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In this paper, we studied systematically the semileptonic decays B, — K¢+ ¢~ with I~ = (e, u~,77)
by using the perturbative QCD (PQCD) and the “PQCD -+ Lattice” factorization approach, respectively.
We first evaluated all relevant form factors F;(g?) in the low-¢? region using the PQCD approach, and we
also took the available lattice QCD results at the end point g2, as additional inputs to improve the
extrapolation of the form factors to the high-g” region. We calculated the branching ratios and twelve other
kinds of physical observables. From our studies, we find the following points: (a) for B, — KI7I~ decays,
the PQCD and PQCD + Lattice predictions for branching ratios B(B, — KI*I7), the ratios of the
branching ratios RY' and RY, and the longitudinal polarization asymmetry of the leptons P; agree well
within errors; (b) the PQCD and PQCD -+ Lattice predictions for the CP-averaged branching ratio B(B, —
K'utp~) are (3.172933) x 1078 and (2.487935) x 1078 respectively, which agree well with the LHCb
measured value (2.9 £ 1.1) x 107 and the light-cone sum rule prediction; (c) for the ratios Ry and R,
the PQCD and PQCD + Lattice predictions agree well with each other and have a small error less than
10%; (d) for the direct CP asymmetries Aqp of all considered decay modes, they are always very small as
expected: less than 5% in magnitude; (e) for the angular observables P, ;3 and Pit,s.e.s’ our theoretical
predictions for each kind of lepton are consistent within errors; (f) the theoretical predictions of the angular
observables P3 and Py are less than 1072 in size, but the magnitude of P, , and P}, 5 are larger than 0.2; and
(g) the PQCD and PQCD + Lattice predictions of the binned values of all considered observables in the
two g2 bins [0.1-0.98] GeV? and [1.1-6] GeV? generally agree with each other and are also consistent with
the light-cone sum rule results within errors. We believe that above predictions could be tested by future

LHCb and Belle-II experiments.

DOI: 10.1103/PhysRevD.102.013001

I. INTRODUCTION

The lepton flavor universality (LFU), as one of the
distinctive hypotheses of the standard model (SM), requires
the same kinds of couplings between the gauge bosons and
the three families of leptons except for mass effects.
However, the recently reported Rg and Rg- anomalies
bring a primary hint of the LFU violation. The measured
values of the ratios Rx and R+, defined as the ratios of the
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branching fractions (BRs) B(B — K"yt u~) and B(B —
K®ete™) [1], are clearly smaller than the SM predictions
[2-8]: the deviation is about 2.66 for Ry and 2.36 for R+
[9-14]. In addition, the LHCb experiment first observed the
so-called Pj anomaly, a sizeable discrepancy at 3.7¢
between the measurement and the SM prediction in one
bin for the angular observables P [15,16].

If the above mentioned anomalies are indeed the signal
of the LFU violation in b — s£™£~ decays, it must appear
in the similar process b — d£*¢~, because they are the
same kinds of flavor-changing neutral current (FCNC)
transitions at the quark level with the differences of
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
(V.4 vs V) and the masses (m, vs m,). As a consequence
of the Glashow-Iliopoulos-Maiani mechanism [17], the
flavor structure of the SM theory permits the FCNC to
arise at the loop level only, leaving some space for heavy
new degrees of freedom to contribute to these rare

Published by the American Physical Society
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processes [18]. With the same quark level b — du™pu~
transitions, the exclusive B* — ztutu~ and BY —
K%y~ decays have been measured recently by the
LHCb experiment [19,20]:

B(B* — ztutp~) = (1.83 £ 0.24(stat.)
4+ 0.05(syst.)) x 1078, (1)

B(BY — K*u*p~) = (2.9 & 1.0(stat.) & 0.2(syst.)
+0.3(norm.)) x 1078, (2)

and they agree well with those currently available SM
predictions as given, for example, in Refs. [21-29].

In this paper, K*0 denotes a vector K**(892) meson,
which is reconstructed in the K"z~ final state experimen-
tally by selecting candidates within 100 MeV/c? of the
mass [30,31]. In the LHCb experiment, however, no
attempt is made to separate the vector K** from the §
wave or other broad contributions which may present in the
selected Kt~ pair [14]. Fortunately, the S-wave fraction
contribution to the B® — K*%u*u~ mode has been mea-
sured by the LHCb and found to be small [13]. For the B;
case, the S-wave contamination of the BY — K*Ou*pu~
decay is also unknown now and assumed to be small
compared to that of the B® — K*u*u~ decay. Specifically,
the S-wave fraction of Fg(B® — K*%utu~) = (3.44+
0.8)% in the Kz~ system [20]. Theoretically, the authors
of Ref. [32] found the S-wave contribution will modify
differential decay widths by about 10% in the process
of B - K~ntete.

Analogous to the ratios Rx and R for B — K™"[*]~
decays as defined in Refs. [1-14], we can define the similar
ratios of the BRs Ry and R%. for the B, —» K¢ +¢-
decays:

pen BB =~ KWptyr) (3)
K9 B(B, » K¥etem)

Similarly, we can also define the ratios R{; and R{’. in the
following form:

pe B(B, » K"te7)
Rs,K(*) Y- PN 4)
B(By — K™ uty™)

These new ratios Rf”K(*) and R’: TK(*), together with the ratios

Ry and R+, can help us to examine the b — (s,d)¢ "¢~
transitions in great details.

Unlike the well-studied B — K*)#t¢~ decays, the
semileptonic B, — K*)#* ¢~ decays have not caught much
attention partially due to their lower branching ratios and
the lack of the relevant experimental measurements. In
recent years, these decays have been studied by several
authors, for example, in Refs. [26-29], and the first

measured branching ratio as listed in Eq. (2) was reported
last year by the LHCb Collaboration [20]. Besides the
measurements for the branching ratios, a precise angular
reconstruction of the polarized K* in B, — K®¢g+¢-
decays was discussed in Ref. [8]. Recently, the predictions
of several angular observables for the B, — K*¢*¢~
decays were provided using the light-cone sum rule
(LCSR) and the lattice QCD method in Ref. [29].

By using the perturbative QCD (PQCD) factorization
approach [33-35], the semileptonic B; — K££* decays
have been studied by us in a previous paper [26]. We
considered the next-to-leading order (NLO) contributions
known at 2012 and presented our PQCD predictions of the
branching ratios:

B(B) = K°¢+¢7) = (1.63105)x 1078, 1= (e,p), (5)
B(BY —» K%7t77) =(0.4371%) x 1078, (6)

In this paper, we will make a systematic study for the
semileptonic decays B, — (K, K*)£*¢~ with [ = (e, pu, 1),
and present the theoretical predictions of many new
physical observables:

(1) For B, — K¢*¢~ decays, besides the branching
ratios, we also calculate their forward-backward
(FB) asymmetry Apz(q?), the longitudinal lepton
polarization asymmetry P; (g?), the direct CP asym-
metry Acp, and the ratios Ry and R

(2) For B, — K*/*¢~ decays, we treat them as a four
body decay B, — K*(— Kr)£*¢~ described by
four kinematic variables: the lepton invariant mass
squared ¢* and three angles (0x-,0,, ¢). We define
and calculate the full angular decay distributions, the
transverse amplitudes, the partially integrated decay
amplitudes over the angles (Ok-,60,,¢), the FB
asymmetry Ayg(q?), the K* polarization fraction
R;7(q?) and the longitudinal lepton polarization
asymmetry Py (q?), and the ratios R(. and R{%..
Since we do not know how to calculate the possible
S-wave or other broad contributions related with the
reconstruction of the Kz pair [13,20], we add a 10%
uncertainty to the PQCD predictions of the branch-
ing ratios as an additional theoretical error [32], but
neglect it in the calculations for other ratios due to
the strong cancellation.

(3) We use both the PQCD factorization approach and
the “PQCD + Lattice” approach to determine the
values and their ¢*> dependence of the B, — K*)
transition form factors. We use the Bourrely-
Caprini-Lellouch (BCL) parametrization method
[36,37] to make the extrapolation for all form factors
from the low-¢ region to g2,,. We will calculate the
branching ratios and all other physical observables
using the PQCD approach and the PQCD -+ Lattice
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approach, respectively, and compare the theoretical
predictions obtained based on different models.
The paper is organized as follows: In Sec. II, we give a
short review for the kinematics of the B, — K*/+¢~
decays including the distribution amplitudes of B, and K*)
mesons. Section III is devoted to the theoretical framework
including the Hamiltonian and transition form factors based
on the PQCD k; factorization formalism. In Sec. IV, we list
all the observables for both types of decays considered in
this paper. Section V contains the numerical results of
relevant observables and some phenomenological discus-
sions. We conclude and summarize in the last section.

II. KINEMATICS AND THE WAVE FUNCTIONS

We discuss the kinematics of these decays in the large-
recoil (low-g®) region, where the PQCD factorization
approach is applicable to the considered semileptonic
decays involving K*) as the final state meson. In the rest
frame of BY meson, we define the BY meson momentum p,,
the K*) momentum p, in the light-cone coordinates, as in
Ref. [38]

m rm
BS(LLOL% P2 = 2

Y V2

where the mass ratio r = mg/mg_or my/mg, and the

=(r"n7.00), (7)

factor #* is defined in the following form:
+ 2 . 1 o q2
nm=nta/nrr=1, with n=_—11+r—-—-, (8)
2r mg.
where g = p; — p, is the lepton-pair four-momentum. For

the final state K* meson, its longitudinal and transverse
polarization vector €; r can be written as

1
€L—E(’7

The momenta of the spectator quarks in B, and K*) mesons
are parametrized as

mBX
ky = Oxlﬁ NSTR B kzzﬂ

=170, er=1(0,0,1). (9

(10)

We make the approximation in the small k.
For the B? meson wave function, we use the same
parametrizations as in Refs. [26,39]

i
Oy = —— (P, + mp )5tz (ki) (11)

2N.
Here, only the contribution of the Lorentz structure ¢ (k)
is taken into account, since the contribution of the second
Lorentz structure ¢ is numerically small and has been

).

neglected. We adopted the B,-meson distribution amplitude
that was the same as the B meson in the SU(3), limit
widely used in the PQCD approach

m3 x> 1
¢ (x,b) = N x*(1 —x)*exp |— 23“2 -3 (wp,b)?
wp.
(12)

In order to analyze the uncertainties of theoretical pre-
dictions induced by the inputs, one usually takes wp =
0.50 4+ 0.05 GeV for the B? meson. The normalization
factor Np depends on the values of the shape para-
meter wp  and the decay constant fp and is defined
through the normalization relation: [ dx ¢p (x.b =0) =
f5,/(2V/6) [26].

For the pseudoscalar K meson, the wave function can be
chosen as the same one in Ref. [40]:

¢Kuxx>zajgyﬂﬂK¢2u»+-m§¢zu»

+ {mf Oy — 1)k (x)]. (13)

where m{f and p are the chiral mass and the momentum of
the meson K. The parameter { =1 or —1 when the
momentum fraction of the quark (antiquark) of the meson
is set to be x. The distribution amplitudes (DAs) of the kaon
meson can be found easily in Refs. [41-44]:

¢%u>:¥g§x(1—xn 14+ afC(1) + k(1)
O (14)
P _f_K EEICR PN
#h0 =4 (3on =30 ) et
3o + o1+ 6a£)C0| . (19
Pr(x) = fK(z\/— ){14‘6[5’13—%’13@3
—;—Op%( ngaz}(l—IOx—i—]Ox )} (16)

where t = 2x — 1, f is the decay constant of the kaon
meson and px = my/mY is the mass ratio. The Gegenbauer
moments and other parameters are [41-44]

af =0.06 £ 0.03,
a¥ = -0.015,

ak =0.25+0.15,
n =0015,  w=-30. (17)

The Gegenbauer polynomials that appeared in Egs. (14) and
(15) are of the following form [41-44]:
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3
A*n=3  GPo=36r-1. GPo=362-1),

l\)l'—

1 1
Ci (1) = g (3302 4+ 35¢%), (1) = 85(1—14t2—|—21t4) (18)

For the light vector meson K*, the longitudinal and transverse polarization components can provide the contribution.
Here we adopt the wave functions of the vector K* as in Ref. [44]:

ol (p.c,) = % fomgede (1) + 4o Pl (3) + m- e ()], (19)
(DIL(* (pv eT) = \/La [¢TmK*¢;}(* (x) + ¢Tﬂ¢]7;* (X) + e iewn/mySwaIYi‘npvn x ()C)], (20)

where p and mg- are the momentum and the mass of the K* meson, and ¢; and €7 correspond to the longitudinal and
transverse polarization vectors of the vector meson, respectively. The ¢ and ¢%. in Egs. (19) and (20) are the twist-two
DAs [44]:

b () =41 = 91+ al (0 + e 70, 1)
o 3k Lo Lo
P ) = L1 = 0)l1 + 0t (0 + e €0, 22)

where fx- and f%. are the longitudinal and transverse components of the decay constants. The Gegenbauer moments in
Egs. (19) and (20) are the same ones as those in Ref. [44]:

ale. =003+002,  d,. =0.11+009,
abe. = 0.04+003,  a. =0.10+0.08. (23)

The twist-three DAs ¢}’ and ¢3¢ in Eqgs. (19) and (20) are defined with the asymptotic form as in Ref. [44]:

3T,

2 3fk . 3fk
2v6

. 3k 2
by =oAL g =), (24)

bk = W

=0, ¢k

III. THEORETICAL FRAMEWORK
A. Effective Hamiltonian for b — d¢* ¢~ decays

For the considered b — dZt ¢~ transitions, the effective Hamiltonian in the framework of the SM can be written in the
following form [29,45-47]:

Gr
V2

+ 4[C1 (1) (O5 (1) = O (i) + Co() (O3 (w) = Oﬁt(ﬂ))]} (25)

Hee = Va Vi {Cl (1) Of () + Co(u) O5 (1) + Z Ci(u)Oi(u)

where Gy = 1.16638 x 107> GeV~2 is the Fermi constant, 4, = V,,V*,/(V,, V%) is a ratio of the CKM elements, and
C;(u) and O;(u) are the Wilson coefficients and the four-fermion operators at the renormalization scale u. In the SM, a
suitable basis of the operators O;(u) for the b — d¢" ¢~ transition is given by the current-current operators O3, the QCD

penguin operators Os_g, the electromagnetic penguin operator (J;, and the chromomagnetic penguin operator Og, as well as
the semileptonic operators Oy jo:
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Oi‘ = (Eiacﬁ)V—A(éﬂba)V—A’

O = (dyug)y_p(iigha)y_s-

O; = (Ziaba)V—AZ(EIﬂLIﬁ)V—A’
q

Os = (Elaba)v—AZ(C_]ﬂq/})wAv
q

07 = %(30’””(1 + }/S)bFﬂl/’
T

Pem /- Z
Oy = ) (d}'ﬂ(l - ]/S)b)(f]/”f),
T

where 7“ denotes the generators of the SU(3). group
and m,, is the running b-quark mass in the MS scheme;
F,, and Gy, are the electromagnetic and chromomagnetic
tensors, respectively. The labels V£ A refer to the
Lorentz structure y,(1+ys). In Fig. 1, we show the
typical Feynman diagrams for the semileptonic decays
B? — K®I*I~ in the PQCD approach. The dominant
contribution to the b — df "¢~ transitions is given by O,
and Oy 19, as well as O;. The operator O; corresponds
to the y-penguin diagram, as shown in Fig. 2(a). The
operators Oy o describe the sum of the contributions
from the Z and y penguin in Fig. 2(a) and the W box
|

GF Aem

05 = (Ziaca)V—A(Eﬁbﬁ)V—A’
0y = (aaua)V—A(ﬁﬁbﬂ)V—A’
O, = (aabﬂ)V—AZ(ZIﬂQa)V—A’
q

O = (aabﬂ)V—AZ(ZIﬂQa)V+A’
q

- g—:’:zbgla“”T“(l +75)bGY,,

a _ —
Oy = ﬂ(d)’”(l - Ys)b)(fyﬂ%’f)v

o= (26)

|
diagrams in Fig. 2(b). The current-current operators Oﬁ‘:g
involve a long-distance contribution, which originates in
the real uit, dd, and c¢ intermediate states, namely, the
(p,w, @) and J/w family in Fig. 2(c), coupled to the
lepton pair via the virtual photon. This contribution is
proportional to Cy and can be absorbed into an effective
Wilson coefficient C§T [48].

Here we neglect the contribution from the subleading
chromomagnetic penguin, and the quark-loop and annihi-
lation diagrams because these effects are highly suppressed
[29]. Hence, the decay amplitude for b — dItI~ loop
transition can be decomposed as

Alb — dltl™) = i VmV;‘d{CSff(qz)[c_%(l — y5)b][Ir*1] + Cio[dy, (1 — ys)b][Ir*ysl]

q

- 2m " i, % (1 -+ )0 T

q

where C&f(u) and CST(u) are the effective Wilson coef-
ficients, defined as in Refs. [26,49]

Cs™ (1) = C1(u) + Ch g, (1) (28)

C§" (1. q*) = Cou) + Ypert(8) + Yres(4?).

The analytic expressions for all Wilson coefficients in the
NLO approximation can be found easily in Ref. [50].
The numerical values of the NLO Wilson coeffi-
cients C;(u) at three different renormalization scales

. K

FIG. 1. The typical Feynman diagrams for the semileptonic
decays BY — K*)£*+ ¢~ in the PQCD approach with the FCNC
contributions due to the operators O; as defined in Eq. (26) and
denoted as black squares in this figure.

(29)

S s

(@ (b)

(27)

(b)
FIG. 2. Typical Feynman loop diagrams: the y penguin (a) with

O;, the z(y) penguin (a) and W box (b) with O jo, and the loops
(c) with O,
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TABLE L. The values of the Wilson coefficients C;(u) in NLO level at three different renormalization scales u = (m,,/2, my,, 3m,,/2).
#\Ci(p) Ci &) C5(%) Cy(%) Cs(%) Cs(%) C; Cs Cy Cio
my/2 —0.276 1.131 2.005 —4.845 1.375 —5.841 —-0.329 —0.165 4.450 —4.410
my, —0.175 1.076 1.258 -3.279 1.112 -3.634 —0.302 —0.148 4.232 —4.410
3my/2 —0.129 1.053 0.966 —2.608 0.964 —2.786 —-0.287 —-0.139 4.029 —-4.410
u = (my/2,my,3m,;/2) are listed in Table I. Note that the ~ x,(x}=5x,-2)  3x7lnx,

Wilson coefficient Cy, is independent of the y scale and Gi(x) = 8(x, — 1)3 4(x, - D)F (31)

Co(u) is relatively sensitive to the choice of .
The term C}_, 4, 0 Eq. (28) is the absorptive part of
b — dy and was given in Ref. [49]

Clyogy (1) = ias{gn”/B [G(x,) —0.1687] — o.oscz(u)},
(30)

where n = a,(my)/a,(4), x, = m?/m}, and

Besides the ordinary Wilson coefficient Co(u), the effec-
tive Wilson coefficient C§ (¢*) in Eq. (29) also contains two
additional effective terms Yo (5) and Yes(¢?). The term
Yper(8) describes the short distance contribution from the
soft-gluon emission and the one-loop contribution of the
four-quark operators O; — Og. The term Y,.(¢*) includes
the contributions of the virtual resonances described by the
Breit-Wigner form prescribed in Refs. [47,51-54].

Ypen@) = 0124w(§) + g(’/hc’ s)CO + Au[g(”hc’ §) - g( 7 u» §)K3C1 + CZ)

1
2

2
+§@Cy+QA3CY+QL

Yres(qz) = 32]T |:C0 z

aem

— 290, BCI+Cy) - Y

L .,
=9y, $)(Cs3 +3Cy) — Eg(mb, §)(4C5 4 4C4 +3Cs + Co)

V=J/PW...

(32)
myB(V = [TI7)[Y,
‘12 - m%/ + imVFt‘gt
myB(V — [T, (33)

2 2 : Vv |
Vepmg 4 My + imyT

where Cy=3C;+C,+3C;3+C4+3Cs+Cs, § = ¢*/mj, and i, = m,/my,. In the above expressions, w(§) is the soft-
gluon correction to the matrix element of operator Oy and was given in Refs. [47,55]

o(3) = —gﬂ'z +i/swdu—§ln(§) In(1-3) —
0

u

_B0+HA-28)

5+4§

3a+25) M=)

5+ 95 — 652

3(1—3)2(1+25) 6(1—3)(1+23)°

(34)

The loop coefficient functions g(ri1,, $) in Eqgs. (32) and (33) describe the one-loop (gg) contributions to the four-quark
operators O; — O, and can be written as the well-known expression [56-59]:

8 4

N 8 2
g(ing,3) = —§1n(mq) +E+§x—§(2+x)\/|1 — x| x

where x = 472 /3.

In Ref. [59], the authors employed the dispersion
approach to compute the charm-loop effect in a form of
the correction to the Wilson coefficient Cy. By fitting the
whole dispersion relation to the operator-product expansion

2arctan\/%1 x> 1
(35)
ln‘%\/g —ir ,x<1,

(OPE) result at ¢g> < 4m?2, the authors found that there
exists a destructive interference between the J/w and
w(28S) states. According to their opinion, a reliable pre-
diction for the charm-loop effect above y(2S) based on
QCD is hard to make. Although the actual effect,
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TABLE II. The masses, decay widths and branching fractions
of the dilepton decays of the vector charmonium states [30].
Mass ry, BR(V = ITI7)
v [GeV] [MeV] with [ = e,
p(770) 0.775 149.1 4.63 x 107
w(782) 0.782 8.490 738 x 1073
¢(1020) 1.019 4.249 292 x 107*
J/w(1S) 3.096 0.093 5.96 x 1072
w(29) 3.686 0.294 7.96 x 1073
w(3770) 3.773 27.2 9.60 x 107°
w(4040) 4.039 80 1.07 x 107
w(4160) 4.191 70 6.90 x 107°
w(4415) 4.421 62 9.40 x 107°

depending on the interference of many charmonium states,
cannot be reliably constrained by OPE, it could be
considered as small in this region.

The term Y, in Eq. (33) denotes the long-distance
resonance contributions from those B, - KV —
KU)(V — £+¢~) transitions, where V stands for the
possible intermediate resonance states decaying to lep-
ton pairs:

(1) The charmless light vector mesons V = (p, w, ¢).

The kinematic region where the light resonances
(p, w, ¢) contribute is typically not excluded from
the experimental analyses because their effects on
branching fractions and other physical observables
might be substantial [60].

(2) The c¢¢ charmonia V. =w(1S,2S,3770,4040,
4160,4415). The two lowest charmonium states
w(1S) and w(2S) (i.e., J/w and y'), whose masses
are below the open charm threshold (DD), have tiny
width and can induce large breaking of quark-
hadron duality. Hence, the narrow charmonia reso-
nance regions are routinely rejected in the theoretical
and experimental analysis. For the four higher
charmonium resonances, however, they are broad
and overlapping throughout the high-¢*> regions.
One usually makes the integration over the full
high-¢? range.

As reported in Ref. [61], a resonance above y(2S)
compatible with the y(4160) has been observed by LHCb
in the B — Ku*u~ decay. Consequently, nearly all avail-
able contributions about the JP¢ = 1=~ charmonium res-
onances above the open charm threshold should be taken
into account [62]. In Table II, we list the properties of all
considered intermediate resonance states: their mass, width,
and branching fractions of the leptonic decay channel V —
Il [30]. For the case # =1, only the fraction of
J/w(2S) - 7777 does not vanish, which equals 3.1 x
1073 from Ref. [30].

B. B, — K.K* transition form factors

The B, — K transition can be induced by the vector
current V¥ and the tensor currents 7+:

(K(p2)IV¥|By(p1)) = f1(g*) P + f2(4*)Ps.  (36)

2
(K(p2)|T"|Bs(p1)) = lm [Ph4" = a" P Fr(a),
(37)
where V* = dy*b and T* = do**b, and q = p, — p, is

the momentum carried off by the lepton pairs and
o =i[y", y"]/2.

The B, — K transition form factors F (¢*) and Fy(g?)
can be written as a combination of the auxiliary form
factors f(q*) and f,(q?) in Eq. (36):

FAR) =5 IA@) 4 R G

Fole?) = Fo(q?) + 5 1F1(82) = Fala®)) T (39)

mp — Mg

We also have the relation F, (0) =
the pole at g*> = 0.

Using the well-studied wave functions as given in Sec. II,
we calculated the three B, — K form factors f;(g?),
f2(q?), and F7(q?) in the PQCD factorization approach:

F(0) in order to smear

F1(g?) = 16am3, C; / dxyd, / bydbybsdbady, (x1)

. { {—xzrw;(xz) T o) -

[(x, n+\/n-1)—-r+

n+2x,r
n—1

)it

()| - 00

X1
2vn? =1

“an 1+ ﬁ> o) ) . (40)
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F2(g?) = 16am3, C; / dxyd, / bydbybsdbady (x1)

1 —2x,r

k=1
e[ (e g e+ (2 |t (@)

FT(qz) :Sﬂm%SCF(1+r)/dxldX2/bldb1b2db2¢BS(Xl)

x { [(1 ) (x2) = Zrarodl (xs) — ro¢£<xz>} Hy(1)

14+ x,rm

+[—xl<1+n>¢f‘(:\)/$+xl)r¢})(x )]-H(t)}. (42)
2 U o) rE—1) TR

where Cr = 4/3 is a color factor, ry = m(}(/me, r=my/mg_, n is defined in Eq. (8), and the function H,(t;) in the
following form:

X { [(ﬁ?}(xz) — xrod(x) — ro¢%(x2)] “Hy(t)

H;(t;) = hi(x),%5,by,by) - ay(t;) exp [=Sg(2;)],  for i = (1,2). (43)

The explicit expressions of the hard functions h; 5(x1, x,, by, b, ), the hard scales #, », and the Sudakov factors S, (z;) will be
given in the Appendix.

For the vector meson K* with polarization vector €*, the relevant form factors for B, — K* transitions are V(g¢?) and
Ao.12(g?) of the vector and axial-vector currents, and T, 5 3(g?) of the tensor currents. In the PQCD factorization approach,
these seven form factors of B, - K*#+#~ decays can be calculated and written in the following form:

V(qz) = 87Tm%SCF(1 + l")/dxldX2/bldblbzdbzqﬁBS(xl)

1+ x,m

Vit =1
Xx; —2rm

+ [<r+2\/;7217_1>¢§;*(m) —Nﬁqﬁ?ﬁ@cz)] 'Hz(fz)}7 (44)

X { [—xzr(p;{* (x2) + Pk (%) + e (xz)} -Hy(1y)

Ao(q?) = 8am}, C; / dxydx, / brdbybydbagby (1) X { [(1 + xr(20 = 1)) (x2)

(1 = 203 (1) + L= 2x2r(n = 1)

¢§<*(x2)} “Hy (1)

P —1
i H\/}% ("T—H_r;ﬂ) + (%—xlrn+r2>}¢m<x2)
~ [xl(l - rnl;r_Z;”(r—n) . r] ¢.;(*(XZ)} 'Hz(tz)}a (45)

,
14+r

Al(qZ) = l6ﬂm%SCF /dxldXZ/bldbledb2¢Bs(xl>

X { [(1 + x2r) Py (x2) 4+ (1 — 2x27) Pk (x2) + xar\ /0 — 1% (xz)] “H(t))

| (m=3 )+ (=145 )t e . (46)
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1+r
n—r

(L+r)?(n=r)
2r(n? = 1)

) { [[’7(1 —x0r?) + (0207 = 1) = D)]ghg (x2) + [1 + 2x07% = (1 + 220 r] - (x2)

+ (1= 20)\ /P — 145 (x2)] - Hi(11)
+ H(m —;>x1\/ﬁ— [F(rm =1 = xy?) +’”(’2+'7)”¢,(*(x2)

 frm= 1)+ (s =2y = 1] (e () @)

A (q?) = A(q?) - 87”"%ch

/dxldX2/bldblbzdb2¢3:(xl)

Ti(q*) = gﬂm%SCF/dxld)Q / bydbbydb,pp (x1) x { {(1 = 2x)rp (x2)

14 2x,72 = (14 2x,)r
+ (1 4+ 2x,rm — x2r2)¢IT<* (x2) + 2 ( )

)| - H )

V-1
+ H(l —%)r—);l(rziz\/___ll)]gb%*(xz) + K}Zz___r)ﬁ% (r+ \;’Z];__llﬂdr?ﬁ(xz)] -Hz(fz)}7 (48)

Ta(q?) = 16mm3, C;.

]_rz/dxldxz/bldb1b2dbz¢3,.(x1)

X { [(1 — (14 2x3)rn + 2x,7%) . (x2)
+ [arn(2n = 1) = o+ 1 = g () + (1= 200) /1P = 155 ()| - Hy (1)

+ H% (1 + \/l%) (m—1)+ (r+2\/%>(n— r)]qﬁ?«(h)

+ {(1 —%>r\/ﬁ+%(1 —rn)}qﬁ?(*(xz)] .HQ(zz)}, (49)

1—r)(n+r 1—r?
( 2’_(’/)]2(_ 1) )Tz(qZ)—8ﬂm%SCF7]2—_l/dx1dx2/bldblbzdbqugs(xl)

2_(1+2 2x,r?
o { {’1 (I+ nx—Z)rm T 2xar br-(x2) + (1 + x2r) Pl (x2) + xor1 /1 — 14’5«(%)] “H ()

=2 (e =) e e+ (s 2= 1)) e (50)

where r = mg- /mp_, the twist-two DAs (pg+s ¢£) and other four twist-three DAs are defined in Egs. (19), (20), and (24),
and the functions H ,(t; ;) are the same ones as those defined in Eq. (43) for B; — K transition, but with a replacement of
r=mg/mg by r =mg/mg.

T5(q%) =

IV. OBSERVABLES FOR B, - K*)¢*¢~ DECAYS

A. Observables for B, — K£* ¢~ decays
Within the SM operator basis, the decay amplitude of B, — K##~ decay can be written in the following form [63]:

= Gra,, . - _ -
A(BY > Kt ¢™) = — Vi Vigdv i (€y,€) + 640\ (€y,ysC) + 6p(Cr57)] (51)
\/Eﬂ
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with

Op = C10F+(‘12)’
z(mb - md)

S = CeffF 2 +Ceff F 2 ,
v 5 Fi(q) 7 mg, + my r(q°)
5[) - _meIO F+(6] ) + qz [F+( ) Fo(q )] 4

(52)

where p/ denotes the four-momentum of the B; meson and
my is the lepton mass.

Based on the matrix elements of the operators in terms of
the form factors, we obtain the double differential decay
rate for B, — K£ ¢~ with respect to ¢ and 8, with lepton
flavor £ [64],

d’r
dq?dcos0, = a,(q*) + by(q*) cos O, + c,(g*) cos? O,.
(53)

The angle 6, is defined as the angle between the B,
direction and the £~ direction in the #+#~ rest frame. The
corresponding angular coefficients a,, b,, and c, can be
written as [63,64]

au(q?) = N | PIonP + 5 (64 + 13 12) + Az o,
o, -+ PR, (54)
be(q?) =0, (55)
o) =2 5,0 0B (56)
with the factor N,
N = GFa;gm |5Vszzd| ﬂf\[ (57)

where f; = /1 — 47 with i, = m;/\/q*, Ay = 1/137

is the fine structure constant, m, means the lepton mass,
and A = ﬁ(méy, m%, ¢*) is the Kéllen function: A(a, b, ¢) =
a* + b> + ¢* = 2(ab + bc + ca).

Integration over the polar angle 8, leads to the expres-
sion for the differential decay rate,

dar 2
A7 =2a,(q*) + gcf(qz)- (58)

We see that the linear dependence on cos @, is lost after
integration over 6,, consequently, the lepton forward-
backward asymmetry Agg will also become zero,

A ( ) fo dq dcosgfdcosgf f lmdcosef
FB\q dF/dq
bf(q2>
- dr/dq? - (59)

Another observable of interest that we calculate is the
longitudinal polarization asymmetry P; (g?) of the leptons
defined as [46]

1 [drte="1  dre=+
dr/dg’ | d® dg

PL(q?) = . (60)
where h, = +1(—1) implies a right-handed (left-handed)
charged lepton #~ in the final state. For the B, — K£* ¢~
decay, the lepton polarization is given by [46]

1 GFaem|thV |2 ﬁ2’13/2 Re{5V5A}

Pi(q*) =
2567 mBS dr/dq?

(61)

For the CP-conjugated mode B? — K#*¢~, the decay
amplitude and physical observables are obtained by making
the substitution A — A, i.e., by making the complex
conjugation of the CKM factor involved for the BY decay
modes. Analogous to Ref. [65], we also define the direct
CP asymmetry of the considered B, — K[~ decays in the
following form:

dU(B; — KI*I7)/dq* —dl' (B, —» KI*17)/dq?
dU(B; — KI"I7)/dg* +dl' (B, — KITI7)/dg*
(62)

Acp(qz) =

B. Observables for B, —» K*¢*¢~

For a four body decay, B, — K*(— nK)£ "¢, the decay
distribution can be completely described in terms of four
kinematic variables [7,65,66]: the lepton invariant mass
squared (g?) and three angles O, 0, and ¢. The angle O
is the angle between the direction of flight of K and the B
meson in the rest frame of K*, 6, is the angle made by £~
with respect to the B, meson in the dilepton rest frame and
¢ is the azimuthal angle between the two planes formed by
dilepton and zK. The full angular decay distribution of
B, —» K*(— n~K*)¢* ¢~ is given by [8,29,67],

T = 2 {05008 (63)
dq2dcos Og-dcos 0,dp 32z 1 UKTO

where the functions 1(g?,0x-,0,,¢) are of the following
form [8]:
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1@ 0. 0k ) = Y_1(a°)fi(Ok- 0. ¢)

= I§ sin® O+ + I§ cos? O+ + (I5 sin? Og- + IS cos?® O ) cos 20,

+ I5 sin? O sin® O, cos 2¢ + 1, sin 20x- sin 20, cos ¢

+ I5sin 20+ sin @, cos ¢ + I sin® Ox- cos O, + I7 sin 20 sin O, sin ¢

+ I sin 20 sin 20, sin ¢p + 14 sin? G- sin” O, sin 2¢.

For the CP-conjugated mode B, — K*(— n"K~)¢*¢-,
the corresponding expression of the angular decay distri-
bution is

dq*dcos Ox-dcosO,ddp 32 q-.0k.0s.9).

The function 1(g?, 0k, 0., ¢) is obtained from Eq. (64) by
the substitution [8]:

11,2,3,4,7 - 11,2,3,4,7v15,6,8,9 - _15,6,8,97 (66)

where I, are obtained by making the complex conjugation
for all weak phases in /;. The minus sign in Eq. (66) is a
result of the convention that, under the previous definitions
|

\% 2
AR = N, /2N V2| (CF F C1o)%+ 2, G T1(q%) |

AR = N/ 2N [(CST F Cro)(m, + my-) Ay (¢7) + 2, CS (my — mi )T ()],

(64)

of three angles, a CP transformation interchanges the
lepton and antilepton, leading to the modification 8, —
0, —m and ¢ — —¢.

The angular coefficients /; of the distributions in the
above equation can be written in terms of the trans-
verse amplitudes [16,68]. For the massless case there
are six such complex amplitudes: AS”, Af’L , and AR

For the massive case, an additional complex amplitude
A, is required. In Table III, we show the expressions
for those angular coefficients I;(¢*) and the corre-
sponding angular factor f;(0x-,0,,¢) as those defined
in Refs. [16,68].

The seven transversity amplitudes A(If L A‘IT’L, ARL and
A,, in turn, can be expressed in terms of the relevant B, —
K*¢+¢~ form factors [6,8]:

67
P (67)

(68)

TABLE III.  The explicit expressions of the angular coefficients /;(¢*) and f; that appeared in Eq. (64).

i Li(4%) fi

Ls G = mp)[AfP + |AT[? + AR + AT ] + dimgRe[ AT AT + A AR sin® -

le |AL 2 + |AR|? + 42 [| A, > + 2Re[ A5 AR cos? Oy

2s APIARP + AL P + AR + AR 7] sin® O+ cos 26,
2¢ —BAIAG 1 + | AG] cos?6- cos 20,

LBIAL P - JALP + JAR P - AR

! VIR AL+ ABAR)
5 V2p,Re( A AL — ASAR)
6s 2p,Re(Af AT — AFAT)
7 V2B, Im(AF AL - ASAR)
8 YR Im(AFAY 4 AFAY)
9 prIm(Af A + A AT)

sin? @ sin? , cos 2¢
sin 20y sin 260, cos ¢
sin 20y« sin O, cos ¢
sin? Og- cos 0,

sin 20+ sin O, sin ¢

sin 20~ sin 26, sin ¢

sin? @g- sin® @, sin 2¢
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NeyNg-

AE,R
2mg- \/q_

+ 2m,, Ct {(m%x +3m%. — ¢*)T1(q*) —

A, - 2Nf\/NK*

where the factors N, and Ng- are of the following form:

86,V24>
3 x256m my,

iaemGp

N, =
¢ 4\/§ﬂ

with A= (mj —my. —q*)* —4mi.q*, p, = \/1 = 4m3/q?,

and 1, = m,/q>.

Analogous to Ref. [69], one can write down three
partially integrated decay distributions, integrating all but
one angle at a time. For the CP-conjugated process, we can
do the similar operation using the corresponding decay
distributions.

(1) The Ok~ distribution:

VinVigs Ny = (71)

da’r
dfdcosoy. ~ “0e(97) o () cos O
3
agK* (q ) §(31S Ii),
3
Co- (47) = g (311 =301 =I5 + 1), (72)

(2) The 6, distribution:

T (%) + by, (%) cos O
dg*dcos0, 9 0. \4 ‘
+ ¢q,(q%) cos® O,
3 ,
o, (67) = 1+ 215 = 15 = 215),
3,
by,(q*) = Z(’%)a
3
co () = (15 +215). 73

(3) The ¢ distribution:

d’r .
ddd ay(q*) + ¢§(g%) cos 26 + ¢4, (g?) sin 2,
1
ay(q*) = oo (Ii+ 6l — 15 - 213).
C( 2) _ i]
o\ =5t
1
s 2\
C¢(q ) = %19- (74)

{(Cgff F Cio) {(m%; - mi. = q*

o

Y(ms, + M)A (6) = ——— As(?)
mg, + mg-
v fm%( Ts(qz)} } (69)
v CioAo(q?), (70)

|

From the full angular distributions as defined in Eq. (64),
we set various coefficients apart and combine them into
diverse quantities normalized to the differential decay rate
and other observables [69]. Analogous observables are
constructed for the CP-conjugated mode, after making the
replacements as shown in Eq. (65) and (66).

(1) The differential decay rate:

dr

1 > Ay C A

(2) The lepton forward-backward asymmetry:

by, (q?) 31
App(q?) = =2 = 6 , (76
() dr/dq® 31§+ 615 — 15 — 213 (76)
(3) The K* polarization fraction:
dr, /dq?
R 2y = L/%T 77
() = G (1)

where I'; and I'; represent the longitudinal and
transverse K* polarization decay rates,

dar, 2

4t = 30, (@) o ()] = B = 15). (78)

4>|~

dTT 4 2 1 s s
d—qzzgagw<q )25(311 —12). (79)
Alternatively, one can define the quantity FX* which
is a measure of the longitudinally polarized K*’s in
the whole ensemble of B, — K*¢¢ decays, which is
linked to Ry 7(q*) as

FK* 2N RL’T(qz) - 1 3]? - I%
L (q ) - 1 2\ Z ’ 2
+Rp1r(q%) dl'/dq
31 =I5
— 1 2 , (80)
3I{ + 615 = I§ =215
where FX* is a number obtained by integrating

FX"(4?) over the proper phase space.
(4) The direct CP asymmetry can also be defined in the
same way as for B, — KITI~ decays:
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ACP(CIZ) =

dU(B, » K*I*17)/dq?> — dU(B, — K*I1*17)/dq?

The above observables are constructed from Egs. (63)
and (64) by integrating over the angles in various ranges.
These observables which have a form factor dependence in
the leading order are called form factor dependent observ-
ables and generally plagued by the large uncertainties of the
form factors. To avoid this problem, a lot of work has been
done to construct observables which are theoretically clean
in the low-g? region. Such observables are free from this
dependence at the leading order and are called form factor
independent (FFI) observables. In this paper, we study both
kinds of observables.

As a necessary and sufficient condition, such FFI observ-
able must be invariant under the symmetry transformations
|

dU(B;, — K*I*I7)/dg* + dU (B, — K*I*17)/dg*”

(81)

of the transverse amplitudes A’s; we then say that the
observable respects the symmetries of the angular distribu-
tion. Fortunately, there exists a systematic procedure to
construct all such possible observables as discussed
in Ref. [68].

We start defining the following complex vectors [70]:

AL L L
AJ_ AO
n= () = () =)

With these vectors we can construct the products |n;|> =

(82)

n n; and nl nj,

21S—I3 N « ﬂfI‘Y—Q,l.Ig
|nH|2 |A |2 + |A |2 2/))_2 , nJ_n” AL Alll‘ ARA|I|e = 462/32 ) (83)
¢ ¢
|nL‘2 ‘A |2+|A |2 215—’_13 ngnH _ *AL ARAR*:M (84)
B Vg
I . . Pels —2ilg
nol* =[AF P + [ASP = =3, ngny = AFrAL — ARAR = .7 (85)
¢ 2p;
We examine the following (clean) FFI observables [68]:
B In, |2 - |nH|2 L B Re(nlnH) iy (86)
1 =7 3 .2 A T £’
Iy P4y [> 215 >+ [nL]? 1
b Im('in) Iy _ Re(njn)) V21, (87)
3 =T . 2 ) = = PR )
|l’l||| —|—|nJ_| 41 \/|n”|2|n0|2 \/—12(212—13)
P5 _ Re(ngnl) _ ﬂfIS (88)
ViniPlng* /215205 + 1)
Im(nyn 1
o ( 0 H) o :CBK’ 7S (89)
/|n”| |n0|2 =2I5(215 —
P8 _ Im(”z)”J.) — _ \/EIS (90)
VinLP|nel? —I5Q215 + 1)
The primed observables are also defined in the following form [29]:
1, o Pels
PQEP4\/1—P1: —, P/EPS 1+P1:7, (91)
—IST; : 2/-I50;
1 1
P’65P6\/1—P1:—L, Py =Pg\/1+ P =— L (92)
2,/-I515 —I515

013001-13



SU-PING JIN, XUE-QING HU, and ZHEN-JUN XIAO

PHYS. REV. D 102, 013001 (2020)

These primed observables P4568 are clean and good
approximations to P4s5¢g due to the fact that P; ~0 in
the SM. From the experimental perspective, fitting the
primed observables will be simpler and more efficient
despite the fact that the whole analysis can be performed
directly in terms of the observables P, s s.

Since most observables are written in terms of the ratios,
0%(q*) = N%(q*)/D%(q*) with N and D being generi-
cally a numerator and a denominator, the integrated
quantities are defined as in Ref. [69]:

q?nafo( 2)dg?
(0f) =" (93)

e Di(@*)dg
We also check the physical observables Ry . and R -, as
defined in Egs. (3) and (4), since the theoretical uncer-
tainties are largely canceled in the ratio of the branching
ratios of B, - K®*)¢¢~ decays.

|

A =0250, 7 = 1.509ps,
mg = 0498,  my = 0.892,
fp, =023, fr=0.16,

In the region ¢* < 4mz, where only the e*e™ modes are
allowed, there is a large enhancement of B, - K*e*e™ due
to the 1/¢ scaling of the photon penguin contribution [71].
In order to remove the phase space effects in the ratio Ry
and keep consistent with the other analysis [72], here we
also use the lower cut of 4m,2, for both the electron and
muon modes in the definition of the ratio Ry as in
Ref. [72]:

Ginax 7,2 AB(B,—K* pu* ™)
f4m dq dq®

2 ax 2 dB(B—K'ete )’
f4 dg* ==

R = (94)

V. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical calculations we use the following input
parameters (here masses and decay constants are in units of
GeV) [30,31]:

my, = 4.8, my = 80.38,
mg = 5.367, m, = 1.777,
fr =0.217, fE. =0.185, (95)

For the CKM matrix elements and angles, we use the values as given in PDG 2018 [30]:

Vi, = 1.019 +0.025,
Via =1Vl e,
Vub = |Vub| ' e—iy’

|th| =

A. The form factors

For the considered semileptonic decays, the differential
decay rates and other physical observables strongly rely on
the value and the shape of the relevant form factors
Fo.(q*) and Fy(q*) for By > K£T¢~ decays, and the
form factors V(g?), Ag12(¢*) and T, ,3(¢*) for B, —
K*¢¢~ decays. These form factors have been calculated
in rather different theories or models, such as the relativistic
quark model (RQM) [73], the LCSR [28,74], and the
covariant confined quark model (CCQM) [75]. For the
heavy B/B; to light meson (such as K,z,7',p, K*, etc.)
transitions, on the other hand, the relevant form factors at
the low-g> region have been evaluated successfully by
employing the PQCD factorization approach, for example,
in Refs. [26,27,33-35,41,42,76].

Since the PQCD predictions for the considered form
factors are reliable only at the low-g* region, we usually
calculate explicitly the values of the relevant form factors at
the low-g> region, say 0 < g> < m?2, and then make an
extrapolation for all relevant form factors from the low-g>
region to the large-g> region by using the pole model
parametrization [77,78] or other different methods.

V,a = 0.97420 + 0.00021,
(8.14£0.5) x 1073,
|V = (3.94 £ 0.36) x 1073,

sin(2f3) = 0.691 £ 0.017,
y = (73.5737)°. (96)

In Refs. [79-81], we developed a new method: the so-
called PQCD —+ Lattice approach. Here we still use the
PQCD approach to evaluate the form factors at the low-g>
region, but take those currently available lattice QCD
results for the relevant form factors at the high-g region
as the lattice QCD input to improve the extrapolation of the
form factors up to g2,,. In Refs. [80,81], we used the BCL
parametrization method [36,37] instead of the traditional
pole model parametrization since the BCL method has
better convergence.

In Tables IV and V, we list the values of the lattice QCD
results for the relevant B, — K* transition form factors at

TABLE IV. The values for the lattice QCD results of the relevant
B — K transition form factors at three reference points of g?:
q* =17.9,21.2 GeV? and g3, = (mp_—mg)*~23.8 GeV?* [82].

¢* Point
FF 17.9 21.2 23.8
Fo(q%) 0.48(5) 0.63(5) 0.80(5)
F+(q2) 0.98(7) 1.64(10) 2.76(16)
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TABLE V. The values for the lattice QCD results of the relevant
B, — K* transition form factors at three reference points of ¢2:
q* =12, 16 GeV? and gk, = (mp — mg-)? 20 GeV? [83].

7 V(@) Aod*) Ad*) Ag?) Ti(q*) Ta(q*) Ts(q?)
12 0.56(9) 0.84(9) 0.37(3) 0.46(3) 0.61(4) 0.39(3) 0.43(4)
16 1.02(8) 1.33(8) 0.45(3) 0.60(5) 0.90(6) 0.47(3) 0.67(5)
20 1.99(13) 2.38(16) 0.58(3) 0.85(12) 1.48(10) 0.60(3) 1.10(7)

three reference points of ¢* [82,83] used in this paper. The
systematic uncertainties are included.

In this work, we will use both the PQCD factorization
approach and the PQCD + Lattice approach to evaluate all
relevant form factors over the whole range of g2.

(1) In the PQCD approach, we use the definitions and
formulas as given in Egs. (38)—(42), and (44)—(50) to
calculate the values of all relevant form factors
For7(q%)s V(4*)s Av12(q?), and Ty 53(¢?) in the
low-g* region: 0 < g> < m2. We then make the
extrapolation for these form factors to the large-g>
region up to g, by using the proper parametriza-
tion method.

In the PQCD + Lattice approach, we take the lattice
QCD results for the form factors at some large-g>
points as inputs and then make a combined fit to the
PQCD and the lattice QCD results at the low- and
high g>-region.

For both approaches, we always use the same
z-series parametrization as in Refs. [29,74] to make
the extrapolation:

(@)

3

o V-1 07

() = 2 (97)
Vie=q + i — 1l

where 1. = (mp £ mygw)? and 1o =1,.(1-

/1 —1_/t,). Form factors are parametrized as

Fi(q*) = Pi(¢*)Exai[z(q®) — z(0)]".  (98)

where P;(¢*) = (1 —¢*/m%,)~" is a simple pole
corresponding to the db resonance with appropriate
J¥ in the spectrum and my ; is the resonance mass:
mg — oo for Fy(q?) (no pole), 5.279 GeV for
Ao(g?) couple to B(07), 5.325 GeV for F, 7(4?),
V(g*) and T, (g*) couple to B*(17), and 5.724 GeV

for the rest of the form factors couple to B (17).
In Table VI, as a comparison, we show the center values of
all relevant form factors in this work and other theoretical
predictions as given in Refs. [26,28,44,73,84—89] at the scale
g* = 0. The PQCD factorization approach is applied in
Refs. [44,86] and in Ref. [26] with the inclusion of the NLO
corrections. The CCQM is used in Ref. [75]. Calculations
are based on LCSRs in Refs. [28,74] with hadronic input
parameters and in Ref. [84] with the inclusion of the
one-loop radiative corrections. In Ref. [73], the authors
used the relativistic quark model based on the quasipotential
approach. In Ref. [85], the authors used the quark model and
relativistic dispersion approach. In Ref. [87], the light-cone
quark model is utilized based on the basis of the soft
collinear effective theory. The authors of Ref. [8§8] employed
the LCSR in the framework of the heavy quark effective
theory. In Ref. [89], the authors evaluated the transition form
factors in the six-quark effective Hamiltonian approach. One
can see that there is no significant difference between the
theoretical predictions for the B, — K*) transition form
factors evaluated at g> = 0 in various models or approaches.
In Table VII, we list the PQCD predictions for the form
factors F, 07(¢%), V(¢*), Ao12(¢%), and T3(¢q?) with
the corresponding pole and resonance masses, and the
fitting parametrization constants (ag, a;, a,) in Eq. (98) for
B, — K transitions. It is simple to figure out the relation
F;(0) = @) by substituting ¢*> with zero on both sides
of Eq. (98). The theoretical errors of the form factors as

TABLE VI. The theoretical predictions for the center values of the form factors of the B, — K*) transitions at
g*> = 0 obtained by using rather different theories or models.

Fy.(0) Fr(0) V(0) Ao(0) A,(0) A,(0) T1,(0) T5(0)
This paper 0.22 0.22 0.24 0.21 0.19 0.19 0.21 0.16
PQCDI[26] 0.26 0.28 e .. e e e .
PQCDI[86] e e 0.20 0.24 0.15 0.11 0.18 0.16
PQCD[44] 0.24 0.21 0.25 0.16 e e e
CCQM[75] ‘e e 0.24 0.18 0.21 0.21 0.21 0.14
LCSR[28] 0.336 0.320 e .. . e . e
LCSR[74] e e 0.296 0.314 0.230 e 0.239 e
LCSR[84] 0.30 e 0.311 0.360 0.233 0.181 0.260 0.136
RQM[73] 0.284 0.236 0.291 0.289 0.287 0.286 0.238 0.122
RDA[85] 0.31 0.31 0.38 0.37 0.29 0.26 0.32 0.23
SCETI[87] 0.290 0.317 0.323 0.279 0.232 0.210 0.271 0.165
HQEFT[88] 0.296 0.288 0.285 0.222 0.227 0.183 0.251 0.169
SQEH][89] 0.260 e 0.227 0.280 0.178 e e e
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TABLE VIL.  The PQCD predictions for the form factors of B, — K*) transitions. Form factors F , o 7(¢%), V(¢?),
Ap12(q%), and T, 3(q?) are fitted by using Eq. (98).

PQCD B(JT) o a; ay

FBoK B*(17) 0.221 00 (wp.) +0.005(ak) —1.21193¢ +£0.02 0.061 05 £0.14

FBoK no pole 0.221 0% (w5 ) £ 0.005(ak) —-1.311099 £ 0.03 -0.22-7 £0.13
Fh=K B*(17) 0.22500¢ (wp, ) £ 0.005(aX) —1.37999 £ 0.03 7.051 8 £0.15

VB =K B*(17) 0.241002 (wp,) £ 0.005(ak") —1.8710-3 £0.03 7.561 7 £0.13

AB=K B°(07) 0.21+O ;‘(wBS) +0.003(aX") 1431023 +0.02 8.28%1 % £0.11

AB—K B (1%) 0.19+0 03 (wp,) £0.003(ak") -0.647013 £0.01 0.351]9% £0.10

AB—K B, (1%) 0.19+° 03 (wp. ) £0.003(ak") —1.421028 +0.03 2774188 £0.12

78K B*(17) 0.21+O o3 (wg ) +0.003 aK ) -1.52102 £0.03 9.101]32 £0.13

78K B, (1%) 0.21+° ;‘(a)B\) +0.003(aX") —-0.441003 +0.01 4381133 +0.16

T8k B, (17) 0.16+O S (wp.) +0.002(ak") -0.997057 +0.02 8.121 1 £0.11

s

shown in Table VII are the two major errors from the
uncertainties of the parameter wg = 0.50 + 0.05 GeV and
the Gegenbauer moments in the distribution amplitudes
ak(ak") of the light pseudoscalar (vector) mesons. The
additional theoretical uncertainties from other input param-
eters, such as the decay constants fp , fx, fx, f T., are very
small and have been neglected.

In Table VIII, we list the PQCD + Lattice predictions for
the form factors F, o(¢%), V(¢), Ag12(¢q%), and T 3(¢*)
by taking into account the lattice QCD results for the form
factors at some points of ¢ as listed in Tables IV and V
from Refs. [82,83], in a similar way as what we did in
Refs. [79-81]. The errors are obtained in the same way as
those in Table VII. The additional form factors A, (g?) and
T»3(g*) can be defined as the linear combinations of A, (¢?)
and A,(q?), T»(¢?) and T3(g?), together the with kinematic
variable A as given in Egs. (10) and (11) from Ref. [83]. In
Figs. 3 and 4, we show the ¢* dependence of the form
factors F 7(¢%), V(¢?), Ao.12(¢q%), and Ty 53(g?) in the
PQCD (the red curves) and PQCD + Lattice (the blue

curves) approaches for B, — K*) transitions. The error

bars of the initial PQCD and relevant lattice QCD results as
listed in Tables IV and V are blackened, in order to show
them clearly.

B. Observables for B, - K¢*¢~

From the differential decay rates as given in Eq. (58), it is
conventional to make the integration over the range of
4m? < q* < (mp_—mg)?*. In order to be consistent with
the choices made by experiment collaborations in their data
analysis, however, we have to cut off the regions of the
dilepton mass squared around the charmonium resonances
J/w(1S) and w(25): ie., 8.0 <¢g*><11.0GeV? and
12.5 < ¢*> < 15.0 GeV? for ¢ = (e,u,7) cases. The
PQCD and PQCD + Lattice predictions for the BRs and
the longitudinal polarization asymmetry P; of the semi-
leptonic decays B, — K¢~ and B, — K/ ¢~ at three
different renormalization scales u = (0.5my, m;, 1.5m;,)
are listed in Tables IX and X, respectively, where the total
theoretical errors are the combinations of the uncertainties
of all relevant input parameters: wp , a and V;;. The direct
CP asymmetries Acp are obtained by making integration

TABLE VIII. The PQCD + Lattice predictions for the form factors of B, — K*) transitions. All form factors are
fitted by using Eq. (98).

PQCD + Lattice B(JP) ay (11 o

FBmK B*(17) 0.221 00 (wp) +0.005(ak) -0.897033 £0.02  —0.447537 £0.03
FoK No pole 0.221 0% (wp ) £ 0.005(ak) —0.5070% £ 0.01 5.07193] £0.02
V=K B*(17) 0.240% (wp,) £ 0.005(aX") —0.13707 £0.01 10.141040 +£0.04
ALK B°(07) 0. 21*0 S (wp,) +0.003(ak") -3.387017 £0.02 —4.131093 £0.04
A=K B (17) 0. 19+0 % (wp,) £ 0.004(ak") —0.65"927 £0.02 -2.661045 £0.03
ABK By (17) 0.19 00 (wp,) £ 0.004(ak") —1.357038 £ 0.04 —3.124198 +0.15
Aea B(17) 0. 21+ggg‘(w3 ) £0.003(aX") —1.851079 £ 0.02 -3.231139 £0.12
Tg —K B (1%) 0.211 00 (wp,) £ 0.003(ak") —0.6570% +0.02 -2.850-32 £0.05
5ok BY)  01608(,) £0002aF)  —Lo08Br002 28203 4009
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TABLE IX. The PQCD predictions for the branching ratios (in units of 10~%), the longitudinal polarization

asymmetry P; and the ratios (R

, RY) of the decays B, — K¢+~ (the first row) and B, — K¢"¢~ (the second

row) at three different renormalization scales. The direct CP asymmetries Acp (in units of 1072) are also listed.

Mode Observables u=0.5m, Ho=m, u=15m, PQCDI26]
l=e B(B, - K¢£+¢7) 1175088 124590 1265571 1.635023
B(B, — K¢7¢7) 1217508 1.32500 1.6310 ¢ =
P.(B, - K£t¢7) -0.986 + 0.002 —0.979 £ 0.002 —0.972 + 0.002
P, (B, — K¢te) -0.980 + 0.002 —0.954 + 0.008 —-0.937 + 0.004
Acp -1.7409 —3.1404 -3.8+0.6
‘= 5 11758 1245070 1255071 163597
1215088 1.327003 1.35702¢ .
P, -0.974 +0.002 —0.966 + 0.002 -0.959 + 0.002
—0.964 + 0.003 —0.938 + 0.005 —0.920 + 0.004
Acp -1.7409 —3.1+04 -3.8+0.6
t=1 B 0.380707%2 0.38210704 0.377793% 0437913
0.38270202 0.3867020¢ 0.38270204 “e
P, —0.347 + 0.002 —0.348 + 0.002 —0.346 + 0.002
—0.348 + 0.002 —0.349 + 0.002 —0.348 + 0.001
Acp -0.3+02 -0.5+02 -0.7+0.2 e
RY 0.996 =+ 0.002 0.996 =+ 0.002 0.996 =+ 0.002 1
0.996 =+ 0.002 0.996 =+ 0.002 0.996 =+ 0.002 e
RY 0.332 4+ 0.045 0.325 + 0.045 0.322 £ 0.045 0.26
0.320 = 0.046 0.303 = 0.046 0.296 =+ 0.046 e

i.e., the ratio of the branching ratios of By —» K£T¢£~
decays. As a comparison, the previous PQCD predictions
as given in Ref. [26] for the decay rates and the ratios Rf(”
and RY are listed in last column of Table s IX and X.

over g* for Acp(q?) as defined in Egs. (62) and (81) and are
also listed in these two tables. To reduce the large
theoretical uncertainties, we also check the physical
observables R and RY, as defined in Egs. (3) and (4),

TABLE X. The PQCD + Lattice predictions for the branching ratios (in unit of 10~%), the longitudinal polarization
asymmetry P; and the direct CP asymmetry Acp (in unit of 1072), as well as the ratios (RY', RY') of the decays
B, — K7 ¢~ (the first row) and B, — K£* £~ (the second row) at three different renormalization scales.

Mode Observables u=0.5m, u=m, u=1.5m, PQCD [26]
£=e B(B, — Keveo) 0.957936 101703 1037938 1.631073
BB, ~Keter) 099187 110°35) L1410
P, (B, » K¢t¢™) —0.983 + 0.007 —0.975 + 0.005 —0.967 + 0.006
P, (B, —» K¢t¢7) —0.977 + 0.008 —0.949 +0.013 —-0.930 +0.010
Acp —2.0+0.5 —43+14 -5.0+0.8
C=p B 0957037 101793 1.03703% 1.6315073
0.99703] 1.10703 1131035 s
P, —0.968 + 0.008 —0.960 + 0.007 —0.953 +0.008
—0.958 + 0.009 —-0.929 +0.012 —-0.911 +0.014
Acp -2.0+0.5 —43+14 -5.1+0.8
£=1 B 0.365" 0072 0.368" 07 0.365" 0072 0.43108
0.366%0075 0.370%057 0.368 2576 :
P, —0.234 4+ 0.020 —-0.235 £ 0.018 —-0.233 £0.019
—0.234 4+ 0.020 —-0.237 £ 0.019 —-0.236 £ 0.019
Acp —0.1+0.1 -03+0.1 —0.4+0.1 oo
RS 0.996 =+ 0.002 0.996 + 0.002 0.996 =+ 0.002 1
0.996 + 0.002 0.996 4 0.002 0.996 + 0.002 Lo
RY 0.395 4+ 0.081 0.384 + 0.080 0.381 + 0.080 0.26
0.375 £ 0.084 0.350 + 0.085 0.341 + 0.085 oo
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In order to show the major theoretical uncertainties from
different sources explicitly, for instance, we show the
PQCD predictions for B(B; — Ku*pu~) with the four kinds
of errors:

B(B, » Ku'tp~) = (12410 (wp, ) £0.15(ak)

£ 0.06(Vy) 1507 (1) x 1075, (99)
where the dominant theoretical error comes from wp =
0.50 = 0.05, the second one from the Gegenbauer moments
ak =0.06+£0.03 and af =0.25+0.15 as given in
Eg. (17), the third one from the CKM elements V;; in
Eq. (96), and the last error from the renormalization scale
u=(1£0.5)m;,. The possible errors from other input
parameters are very small and have been neglected.

From Tables IX and X, it is easy to find the CP-averaged
decay rates and the direct CP asymmetries Ap for the
considered semileptonic decays:

B<Bs - Kl+l_)|CP—av.

{ (1.28%922) x 1078,  PQCD, (100)
(1.067922) x 1078,  PQCD + Lattice,
ACP(Bs - Kl+l_)
{ —(3.119%) x 1072,  PQCD, (01)
~ 1 —(43716) x 102,  PQCD + Lattice,
5
PQCD
480 W Y- PQCD+Lattice
cie/ 3f Bs—Kutum
1F
0 i i " i 5
0 5 10 15 20 25
q*(GeV?)
0.0
PQCD
o2 Y - PQCD-+Lattice
~ 04 Bs—»Kutum
i;, Jyftis)

FIG. 5.
[ = pu, 7. For details see the text.

for the case of [ = (e, u), and

B(Bs - KT+T—) |CP—av‘

{ (0.387013) x 1078,  PQCD, (102)
-~ 1(037:09%) x 1078, PQCD + Lattice.
Acp(Bs — Kt¥77)
B {—(0.5i0.3) x 1072, PQCD, (103)
~ 1 =(0.340.2) x 1072, PQCD + Lattice,

for the case of 7 lepton.

In Fig. 5, we show the ¢> dependence of the theoretical
predictions of the differential branching fraction dBB/dq>
and the longitudinal lepton polarization P;(g?) for the
decays B, — K£+¢~ with [ = (u,7), evaluated by using
the PQCD (the red solid curves) and the PQCD -+ Lattice
(the blue dashed curves) approach, with the choice of the
scale u = my, and g2, = 23.71 GeV?. The shaded bands
indicate the theoretical error of our predictions due to the
uncertainties of the input parameters. The two vertical grey
blocks are the experimental veto regions [1] in order to
remove contributions from B, — J/w(1S)(— ¢+¢7)K (the
left-hand band) and B; — y/(2S)(— £+¢7)K (the right-
hand band) for the g> dependence of d3/dq* and P, . The
figure for the electron mode is almost identical with the one
for muon, and therefore not shown here.

PQCD
_____ PQCD+Lattice

3F BooKrTiT ws)

dB/dq? (107%)

0 5 10 15 20 25
q%(GeV?)
0.0
-02F BeKttr
o 04 PQCD
F:r‘ PQCD-+Lattice ¥(2s)
----- +Latti
S _osf
-0.8
-1.0 .
0 5 10 15 20 25
¢*(GeV?)

The PQCD or “PQCD + Lattice” predictions for the g>-dependence of d3/dq? and P, (q?) for the decays B, — K£+£~ with
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From the numerical results as listed in Tables IX and X,
one can see the following points:

6]

(@)

(©))

“

The theoretical predictions from both PQCD and
PQCD + Lattice approaches have a relatively weak
dependence on the choice of the renormalization
scale u. The variations of the central values due to
the u dependence are about 10% in magnitude and
smaller than the combined errors from the uncer-
tainties of other input parameters.

Because of the term proportional to 4, in the
effective Hamiltonian H.g in Eq. (25), the PQCD
and PQCD + Lattice predictions for the considered
observables for B; — K/t~ and its CP conjugated
mode have a relatively small differences, roughly
(5-15)% in magnitude. For the CP-averaged
branching ratios, the PQCD and PQCD —+ Lattice
predictions agree well within 1 standard deviation.
As generally expected, the direct CP asymmetries
Acp are very small: less than 5%.

For the ratio Ry, we find R = 0.996(2) in both the
PQCD and PQCD + Lattice approaches. For the
ratio R%, the PQCD prediction is about 0.33 and
a little smaller than the PQCD + Lattice predic-
tion R ~0.39, and they also show a weak u
dependence: less than 9% in magnitude for 0.5m,;, <
For the case of I~ = (e ,u”), the PQCD and
PQCD + Lattice predictions for the values of P;
are very similar and close to —1 in value. For the 7~
lepton, however, the PQCD and PQCD -+ Lattice

TABLE XI.

predictions for P; show a moderate difference:
—0.35 against —0.24.

C. Observables for B, —» K*¢* ¢~

Analogous to the cases of B, — K£T¢~ decays, we
follow the same procedure to calculate the physical
observables of B, —» K*¢*¢~ by using the PQCD and
PQCD + Lattice approaches, respectively. For B; —
K*¢* ¢~ decays, however, many more physical observables
are defined and studied.

In Table XI we listed the PQCD and PQCD + Lattice
predictions for the branching ratios B(B; - K*£*¢7)
and B(B, —» K*¢T¢~) with [ = (e,u,7), the lepton
forward-backward asymmetries App, the longitudinal
polarization asymmetries FX of the leptons, the direct
CP asymmetries Acp, and the ratios of the branching
ratios R} and R%. with the choice of the scale u = m,,.
In numerical calculations, here we use the mean value of
decay rate I'zo = 1.509 x 10'* s=' [30]. For the branch-
ing ratios, the extra error from the S-wave pollution
up to 10% should also be added [32]. In Table XII we
listed the PQCD and PQCD + Lattice predictions for the
values of those angular observables P; (i = 1, 2, 3) and
P} (j=4,5,6,8)in I = (e, u,7) mode. The total errors
of all theoretical predictions in Tables XI and XII are
estimated in the same way as that for the case of B, —
K11~ decays.

From Table XI, it is easy to find the CP-averaged
branching ratio B(B, — K*I717) for [ = (e, u,7):

The PQCD and PQCD -+ Lattice predictions for the branching ratios (in unit of 107%) of the

semileptonic decays B, - K*#*¢~, the lepton forward-backward asymmetry Ay, the K* polarization fraction
F¥", the direct CP asymmetry Acp (in unit of 1072), and the ratios Ry. and R%.. The theoretical errors from the

input parameters are combined in quadrature.

PQCD PQCD + Lattice

Mode Observables B, - K*'¢te- B, = K*¢*¢- B, » K¢+t~ B, » K*¢t¢~

£=e B 3.741]38 3.68113 3.001094 2.99102¢
Arp —0.244(9) -0.235(17) -0.183(10) -0.176(10)
FX 0.373(2) 0.393(5) 0.408(7) 0.432(9)
Acp 0.8+£0.3 02404

£=up B 3.201)36 3.14% 048 248108 2471000
Aps -0.285(17) -0.275(14) -0.222(6) -0.214(6)
F¥ 0.434(12) 0.457(16) 0.494(16) 0.522(18)
Acp 1.0+ 0.5 02+0.5

‘=1 B 0.71503 0.72103¢ 0.49 £ 0.09 0.50 & 0.09
App -0.235(33) -0.232(33) —0.196(5) —0.194(5)
FX 0.420(13) 0.418(13) 0.480(5) 0.478(5)
Acp -0.7+03 -1.04+02
R 0.993(2) 0.993(2) 0.992(2) 0.992(2)
RM. 0.227(30) 0.238(35) 0.205(20) 0.211(22)
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TABLE XII. The PQCD and PQCD + Lattice predictions for the angular observables P; (i = 1, 2, 3) and P;
(j =4, 5, 6, 8 of the decays B, = K*/+¢~ (the first row) and B, - K*/*¢~ (the second row). The total

uncertainties of the input parameters are combined in quadrature.

e Mode 1 Mode 7 Mode
Obs. PQCD PQCD + Lattice PQCD PQCD -+ Lattice PQCD PQCD -+ Lattice

—P, 0.34 +£0.12 0.37 +£0.05 044+0.12  052£0.04 0.62+0.12 0.68 = 0.02

0.33 £0.11 0.36 £ 0.05 0.44 £0.12 0.52 £0.04 0.62 £0.12 0.68 £0.02

-P, 0.27 £0.01 0.21 £0.01 0.34 £0.03 0.30 £0.01 0.36 +0.05 0.35£0.01

0.26 £ 0.01 0.21 £0.01 0.35+0.03 0.31 £0.01 0.36 +0.05 0.35£0.01

—-P;x 10> 0.17+1.17 0.34 £0.21 0.19 +1.43 0.45+0.29 0.35+0.99 091+0.13

1.27 £0.99 2.84 £0.51 1.68 £1.15 4.11£0.52 0.38 £1.08 0.98 £0.14

P, 1.06 £ 0.07 1.06 £ 0.04 1.10 £ 0.07 1.11 £0.03 1.27 £0.05 1.29 £0.01

1.00 £0.01 0.99 £ 0.04 1.07 £ 0.07 1.07 £0.03 1.27 £0.05 1.29 £ 0.01

—P; 0.57 £0.06 0.48 +£0.02 0.61+£0.07  0.52£0.02 0.58 £0.10 0.54 £ 0.01

0.57 £0.05 0.48 £0.02 0.61 £0.06 0.53 £0.02 0.57 £0.10 0.54 £0.01

—P, x10®> 0.76 £0.15 0.96 +0.09 0.68 £0.13 0.87 £0.08 0.11 £0.03 0.12£0.01

0.77£0.14 0.96 +0.08 0.70 £0.13 0.87 £0.07 0.11 £0.02 0.12 £ 0.01

—Py x 10> 0.61 £0.06 0.67 +£0.07 -036£0.27 -0.57+0.26 0.27 £0.07 0.37 £0.03

1.33 £0.09 1.70 £ 0.06 2.20+0.27 2.83+0.26 0.30 £ 0.07 0.39+£0.03
B(B;, = K*¢e™)|cpay. For the cases of the decays B, — K*utu~, the two vertical
4098 8 grey blocks show the experimental veto regions [1] in order
= { (371505 +0.37) x 107, PQCD, to remove the contributions from the resonance J/y(1S)
(3.00f8.'5656 +0.30) x 1078, PQCD + Lattice, (left-hand band) and y'(2S) (right-hand band) to the form
(104) factor dependent observables. For the case of the decay
B, — K*rtt~, on the other hand, there is one vertical grey
B(B, — K*u"u)| block which shows the experimental veto region [1] for the

' # +"; “ CP-av. . resonance y'(25) only.
B (3.17555) £0.32) x 107°, PQCD, In Figs. 7 and 8, we show the ¢> dependence of the
o (2.4810%0 +0.25) x 1078, PQCD + Lattice angular observables P; (i = 1,2, 3) and P} (j = 4, 5, 6, 8)
o for the considered semileptonic decays B, — K*I[T[~ with
(105)  ,— (u, ), respectively. Since the relevant figures for the
- o electron mode are very similar with those for the muon
B(B; = K*777)|cpa, mode, we do not draw them in Figs. 6-8. The symbols in
{ (().72:())-1275 +0.07) x 1078, PQCD, these two figures have the same meaning as those in Fig. 5.
= ' . From the numerical predictions as given in Tables XI and
-8

(0.50 £0.06 +0.05) x 107,  PQCD + Lattice. XII and in Figs. 6-8, we find the following points about the
(106)  physical observables of the B, — K*I*I~ (£ =e, u, 1)

where the second errors come from the 10% S-wave
pollution as estimated in Ref. [32].

In Fig. 6, we show the PQCD and the PQCD + Lattice
predictions of g*> dependence of the differential decay rate
dB/dq?, the forward-backward asymmetry Agz(g?), the
longitudinal polarization FX" (¢?) for By — K*£*£~ decays
with Z = (u, 7), ghax = 20.02 GeV?, and the renormaliza-
tion scale y = my,. The red (blue) lines (dashed lines)
correspond to the predictions obtained using the PQCD
(PQCD + Lattice) approach, while the shaded narrow
bands (red and blue) indicate the uncertainty of our
predictions due to the variations of the input parameters.

decays:

(1) For the considered decay modes, the PQCD and
PQCD + Lattice predictions for B(B; — K*I*17)
with ¢ = (e,u,7) do agree well with each other
within the errors. The PQCD + Lattice predictions
of B(B; — K*II~) have smaller errors than those
of the PQCD predictions. Both PQCD and PQCD +
Lattice predictions of B(B; — K*u*u~) do agree
well with the LCSR prediction (2.85 +0.72) x 1078
[29] and with the currently available LHCb mea-
sured value (2.9 & 1.1) x 1078 [20]. For the electron
and muon modes, on the other hand, we have to wait
for the future experimental measurements.
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FIG. 6. The theoretical predictions for the ¢> dependence of dB/dq*, Apg(q?*), and FX (g?) for the decays B, — K*£*¢~ with
¢ = (u,7) in the PQCD and PQCD + Lattice approaches. For more details see the text.

@

3

For the ratio R{., the theoretical predictions from
both PQCD and PQCD +- Lattice approaches are
almost the same one, with a tiny ~1% error because
of the great cancellation of the errors in the ratio of
the branching ratios. For the ratio R’,‘(i, however, the
remaining error of the theoretical predictions from
both PQCD and PQCD +- Lattice approaches are
still around 10%. These two ratios should be
measured in the future experiments.

For the direct CP asymmetries A¢p of the consid-
ered decays, they are always very small as expected:
less than 2% in magnitude. For physical observables
App and FK'| the differences between the central
values of the PQCD and PQCD + Lattice are about
20% in magnitude, while the errors of the theoretical
predictions are less than 10%.

“

(&)

For the angular observables P; and P}, the PQCD
and PQCD + Lattice predictions for each mode
are consistent within errors. The values of P; and
Py 4 are close to zero: ~1072 for P and ~10~ for P,
and Pg. For the remaining Py, and P, their
magnitudes are small: —1 < (P} ,, P5) < —0.2 while
P, ~ 1.

One can see from the curves in Figs. 7 and 8 that
most angular observables P; and P; have weak ¢°
dependence in the major region of g due to the large
cancellation of g*> dependence in the ratios.

For the semileptonic decays B, — K*/+¢~ (£ = e, p),
some regions of g do correspond to some resonance states,
such as the charmonium J/%¥,y(2S), etc., and should be
removed for the sake of data analysis. Following Ref. [29],
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FIG. 7. The theoretical predictions for the ¢g> dependence of the angular observables P; (i = 1, 2, 3) for the decays B, — K*I*I~
(¢ = p, 7) in the PQCD and PQCD + Lattice approaches. For details see the text.

we here also present the binned value of the observables as
a function of lepton-pair momentum ¢ covering two g>
regions: [0.1-0.98] GeV? and [1.1-6] GeV? and consider
the mass effect in the final state. We employ the PQCD

|

and PQCD + Lattice approach to evaluate the form
factors and compare the resultant results. Analogous to
Ref. [29], we also define the g>-binned observables in the
following form:

_ fm dq2(1 ) _findqz(ﬂ ;) _ findqz(l)
(P1)pin = z}quzé) (P2) pin = quflﬁﬁ) (P3)pin = _“Z;qu(;i) (107)
oAy (L VSR p— L U2 (108)
V= Jon da?USE) 2\/= o 4 (1513))
Py = ~— Oy 0 (109)

2 da?0515)

U d?1513))
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FIG. 8. The theoretical predictions for the g> dependence of the angular observables P;- (j =4, 5, 6, 8) for the decays B, — K*I*I~
(Z = p, 7) in the PQCD and PQCD + Lattice approaches. For details see the text.

<B>bin = /b dq2

<RK*>bin =

dB(B, - K*¢+¢7)

dg* . (110)
(BR)yin (£ = )
(BR) (£ = ¢)’ (111)

(Ar (£)) bin

<F1L(X >bin =
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TABLE XIIL

The binned values of observables for the process B, — K*u*u~ and B, — K*utu~ at y = m,, scale

using the PQCD and PQCD + Lattice factorization approaches. The uncertainties shown are due to errors in
determination of form factors and CKM parameters. The LCSR predictions for B, — K*utu~ decay as given in
Ref. [29] were added as a comparison. For details see the text.

B, - K*'utu~ B, —» K*u*tyu~
Decay Mode Observables/Bin [0.1-0.98] GeV2  [1.1-6] GeV?>  [0.1-0.98] GeV2  [1.1-6] GeV?
(Py) PQCD 0.004(2) —0.157(16) 0.023(2) —0.163(16)
PQCD + Lattice 0.003(2) —0.279(25) 0.021(3) -0.292(28)
LCSR [29] 0.012(129) —0.081(111) 0.011(135) —0.075(108)
(P,) PQCD 0.127(2) —0.127(6) 0.139(2) -0.223(5)
PQCD + Lattice 0.128(2) —0.101(18) 0.141(2) —0.155(16)
LCSR [29] 0.118(13) 0.112(80) 0.112(13) 0.142(79)
(P3) x 102 PQCD 0.1+0.1 0.4+0.2 02+0.2 0.5+0.2
PQCD + Lattice 0.1+0.1 0.8+0.2 02+0.2 0.9+0.2
LCSR [29] 0.1+£0.2 04+1.0 0.1+0.7 03+1.0
(P, PQCD -0.131(2) 0.817(14) —0.603(2) 0.849(13)
PQCD + Lattice —0.131(3) 0.854(7) —0.604(3) 0.890(9)
LCSR [29] —0.593(58) 0.464(165) —0.650(60) 0.379(172)
(PL) PQCD 0.711(3) —0.608(3) 0.394(2) —0.650(4)
PQCD —+ Lattice 0.715(2) —0.486(40) 0.392(2) —0.524(39)
LCSR [29] 0.547(53) —0.286(133) 0.543(55) —0.273(140)
(PL) x 10? PQCD -04+02 -02+02 -0.3+0.2 -02+02
PQCD + Lattice -03+0.5 -02+02 -0.3+02 -02+02
LCSR [29] -104+1.7 —95+1.1 -6.9+0.5 -7.8+0.4
(P}) PQCD 0.042(2) 0.050(2) 0.044(2) 0.057(2)
PQCD + Lattice 0.041(2) 0.053(2) 0.045(2) 0.062(2)
LCSR [29] 0.015(16) 0.040(17) 0.044(16) 0.034(19)
(B) x 10° PQCD 1.44 4+ 0.47 4.65"]32 17279 4.997292
PQCD + Lattice 143808 4.64114 171509 498213
LCSR [29] 3.814+0.46 7.80 4+ 1.79 441 +0.57 8.39 + 1.89
(Rg-) PQCD 0.983(1) 0.995(1) 0.984(1) 0.996(1)
PQCD + Lattice 0.982(1) 0.996(1) 0.984(1) 0.997(1)
LCSR [29] 0.940(9) 0.998(4) 0.942(8) 0.998(4)
(Apg(?)) PQCD 0.110(2) —0.067(5) 0.076(2) —0.087(5)
PQCD + Lattice 0.110(2) —0.034(4) 0.077(2) —0.053(3)
LCSR [29] —0.060(8) —-0.029(22) —0.056(8) —0.036(22)
(FK) PQCD 0.297(5) 0.741(11) 0.543(8) 0.738(10)
PQCD + Lattice 0.297(10) 0.769(16) 0.543(13) 0.769(16)
LCSR [29] 0.453(68) 0.853(39) 0.464(65) 0.851(39)

In Table XIII, we listed the PQCD and PQCD + (1) The sign definition of the forward-backward asym-
Lattice predictions for the binned values of all eleven metry App in Ref. [29] is opposite to ours as given
physical observables considered in this paper for the in Eq. (76).

B, - K*utyu~ and the B, — K*u"u~ decays. The theo- (2) Our choices of the ¢* bin are [0.1-0.98] GeV? and
retical errors from the input parameters are combined in [1.1-6] GeV?, instead of the [0.1-1] GeV? and
quadrature in the tabulated error estimates. As a com- [1-6] GeV? in Ref. [29], because we try to remove
parison, we also insert an extra row of the results from the possible contribution from the light reso-
the LCSR approach [29] into the table, for each physical nance ¢(1020).

observable. It is necessary to note that there exist three (3) The authors in Ref. [29] considered the nonfactor-
differences between our predictions and the LCSR izable corrections like weak annihilation and spec-
results as given in Ref. [29]: tator scattering in the bin [1-6] GeV? while these
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effects in our analysis are very small and have been
neglected.

On the theoretical side, from the numerical results as

listed in Table XIII, one can find the following points:

(1) For binned values of observables (P;,) and
(Apg(?)), the differences between the PQCD and
PQCD + Lattice predictions are around (20-40)%
of the central values. For other eight physical
observables, however, the PQCD and PQCD +
Lattice predictions agree very well within errors.
The source of the difference comes from a little
different ¢> dependence of the form factors of these
two factorization approaches.

(2) The differences between our results and LCSR
predictions [29] are generally not large in magnitude
and could be understood if one takes the three
differences between our approaches and the LCSR
as specified in the previous paragraph. Current
differences will be tested in the future when the
experimental measurements become available.

(3) For observables (P3) and (P g), their SM values are
tiny, about 103 to 1072 in magnitude, because they
are basically driven by the NLO contributions. It is
noted that the observable Py stems from the absorp-
tive part of b — dy, a small imaginary number. Since
these observables are not protected from hadronic
uncertainties in general, their values are more
sensitive to the choice of the method of calculating
the form factors or to the variations of the input
parameters being used in calculations.

(4) In this paper, the possible long-distance charm-loop
effects have been taken into account. The modifi-
cation induced to Cy is encoded in a shift where the
factorizable charm loop and nonfactorizable soft
gluon are taken into account. We also use a phe-
nomenological model to account for light resonan-
ces like p(770) and w(782) in the low-¢? region. It is
interesting to note that such a particular effect is
difficult to estimate and can be large in size, casting
some doubts on the possibility to exploit the
bins between J/y and w(2S) for comparison with
experiments.

VI. SUMMARY AND CONCLUSIONS

In the framework of the SM, here we studied the
rare semileptonic decays B, —» KW¢Z+t¢~ with [~ =
(e7,u~,77) by using the PQCD and PQCD + Lattice
factorization approaches and provided the theoretical pre-
dictions for the thirteen kinds of physical observables: the
branching ratios B(B, - K" ¢+¢-), B(B; —» KW ¢+e)
and their CP averages, the ratios of the branching ratios
RYx and Ri .., the lepton FB asymmetry App(l), the
longitudinal polarization asymmetry of the leptons P; and
the quantity FX', the angular observables P; with (i=1, 2, 3),

and P with (j =4, 5, 6, 8). In the PQCD factorization
approach, specifically, we first evaluated the relevant form
factors Fo, 7(q%), V(q%), Ao12(¢”) and T'3(g?) in the
low-g* region and then extrapolate them to the whole g?
region using the BCL parametrization method. In the
PQCD + Lattice approach, we also take those currently
available lattice QCD results for the relevant form factors at
the end point ¢2,, as additional input to improve the
extrapolation of the form factors from the low-g* region
to the whole range of ¢°.
Based on our numerical calculations and the phenom-
enological analysis, we find the following main points:
(1) For all physical observables considered in this paper,
the PQCD and PQCD + Lattice predictions do agree
well within 1 standard deviation. The theoretical
errors of the PQCD + Lattice predictions for the
branching ratios become much smaller than those of
the PQCD predictions.
(2) For B, — (K,K*)u"pu~ decays, for example, the
PQCD and PQCD + Lattice predictions for the CP-
averaged branching ratios are the following:

B(Bx - KM+M_)|CP—3V.

(1.287922) x 1078,  PQCD,
N { (1.067933) x 1078,  PQCD + Lattice,
(114)
B(B, = K*t"17)|cp.ay.
(3.1779%3) x 1078, PQCD,
N { (2.48103%) x 108, PQCD + Latice.
(115)

Our theoretical predictions for the B(B, — K*u"u~)
do agree well with the measured one (2.9 £ 1.1) x
1078 as reported by the LHCb Collaboration [20].

(3) For the ratios R and R%., the PQCD and PQCD +
Lattice predictions agree very well and have a small
error less than 10% due to the cancellation of the
theoretical uncertainties in the ratios of the branch-
ing ratios. For the direct CP asymmetries Acp,
they are always very small: less than 5% in magni-
tude. For physical observables Apz and FK', the
differences between the central values of the PQCD
and PQCD + Lattice are about (10 ~ 30)% in mag-
nitude, while the errors of the theoretical predictions
are less than 10%.

(4) For the angular observables P;,; and P:1.5,6,8’ the
PQCD and PQCD + Lattice predictions for each
lepton [~ are consistent within errors. The theoretical
predictions of P5 and P/6,8 are tiny, say less than 1072
in absolute value, and thus hardly to be measured.
For the remaining P, , and Pit,s’ on the other hand,
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their magnitudes are larger than 0.2 and therefore
could be measured by future LHCb and Belle-1I
experiments.

(5) For the sake of data analysis, we also defined eleven
g*-binned observables and presented our theoretical
predictions of the binned values of all considered
observables with the choice of two ¢ bins
[0.1-0.98] GeV? and [1.1-6] GeV?. The PQCD
and PQCD + Lattice predictions generally agree
with each other and are also consistent with most
LCSR results within errors.

In general, we believe that most physical observables
considered in this paper could be measured in the future
LHCb or Belle-1I experiments. Any clear deviations from
above SM predictions might be a signal of new physics
beyond the SM.
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APPENDIX: RELEVANT FUNCTIONS

The threshold resummation factor S,(x) is adopted
from [76]:
- 21+201‘*(3/2 + C)
o /al(1+¢)
and here we set the parameter ¢ = 0.3. The hard functions

h; and h, come form the Fourier transform and can be
written as

(1 = 2", (A1)

hy(x1, X2, by, by) = Ko (D) [0(by — by)Io(ayby) Ko (a1 by)
+6(by = by)lo(a1by) Koy by)]S,(x2),
(A2)

hy(x1, X2, by, by) = Ko(f2y)[0(b) = by) o (azby) Ko (a2by)
+6(by — by) (b)) Ko(ar07)]S,(x2),
(A3)

where K, and I, are modified Bessel functions, and

_ _ / 2, 2
ay = mpg \/xorn", ay = mp \/xyrgt —r* + 1y,
_p / -
P = Pr=mp \/x1x2mm",

where r = myq) /mg g = mgy/mpg .

The factor exp[—S,, ()] contains the Sudakov logarith-
mic corrections and the renormalization group evolution
effects of both the wave functions and the hard scattering
amplitude with S, () = Sg(t) + Sy (7) [76],

sal) = s(x 20 ) +3 [ Lt

/by B
Su(t) = (’"—n bz) ; s<<1 —X2>%W1+,bz>

(A4)

(AS)

V2 V2
t dﬁ B
w2 [0y (e (A6)
1/b, M
with the quark anomalous dimension y, = —a;/x. The

explicit expressions of the functions s(Q, ») can be found,
for example, in Appendix A of Ref. [34]. The hard scales ¢;
in the above equation are chosen as the largest scale of the
virtuality of the internal particles in the hard b-quark decay
diagrams,

1 :max{al,l/bl,l/bz}, lzzmaX{az,l/bl,l/bz}.

(A7)
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