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In this paper, we studied systematically the semileptonic decays B, — ¢I*I” with I” = (¢”, 4, 7”) by using the perturbative QCD
(PQCD) and the “PQCD+Lattice” factorization approach, respectively. We first evaluated all relevant form factors F;(¢*) in the
low-g* region using the PQCD approach, and we also took the available lattice QCD results at the high-¢* region as additional
input to improve the extrapolation of F;(q*) from the low-g* region to the endpoint g2, .. We then calculated the branching ratios
and many other physical observables ALg, Ff, S347> and A; g and the clean angular observables P, ,; and P4‘5,6)8. From our
studies, we find the following points: (a) the PQCD and “PQCD+Lattice” predictions of 98(B, — ¢u*u~) are about 7 x 1077,
which agree well with the LHCb measured values and the QCD sum rule prediction within still large errors; (b) we defined and
calculated the ratios of the branching ratios R;" and R’;T; (c) the PQCD and “PQCD+Lattice” predictions of the longitudinal
polarization F, the CP-averaged angular coefficients S, , ;, and the CP asymmetry angular coefficients A agree with the LHCb
measurements in all considered bins within the still large experimental errors; and (d) for those currently still unknown

observables RY", RE", Afy, Py 55, and P, 5 ¢ o, we suggest LHCb and Belle-IT Collaboration to measure them in their experiments.

1. Introduction

In the standard model (SM) of particle physics, one treats
these three generations of the charged leptons €~ = (7, u~,
77) as exact copies of each other. These charged leptons
behave in the same way but differ only in the masses deter-
mined by their Yukawa coupling to the Higgs boson. The
lepton flavor universality (LFU), i.e., the equality of the cou-
pling to the all electroweak gauge bosons among three fam-
ilies of leptons, has been regarded as an exact symmetry for
quite a long time [1]. In recent years, however, some physics
observables associated with the flavor-changing neutral cur-
rent (FCNC) transitions b — s€€ have exhibited deviations
from the SM expectations. These include the LFU-viola-
ting(LFUV) ratios Ry and Ry [2, 3], whose measurements

deviate from p-e universality [4-6] by around 2.50. More
notably, the measurements of the angular observable P; of
B— K*u*y~ decay in the large recoil region [7-11] as
reported by the LHCb [12, 13] and Belle Collaboration [14]
point to a deviation of about 30 with respect to the SM pre-
diction [15].

As is well known, the FCNC b — s transition is for-
bidden at tree-level, but proceeds by way of loop diagrams
with a very low rate. Due to the strong suppression within
SM, such kinds of FCNC decays may be sensitive to the
possible new physics (NP) effects. Therefore, the semilep-
tonic b — s€€ decay has received striking attentions by
means of measurements of the inclusive B— X £7¢~ and/or
the exclusive B — K(*)€*¢~ decays and their comparison
with the SM predictions. Besides the decay rates, many
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angular observables of the semileptonic B— K*u*u~
decays have also been measured previously [12-14]. The
precision of the experimental measurements will also be
expected to upgrade remarkably in the forthcoming year.
The semileptonic decay B, — ¢u*p~, which is closely
relevant to the decay B— K*u*u~, offers an alternative
scene to check out the same fundamental quark process, in
a different hadronic background. On the theoretical side,
various studies on the quark level b — s transition and
the exclusive B(; — V€"¢" decays by using rather different

theories or models have been performed within the SM, such
as the constituent quark model or covariant quark model
[16, 17], the light front quark model [18], the QCD factori-
zation (QCDF) [19], and the light-cone sum rule (LCSR)
[20-25], and beyond the SM, such as the universal extra
dimension [26, 27] and the supersymmetric theory [28].
On the experimental side, the B, — ¢u*y~ decay mode
was first observed and studied by the CDF Collaboration
[29] and subsequently by the LHCb Collaboration [30-34].
Beyond the measurement of the branching ratio, a rich
phenomenology of various kinematical distributions can be
presented. While the angular distributions were found to
be consistent with the SM expectations obtained in Refer-
ences [22, 23], however, LHCD also observed a deficit with
respect to the SM prediction for the branching ratio B —
¢utu in the low-g* region: the tension between the theory
and experiment is about 3¢ in the region 1.0 < ¢* < 6.0 Ge
V2, where the form factors are evaluated by using the com-
bined fit of lattice and the LCSR results [22, 23].

In a previous paper [35], the semileptonic B, — K(*)¢*
€* decays have been studied by us using the perturbative
QCD (PQCD) factorization approach [36-47]. In this paper,
we will make systematic studies for the semileptonic B, —
¢€L™ and present the theoretical predictions for many phys-
ical observables:

(1) For B,— ¢€"€~ decays, we treat them as a four-
body decay B, — ¢(—>K K*)€"¢~ described by
four kinematic variables: the lepton invariant mass
squared ¢* and three angles (0, 6,, ®). We defined
and calculated the full angular decay distribution,
the transverse amplitudes, the partially integrated
decay amplitudes over the angles (0, 6,, @), the CP-
averaged differential branching, the ratios R%(¢)
and R¥"(¢) of the branching ratios, the forward-
backward asymmetry Agg(q?), the ¢ polarization frac-
tion F;(q*), the CP-averaged (asymmetry) angular
coeflicients S; (4;), and the optimized observables P,
and P:. Following Reference [48], where the authors
approved that the possible S-wave correction to the
branching fractions of B, — ¢(—K K*)¢*e~
decays is small and may modify the differential decay
widths by about 5% only, we therefore will take the S-
wave correction to the branching fractions as an addi-
tional uncertainty of 5% in magnitude

(2) We used both the PQCD factorization approach and
the “PQCD+Lattice” approach to determine the values
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and their q*>-dependence of the B, — ¢ transition
form factors. We used the z-series parametrization to
make the extrapolation for all form factors from the
low-g* region to the endpoint ¢2_.. We will calculate
the branching ratios and all other physical observables
by using the PQCD approach itself and the “PQCD
+Lattice” approach, respectively, and compare their
predictions with those currently available experimen-
tal measurements

The paper is organized as follows: In Section 2, we give a
short review for the kinematics of the B, — ¢€"¢~ decays
including distribution amplitudes of B; and ¢ mesons and
the effective Hamiltonian for the quark level b — s¢*¢".
In Section 3, we define explicitly all physical observables
for B, — ¢€7¢™ decays. In Section 4, we present our theo-
retical predictions of all relevant physical observables of
the considered decay modes, compare these predictions with
those currently available experimental measurements, and
make some phenomenological analysis. A short summary
is given in the last section.

2. Kinematics and Theoretical Framework

2.1. Kinematics and Wave Functions. We treat the B, meson
at rest as a heavy-light system. The kinematics of the semi-
leptonic B, —> ¢€"¢~ decays in the large-recoil (low-g*)
region will be discussed below, where the PQCD factoriza-
tion approach is applicable to the considered decays. In the
rest frame of ES meson, we define the Bg meson momentum
p, and the ¢ momentum p, in the light-cone coordinates as
Reference [41]. We also use x; to denote the momentum
fraction of light antiquark in each meson and set the
momentum p, and k; (the momenta carried by the spectator
quark in B, and ¢ meson) in the following forms:

_mBS
Pl_ \/z

rmBs

p2: \/i

Mg
ky = 0>x1725’ku >

m
ky = _\/B—s (x2r11+, X1 5k ),
2

(1,1,0,),

(n"1n,0,),

where the mass ratio r = my/mp_and the factor #* is defined
in the following form:

where g = p, — p, is the lepton-pair four-momentum. For the
final state ¢ meson, its longitudinal and transverse
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polarization vector &;  can be written in the form of &; = (

7=17,0,)/v/2 and e = (0,0, 1).
For the B, meson wave function, we use the same kind of
parameterizations as in References [42-44].

Oy = \/%Nc (sz * mBS) Y5¢Bj(k1)‘ (3)

Here, only the contribution of the Lorentz structure ¢,
(k) is taken into account, since the contribution of the sec-

ond Lorentz structure 53 is numerically small [49, 50] and

has been neglected. We adopted the distribution amplitude
of the B, meson in the similar form as that of B-meson in
the SU(3); limit being widely used in the PQCD approach

[42-44]

mZ
s

L b) =N, x2(1 - x)? -_B
¢p, (%, b) = Np x*(1 - x) eXp[ Y

. —%(wBsb)Z]. (4)

2
B

In order to estimate the theoretical uncertainties induced
by the variations of ¢ (x,b), one usually take w; =0.50 +
0.05GeV for B” meson [38, 42]. The normalization factor
Ny depends on the values of the shape parameter w; and
the decay constant f; and defined through the normaliza-
tion relation: f(l)dx ¢p (%, 0) =fBS/(2\/6) [42, 44].

For the vector meson ¢, the longitudinal and transverse
polarization components can both provide the contribution.

Here, we adopt the wave functions of the vector ¢ as in
Reference [42]:

D)= = [fimdy (9 + i e mdy0) 9

Of(per) = 72 [ (x) + £} (5) + ey eV (3]

(6)
where p and my are the momentum and the mass of the ¢
meson, ¢ and &, correspond to the longitudinal and trans-
verse polarization vectors of the vector meson ¢, respec-
tively. The twist-2 DAs ¢¢ and ¢£ in Equations (5) and (6)
can be reconstructed as a Gegenbauer expansion [42]:

B(x) = 3jgx<1 ~x) [l D) all¢ci’2<r>], 7)

n=1

T 3f3; : L ~3/2
¢¢(X) = %x(l_x) 1+ Zlampcn (t) ’ (8)

where t=2x-1 and all‘,’zl are the Gegenbauer moments,
while C}'; are the Gegenbauer polynomials as given in Ref-
erence [42]. f, and fg; are the longitudinal and transverse
components of the decay constants of the vector meson ¢
with f=0.231+0.004GeV and qu =0.20+£0.01 GeV as

given in Reference [42]. For the relevant Gegenbauer
moments, we use the same ones as those in References [42,
46, 47, 51].

ay; =0.18+0.08, (9)

a3, =0.14 +0.07.

The twist-3 DAs gb;;t and ¢, in Equations (5) and (6) are
the same ones as those defined in Reference [42]:

3o
¢¢_2\/gt,
M
v o_ 3f¢ 2
v

where t =2x— 1.

2.2. Effective Hamiltonian for b — s€*€ Decays. The effec-
tive Hamiltonian for the considered semileptonic decay
B, — ¢£7€™ is defined by the same one as in References
[52-56]:

4G,

Ko =— e {VthV?s [Q(#)@i () + Cy (1) O (1) + Z Ci(/”)@i(ﬂ):|

Vi Vil G [O1 (1) = OF ()] + Gy () [O5(1) ~ @Q(M)H} +he,

(11)

where Gp=1.16638 x 107> GeV~2 is the Fermi constant
and V;; are the CKM matrix elements. For the operators
0;, we adopt those as defined in the so-called y.-free basis
[57, 58]. Following Reference [59], the operators O; can be
written in the following form:
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1= () (),

)
(sy T“PLu)( V. T*PLb ) (syHPLu) (ﬁyHPL )
05 = (sy P b) (qyﬂ ) 0,= (sy TP b) (qyﬂT“q),
05 = (EV,,WPPL )Z @'Y’ Os= (%MPT“PL )Z (@'Y’ T'q) (12)
q q
0,= ; my (50 Pyb)F,,, Oy = ; o(50" TPyb) G,
Oy = ;—22 (Ey#P b);(ﬂy“(’,) Oy = & (sy p b)Z(Ey"ySE),

where @i‘; are the current-current operators, O, ¢ are the
QCD penguin operators, 0,4 are the electromagnetic and
chromomagnetic penguin operators, respectively, and
finally, Oy, are the semileptonic operators. The inclusion
of the factors 47r/g* = 1/a; in the definition of the operators
0, 4910 serves to allow a more transparent organisation of
the expansion of the relevant Wilson coeflicients as defined
in References [59, 60] up to next-to-next-to-leading order
(NNLO). They are then evolved from the scale y=m,,
down to the scale y =m, using the renormalization group
equations.

Since the contributions from the subleading chromo-
magnetic penguin, quark loop, and annihilation diagrams
are highly suppressed for the considered b — s¢*€~ decays
[55], we will neglect them in our calculations. Using the
effective Hamiltonian in Equation (11), the decay amplitude
for b — s€"€” loop transition can be decomposed as a
product of a short-distance contributions through Wilson
coeflicients and long-distance contribution which is further
expressed in terms of form factors:

Gpa

Al —st'8) = Z2—RV, Y CAGIERICE

+Cyp [Ey#PLb} [eytyse] - 2m, C<t

: [Eicfw Z—:PR b} [eyte] }
(13)

where C(y) and Cff(u) are the effective Wilson coeffi-
cients, defined as in References [44, 61].

G5 (1) = Gy (1) + Gy (w), (14)

Cgff (#’ q2) = C9(/") + Ypert (q ) + Yres (q ) (15)

The term Ch_)'sy in Equation (14) is the absorptive part
of b — sy transition and was given in Reference [61].

Cy | (u)=ia %,714/23 x,(x} —5%,-2) N 3x? In x,
b—osy s 9 S(x,—1)3 4(xr—1)4

-0.1687

~0.03C, () }

(16)

where x,=m?/m}, and n=a,m, )/ a,(u). The explicit
expressions of the term Y,,(¢°) and Y, (¢*) in Equation
(15) are of the following form [56, 62-65]:

Ypert(q ) 0. 124“)( )+g(
-9(m,,3)|(3C, + C) -

1
- 2g(mb, 5)(4C; +4C, +3C5 + Cy)

2
t3 (3C;+ C, +3C5 + Cy),

)CO + )‘u [g(ﬁ’lc,g)

L 9(m,9)(C: +3C,)

Vlg) == oy BV I
Ofgm V=1 ... q _mV+1mVFtot
B(V—I'I)I}
= A, g(Mm,,3)(3C, +Cy) - Z o ( 2_) ) <,

V=p,w,$ qz —my + lmVFtot
(18)

where Cy =3C, + C, +3C; + C, +3C;5 + Cy, S=¢*/mj, i

m,/my,and the CKM ratio A, =V, V7/(V, V). In Equa-
tion (17), the function w(3) is the soft-gluon correction to
the matrix element of operator 0. The function g(7,,3)

in Equations (17) and (18) is related to the basic fermion
loop. The contributions from four quark operators 0,-0g
are usually combined with coefficient C, into an “effective”
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one. One can find the explicit expressions of the function
w(s) and g(m,,s) easily, for example, in Reference [35]
and references therein.

The term Y ., (q”) in Equations (15) and (17) defines the
short-distance perturbative part that involves the indirect
contributions from the matrix element of the four quark
operators Y1, (¢*€7s|0,|b) [62-65] and lies at the place far
away from cc resonance regions.

The term Y, (¢*) in Equations (15) and (18) describes
the long-distance resonant contributions related with the
B,—> ¢V — ¢(V —>I'I") transitions in the resonance
regions, where V = (p, @, ¢, J/'¥,y',-++) are the light vector
mesons and ¢¢ charmonium states. Up to now, the term
Y,.(q*) cannot be calculated from the first principle of
QCD and may also introduce the double-counting problem
with the term Y,,.(¢*). For more details about such kinds
of double-counting problem, one can see the discussions as
given in References [66, 67]. In this paper, we checked the
possible effects on the theoretical predictions for the branch-
ing ratios and other considered physical observables by
including the term Y,.(¢*) or not in our numerical calcula-
tions, and we found that the resulted variations of the theo-
retical predictions are less than 5%. It is much smaller than
the total theoretical errors, say around 30-40%. According
to the argument in Reference [68], the term Y . (%) is also
generally small. Because of its smallness and the possible
double-counting problem, we here simply drop the term
Y, (q*) out in our numerical evaluations for all physical
observables considered in this paper.

2.3. B,— ¢ Transition Form Factors. For the vector meson
¢ with polarization vector €*, as usual, the relevant form
factors for B, — ¢ transitions are V(q?) and A,;,(q*) of
the vector and axial vector currents and T, ; of the tensor
currents. Between the form factors A, ,(q*) at the point
q° =0, there is an exact relation 2mgA,(0) = (my +my)A,
(0) = (mp —my)A;(0) in order to avoid the kinematical
singularity. Between the form factor T',, there also exists
a relation T,(0)=T,(0) in an algebraic manner which is
implied by the identity 0*‘”)/5:—(1’/2)8“"“/30“[3 with the
€% = +1 convention for the Levi-Civita tensor.

Using the well-studied wave functions as given in previ-
ous subsection, the PQCD factorization formulas for the
relevant form factors of B, — ¢€*€~ decays can be calcu-
lated and written in the following form:

V(qz) = 8ﬂm§SCF(1 +7) deldx2 Jbldhbzdbz%s (x1)

1+x,mm

X { |:_xzr¢<;(x2) + g (x2) + \/——~¢¢( )} 1(t)

(-

1= M,
2\/’12—_1%("2)} 'Hz(tz)}»

A, (qz) = 87Tm§jCF J dx,dx, J bydb, bydb, ¢y, (x;)

x { |:(1 +X,1(20 1)) ¢y(%5) + (1 2"2)"‘/’;("2)

—2x,r(n—r)
-1

+ H :2171 (ﬂTH - r112> + (% —x1r11+r2):| $y(x2)

B x(1=rn) +2r(r—n)
n -1

L 22m) Byl) |-

—xr ¢fp(x2):| “H,(t;) }»

A () = 16nméSCF$J‘ dx,dx, Jbldblbzdbz%s(xl)
x{ [ m)gyx) + (1- 2616 (x,)
/P = 1g5() | - Hy(t) + [ (= ) gy (x0)
+ ("\/’lz—_lJr %)‘b;(xz)} ‘Hz(tz)}’

SR %A (@)
- 8ﬂmB Cr g J dx,dx, | b,dbb dl’z‘/’s (x1)

x{ [ =xr) 2 =1) = 1))y
+[1+ 26,7 — (1+ 2x,)r1] ¢25(x2)

+r(1=20)iP =16 (x,)| - Hi (1)
+ H(m— %)xlx/qz —-1- [r(rq— 1 —xlr;z) + xl(r2+ W)H%(xz)
+ =1+ =2y = 1] 640)] - Hae) |,

T, (7) = 871mB deldxzjb db,b,db, ¢y (x;)

X { {(1 - 2x2)r¢;(x2) + (1 +2x,m1 —x2r2)¢£(x2)

. 1+2x,r2 = (1+2x,)ry
-1

o[0-- e
o] )

J dx,dx, JbldblbzdbquBs (x,)

¢Z(xz)} “Hy ()

T,(q") = 16nt CF
x { {(1 = (L4 220 + 2,77 $(32) + (o (20 = 1) = 31
= 1)y () + (1= 2x)r/n2 = 1 %(xz} 1(t)

+ H’;—Z <1+ —ﬂ?_1> (rn—1)+ <r+ T :;_1>(17—r)}¢>;(x2)

+ Kl - %)r\/ﬂz -1+ %(1 - ”’7)]‘1’;("2)} 'Hz(tz)}’



6
(1=n*(+1)
Ty(q") = WTZ(‘ZZ)
2
SﬂmB CF 5 J dx,dx, J b,db,b,db,¢; (x,)
_— :

x { {" BRI g )+ (14 g )

n—r
+ar/iP = 163(x)] - Hi(h)
ST M
+ (x4 2r /= 1) )] Hz(tz)},

(19)
where r = my/my , the twist-2 DAs (¢, ¢), and the twist-3

DAs (gbf/;t, ¢,") have been defined in Equations (7) and (10).

The function H,(t;) in above equations is of the following
form:

Hy(t;) = hi(xp, %5, by, by) -

as(ti) : St(xZ) exp [_Sab(ti)}’ fori= (1’2)'

(20)

The hard functions h,,(x,,x,,b;,b,) come form the
Fourier transform of virtual quark and gluon propagators
and they can be defined by the following:

=Ko (B,0,)[0(by — by) I (a1 by) Ko (e, y)
+0(by = by) I (ayby)Ko ()]s

=Ko (B,y01)[0(b, — by) 1 (ayb0,) Ko (a3 by)

(21)
+0(b, = b))y (b)) Ko (ayb,)],

where K, and I, are the modified Bessel functions and
&y = Mp /X1,

ay =mg /Xt =12 412, (22)
Bi=B,= Mp /X1 X117,

where r=my/my and ry=mJ/mg. The hard scales ¢; in

Equation (20) are chosen as the largest scale of the virtuality
of the internal particles in the hard b-quark decay diagram,
including 1/b;(i =1, 2):

t; = max {ocl, bl’ bi}’
1 %2

t, = max {(xz, bi’ bl}
1 9

The threshold resummation factor S,(x) in Equation
(20) is adopted from [49]:

(23)

2"r(3/2 +¢)

S~ mrieg X0 (24)
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with a fitted parameter ¢(Q?)=0.04Q*-0.51Q + 1.87 [39]
and Q* = mj (1 -77) [69]. The function S,(x) is normalized
to unity. The function exp [-S,,(#)] in Equation (20) con-
tains the Sudakov logarithmic corrections and the renorma-
lization group evolution effects of both the wave functions
and the hard scattering amplitude; for more details of func-
tion exp [-S,,(¢)], one can see References [37, 49].

3. Observables for B.— ¢¢"¢~ Mode Decays

In experimental analysis, the B, — ¢¢" ¢~ decay is treated as
the four body differential decay distribution B, — ¢(—>
K*K™)2*¢™ and has been described in terms of the four kine-
matic variables [10, 11, 13, 19]: the lepton invariant mass

squared g and the three decay angles Q= (cos Oy, cos 6,,
®@). The angle 0y is the angle between the direction of flight
of K* and B, meson in the rest frame of ¢, 8, 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 K*K".

With the hadronic and leptonic amplitudes defined in
Equation (13), we write down the fourfold differential distri-
bution of four-body B, — ¢(—K*K~)e*€™ decay [13, 55,

70, 71]:
4
dr iI(q Q) dQ=d cos Oy d cos 0, dD,
dgda 37

(25)

where the functions (g% Q) can be written in terms of a set
of angular coeflicients and trigonometric functions [70]:

1(q2,5> =Y 1(¢
i
+ (I, sin® 6y + I, cos’0y) cos 26,
+ 1, sin?0y, sin’6, cos 2@ + I, sin 20y sin 26, cos @

+ I5 sin 20y sin 6, cos @ + I, sin*0 cos 6,

)fi (?)) =1, sin®0 + I, cos’Oy

+ I, sin 20y sin 6, sin @ + I sin 20y sin 20, sin @
+ I, sin®0y, sin’0, sin 2.

(26)

For the CP-conjugated mode B, — ¢(— K K*)¢*e™,
the corresponding expression of the angular decay distribu-
tion is as follows:

d‘T 9/, =
== 5 (10) @)
dg? dQ

where the function I(g% ) is obtained from I(g* Q) in
Equation (26) by making the complex conjugation for all
weak phases in I; [70] and numerically by the following sub-
stitution:

Iyes)2(cs)3a7 — Tl(c,s),Z(c,s),3,4,7’ Is 6589 — -1 56589 (28)
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TasLE 1: The explicit expressions of the angular coefficients I;(¢?) and f ,(5) appeared in Equation (26).

f ) (0)
3

Is (Z —ﬁzﬁ) [|.SZ{H2+ |t |+ | + }dﬂz] + 42 Re [ofE o™ + b sin’6;

lc | L * + | aR|” + 4 [|of | + 2 Re [ofba¥]] cos’0y

2 iﬁ%“dﬁ |t Wﬁﬁ\dﬂz] sin6 cos 26,
2¢ -B: “dﬂz + ’dﬁ}z] cos*0y; cos 20,

3 SB[t = |ttt - |t ] Sin%y sin0, cos 20
4 \/;5% Re (déﬂﬁ* + dgdﬁ‘*) sin 20 sin 20, cos @
5 V2B, Re (&Yé.ﬁz{ﬁ* - MORM‘E*) sin 20y sin 0, cos @
6s 2f3, Re (ﬂﬁdﬁ* - Mffdlj*) sin0y cos 0,

7 V2B, Im (el — dy ) sin 20y sin 6, sin @
8 \/;;% Im (ﬁiéﬂi* + dﬁdf*) sin 20 sin 26, sin @
9 Be Im (el + AR sin’6y, sin’6, sin 2@

The minus sign in Equation (28) is a result of the con-
vention that, under the previous definitions of three angles
(0k,0,, @), a CP transformation interchanges the lepton
and antilepton, i.e., leading to the transformation 8, — 6,
—mand @ — —O.

The angular coefficients I;, which are functions of g*
only, are usually expressed in terms of the transverse ampli-
tudes [8, 13]. In the limit of massless leptons, there are six
such complex amplitudes: AR, Aﬁ’R, and ALR, where L and
R refer to the chirality of the leptonic current. For the mas-
sive case, an additional complex amplitude A, is required,
where the timelike component of the virtual gauge boson
(which can later decay into dilepton) couples to an axial vec-
tor current.

In Table 1, we summarize the treatment of the angular
distribution by decomposition of the angular coefficients I,

(¢?) into seven transverse amplitude Aﬁ’jio and A, as well

as the corresponding trigonometric factor f l(f)) Here, we
will not consider scalar contribution to facilitate the compar-
ison with Reference [35]. Notice that the distribution includ-
ing lepton masses (but neglecting scalar I,.=0) contains
eleven I; where only 10 of them are independent [8, 72]. In
the limit of massless leptons, it is easy to obtain the relations
I,,=3I,, and I,. =-I,. [70].

The seven transverse amplitudes </§*, ﬂﬁ’R, AR, and
g, of B,— ¢*€™ decay, in turn, can be parameterized by
means of the relevant form factors [70, 73]:

A\ 2
P (4) + 27, C T, (qz) ,

AR =Ny, /2N, V2 {(cgff = cm> -
By ¢

Ay = Noy 2N | (G5 % Cuo ) (i, + mg) ot ()

+ 27, CSIF (mlzg - mi) T, (qz)} ,
N,,/N,
W He=cy)
2mg /g
A o, (qz)] + Zmngff [(m%j + Smi - qz) T, (qz)
e

N mp + Mg
VA
o, =2N,, /N¢ﬁclod0 (7)),

LR _
Ay =

(més - mé - q2> (mp +my) s\ (q°)

A

2 _ 2
mg

s

(29)

where A= (mp —mg — ) - amgq®, iy, =my/q*, and the
normalization constants are given as follows:

i‘xem GF *
= V 5
2 4\/57_[ th ¥ ts

2 2
8vAq J1- gy ki),
q

N = 3% 2s56m m;,

In numerical calculations, we take B(¢ —> K*K™) =
0.492 from PDG 2018 [74]. It is easy to see that the narrow
width approximation works well in the case of ¢ meson since
Iy/my=4.17x107 ~0.

Analogous to Reference [70], to separate CP-conserving
and CP-violating effects, one can define the CP-averaged

(30)



angular coefficients S; and CP asymmetry angular coeffi-
cients A; normalized by the differential (CP-averaged) decay
rate to reduce the theoretical uncertainties:

I; +1
S, = s
(F+F)7 -
. I, -1
' ( )/dq

where I; and I, have been defined in Equations (26), (27),
and (28) and Table 1, and the differential decay rate reads
(analogously for I')

dar
dq?

=— (31, +6l—1, —2I,). (32)

Cc

g

Based on the definition of S;, one can find the relation
38, +68,,—S,,—2S,,=4. Consequently, all established
observables can be expressed in terms of S; and A;:

(1) The CP asymmetry:

dridq* - dridq
dr/dg® +dridg?

1
ACP (qZ) = Z (3A1c + 6A15 - A2c - 2A25>'

(33)

(2) The lepton forward-backward (CP) asymmetry:

2= (0 ]d cos 0 (d*(I T /dq*d cos 0
A (q°) = 'JO Ll' o —< ) ! = Esﬁs)
d(I'+T)/dg? 4
AL () = Jo- J"(zl_ d cos 0, (d*(I' +T)/dg*d cos 6,) 3,
" d(r +T)/dg? 47
(34)

(3) The ¢ polarization fractions:

(3815 SZC)’
(35)

(381 = S5)-

l\)l»—l »-P|>—‘

In the massless limit, since the CP-averaged observable
S1(es)2(cs) Obey the relations S = 35, and §; = =§,, the def-
1n1t10ns of the polarization fractions can be simplified
directly as follows:
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F, (‘12) =8, =-50 6)
Fr (‘12) =

4
3 S5 = 48

(4) The clean (no S-wave pollution) observables P, ;
and P4)5)6 in the natural basis can be defined in terms
of the coeflicients S; through the following relations

[71, 75, 76]:
S3
t2s,
86
P = 75)
> =B 85, (37)
S
Py=——2,
4S,,
I S4
4 — >
V SICSZS
P’ _ ﬁ(’,SS
5~
2 V SlcSZS (38)
P’ _ :8(287
6 - bl
2 V SICSZS
/ Sg

Py=- :
V SICSZS
where B, = /1 - 4m}/q>.

(5) In the massless limit of leptons, the optimized

0

observables P;’ [8] can be transformed as the follow-

ing form:
28,
1= FT)
P, = &
> 2F;’
—
FT ’
;28
Y JFO-F) (39)
S
P'; >
F(1-Fp)
i 57
6:
Fi(1-Fp)
2§
P'y=- s
Fi(1-Fp)
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One should know that our definitions of the CP-
averaged angular coeflicients S;, the CP asymmetry angular
coeflicients A;, and the clean observable P, , ; and P4,5’6 differ
from those adopted by the LHCb Collaboration. To be spe-
cific, the reasons are the following:

(1) Our conventions for the angles to define the B
—> ¢€"¢" kinematics are identical to the Reference
[70] but different from the LHCb choices [13, 31].
The corresponding relations are the following:

GKLHCb — 9[{’
GELHCb — ee’ (40)

Some angular coefficients I;, S;, and A;, consequently,
will have different signs:

LHCb _
I 4,6,7,9 — _14,63,7,9’
LHCb _
S4,6,7,9 - _S4,6s,7,9> (4 1)

LHCb _
A4,6,7,9 - _A4,6s,7,9'

Other remaining coefficients I; (S; and A;), however,
have the same sign in both conventions.

(2) Our definitions of the clean observables P, ,; and P4,5,6,8

in Equation (38) in terms of S; may be different
from those defined and used by the LHCb Collabo-
ration, for example, in Reference [13]. The resultant
differences of the sign and normalization are of the
following:

LHCb _
pHC _p

LHCb _
Py ==Pyss
P, LHCb _ _ 1 r
48 T

LHCb _
PS,G - P,S,é'

(42)

For more details about the angular conventions of the
angular observables of the semileptonic decays B, —

VI*I", one can see Reference [77].

4. Numerical Results and Discussions

In the numerical calculations, we use the following input
parameters (here, masses and decay constants are in units
of GeV) [42, 74]:

9
f=4 _
Ay = 0-250,
T = 1.509 ps,
mb = 48,
my, = 80.38,
mg =1.019,
my =5.367,
m, =0.000511,
(43)
m,, =0.105,
m,=1.777,
fp =023,
fy=0.231(4),
fg=0.20(1),
ay; = 0.18(8),

ay, =0.14(7).

For the CKM matrix elements and angles, we adopt the
following values as given in Reference [74]:

V,,=1.019(25),
Vs =0.2243(5),
|Vl =(39.4£2.3)x 107,
|Vl = (3.94£0.36) x 107,
23,=0.021(31),
y=(73.5721)".

4.1. 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 V(q*),A,,,(¢*) and T,,;(q*) for B,
—> ¢€*¢™ decays. These form factors have been calculated
in rather different theories or models [23, 36-38, 42]. Since
the PQCD predictions for the considered form factors are
valid only at the large hadronic recoil (low-g*) region, we
usually calculate explicitly the values of the relevant form
factors at the low-g* region, say 0 < g* < m?, and then make
an extrapolation for all relevant form factors from the low-¢*
towards the high-g* region by using the pole model param-
etrization [78, 79] or other different methods.

In References [80-82], 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 References [81, 82], we used
the Bourrely-Caprini-Lellouch (BCL) parametrization
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TasLE 2: The PQCD predictions of the seven form factors Fiy 4(0) with the theoretical uncertainties from the variations of the parameters

[lL T
wg az“p ,f¢, andf¢.

Fy_4(0) PQCD predictions

V(0) 0.311709 (wp ) 70008 (a2¢> +0.004 ( f¢> 0.004 ( fZ)
Ay(0) 0.262/094 (@ +gggg( ) +0. 002( ) +0.008 ( fq{)
A,(0) 0.247*3951 (w ) 70008 <a2¢) +0.003 ( f¢) +0.003 ( fg)
A,(0) 0.239°50% (wy ) £ 0 ( ;) +0 004(f¢> +0.001 (qu)
T,,(0) 0.26470932 (w ) + 0 ( ) +0.003 (f¢) +0.005 (fl)
T5(0) 0.1967 00 (g ) £ 0 (u!;) +0.003 <f¢> +0.001 (qu)

TasLE 3: The central values of the theoretical predictions for the form factors of B, — ¢ transitions at g* = 0 from different theories or

models [17, 20, 21, 23, 42, 85-91].

. V(0 Ay (0 A, (0 A,(0 T,,(0 T,(0
This work 0.3( 1% 0.02(62) 0.12(47) 0.22(39) ol.’;ézt) 0.31(96>
PQCD [42] 0.25 0.30 0.19 — —

PQCD [85] 0.26 0.31 0.18 0.12 0.23 0.19
LCSR [23] 0.387 0.389 0.296 — 0.309 —

LCSR [20] 0.434 0.474 0311 0.234 0.349 0.175
LCSR [86] 0.433 0.382 0.296 0255 0.348 0.254
QCDSR [87] 0.45 0.30 0.32 030 0.33 022
RDA [88] 0.44 0.42 0.34 031 0.38 0.26
RQM [89] 0.406 0.322 0.320 0318 0.275 0.133
SCET [90] 0.329 0.279 0.232 0.210 0.276 0.170
HQEFT [21] 0.339 0.269 0271 0212 0.299 0.191
SQEH [91] 0.259 0311 0.194 — — —

CQM [17] 0.31 0.28 027 027 0.27 0.18

method [83, 84] instead of the traditional pole model
parametrization.

In Table 2, we list the PQCD predictions for all seven
relevant form factors V(0), A;;,(0), and T,,;(0) for B,
— ¢ transition at the point g*> =0. The dominant theo-
retical errors come from the uncertainties of the parameter
wp =0.50£0.05 [42], the Gegenbauer moments a” =
0.18 +0.08 and azlq5 =0.14+0.07 [42, 46, 47, 51], and the
decay constants f,=0.231+0.004GeV and fg =0.20%
0.01 GeV [42].

In Table 3, as a comparison, we also list the central
values of the theoretical predictions for the form factors
F_4(0) at ¢* =0 evaluated in the PQCD approach [42,
85] and in other different theories or models [17, 20, 21,
23, 86-91]. One can see that there exist always some differ-
ences between different authors, even among the authors
using the same approach. Taking the calculations based on
the LCSR method as an example, the authors of Reference
[23] introduced the hadronic input parameters, Ball and
Zwicky considered the one-loop radiative corrections [20],

and Yilmaz included the radiative and higher twist correc-
tions and SU(3) breaking effects [86].

In Table 4, for the B, — ¢ transition form factors (V,
A1 T1,3), we quote directly the values of the lattice
QCD results at two or three reference points of the high-¢*
region, say ¢* =12,16GeV? and q2,, = (my —m,)* ~18.9
GeV?, as listed in Table XXXI of Reference [92]. In Refer-
ence [92], the authors defined the helicity form factors A,
(¢*) and T,5(¢q*) from the ordinary form factors A,,(q?)
and T,;(q%):

(1, +mg)* (3 —m3 g7 ) 4, (¢7) = M) A5 ()

A 2 = ,
12 (q ) 16m35mé (mBS N m¢)
(45)
mp +m A 2 T 2
1) = o (o)) - ML),
B¢ B, s
(46)
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TaBLE 4: The values for the lattice QCD results of the relevant B, — ¢ transition form factors at two or three reference points [92].
T V(g A7) A7) 4(1) Ty(7) (1) T5(7)
12 0.77 (6) 0.90 (6) 0.44 (3) 0.48 (4) 0.69 (4) 0.45 (3) 0.46 (4)
16 1.19 (7) 1.32 (7) 0.52 (3) 0.54 (4) 0.99 (5) 0.53 (3) 0.70 (5)

18.9 1.74 (10) 1.85 (10) 0.62 (3) — 1.36 (8) 0.62 (3) —

where the kinematic variable A(q*) = (t, — ¢*)(t_ — ¢*) with
t,=(mp + m¢,)2. From above two equations and the numer-
ical values of (A;(q%), T,(¢%), A15(q?), T»;(q%)) as given in
Reference [92], we can find the corresponding lattice QCD
results of A,(q*) and T;(q*) at the two points ¢* = (12, 16)
GeV? by direct numerical calculations. When ¢ — @2,
= (mg - m¢)2, however, the parameter A(g2_.) in Equation
(45) is also approaching zero simultaneously; one therefore
cannot determine A, (g%, ) and T;(q2,,) reliably from the
values of Aj,(q2.,) and Ty(q2,.) as given in Reference
[92]. Consequently, A,(q2,,) and T5(q%,,) are absent in
Table 4.

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 ¢°.

(1) In the PQCD approach, we use the definitions and
formulae to calculate the values of all relevant form
factors V(q*), Ay15(¢q%), and Ty,5(q%) at some
points in the region of 0 < g* <m?. We then make
the extrapolation for these form factors to the large
g* region up to g2 by using the selected parametri-
zation method directly

(2) In the “PQCD+Lattice” approach, we take the lattice
QCD results of the form factors at the points of g*
=(12,16,18.9) GeV? as the new input in the high-
g region and then make a combined fit of the
PQCD results in low-g* region and the lattice QCD
results in high-g* region to determine the relevant
parameters b}; in the z-series expansion and then
complete the extrapolation

(3) For both approaches, we always use the model-
independent z-series parametrization, which is based
on a rapidly converging series in the parameter z, as
in References [23, 55] to make the extrapolation. The
entire cut g>-plane will be mapped onto the unit disc
|z(¢*)| <1 under the conformal transformation as
(93]

(q) = YT Vi (47)
Vi -+ JE =k
where t, = (mjy + m¢)2 and 0 < f, < t_ is an auxiliary param-

eter which can be optimized to reduce the maximum value
of |z(¢*)| in the physical range of the form factors and will

be taken in the same way as in Reference [94]: t, =1, (1 -
/1—1_/t,). The form factors are finally parameterized in
the BCL version of the z-series expansion [83].

Fi 2\ _ F%5—>¢(0) v b 2 \k 0.t
BSH¢(q)_1_qz/mz 1 1+}; k[z(q,to) -2 >t0)}
i,pole =
Fiy_ 4(0) ;
- 1 _Bsqz/’;p’liz,pole {1 * bl [z(qz) to) - Z(O) to)} }+“

(48)

Since the term |z(¢?, t,)|” < 0.04 in the whole considered
q* region, the high-order N >2 terms in Equation (48)
should be very small in magnitude and therefore can be
neglected. After the truncation at N = 1, the coefficient b}
for the corresponding form factor Fi _(q*) can be deter-

mined by fitting to the PQCD predictions at low-g* region
and the lattice QCD results in the high-g* region. Taking
the form factor A,(q*) as an example, we calculate A,(q?)
first by employing the PQCD approach in the sixteen points
in the low 0 < ¢* <m? region, take the lattice QCD results
A,(12)=0.48 £0.04 and A,(16) =0.54 £ 0.04 as additional

input, and finally make the fitting for the parameter b?z
and find that

b =-1.820+ 0.148(standard error), (49)

with the goodness-of-fit R* = 0.9978. For other form factors
F'(g*), we find the results by following the same kind of pro-
cedure. The input values of the various sb-resonance mass
M; pole in Equation (48) can be found from Reference [74]
and are collected in Table 5. For further discussions on the
systematic uncertainties due to the dependence of truncation
schemes and on the implementation of the strong unitary
constraints, one can see References [94, 95].

(4) In Figure 1, we show the theoretical predictions of
the form factors V(q*), A,;,(¢*), and T ,5(q*) for
B, — ¢ transition based on the PQCD approach
(red curves) and the “PQCD+Lattice” approach
(blue curves) with the extrapolation from ¢* =0 to
G = (mp - m¢5)2 by applying the z-series parame-
terizations. The shaded bands represent the total the-
oretical error obtained by adding in quadrature of
the separate errors from the uncertainty of the
parameter wp, alz‘;/f, fgand f ; The black error bars

in the low-q* region correspond to the PQCD
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TaABLE 5: The masses m,

ipole in Equation (48) for the form factors

Fiﬂ-"ﬁb (q2) sb (]P) M pole (GGV)
Ay(7) B,(07) 5.366
V(a*), Ty (q%) B (17) 5415
A (%), Ty5(4°) By (17) 5.829

predictions of the corresponding form factors, while
the error bars in the high-g* region are the currently
known lattice QCD results as collected in Table 3

4.2. Numerical Results. We now proceed to explore the phe-
nomenological aspects of the cascade decays B, — ¢(—
K K*)2*¢", which allow us to define and compute a number
of physical observables and compare them with those mea-
sured by experiments. We first compare our results for the
branching ratios and angular observables with the experi-
mental data reported by the LHCb Collaboration [31, 33].
As studied systematically in the last section, the physical
observables accessible in the semileptonic decays B, — ¢
€72 are the CP-averaged differential branching fraction d
B/dg* [31, 33], the CP-averaged ¢ meson longitudinal
polarization fraction F;, the forward-backward asymmetry
Apg, the angular coefficients S; and A;, and the optimized
observables P; and P} [25]. The CP asymmetry angular coef-

ficients A5 ¢ g9 in the SM are induced by the weak phase from
the CKM matrix. For the b — s transition, the CP asymme-
tries proportional to Im (V,, V. /V,,V+), which is of order
102 [19] as measured by the LHCb Collaboration (see
Table 3 in Reference [31]), but the statistical uncertainties
are still large. For these reasons, we will focus on the CP-
averaged quantities when taking the binned observables into
consideration.

We begin with the branching ratios of the decays B
—> ¢€7¢". From the differential decay rates as defined in
Equation (32), it is straightforward to make the integration
over the range of 4m} < q* < (my —m,). In order to be con-
sistent with the choices made by LHCb Collaboration in
their data analysis, we here also cut off the regions of
dilepton-mass squared around the charmonium resonances
Jip(1S) and y(2S); ie., 8.0<g? <11.0GeV? and 12.5< ¢°
<15.0GeV? for €= (e, p, T) cases. We display the PQCD
and “PQCD+Lattice” predictions for the differential branch-
ing ratios dB/dg* in Figure 2 for the cases of I=(y, 1),
including currently available LHCb results in six or eight
bins of ¢* [31, 33] indicated by the crosses for B, — ¢u*
y~ decay. From Figure 2, one can see that both PQCD and
“PQCD+Lattice” predictions for the differential branching
ratios do agree well with the LHCb results within the still
large errors. Since the theoretical prediction for the differen-
tial branching ratio of the electron mode is almost identical
with the one of the muon, we do not draw the figure of dB
(B, — ¢e*e)/dq* in Figure 2.
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In Table 6, we present the theoretical predictions of the
total branching fractions for B, — ¢€*€~ with €= (e, 4, 7)
obtained by the integration over the six g bins using the
PQCD (the first row) and “PQCD+Lattice” approach (the
second row), respectively. The major theoretical errors from
different sources, such as the form factors (FFs) as listed in
Table 2, the scale y, and the CKM matrix element V,;, and
Vs are also listed. As in Reference [31], a correction factor
Sreto = 1.52 is applied to account for the contribution in the
veto g* bins for €= (e, u) cases. As a comparison, we also
show the LHCb measured value B(B,— ¢u*p ) =(7.9
7t081)x 107 [31] and (8.14*047)x 1077 [33] and the
QCDSR predictions B(B, — ¢£*¢~) for all three decay
modes [87]. For B, — ¢u* = decay, for instance, the theo-
retical predictions and the LHCb measurement [31, 33] (in
unit of 1077) are the following:

7.073%, inPQCD,
6.76"13%, in PQCD + Lattice,
B(B,— ¢u'u) =< 7.06"1 %, inQCDSR [87],
7.97708, LHCb [31],
8.14%047, LHCb[33].

(50)

From the numerical results in above equation and
Table 6, one can see that

(1) The PQCD and “PQCD+Lattice” predictions for the
branching ratio B(B, — ¢€*¢7) with £ = (e, , 7) do
agree well with each other within the errors, while
the “PQCD+ Lattice” predictions of B(B, — ¢€*¢7)
have smaller errors than those of the PQCD
predictions

(2) Both PQCD and “PQCD+Lattice” predictions of B(
B, — ¢utp) do agree well with currently available
LHCb measured values [31, 33] within errors. For
the electron and tau mode, however, we have to wait
for the future experimental measurements

(3) For all three decay modes, our theoretical predic-
tions of the branching ratios do agree well with the
theoretical predictions obtained from the QCD sum
rule [87]

Since the large theoretical uncertainties of the branch-
ing ratios could be largely canceled in the ratio of the
branching ratios of B,— ¢€"¢" decays, one can define

and check the physical observables R;“ and Rﬁ;r [5]. In the

region q* < 4m;, where only the e*e” modes are allowed,
there is a large enhancement due to the 1/g* scaling of the
photon penguin contribution [96]. In order to remove the
phase space effects in the ratio be” and keep consistent with

other analysis [5], we here also use the lower cut of 4141[24 for
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FiGure 1: Theoretical predictions of the relevant form factors for B, — ¢ transition in the PQCD approach (red curves) and the “PQCD
+Lattice” approach (blue curves). The red (blue) shaded band represents the theory uncertainties. The black error bars in the low-g* region
correspond to the PQCD predictions. The error bars in high-g* region are the lattice QCD results.



14

dB/dq? (107%)

Advances in High Energy Physics
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F1GURE 2: Theoretical predictions for the g>-dependence of differential branching fraction dB/dg? for the semileptonic decays B, — ¢p*u~
in the PQCD (red band) and “PQCD+Lattice” (blue band) approach, respectively. The crosses show the LHCb measurements in different
bins as given in Reference [31] (orange ones) and in Reference [33] (black ones). The vertical grey blocks are the experimental veto regions.

TaBLE 6: Theoretical predictions for the total branching fractions B(B, — ¢€*£7) (in units of 1077) in the PQCD (the first row) and “PQCD
+Lattice” (the second row) approaches. As a comparison, we also list the LHCb measured value for muon channel corresponding to an

integrated luminosity of 3fb™" [31] and 9fb™"

[33] and the QCDSR predictions for all three channels [87].

BFs PQCD/“PQCD+Lattice” QCDSR [87] LHCb
. 8.55392 (FFs) + 0.15(u) + 0.42(V,;) + 0.65(V ) 7.12+ 1.40
BB —gee) 8.24"2%3 (FFs) +0.14(
153 +0.14(p) £0.41(Vyy) £0.63(V)
BB, — ) 7.07*337 (FFs) + 0.12(u) +0.38(V,;) £ 0.53(V ) 7.06 + 1.59 7.97+081 [31]
’ 6.76"130 (FFs) + 0.11(p) +0.33(V,,,) +0.52(V,,) 8.14 +0.47 [33]
0.81*032(FFs) + 0.02(u)  0.04(V,,) £0.06(V ) 0.35+0.17
B(B,— ¢171") '
0.68*00 (FFs) + 0.02(u) £ 0.03(V,,) £0.05(V )

both the electron and muon modes in the definition of the
ratio pr” as in Reference [5]:

dq* (dB(B, — ¢u'u™)/dq’)

For B, — ¢u*y~ decay, we show our theoretical predic-

tions for the g*-dependence of the longitudinal polarization

Fi (),

Figure

T

e JAmg
R¢ = —
Tmax

2

4m}4

0.991 £ 0.002,

dq?(dB(B, — pe*e")/dq?)
{ 0.992 +0.002,

in PQCD,

in PQCD + Lattice. (1)

For the case of the ratio R:’, we have

2
Imax

Hr _ 4m?

dq* (dB(B, — ¢t*17)/dq?)

¢

0.100 £ 0.009,

[ sdq? (dB(B, — ¢y u)ldg?)
{0.115i0.004,

52
in PQCD, 2) 2)

in PQCD + Lattice,

where the total error is the combination of the individual
errors in quadrature. We suggest the LHCb and Belle-II to
measure these two ratios.

the CP-averaged angular coefficients S;,,(¢*), and

the CP asymmetry angular coefficients A;¢g4(q%) in

3. As a comparison, the currently available LHCb

measurements for these observables of B, — ¢u*y~ decay
(51)  in the six g* bins [31] are also shown by those crosses explic-
itly. One can see from Figure 3 that

For the longitudinal polarization F;(g*), although
both PQCD and “PQCD+Lattice” predictions all
agree well with the LHCb measurements in the six
bins, our theoretical predictions in the region of the
fourth and fifth bin are little larger than the mea-
sured ones

For the CP-averaged angular coefficients S;,,(q?),
the PQCD and “PQCD-+Lattice” predictions agree
very well with each other and are consistent with
the LHCb results within the still large experimental
errors. For the last two high-g* bins, the LHCb
results of S; (S;) are a little larger (smaller) than
our theoretical predictions
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F1GURE 3: Theoretical predictions for the g*-dependence of the observables F; (q?), S; 4,(q%), and A5 ¢4 o(q*) for the decay B, — ¢u* ™ in

the PQCD (red lines) and “PQCD+Lattice” (blue lines) approach. The crosses in each figure represent the LHCb measurements in six g
bins [31]. The vertical grey blocks are the two experimental veto regions.
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TaBLE 7: Theoretical predictions for the observables F(f, Agps S3475
As 689> P13,and 154,5)6’8 integrated over the whole kinematic region
for B, — ¢€"€~ decays in the PQCD (the first row) and “PQCD
+Lattice” (the second row) approaches, respectively.

Obs. t=e L=y L=
o 0.383 5004 0.454¢.567 0.3965003
0.4465013 0.533%01 0.4427(003
s, 0.120” 5004 0.1445562 008075001
0.102*9:-002 0.124*9:007 0.07579:001
S, 0.21073:004 0.258"9:003 0.100*350
0.2015013 0.249"(:006 0.098" (001
s, 030 oIl oo,
0.392+0:02¢ 0.423*9:040 0.030*3:508
s, OAOBES ossBEl oowdi
0.518*9:020 0.623*9:041 0.038*9:001
o, 0.48270001 0.5777000% 0.0687000°
0.429*9:020 0.518*0:0%8 0.058*3:001
ia, 0SB 02y ool
0.550*0-088 0.237+0:0% 0.014+:5%0
101, 0.040*9:002 0.054*9:002 0.013*3:001
0.041*9:508 0.056%0:004 0.015*5:900
A 0.192*5:063 0.233(:004 0.173 5003
0.152 5008 0.186 (603 0.1515003
> 0.399*0014 0.555*9019 0.795*0-007
0.3811503 0.564(.034 0.81775005
p, 0.213*0:02 0.299*9:001 0.281*9:002
0.189°9:01 0.28270:005 0.268%00%
o, 010531 o1adl 012278y
0.1185013 0.174(:008 0.158"5003
P, 1.049*0013 L111#5on 13380002
10332503 1.09875037 134520503
P, 0.482"(:004 0.524(:003 0.427" 5006
0.470*9-0% 0.515*9002 0.408*3-008
o, 0.875%0:93 0.78070:0%8 0.069*0-901
1.007+39%¢ 0.910*0078 0.097*3:501
e, 0.6430003 0.640" 0008 0.287'00%

074975 604 0748606 03747 o1

(3) For the CP asymmetry angular coefficients A5
(¢*), the PQCD and “PQCD+Lattice” predictions
are very small: in the range of 10™* to 1072. For
the LHCb measurements in the six bins, they are
clearly consistent with our theoretical predictions
due to still large experimental errors
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In Figure 4, we show our theoretical predictions for the ¢
-dependence of the forward-backward asymmetry Ay (q%),
the optimized observables P, ,;(q?), and P, (¢*) for B
—> ¢u*u~ decay. Unfortunately, there exist no any experi-
mental measurements for these observables. We have to wait
for future LHCb and Belle-II measurements. Analogous to
Figure 3, the vertical grey blocks in Figure 4 also denote the
two experimental veto regions of g*: 8.0 < g*> < 11.0 GeV?
and 12.5 < ¢* < 15.0 GeV?.

In Table 7, we list the theoretical predictions for the
values of the observables Ff, Aggs S347> Asggos P1,3» and
P, . obtained after the integrations over the whole kine-
matic region of ¢* for the semileptonic decays B, — ¢ ¢~
with €= (e, 4, 7) in the PQCD (the first row) and “PQCD
+Lattice” (the second row) approaches, respectively. Of
course, the regions corresponding to resonance J/y(1S)
and y(2S), say 8.0<q*<11.0GeV? and 12.5<¢*<15.0
GeV? numerically, are also cut off here. The total errors
are the combinations of the individual errors from the
form factors, the renormalization scales, and the relevant
CKM matrix elements. The above theoretical predictions
should be tested in the near future LHCb and Belle-II
experiments. For the considered B, meson decays, one
should consider the effects from the B,-B, mixing [6].
The theoretical framework for examining the time-
dependent decays with the inclusion of such mixing effects
can be found in Reference [97]. The authors of Reference
[97] proved that the mixing effects on the values of decay
rates and CP-averaged observables are generally within a
few percent and could be neglected.

4.3. The q*-Binned Predictions. For B,— ¢u*y~ decay
mode, the LHCb Collaboration has reported their experi-
mental measurements for many physical observables in sev-
eral g* bins [31, 33]. In order to compare our theoretical
predictions with the LHCD results bin by bin, we make the
same choices of the ¢* bins as LHCb did, calculate, and show
our theoretical predictions for the branching ratio B(B,
—> ¢€"2") and the asymmetry Ff with €=(p,7) in
Tables 8 and 9 and the observables S,,, with €=y in
Table 10. For observables S, and A; 45, in fact, our theoret-
ical predictions for their values are very small, say in the
range of 107°-10™* in magnitude, but still agree with the
LHCb measurements in different bins [31] due to still large
experimental errors. For the observables P; and Pla,s’ they
are also very small in size: in the range of 107°-10™* and
there exist no corresponding data at present. For observables
P, and P(4’5, on the other hand, although there exist no
experimental measurements for them at present, they are
relatively large in size and may be measured in the near
future LHCb and Belle-II experiments, so we calculate and
list the theoretical predictions of these observables bin by
bin for the cases of €= (y,7)in Tables 11 and 12. Very
recently, LHCb reported some new measurements for the
angular observables of B, — ¢u*y~ decay [34] in the ¢°
bins different from those in their previous work [31], which
will be studied in our next work.
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TasLE 8: Theoretical predictions for the q*-binned observables % (B, — ¢p*p~) (in unit of 1077) in the PQCD (the first low) and “PQCD
+Lattice” (the second row) approach, respectively. For a comparison, we also list the new LHCb measurements [33].

q* bin (GeV?) B(L=u) LHCDb [33] q* bin (GeV?) B(L=p) LHCb [33]
0.25+010 0.197553

[0.10,0.98] oo 0.68 +0.06 [1.10,2.50] o 0.44 +0.05
0.25*0.10 0.2157
0.2370% 0.417573

[2.50,4.00] o 0.35 +0.04 [4.00,6.00] i 0.62 +0.06
0.27+39 0.50"014
0.61%15 0.78%33

[6.00,8.00] s 0.63 +0.06 [11.0,12.5] o 0.72+0.06
0.69%) 15 0.76 251
12670 0.86°%

[15.00,17.00] . 1.05+0.08 [17.0,19.0] e 0.84+0.07
104557, 067250
0.83%02; 2.12710

[1.10,6.00] oo 1.41+0.10 [15.0,19.0] e 1.85+0.13
0.98%039 1702 16

The definitions of the g>-binned observables are the fol-
lowing:

2

%, dB(B, —> ¢€*¢")
B(‘ﬁ’qg) =Jq%dq2T>
F¢(q2 qZ) _ f2§dq2 [3(Ii +ji) - (I; +T§)]
L\"11>"12) — >

af%dq[d(r +T)/dg?]
3J"Z§dq2 (I + T)

A (75, 4) = — —
wld )= [dg? [d(I + T) rde?]

5 5 fZ% dq* (L7 + I47)
S347 (‘11’ ‘12) =— — >
Jdg?[d(I +T)/dg?]

J%dg?(S5) (53)
Pl(ﬂﬁ’qg) = 2}725

2[Bdg(s3)
[dg(B,S))

Py(q1. q5) = )
8/ dg?(S3)

Z% dq2(84)

-G (s:8y)

IZ% dq* (BeSs)
2/~ [Bdgr(5:53)

From the numerical values as shown in Figure 3 and in
Tables 8-10, we find the following points about the relevant
physical observables of the considered B, — ¢u*y~ decays
in bins:

Py(qt, q3) =

P(q}, q3) =

(1) For B, — ¢u*yu~ decay, besides the good consis-

tency between the theory and the LHCb data for
the integrated total branching ratio B(B, — ¢u*
y ) as listed in Equation (50), the PQCD and
“PQCD+Lattice” predictions for B(B, — ¢u'u~)
in most bins do agree well with the measured ones
within 20 errors. For the first low-g* bin 0.1 < ¢*
<2(GeV?), however, the central value of the
LHCD result 1.11 +0.16 is larger than the theoret-
ical ones by roughly a factor of three. The LHCb
results of B(B, — ¢u*y ") in different bins of ¢*
as listed in the third column of Table 9 are
obtained from the results as given in References
[31, 33] by multiplying the LHCb measured values
of differential decay rate dB(B,— ¢u*u)/dq
with the width of the corresponding bin (g3 - q?).
The theoretical errors of our theoretical predictions
of the branching ratios in bins are still relatively
large, while the differences between the PQCD
and “PQCD-+Lattice” predictions for B(B, — ¢€*
€7) with €= (p, 1) are small

(2) In the first low-g* bin 0.1 < g% < 2(GeV?), both the

PQCD and “PQCD-+Lattice” predictions for F{(¢ =
y) are larger than the LHCb measured results

FY (€= )| 15 = 0-207098 +0.02 [31]. For other bins,

both PQCD and “PQCD-+Lattice” predictions of Ff
for muon mode do agree very well with currently
available LHCb measured values [31] within 20
errors. It is worth of remaining that our theoretical

predictions of Ff have a little error of ~2% due to
the strong cancellation of the theoretical errors in
the ratios. The theoretical predictions for B(B, —
¢r*77) and F?(¢ =) in different bins of ¢ as listed
in Table 9 will be tested by future experimental
measurements

(3) For the observables S;,,, as listed in Table 10, the

PQCD and “PQCD-+Lattice” predictions for their
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TaBLE 9: Theoretical predictions for the g?-binned observables % (B, — ¢¢*¢") (in unit of 107) in the PQCD (the first low) and “PQCD
+Lattice” (the second row) approach, respectively. For a comparison, we also list the new LHCb measurements [33].

¢ bin(GeV?) B(l=p) LHCb B(l=T) F(l=u) LHCb F(i=1)
0.1, 2.0] 0.39%01¢ 1.11 +0.16 [31] _ 0.44170.007 0.20 £ 0.09 —
0.4073S = 04727301 _
20,5.0] 0.48"0:29 0.77+0.14 [31] _ 0.73870.008 0.68+0.15 B
0.587018 — 0.79620 007 _
5.0,8.0] 0.847037 0.96 + 0.15 [31] _ 0.584+0008 0.544 010 B
0.96702 — 0.682"7 g _
11.0,12.5] 0.78%3 071+0.12 [31] - 043375 65 0.29+0.11 —
076011 0.72+0.06 [33] — 0.524+0.008 B
115.0,17.0) 1.124340 0.90 +0.13 [31] 0.45%022 0.368"5:00! 0.23+0.09 0.42173:90
0.99"01 1.05+0.08 [33] 0.39°0.0 041275004 0.47910003
0.80703) 0.75+0.13 [31] 0.367013 0.34670501 0.40+0.14 0.36575003
[17.0,19.0] 0.67%002 0.82£0.07 [33] 029392 0.363+0.001 0.391°0001
110,6.0] 0.9340:22 1.29+0.19 [31] _ 07087027 0.63+0.09 B
1107533 — 0.777+0.008 _
115.0,19.0] 1.99%9 1.62 +0.20 [31] 0.82*939 0.35979-002 0.29+0.07 0.396"9:-90%
1.60701¢ 1.85+0.13 [33] 0.680.00 0.3945003 0442710002

TasLE 10: Theoretical predictions for the g*-binned observables S, ; of the decays B, — ¢u*u~ in the PQCD (the first low) and “PQCD
+Lattice” (the second row) approaches. For a comparison, we also list the LHCb measured values [31].

S; Ss S,
¢* bin (GeVZ) Theor. LHCb Theor. LHCb Theor. (1073) LHCb
0.1,2.0] 0.003*3500 -0.05+0.13 -0.054*3508 -0.27 +0.23 15717509 —0.04+0.12
- 0002735 0053 s

2.05.0] —0.024( 63 —0.06 +0.21 0.191%550; 0.47 +0.37 1.0650003 0.03+0.21
o ~0.02115%! 0,177 0.979°0017

5.0,.0] ~0.05723003 -0.10+0.25 0.270%5 065 0.10+0.17 0.45370.003 ~0.04+0.18
o 0.004 0.003 0.004
=0.050% 05 0.259% 003 0.453% 7005

11.0,12.5] —~0.124%743 -0.19£0.21 0.296"0 001 0.47 +0.25 0.153+0.002 0.00 +0.16
o 011555 R 0.185°2!

115.0,17.0] ~0.219"7 703 ~0.06+0.18 0.314705; 0.03+0.15 0.052+0.001 ~0.12+0.15
o ~0213% 0.323%30) 0.071700

[17.0,19.0] ~0.283"000; ~0.07£0.25 0.3250001 0.39+0.30 0.019+0.001 ~0.20+0.26
~0-281'551 0.329% o1 0.027+0.001

11.0,6.0] ~0.0267000; -0.02£0.13 0.18070 o4 0.19+0.14 1.063:0:001 0.03+0.14
o —0.023"550; 0.1690%! 0.985+0020

115.0,19.0] ~0.245%000; ~0.09£0.12 0.318001 0.14+0.11 0.038+0002 ~0.13+0.11

0.001 0.001 0.001
-0.239%00 0.325% 501 0.054*5:90!1
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TaBLE 11: Theoretical predictions for the ¢>-binned observables Afy and P, , of the decays B, — ¢€*¢~ with €= (4, 7) in the PQCD (the

first low) and “PQCD+Lattice” (the second row) approaches.

q’ bin (GeVZ) Afg Afp Py (t=p) P (t=1) Py(E=u) Py(t=1)
0120 01317503 - 0.015%55; - 020675501 -
[0.1,2.0] 0.122+0.003 . 0.013+0-001 . 0.204+0-001 .
-122-0.002 V120,001 -4V%_0.001
0.004 0.007 0.003
2.0.5.0 —~0.047%y 503 - =0.19774 007 - —=0.12874 503 -
[2.0.5.0] _0.038+0-001 o _().225+0:005 o _(.13270-002 _
-U96_0.002 “££9-0.006 -192-0.002
0.006 0.009 0.001
5.0.8.0 -0.265 " 00e — —0.280" 008 — -0.431% 001 —
[5.0.8.0] —0.2007+0-006 _(.323+0-003 _0.427+0-001
-“YY-0.006 - -943-0.004 - 227 _0.001 -
0.001 0.010 0.002
110,125 ~0.3657 001 — -0.440") 008 — -0.431*0:02 —
v ~0.298*0:005 — ~0.489'99% - ~0.420"3.%0! —
0.001 0.001 0.009 0.009 0.003 0.003
[15.0,17.0] =0.326"( o0, =0.188"5 o0y =0.697"4 006 =0.707"5 005 =0.345"5 o0y 034175 50y
~0.29025363 ~0.16025.503 ~0.73025 663 ~0.738%5 506 ~0.3302503 ~0.326%5504
0.002 0.001 0.005 0.005 0.002 0.003
[17.0,19.0] =0.226"4 503 =0.153"4 60 0869”4 003 =0.875"5 003 023175603 02257560

-0.208+0:504 -0.137+9:008

0.004
—0.884t0.004

~0.890*9:00° -0.21973:903 -0.21373:004

values in all bins are in the range of 107°-107! and
show a good agreement with the LHCb measured
values [31]. The errors of the theoretical predictions
are also very small, ~2% in magnitude, because of
their nature of the ratios. In all bins, the LHCb mea-
sured values of S , ; are still consistent with zero due
to their still large errors, which is a clear feature as
can be seen easily from the numerical values in
Table 10 and the crosses in Figure 3

In Tables 11 and 12, we show the PQCD and “PQCD
+Lattice” predictions for the physical observables Afy, P
and 13’4,5({’, =e,4,7) in six bins. These physical observables
could be tested in the near future LHCb and Belle-II
experiments.

5. Summary

In this paper, we made a systematic study of the semilep-
tonic decays B, — ¢€*€~ with € =(e”,u”,77) using the
PQCD and the “PQCD+Lattice” factorization approach,
respectively. We first evaluated all relevant form factors in
the low-g* region using the PQCD approach, and we also
took currently available lattice QCD results at the high-g*
points ¢* = (12,16,18.9) GeV?> as additional input to
improve the extrapolation of the form factors from the low
to the high-g* region. We calculated the branching ratios B
(B, —> ¢2*¢7), the CP-averaged ¢ longitudinal polarization
fraction F;(q?), the forward-backward asymmetry Agz(g%),
the CP-averaged angular coefficients S, ,,(4?), the CP asym-
metry angular coefficients A; ¢4 5(¢*), the optimized observ-
ables P,,5(q%), and P, (q?). For B,— ¢u'y~ decay
mode, we calculated the binned values of the branching ratio

B(B,— ¢u*u") and the observables F! and ;47 in the
same bins as defined by LHCb Collaboration [31] in order
to compare our theoretical predictions with those currently
available LHCb measurements bin by bin directly.

Based on the analytical evaluations, the numerical
results, and the phenomenological analysis, we found the
following main points:

(1) For the branching ratio B(B, — ¢u* ™), the PQCD
and “PQCD+Lattice” predictions are (7.077333) x 1
077 and (6.76*13%) x 1077, respectively, which agree
well with the LHCb measured values [31, 33] and
the QCDSR prediction within still large errors. For
the electron and tau mode, our theoretical predic-
tions for their decay rates are also well consistent
with the corresponding QCDSR predictions and to
be tested by future experimental measurements

(2) For the ratios of the branching ratios R;” and RgT,

the PQCD and “PQCD-+Lattice” predictions agree
with each other and with small theoretical errors
because of the strong cancellation of the theoretical
errors in such ratios. We suggest the LHCb and
Belle-II Collaboration to measure these ratios

(3) For the longitudinal polarization F;, both PQCD
and “PQCD+Lattice” predictions agree with the
LHCb measurements in the considered bins within
the errors. For the CP-averaged angular coefficients
S347> the PQCD and “PQCD+Lattice” predictions
in all bins are small in magnitude, in the range of 1
073-107%, and agree well with the LHCDb results
within the still large experimental errors. For the
CP asymmetry angular coefficients Ajg g9, the
PQCD and “PQCD-+Lattice” predictions are very
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TasLE 12: Theoretical predictions for the g*-binned optimized observables P',

PQCD (the first low) and “PQCD+Lattice” (the second row) approach.
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and P’y of the decays B, — ¢¢* €~ with €= (e, 4, 7) in the

q* bin (GeV?)

Ply(t=¢)

P,4(€ =)

Ply(t=1)

P's(t=¢)

P's(e=p)

P's(t=1)

0.005
—0.32275 505

0.005
—0.2897y 505

[0.1,2.0]
~0.318%0%! ~0.285'50)
0.007 0.007
[2.0,5.0] 00 IO
0.9169001 0.91677001
1.110°9.%3 111075505
[5.0,8.0] +0.002 +0.002
11275062 L1275001
0.002 0.002
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small, in the range of 10™-107%, and clearly consis-
tent with the LHCb measurements in the six bins

(4) For the physical observables Aly, P, 3, and P4,5,6,8’
the experimental measurements are still absent
now; we think that the PQCD and “PQCD+Lattice”
predictions for these physical observables will be
tested in the near future LHCb and Belle-II
experiments

Data Availability

All relevant data are from LHCb Collaboration as given in
References [31, 33].

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work (The preprint number of this paper is arXiv:
2011.11409 with the web link: https://arxiv.org/abs/2011
.11409) was supported by the National Natural Science
Foundation of China under (Grant Nos. 11775117 and
11235005).

References

[1] LHCb Collaboration, “Lepton flavor universality tests in
b—sI'T” decays at LHCb,” PoS ICHEP, vol. 69, 2018.

[2] LHCb Collaboration, “Test of lepton universality using
B"—K'I'T” decays,” Physical Review Letters, vol. 113, article
151601, 2014.

[3] LHCb Collaboration, “Test of lepton universality with B°
— K*I'I"  decays,” Journal of High Energy Physics,
vol. 1708, p. 55, 2017.

[4] M. Bordone, G. Isidori, and A. Pattori, “On the standard
model predictions for Ry and Rg.,” The European Physical
Journal C, vol. 76, no. 8, p. 440, 2016.

G. Hiller and F. Kruger, “More model-independent analysis of

b—s processes,” Physical Review D, vol. 69, no. 7, article

074020, 2004.

[6] G. Hiller and M. Schmaltz, “Diagnosing lepton-nonuniversality
in b— st8,” Journal of High Energy Physics, vol. 2015, no. 2,
p. 55, 2015.

[7] S.Descotes-Genon, J. Matias, and J. Virto, “Understanding the

B— K*u*y~ anomaly,” Physical Review D, vol. 88, no. 7,

article 074002, 2013.

[8] J. Matias, F._ Mescie_l, M. Ramon, and J. Virto, “Complete
anatomy of By — K*°(—Km)I*I” and its angular distribu-
tion,” Journal of High Energy Physics, vol. 2012, no. 4, p. 104,
2012.

[9] J. Matias and N. Serra, “Symmetry relations between angular
observables in B® — K*u*y~ and the LHCb P; anomaly,”
Physical Review D, vol. 90, no. 3, article 034002, 2014.

[10] S. Descotes-Genon, J. Matias, M. Ramon, and J. Virto, “Impli-
cations from clean observables for the binned analysis of B
— K*u*u~ at large recoil,” Journal of High Energy Physics,
vol. 2013, no. 1, p. 48, 2013.

[11] S.Descotes-Genon, T. Hurth, J. Matias, and J. Virto, “Optimiz-
ing the basis of B— K*II observables in the full kinematic
range,” Journal of High Energy Physics, vol. 2013, no. 5,
p. 137, 2013.

[12] LHCb Collaboration, “Measurement of form-factor-
independent observables in the decay B® — K*u*u~,” Physi-
cal Review Letter, vol. 111, article 191801, 2013.

[13] LHCb Collaboration, “Angular analysis of the B® — K* "~
decay using 3 fb~" of integrated luminosity,” Journal of High
Energy Physics, vol. 1602, p. 104, 2016.

(5

—_


https://arxiv.org/abs/2011.11409
https://arxiv.org/abs/2011.11409

22

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

(29]

(30]

(31]

Belle Collaboration, “Angular analysis of B® — K*(892)°¢*¢"
,” https://arxiv.org/abs/1604.04042.

S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto, “On the
impact of power corrections in the prediction of B— K*u*
u~ observables,” Journal of High Energy Physics, vol. 2014,
no. 12, p. 125, 2014.

A. Deandrea and A. D. Polosa, “The exclusive B,—¢u ™ pro-
cess in a constituent quark model,” Physical Review D, vol. 64,
no. 7, article 074012, 2001.

S. Dubnicka, A. Z. Dubnickova, A. Issadykov, M. A. Ivanov,
A. Liptaj, and S. K. Sakhiyev, “Decay B, — ¢€" €~ in covariant
quark model,” Physical Review D, vol. 93, no. 9, article 094022,
2016.

C. Q. Gengand C. C. Liu, “Study of B, — (11, %', ¢)¢€ decays,”
Journal of Physics G: Nuclear and Particle Physics, vol. 29,
no. 6, pp. 1103-1117, 2003.

C. Bobeth, G. Hiller, and G. Piranishvili, “CP asymmetries in
B— K" (—Kmn)2 and untagged B, B, — ¢(—K"'K")2¢
decays at NLO,” Journal of High Energy Physics, vol. 2008,
no. 7, p. 106, 2008.

P. Ball and R. Zwicky, “B;,—p,w,K*,¢ decay form-factors
from light-cone sum rules revisited,” Physical Review D,
vol. 71, no. 1, article 014029, 2005.

Y. L. Wu, M. Zhong, and Y. B. Zuo, “B,D,—,K,i,p,K*,w,¢
transition form factors and decay rates with extraction of the
CKM parameters |V, |, |V|, V.4l International Journal of
Modern Physics A, vol. 21, no. 30, pp. 6125-6172, 2006.

W. Altmannshofer and D. M. Straub, “New physics in b—s
transitions after LHC run I,” The European Physical Journal
C, vol. 75, no. 8, p. 382, 2015.

A. Bharucha, D. M. Straub, and R. Zwicky, “B — V€"€™ in the
standard model from light-cone sum rules,” Journal of High
Energy Physics, vol. 2016, no. 8, p. 98, 2016.

J. Gao, C. D. Lii, Y. L. Shen, Y. M. Wang, and Y. B. Wei, “Pre-
cision calculations of B—V form factors from soft-collinear
effective theory sum rules on the light-cone,” Physical Review
D, vol. 101, no. 7, article 074035, 2020.

S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto, “Global
analysis of b — s€€ anomalies,” Journal of High Energy Phys-
ics, vol. 2016, no. 6, p. 92, 2016.

R. Mohanta and A. K. Giri, “Study of FCNC mediated rare B,
decays in a single universal extra dimension scenario,” Physical
Review D, vol. 75, no. 3, article 035008, 2007.

Y. Li and J. Hua, “Study of B, — ¢¢*€~ decay in a single uni-
versal extra dimension,” The European Physical Journal C,
vol. 71, no. 9, article 1764, 2011.

Y. G. Xu, L. H. Zhou, B. Z. Li, and R. M. Wang, “Analysis of
B—¢u"p~ decay within supersymmetry,” Chinese Physics C,
vol. 37, no. 6, article 063104, 2013.

CDF Collaboration, “Measurement of the forward-backward
asymmetry in the B— K*)u* i~ decay and first observation
of the B — ¢u*y~ decay,” Physical Review Letter, vol. 106,
article 161801, 2011.

LHCb Collaboration, “Differential branching fraction and
angular analysis of the decay B" — ¢u*y~,” Journal of High
Energy Physics, vol. 1307, p. 84, 2013.

LHCb Collaboration, “Angular analysis and differential
branching fraction of the decay B® — ¢u*y=,” Journal of

High Energy Physics, vol. 1509, p. 179, 2015.

(32]

(33]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

Advances in High Energy Physics

LHCb Collaboration, “Precise measurement of the f,/f, ratio of
fragmentation fractions and of BY decay branching fractions,”
Physical Review D, vol. 104, article 032005, 2021.

LHCb Collaboration, “Branching fraction measurements of
the rare BY — ¢u*u~ and B — f1(1525)u*y~ decays,”
https://arxiv.org/abs/2105.14007.

LHCb Collaboration, “Angular analysis of the rare decay B
— ¢utp,” https://arxiv.org/abs/2107.13428.

S. P. Jin, X. Q. Hu, and Z. J. Xiao, “Study of B, — K(*)¢*¢~
decays in the PQCD factorization approach with lattice QCD
input,” Physical Review D, vol. 102, no. 1, article 013001, 2020.

Y. Y. Keum, H. N. Li, and A. I. Sanda, “Penguin enhancement
and B — K decays in perturbative QCD,” Physical Review
D, vol. 63, no. 5, article 054008, 2001.

C. D. Lu, K. Ukai, and M. Z. Yang, “Branching ratio and CP
violation of B— 77w decays in perturbative QCD approach,”
Physical Review D, vol. 63, no. 7, article 074009, 2001.

H. N. Li, “QCD aspects of exclusive B meson decays,” Progress
in Particle and Nuclear Physic, vol. 51, no. 1, pp. 85-171, 2003.

H.N. Liand S. Mishima, “Pion transition form factor in k. fac-
torization,” Physical Review D, vol. 80, no. 7, article 074024,
2009.

Y. Y. Fan, W. F. Wang, S. Cheng, and Z. J. Xiao, “Anatomy of
B — K#y'") decays in different mixing schemes and effects of
next-to-leading order contributions in the perturbative QCD
approach,” Physical Review D, vol. 87, no. 9, article 094003,
2013.

Y. Y. Fan, W. F. Wang, S. Cheng, and Z. J. Xiao, “Semileptonic
decays B— DIy in the perturbative QCD factorization
approach,” Chinese Science Bulletin, vol. 59, no. 2, pp. 125-
132, 2014.

A. Ali, G. Kramer, Y. Li et al, “Charmless non-leptonic B
decays to PP, PV and V'V final states in the pQCD approach,”
Physical Review D, vol. 76, no. 7, article 074018, 2007.

Z.]. Xiao, W. F. Wang, and Y. Y. Fan, “Revisiting the pure
annihilation decays B——n*n~ and B°—K'K: the data
and the pQCD predictions,” Physical Review D, vol. 85, no. 9,
article 094003, 2012.

W. F. Wang and Z. J. Xiao, “The semileptonic decays B/B;
—> (m, K)(I'I", v, v) in the perturbative QCD approach
beyond the leading-order,” Physical Review D, vol. 86, no. 11,
article 114025, 2012.

W. F. Wang, Y. Y. Fan, M. Liu, and Z. J. Xiao, “Semileptonic
decays B/B,— (1,11, G)(I'I", Iv,vv) in the perturbative
QCD approach beyond the leading order,” Physical Review
D, vol. 87, no. 9, article 097501, 2013.

D. C. Yan, P. Yang, X. Liu, and Z. J. Xiao, “Anatomy of
B,—— PV decays and effects of next-to-leading order contribu-
tions in the perturbative QCD factorization approach,”
Nuclear Physics B, vol. 931, pp. 79-104, 2018.

D.C.Yan, X. Liu, and Z. J. Xiao, “Anatomy of B.— V'V decays
and effects of next-to-leading order contributions in the per-
turbative QCD factorization approach,” Nuclear Physics B,
vol. 935, pp. 17-39, 2018.

M. Déring, U. G. Meifiner, and W. Wang, “Chiral dynamics
and S-wave contributions in semileptonic B decays,” Journal
of High Energy Physics, vol. 2013, no. 10, p. 11, 2013.

T. Kurimoto, H. N. Li, and A. I. Sanda, “Leading power contri-
butions to B—,p transition form-factors,” Physical Review
D, vol. 65, article 014007, 2001.


https://arxiv.org/abs/1604.04042
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2107.13428

Advances in High Energy Physics

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

(61]

(62]

(63]

(64]

[65]

(66]

(67]

(68]

C.D.Luand M. Z. Yang, “B to light meson transition form fac-
tors calculated in perturbative QCD approach,” The European
Physical Journal C, vol. 28, no. 4, pp. 515-523, 2003.

P. Ball, V. M. Braun, and A. Lenz, “Higher-twist distribution
amplitudes of the K meson in QCD,” Journal of High Energy
Physics, vol. 2006, no. 5, p. 4, 2006.

G. Buchalla, A. J. Buras, and M. E. Lautenbacher, “Weak
decays beyond leading logarithms,,” Reviews of Modern Phys-
ics, vol. 68, no. 4, pp. 1125-1244, 1996.

R. H. Li, C. D. Lu, W. Wang, and X. X. Wang, “B—S transition
form factors in the PQCD approach,” Physical Review D,
vol. 79, no. 1, article 014013, 2009.

S. R. Singh and B. Mawlong, “331-Z" mediated FCNC effects
on b—dyu*y~ transitions,” International Journal of Modern
Physics A, vol. 33, article 1850225, 2018.

B. Kindra and N. Mahajan, “Predictions of angular observables
for B, — K* €€ and B — p€€ in the standard model,” Physi-
cal Review D, vol. 98, no. 9, article 094012, 2018.

P. Nayek, P. Maji, and S. Sahoo, “Study of semileptonic decays
B—nal'I” and B—pl*l” in nonuniversal Z' model,” Physical
Review D, vol. 99, no. 1, article 013005, 2019.

K. G. Chetyrkin, M. Misiak, and M. Miinz, “Weak radiative B-
meson decay beyond leading logarithms,” Physics Letters B,
vol. 400, no. 1-2, pp. 206-219, 1997.

K. G. Chetyrkin, M. Misiak, and M. Munz, “|AF| = 1 nonlep-
tonic effective Hamiltonian in a simpler scheme,” Nuclear
Physics B, vol. 520, no. 1-2, pp. 279-297, 1998.

P. Gambino, M. Gorbahn, and U. Haisch, “Anomalous dimen-
sion matrix for radiative and rare semileptonic B decays up to
three loops,” Nuclear Physics B, vol. 673, no. 1-2, pp. 238-262,
2003.

C. Bobeth, M. Misiak, and J. Urban, “Photonic penguins at two
loops and m, dependence of BR(B—X/['I"),” Nuclear Physics
B, vol. 574, no. 1-2, pp. 291-330, 2000.

C. H. Chen and C. Q. Geng, “Baryonic rare decays of
A(b)—>AI'T",)” Physical Review D, vol. 64, no. 7, article
074001, 2001.

C. S. Lim, :F Morozumi, and A. I. Sanda, “A prediction for d
I'(b—> st)/dq* including the long distance effects,” Physics
Letters B, vol. 218, no. 3, pp. 343-347, 1989.

N. G. Deshpande, J. Trampetic, and K. Panose, “Resonance
background to the decays b — s¢*€”, B— K*¢*¢~ and B
—> K€*¢~,” Physical Review D, vol. 39, no. 5, pp. 1461-
1463, 1989.

A. Ali, T. Mannel, and T. Morozumi, “Forward backward
asymmetry of dilepton angular distribution in the decay b
—> s€78™,” Physics Letters B, vol. 273, no. 4, pp. 505-512,
1991.

P.J. O'Donnell and H. K. K. Tung, “Resonance contributions
to the decay b — s€*¢7,” Physical Review D, vol. 43, no. 7,
article 2067, pp. R2067-R2069, 1991.

A. Khodjamirian, T. Mannel, A. A. Pivovarov, and Y. M.
Wang, “Charm-loop effect in B— K*)[*I” and B— K*
y,” Journal of High Energy Physics, vol. 2010, no. 9, p. 89,
2010.

A. Khodjamirian, T. Mannel, Y. M. Wang, and Y. M. Wang,
“B—KI'I” decay at large hadronic recoil,” Journal of High
Energy Physics, vol. 2013, no. 2, p. 10, 2013.

I. Ahmed, M. J. Aslam, and M. A. Paracha, “Impact of Z "and
universal extra dimension parameters on different asymme-

[69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

23

tries in B, —> ¢€"¢" decays,” Physical Review D, vol. 88,
no. 1, article 014019, 2013.

W. F. Wang, H. N. Li, W. Wang, and C. D. Lu, “S-wave
resonance contributions to the B?s — Jiyn*n~  and
B—n'n p'u” decays,” Physical Review D, vol. 91, no. 9, article
094024, 2015.

W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M.
Straub, and M. Wick, “Symmetries and asymmetries of B
— K*u*u~ decays in the standard model and beyond,” Jour-
nal of High Energy Physics, vol. 2009, no. 1, p. 19, 2009.

D. Becirevic and E. Schneider, “On transverse asymmetries in
B— K*I*I",” Nuclear Physics B, vol. 854, no. 2, pp. 321-339,
2012.

U. Egede, T. Hurth, J. Matias, M. Ramon, and W. Reece, “New
physics reach of the decay mode B— K*™°€*¢",” Journal of
High Energy Physics, vol. 2010, no. 10, p. 56, 2010.

U. Egede, T. Hurth, J. Matias, M. Ramon, and W. Reece, “New
observables in the decay mode B, — K¢, Journal of
High Energy Physics, vol. 2008, no. 11, p. 32, 2008.

Particle Data Group, “Review of particle physics,” Physical
Review D, vol. 98, article 030001, 2018.

Y. M. Wang and Y. L. Shen, “QCD corrections to B— form
factors from light-cone sum rules,” Nuclear Physics B, vol. 898,
pp. 563-604, 2015.

F. Kruger and J. Matias, “Probing new physics via the trans-
verse amplitudes of B’ — K**(—K*m—)I'I" at large
recoil,” Physical Review D, vol. 71, no. 9, article 094009, 2005.
J. Gratrex, M. Hopfer, and R. Zwicky, “Generalised helicity
formalism, higher moments and the B— K ]K(—>K71)71l2
angular distributions,” Physical Review D, vol. 93, no. 5, article
054008, 2016.

H.Y. Cheng, C. K. Chua, and C. W. Hwang, “Covariant light-
front approach fors-wave and p-wave mesons: its application
to decay constants and form factors,” Physical Review D,
vol. 69, no. 7, article 074025, 2004.

W. Wang, Y. L. Shen, and C. D. Lu, “Covariant light-front
approach for B, transition form factors,” Physical Review D,
vol. 79, no. 5, article 054012, 2009.

Y. Y. Fan, Z. J. Xiao, R. M. Wang, and B. Z. Li, “The B—
D™y, decays in the pQCD approach with the lattice QCD
input,” Science Bulletin, vol. 60, no. 23, pp. 2009-2015, 2015.
X. Q. Hu, S. P. Jin, and Z. J. Xiao, “Semileptonic decays B,
— (1., J/y)1v; in the “PQCD + Lattice” approach,” Chinese
Physics C, vol. 44, no. 2, article 023104, 2020.

X. Q. Hu, S. P. Jin, and Z. J. Xiao, “Semileptonic decays B/B,
— (D), D{*))1v, in the PQCD factorization approach with
the lattice QCD input,” Chinese Physics C, vol. 44, no. 5, article
053102, 2020.

C. Bourrely, L. Lellouch, and I. Caprini, “Model-independent
description of B—mwlv decays and a determination of |V |,”
Physical Review D, vol. 79, no. 1, article 013008, 2009.

D. Leljak, B. Melic, and M. Patra, “On lepton flavour universal-
ity in semileptonic B,—#,,J/'¥ decays,” Journal of High Energy
Physics, vol. 2019, no. 5, p. 94, 2019.

R.H.Lij, C. D. Lu, and W. Wang, “Transition form factors of B
decays in top-wave axial-vector mesons in the perturbative
QCD approach,” Physical Review D, vol. 79, no. 3, article
034014, 2009.

U. O. Yilmaz, “Analysis of B, — ¢£"¢~ decay with new phys-
ics effects,” The European Physical Journal C, vol. 58, no. 4,
pp. 555-568, 2008.



24

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

Y. Q. Peng and M. Z. Yang, “Study of semileptonic decay of

B? —> ¢I'I” in QCD sum rule,” Communications in Theoreti-

cal Physics, vol. 72, no. 9, article 095201, 2020.

D. Melikhov and B. Stech, “Weak form factors for heavy
meson decays: an update,” Physical Review D, vol. 62, no. 1,
article 014006, 2000.

R. N. Faustov and V. O. Galkin, “Rare B, decays in the relativ-
istic quark model,” The European Physical Journal C, vol. 73,
no. 10, p. 2593, 2013.

C.D. Lu, W. Wang, and Z. T. Wei, “Heavy-to-light form fac-
tors on the light cone,” Physical Review D, vol. 76, no. 1, article
014013, 2007.

F. Su, Y. L. Wu, Y. B. Yang, and C. Zhuang, “Charmless
B,—PP,PV,VV decays based on the six-quark effective Hamil-
tonian with strong phase effects II,” The European Physical
Journal C, vol. 72, no. 3, article 1914, 2012.

R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, “Lattice QCD
calculation of form factors describing the rare decays B —
K*¢*¢" and B, —> ¢€*€",” Physical Review D, vol. 89, no. 9,
article 094501, 2014.

C.D. Lu, Y. L. Shen, Y. M. Wang, and Y. B. Wei, “QCD calcu-
lations of B—,K form factors with higher-twist corrections,”
Journal of High Energy Physics, vol. 2019, no. 1, p. 24, 2019.

A. Bharucha, T. Feldmann, and M. Wick, “Theoretical and
phenomenological constraints on form factors for radiative
and semi-leptonic B-meson decays,” Journal of High Energy
Physics, vol. 2010, no. 9, p. 90, 2010.

D. Bigi and P. Gambino, “Revisiting B — Dev,” Physical
Review D, vol. 94, no. 9, article 094008, 2016.

BaBar Collaboration, “Direct CP, lepton flavor and isospin
asymmetries in the decays B— K(*)€*0",” Physical Review
Letter, vol. 102, article 091803, 2009.

S. Descotes-Genon and J. Virto, “Time dependence in B— VIl

decays,” Journal of High Energy Physics, vol. 2015, no. 7,
p. 45, 2015.

Advances in High Energy Physics



	Study of Bs&xrarr;&phi;ℓ+ℓ− Decays in the PQCD Factorization Approach with Lattice QCD Input
	1. Introduction
	2. Kinematics and Theoretical Framework
	2.1. Kinematics and Wave Functions
	2.2. Effective Hamiltonian for b&xrarr;sℓ+ℓ− Decays
	2.3. Bs&xrarr;&phi; Transition Form Factors

	3. Observables for Bs&xrarr;&phi;ℓ+ℓ− Mode Decays
	4. Numerical Results and Discussions
	4.1. The Form Factors
	4.2. Numerical Results
	4.3. The q2-Binned Predictions

	5. Summary
	Data Availability
	Conflicts of Interest
	Acknowledgments

