'22—0.00—0.95—0.05—0.00) X107,

ACP (B? - K*Oy - K_7l'+)/)

TR0 G

where we find that the direct CP violations of the B%* de-
cays induced by the b — s transition are less than 1 %.
For B*? decays, our predictions are consistent with those
of the two-body B*? — K*+0y decays predicted using the
PQCD approach, Acp(B* — K**y) =—(0.57+0.43)x 1072
and Acp(B° —» K*0y) = —(0.61+0.46)x 1072 [37], and re-
calculated to be Acp(B* = K**y)=—-(0.40+0.10)x 1072
and Acp(B® = K*0) =—(0.30+0.00)x 1072 in Ref. [53].
On the experimental side, the direct CP asymmetries of
the B+ — K**+0y decays are given by the PDG [50]

ACP (B+ e K*+’y) = (]4i 18)%,
Acp(B" = K%)= ~(0.6£1.1)%, (32)

where Acp(B* — K**vy) is larger than 1% and opposite in
sign to the PQCD predictions. Nevertheless, large errors
still exist. We hope that this divergence can be clarified in
future LHCb and SuperKEKB experiments by measuring
the three-body B decays B* — K**y — K*n% and
B* — K**y — K'7*y. If direct CP violation of more than
a few percent is confirmed in the future, it can be con-
sidered that some new physics may contribute to these
channels. Direct CP violation for B, decays induced by
the b — d transition are significantly larger than those of
B*Y decays because the product of the CKM matrix ele-

ment for the electro-magnetic penguin operator is propor-
tional to V; Vy ~ A%, and that for the tree operator is
either proportional to V7, Vg ~ 23 or V¥, V,q ~ 23, In other
words, the tree contribution is not suppressed and can be
comparative with the penguin contribution. Because we
know that direct CP violation arises from the interfer-
ence between the tree and penguin contributions, we can
expect relatively large CP asymmetries for these two B;
decays. In previous PQCD calculations [53], the authors
obtained the following result:

Ace(BY = K%)= (12701118405)x 102, (33)

which is indeed significantly larger than those of B®* de-
cays. Though this result is larger than our predictions, it
is clear that direct CP violation for the B? — K*%y decay
has a positive sign, which contrasts with those of B®* —
K*0*y decays.

IV. SUMMARY

In this study, we analyze the three-body radiative B
decays B(;) » K"y — Kny with the Kn pair originating
from the intermediate state K* using the PQCD approach.
Under the quasi-two-body-decay approximation, the K
pair DAs are introduced, which include final-state inter-
actions between the K pair in the resonant region. Both
the resonant and nonresonant contributions are described
by the time-like form factor Fg,, which is parametrized
using the RBW formula for the P-wave resonance K*.
Under the condition of the narrow width approximation
and isospin conservation, the branching ratios of the
B;) » K*y — Kny decays are consistent with those of
two-body B — K*y decays calculated in previous
PQCD calculations, which verifies that the PQCD ap-
proach can be extended to three-body B decays. More im-
portantly, our predictions are closer to data recently
measured by Belle II. This indicates that it is more appro-
priate to study quasi-two-body B decays in the three-body
framework than the two-body framework. For the decays
B,4 — K*y — Kny induced by the b — s transition, their
direct CP violations are small and less than 1 %. If direct
CP violation of more than a few percent is confirmed in
the future, it can be considered that some new physics
may contribute to these channels. For the
B; — K"y — Kny decays induced by the b — d transition,
stronger interference exists between the tree and penguin
contributions; therefore, relatively large CP asymmetries
can be observed, which can be tested in the LHCb and
Belle II experiments.
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