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Encouraged by the global agreement between theoretical predictions and experimental measurements for
B — J/yV decays, we extend that perturbative QCD formalism to BY | — J /y f(500)[f(980)] decays at
the presently known next-to-leading order in the quark-antiquark description of f,(500) and f;(980). With
the angle ¢, ~ 25° of the f(500) — f,(980) mixing in the quark-flavor basis, we find that the branching

ratios of the B — J/yf((500)(— z*z~) and B — J/yf((980)(— n"x~) modes generally agree with
the current data or the upper limits within uncertainties, except for the seemingly challenging B? —
J/wfo(500)(— ztz~) one. Then, we further explore the relevant observables of the B?z,x -

J/wfo(500)[fo(980)] decays, which could provide further constraints on the mixing angle ¢, and/or
SU(3) flavor symmetry breaking effects. As a byproduct, we predict BR(BY — J/yf((980)(— K*K~)) =
58733 x 1077 and BR(BY — J/wf(980)(— K*K™)) = 4.673% x 107>. All theoretical predictions await

the future examinations with high precision.

DOI: 10.1103/PhysRevD.100.013006

I. INTRODUCTION

It is well known that the golden modes Bg — J/wKgand
BY — J/y¢ in the heavy b flavor sector provide an ideal
ground to test the standard model(SM) and search for the
possible new physics beyond SM. Because of the expected
small penguin pollution, the above two decays can usually
offer good opportunities to extract the weak phases ¢, and
¢, lor the Cabibbo-Kobayashi-Maskawa (CKM) angles /3,
and f,] from the indirect CP-violating asymmetries in the
neutral BY — BY and BY — BY mixings, respectively. Note
that the significant nonzero deviations experimentally to
the SM predictions for the interesting sin¢, and sin ¢,
would indicate the exotic new physics beyond SM, and
especially the latter one is of great interest. However, it is
stressed that the BY — J/y¢ final state contains two vector
mesons, which lead to a mixture of CP-even and CP-odd
eigenstates; then a complicated angular decomposition is
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required to analyze the relevant observables. Consequently,
the extraction of the BY — BY mixing phase ¢, suffers from
large errors. Therefore, some new alternative channels are
proposed and, in particular, the BY — J/yf,(980) [For
simplicity, f,(980) is abbreviated as f, in the following
context unless otherwise stated.] is believed to have the
supplementary power to significantly reduce the error of ¢,
[1-3]. The underlying reason is that f, is a 0" " scalar state
[for example, see the minireview on scalar mesons coming
from the Particle Data Group (PDG) in [4]], and thus the
final state J/w f, is a CP eigenstate, which means that,
relative to the BY — J/w¢ channel, there are no needs to
perform an angular analysis, and therefore the relevant
analysis is simplified greatly. Indeed, this point has been
proven in the relevant measurements, for example, the
latest one in Ref. [5].

Presently, this alternative channel BY — J/y f, has been
searched through the resonant contribution with f, —
xtx~ by a variety of groups experimentally. Meanwhile,
the expected mixing partner f,(500), like 7 — ' mixing in
the pseudoscalar sector, was examined in the Bg —
J/wfo(500) decay [hereafter, f,(500) is denoted as o
for convenience] by the Large Hadron Collider beauty
(LHCDb) Collaboration also through resonance studies [6,7].
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The available measurements of branching ratios for the
considered BY — J/wo and BY — J/yf, decays are as
follows [4,7-9],

BR(BY — J/wfo(500), fo — ntn~) = 8.87Z x 107,
(1)

BR(BY — J/yf(980), fo = ntn~) = 1.28718 x 107
(2)

The precision of relevant measurements will be rapidly
improved along with more and more data samples collected
at the LHCb and/or Belle-II experiments in the near future.
Moreover, the upper limits for BR(BS - J/yf,) and
BR(BY — J/wo) are also made currently by the LHCb
Collaboration as follows [6,10]:

BR(BY — J/wfo(980), fo = 777)
=6.1137 x 1077 < 1.1 x 1075, 3)

BR(BY — J/wfy(500), fo » nta) <4x 1075 (4
It is necessary to stress that the LHCb results for B? decays
correspond to the time-integrated quantities, while theory
predictions refer to the branching fractions at t =0 [11],
and may differ by 10%.

Furthermore, an interesting ratio Ry ,, between the
branching ratios of the alternative BY — J/yf, and the
golden BY — J/w¢ channels is defined as [1]

BR(B) = J/wfo,fo = 7"n")
BR(BY —» J/wp,¢p - KTK™)’

Rfo/‘/’ = (5)

which has been measured by various groups and the related
results are collected as the following [9,12—15],

BR(B? = J/yfo, fo— ntn™)
BR(BY = J/yd, ¢ — K K°)

Ryyp =

0.252109%%  (LHCb)
0.257709%  (CDF),
=< 02751093 (DO), (6)
0.140706%  (CMS),
0.207-001¢  (HFLAV)

Meanwhile, another ratio between BR(BY — J/w fo, fo —
7t7~) and BR(B? — J/w¢) from different groups is read
as follows [4,9,13,14,16],

BR(B) = J/yfo.fo = n'n")
BR(BY — J/y¢)
0.06910013  (CMS),
0.139700%  (LHCb),
0.1351003¢  (DO),
0.126790013  (CDF),
(
(

0.119°0917  (PDG Fit),

0.111703%  (PDG Average).

These data would be helpful to explore the dynamics
involved in the BY — J/yf, decay and to identify the
inner structure or the components of the scalar f state.

It is believed that light scalars below 1 GeV could play
an important role to help understand the QCD vacuum
because of their same quantum numbers J7¢ = 0+ [17].
But, it is unfortunate that the inner structure of these light
scalars such as ¢ and f/) is presently hard to understood well
due to the complicated nonperturbative QCD dynamics.
Therefore, the interpretation of their components is far from
being straightforward and still in controversy; e.g., see
reviews [4,18-23]. Alternatively, however, the production
of o and f in the heavy Dy), B(y), even B. meson decays
could provide another insight into their inner structure. In
particular, the By — J/wo(fy) decays could be more
favored because they contain few topologies of Feynman
diagrams, as well as the expectantly small penguin pollu-
tion. For example, Stone and Zhang ever suggested in
Ref. [24] that these channels could be used to discern the
qq or tetraquark nature of scalars, and an upper limit of the
mixing angle between ¢ and f) was provided with the help
of BY — J/ywo and BY — J/y f decays as 29° at 90% con-
fidence level for the ¢ and f) being ¢4 states.

On the theoretical side, some of these BY | — J/yo(fo)
modes have been investigated to a different extent with
different methods/approaches in the literature [17,25-35],
and, in particular,

(a) Colangelo et al. studied the B — J/yf, decay by
using the light-cone QCD sum rule and factorization
assumption in Ref. [25] with leading order prediction
BR(BY - J/wfy) =3.1 £2.4 x 107* and the next-
to-leading order (NLO) one BR(B? — J/yfy) =
5.34+3.9 x 107, and using generalized factorization
and SU(3) flavor symmetry in Ref. [26] with different
branching ratios 4.7+£1.9x 107* and 2.040.8 x 1074,
respectively. Notice that here fj was assumed as a pure
s§ state.

(b) By assuming f as an s§ state, Leitner et al. estimated
the BY — J/y f, decay rate around 5.0 x 10~ in the
QCD factorization approach [27], based on reproduc-
tion of the data about BR(BY — J/y¢).

(c) Fleischer et al. showed the anatomy of Bg’s -
J/wfo in Ref. [28] by considering the ¢g and
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tetraquark pictures of the f, state. And they
obtained the branching ratios with different mixing
angles @, in the conventional two-quark picture:
BR(B? - J/wfo)l g0 = 1.9 % 10~ and BR(BY —
/W fo)ly,—are =48> 107" by using factoriza-
tion approximation and SU(3) flavor symmetry.
Meanwhile, the BY — J/yfo(— ntn~) decay rate
~1.657035 x 107 was also predicted.

(d) Under the assumption of two-quark structure and
the o — f, mixing, Li et al. studied the B? —
J/wo(fy) decays with a mixed “QCD factorization
plus perturbative QCD (PQCD) factorization” ap-
proach [29] and predicted the branching ratios
BR(B? — J/yf,) = 243103 x 10 and BR(B! —
J/wo) = 4721082 x 107, corresponding to the mix-
ing angle ¢, about 1-34°,

In light of the current measurements on various observ-
ables performed by the LHCb Collaboration with good
precision, it is essential to make a systematic investigation
on all of the BY | — J/wo(f,) modes. Encouraged by the
global agreement between the data and the theoretical
predictions in the PQCD approach [36-39] on the B —
J/wV decays at the NLO accuracy [40], we extend that
formalism to the B — J/wo(f,) decays in the quark-
antiquark description of ¢ and f, with including the known
NLO corrections in a, namely, the vertex corrections. It is
well known that, as one of the popular factorization
methods based on QCD dynamics, the PQCD approach
has been widely employed to calculate the hadronic matrix
elements in the nonleptonic decays of heavy b quark
mesons. Because of the introduction of the Sudakov factors
arising from k7 resummation [41,42] and threshold resum-
mation [43,44], respectively, the PQCD approach could be
utilized to compute the nonfactorizable emission and the
annihilation diagrams safely, apart from the factorizable
emission ones. With the perturbative calculations of both
tree and penguin amplitudes in the PQCD approach, we
could provide the predictions on the observables such as the
CP-averaged branching ratios, the CP-violating asymme-
tries, and so forth with much more reliability. Hence, these
reliable calculations would help us to further investigate the

[

Jy

d d

o(f)
d

impact of the penguin contributions to the CP asymmetry
measurements, even the extraction of weak phases ¢, ;, and
explore the useful information such as the mixing angle ¢,
between the mixtures of o and f, if they are really the ¢g
mesons.

The rest of this paper is organized as follows: After this
introduction, Sec. II is devoted to the analysis of decay
amplitudes for the BY | — J/wo(f,) modes in the PQCD
approach. The essential nonperturbative inputs are also
collected in this section. The numerical results and phe-
nomenological analyses for the CP-averaged branching
ratios, CP-violating asymmetries, and other interesting
observables of the considered decays are given in
Sec. III. As a byproduct, we also present the CP-averaged
branching ratios of Bg“Y — J/wfo(— KTK™) decays in this
section. We summarize this work and conclude in Sec. IV.

1. DECAY AMPLITUDES OF B} — J/yo(fy)
AND ESSENTIAL INPUTS

Similar to BY  — J/yn(n') decays in the pseudoscalar
sector [45], the leading quark-level Feynman diagrams
contributing to the BY — J/yo(f,) decays have been
illustrated in Fig. 1. Before writing down the decay
amplitudes of the considered BS’S — J/wo(f,) channels,
it is essential to make some remarks on the mixing between
o and f,. Analogous to the  — 7 mixing, this scalar ¢ — f
mixing can also be described by a 2 x 2 rotation matrix
with a single angle ¢, in the quark-flavor basis, namely,

<0') _ <Cos¢f —sin(ﬁf)(fq) (8)
fo sing;  cos¢y )

with the quark-flavor states f, = %j

Various mixing angle ¢, measurements have been derived
and summarized in the literature with a wide range of
values; for example, see Refs. [28,46-48]. However, it is
worth of pointing out that, based on the recent measure-
ment and the accompanied discussion performed by the
LHCb Collaboration [6], the upper limits |¢;| < 31° have
been set for the first time in the B meson decays with a

and f, = ss.

C

Jy

o(f,)
S

FIG. 1. Leading quark-level Feynman diagrams contributing to the B?,,S — J/wo(f,) decays.

013006-3



LIU, ZOU, LI, and XIAO

PHYS. REV. D 100, 013006 (2019)

two-quark structure description of ¢ and f. Therefore, in
other words, the agreement of CP-averaged branching
ratios for the Bg’s — J/wo(f,) decays between the exper-
imental measurements and the PQCD predictions in this
work is expected to provide some useful information to
further constrain the possible range of this ¢, angle.
According to the aforementioned mixing pattern, the
BSS — J/wo(fo) decay amplitudes could then be written
explicitly with the help of BO = J/wf s as follows,

A(BY — J/wo) = AB) = J/wf,) -coss,  (9)
A(By = J/wfo) = ABy — J/yf,) -sinds  (10)
= A(BY = J/wf,) - (=singy), (11)

A(BY — T/yfo) =

A(BY = J/yo)
A(BY = JJwf,) cospy,  (12)
which yield the following relations:

|A(BY = Jfwo) > + |A(BG = Ty o)l
= |A(Bg = J/wf,)I%. (13)

|A(BY = J /o) + |A(BS — T /wfo)
= |A(BY = J/wf,)P. (14)

Here, the decay amplitudes of B?!(s) decaying into the flavor
state fy(y)
BS(S) — J/ww(¢p) modes correspondingly in the PQCD

could be easily obtained from those in the

approach, which is clarified later. These formulas indicate
that the theoretically reliable estimates of the perturbative
and nonperturbative QCD dynamics in the BS(S) -

J / l//f q(s)
Bj, — J/wo(fo) decays experimentally, and vice versa.
It is worth mentioning that the wave functions associated
with light-cone distribution amplitudes that describe the
hadronization of valence quark and valence antiquark in a
meson are the only nonperturbative inputs in the PQCD
calculations and are processes independent. It is fortunate
that the nonperturbative QCD dynamics of the above-
mentioned initial and final hadrons has been investigated in
the literature.

(a) It is remarked that the B — J/ywP(V) decays [P(V)
stands for the light pseudoscalar (vector) mesons] have
been studied in the PQCD approach at the NLO
accuracy [40,45,49-52] with the same wave functions
and distribution amplitudes for the heavy Bg,s and J/y
mesons. Furthermore, the general consistency between
theory and experiment in the SM for the branching
ratios of those considered decays has been obtained.
Thus, in this work, we adopt the same wave functions
and distribution amplitudes of Bg’s and J/y as those

modes are very important to understand the

used in, for example, Ref. [40] and references therein,
as well as the relevant hadronic parameters.

(b) For the scalar flavor states f, and f, the light-cone
wave function can generally be defined as [53]

Oy, (%) = \/W{ (D14 (0 +my, b7, (2)

+my (/o) =g (x)}ape (15)

where Nc7 ¢fq(s)

the color factor, the leading twist, and twist-3 distri-
bution amplitudes, the mass of f(,), the dimensionless
lightlike unit vectors n = (1,0,07) and v = (0, 1,07),
and the color indices, respectively, while x denotes the
momentum fraction carried by the quark in the meson.
The light-cone distribution amplitudes up to twist 3
as shown in Eq. (15) have been investigated in the
QCD sum rule technique] [53] with the contributions
arising from only the odd Gegenbauer polynomials,

S.T
,and ¢fq<s) Sy and v, and a, f are

Pro = fz—% {6x(1 = 0)[BI" ()¢ (20 - 1)
+ B9V ()3 (2x - 1))}, (16)
b}, = 5 \/Wf Fuw (1)
! =T, W20, (17)

2\/2N

where the scalar decay constants f s, () and fr.(w)

and the Gegebnbauer moments Bfg) (u) at the nor-
malization scale y = 1 GeV are as follows [53]:

Fr =035GeV,  f; ~033GeV: (18)

B! =-092+008,  B!=-1.00+0.05,
Bj,~08B!,. (19)

The expressions for the Gegenbauer polynomials
C?(t) and CY*(r) can be found explicitly, for
example, from Egs. (A8) and (A10) in Ref. [54] with
A=13/2.
The related weak effective Hamiltonian H.; for the
Bg(y) — J/wf s decays mentioned above can be written

as [55]

'Because of charge conjugation invariance or conservation of
vector current, the neutral scalar ¢ and f, mesons cannot be
produced through the vector current, which, consequently,
results in the zero values of their vector decay constants, i.e.,

fr,=Fr =0.
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Gr

H eff = \/5

{v:,,vcg[c ()05 (1) + Ca(1) 05

ViV [Zc (20)

00| } + He.

with the Fermi constant G = 1.16639 x 10~ GeV~2, the light Q = d, s quark, and Wilson coefficients C;(u) at the

renormalization scale p. The local four-quark operators O;(i =1, ...,

(1) current-current (tree) operators

OT = (Qacﬁ)V—A (c_/)’ba)V—Av

(2) QCD penguin operators

05 = (Qaba)v—AZ(%q/ﬁ)V—Av
ql
05 = (Quba)v-a)_(@pa))vsa-
ql
(3) electroweak penguin operators

07 =5(04b )v-AZ%’(%‘ﬂ;)H&
q/

l\)lw le

(Qa a V Aze Qﬂqﬂ V-A»

with the notations (7'q’)y., = ¢'7,(1 £75)q’. The index
¢’ in the summation of the above operators runs through u,
d, s, ¢, and b. The standard combinations a; of Wilson
coefficients are defined as follows,

G

C
01:C2+—, ?,

1

3
C.

a; = C; +'Ti1(i = 3-10),

a2=C1+

(24)

where the upper (lower) sign applies, when i is odd (even).
It should be mentioned that, similar to B — J/yV decays
[40], the NLO Wilson coefficients C;(i = 1, ..., 10) and the
strong coupling constant o, at two-loop level with AS%D =
0.225 GeV [55] are adopted in the calculations of the
B(c)i(s) — J/wf () decay amplitudes.
As for the decay amplitudes of BS[(S> - J [wfq(s), we
adopt Fy, and M, to stand for the contributions of
factorizable emission and nonfactorizable emission dia-
grams from (V — A)(V — A) operators. The explicit expres-
sions of these two Feynman amplitudes Fy, and M, s, can
be obtained by replacing the distribution amplitudes ¢,,4)
and ¢;E p) in the BZ(S) — [J/ww ()], mode (L stands for
longitudinal polarization), i.e., Egs. (37) and (40) in [40],
with those ¢ o and 45;;1)
masses of the light mesons should be replaced correspond-
ingly too. Therefore, for simplicity, we do not present the

correspondingly. Meanwhile, the

10) are written as

0; = (Q_aca)v—A(C_p’b/i)V—A§ (21)
04 = (Qabﬂ)v—AZ(%(]ﬁz)v—A»
q/
O = (Qabﬂ)v—AZ(qlﬁ%)WA? (22)
q/
= _(Qabﬁ —AZ Qﬂqa V+A»
Oy = 5 (Qab/i)v-Azeq’(%q/a)v-m (23)

q/

factorization formulas of Fy, and M, for the By —
J/wfs) decays in this work. The readers can refer to
Ref. [40] for detail.

By taking various contributions from the relevant
Feynman diagrams into consideration, the total decay
amplitudes for B0 — J/wf ) channels are given as

A(B?,(S) - J/l//fq(x))
=Fref iy AVipVea)@a = Vi Via) (@3 + as + ag + ao) t
+ Mnfe{vzbvcd(s)CZ - V:thd(s)(C4 - C6 - C8 + C]O)}’
(25)

where a; stands for the effective Wilson coefficients that
include the contributions arising from the vertex corrections
at NLO level. The explicit expressions of &; can be found in
the Appendix.

III. NUMERICAL RESULTS AND DISCUSSIONS

We present the theoretical predictions about the interest-
ing observables such as CP-averaged branching ratios and
CP-violating asymmetries for those considered Bg.s -
J/wo(f) decay modes in the PQCD approach. In numeri-
cal calculations, central values of the input parameters are
used implicitly unless otherwise stated.

The masses (in units of GeV) and Bg’s meson lifetime (in
ps) are taken from Refs. [4,53],

013006-5
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my = 8041,
my = 1.02,

mp = 528,
m. = 1.5,

mg =537,
mj/w == 3097,

my = 48,
75, = 1.520,

my = 0.99;
7, = 1.509. (26)
For the CKM matrix elements, we adopt the Wolfenstein parametrization up to corrections of ()(4°) and the updated
parameters A = 0.836, 1 = 0.22453, p = 0.122790018  and 77 = 0.355700!2 [4].

By employing those decay amplitudes, i.e., Egs. (9)—(12) and Eq. (25), the formulas of branching ratios for the
considered BY | — J/wo(f,) decays can be written as

BR(BY, — J/wo(fo)) = 2 T (BY, — J/volfy))

GFm 0

_ d(s) d,s 2
- TB?I(.v . N Q)O'-fo N (27)

—CR . 0 )
) 167 |A(By, — J/WG(fo))/mBg(s)

where ™ is the lifetime of Bg(s) meson and <I>ffj}0 stands for the phase space factors of B?‘,ﬁ_Y — J/wo(f,) decays,

OF ) = Pmpy /Mg mo(,) /M),

with ®(x,y) = /[T = (x + W] = (x =377 (28], m, =
0.5 GeV, and m; = 0.98 GeV.

As discussed in the literature, up to now, the mixing
angle ¢, between the mixtures of ¢ and f could not be
determined definitely yet and is still in controversy. Various
values and/or ranges have been analyzed; e.g., see
Ref. [28,48] and references contained therein. However,
based on lots of measurements via resonance investigations
on the BY . — J/wo(fy) decays as presented in Eqgs. (1)-
(4), it may be more interesting to consider the depen-
dence of the CP-averaged branching ratios of ngs -
J/wo/fo(— ntx~) with the angle ¢, in the PQCD
approach, which would hint effectively at the acceptable
value of ¢, in this work. Certainly, different from the
corresponding quasitwo-body decays [32], the o/f) —

~ decay rate is regarded as an input in this work.

It is noted that the f; is an elusive object that
decays largely into ztz~ but also decays into KTK~.
By combining the BABAR measurements about the B —
KKK,Knn decays and the BES measurements about
w(2S) = yxeo(= fofo) decays with either both f
decaying into ztz~ or one into z*z~ and the other into
K™K~ pairs [56-59], the average of these two measure-
ments could give [6]

|

‘D?}(fo) = D(myy, /mpo, Mgz /Mpo), (28)
|
_B(fo _)K+K_> 0.15
R Blfom ) e )

which results in the following branching ratios explicitly:

B(fo = n*n7) = 0452007,
B(fo — K*K™) = 0.1670%¢; (30)
by employing the formulas B(fo—ntn) = ﬁ and

B(fo» KTK™) = 4R+3 [28]. Here, the dominance of f
decaying into zz and KK is assumed, and the only other
decays are also assumed to z°7°, half of the # 7~ rate, and to
K%K, taken equal to K™K~ For the ¢ meson, it is assumed
that the only decays are into two pions. Then, following from
the isospin Clebsch-Gordan coefficients, the ¢ — 7z~
decay rate could be obtained as £ 2 In order to estimate the
uncertainties fromo — 7t 7~ decay, the variations with 10%
of the central value, i.e., B(c — n"77) ~0.67 £+ 0.07, are
taken into account in the following estimations.

Therefore, armed with B(fy— z*z~) and B(c -zt 7™),
the BY — J/wo/fo(— ntn~) decay rates varying with
the mixing angle ¢, could be further written theoretically
as [60]

BR(BY — J/wo,06 — n"n~) =BR(BY — J/yo)B(oc — ntn")
o Tpo -d>§-m;2 . |A(Bg—>J/y/fq)/mé2|2-cosz¢f, (31)

BR(BO = J/wfo. fo »atn )

BR(BY — J/wfo)B(fo— ntn7)

o Ty - O -y - [A(Bg =~ J [y f )/ mi | - sin’y; (32)

BR(B? = J/yo,6 > ntn7)

x 7o - Dp -

=BR(B? = J/yo)B(c - ntn™)
Wl LAGBY = I f ) i P - sind, (33

013006-6
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173
>

— — [ [
> wn = wn
T T T

BR(BY-J/po] fo-Jjpn*77)[107°]
wm

=l

#5[°]

FIG. 2. Dependence on the mixing angle ¢, of the central values for BR(BY

red solid (blue dashed) line corresponds to the B0 = J/yo(— ntn

173
>

— p— %) N
> n S n
T T T
o,
.

BRB=J/a/ fy»Ipn*a)[107°]
wm
~ Vi
0'.
\0

=l

50

0s = I/ x//a/ fo = J/wxtz™) in the PQCD approach: The
“)[BY—J / wfo(— m"x~)] decay, and the magenta dotted (gray dot-

dashed) line corresponds to the B — J/ 1//0(—> at77) [BY = J/yfo(— nta)] decay, respectively.

BR(BY — J/wfy. fo = ntn~) =BR(BY

aTB?'(D} m

By employing the decay amplitudes and the hadronic
inputs, we plot the CP-averaged branching ratios in the
PQCD approach at the known NLO level of B as — J/wo/
fo(— ntx~) decays depending on the angle ¢y, which can
be seen explicitly in Fig. 2. Here, the central values of the
relevant branching ratios varying with ¢, are presented for
clarification. By comparing with the data as shown in
Egs. (1)—(4), one can easily observe the overall consistency
between experiment and theory of BR(B‘{}’S > J/yo/fo(—
ntx~)) around ¢y ~25° with a twofold ambiguity from
|

= J/wfo)B(fo = nta”)

|A(B° - J/wf, )/m30|2 cos’¢;. (34)

|
Fig. 2. Frankly speaking, this twofold ambiguity cannot be
resolved in these considered Bg.s — J/wo(fy) decays
because there are no any interferences between the final
states J/wf, and J/y f . That means it tends to be resolved
through the studies of other B — Mo(f,) decays with M
denoting the open-charmed or light hadrons, once the
related measurements are available with high precision.

Then, within theoretical uncertainties, the NLO PQCD
predictions of BR(BY, — J/yo(fo).o(fo) > ntn~) at
¢ s ~25° can be read as follows:

BR(BY — J/yo,0 — n"

BR(BY — J/wfo.fo = ntn~) = 1.30193% (wp)

BR(BY - J/wfo, fo = ntn) = 1.64703 (wp)

BR(B) — J/yo,0 - n'n") = 4561113 (wp)

77) = 1221530 (08) 1017 (F1) 2029 (BY) 021 (a:) 113 (B;) x 1073
= 1.2270%0 % 107, (35)
Lot (F1p) 2027 (B]) 1023 (ar) 154 (By, ) x 107
= 1.3075%% x 107%; (36)
B (Frp) 1036 (BY) 1024 (a) 1073 (By, ) x 1076
= 1.647081 % 1076, (37)
1063 (Fapw) 03 (BY) 0356 (a) 1635 (B,) x 1073
= 4.561730 % 1075, (38)

The dominant errors are induced by the shape parameter
wp = 0.40 £ 0.04(wp = 0.50 £ 0.05) GeV for the BY(BY)
meson, the decay constant f;,, = 0.405 £ 0.014 GeV for
the J/w meson, the Gegenbauer moments BY" [see
Eq. (19)] in the leading-twist light-cone distribution
amplitude of light scalar f,  states, and the branching

|
ratios B,/ ..+, respectively. Furthermore, we also in-
vestigate the higher order contributions simply through
exploring the variation of the running hard scale 7,
i.e., from 0.87 to 1.2¢ (not changing 1/b;,i =1, 2, 3), in
the hard kernel, which has been counted into one of the
sources of theoretical uncertainties. In every second line of
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the above equations, various errors have been added in
quadrature.

It is worthwhile to stress that, within still large uncer-
tainties, the NLO PQCD predictions about the B0
J/wo(— ntz~) and BY  — J/yfo(— n*n~) decay rates
are generally consistent with the current data or upper
limits, except for the seemingly challenging BY — J/wo(—
ntz~) one. Nevertheless, roughly speaking, the theoretical
prediction of BR(B? — J/wo(— ntn~)) could agree with
the current upper limits within 3¢ (not to be confused with
the o meson) standard deviations. Of course, more relevant
studies are demanded theoretically and experimentally.

In order to find more evidences for the consistency
between theory and experiment under the assumption
of 0 — f, mixing in the conventional two-quark structure,
it is better for us to study the relative ratios of the
above-mentioned branching ratios over those of the
referenced channels such as the preferred BR(BY — J/
w¢(— KTK™)), because the effects induced by the uncer-
tainties of nonperturbative inputs are expected to be
canceled to a great extent. This cancellation can also be
easily observed in the quantities such as CP-violating
asymmetries that are clarified later. Therefore, following
Egs. (5)—(7), the relative ratio Rf \4(7) in the PQCD

approach at NLO accuracy could be easily obtained as

R () = BR(B = J/wfo)B(fo = #"77)
fol " BR(BY — J/wp)B(¢p - KTK™) |pgcp
= 0.258709%2, (39)
and
BR(BY —» J , T
(By — /Ollffo fo—nta) _ 0-126t8.'8218’ (40)
BR(Bs - J/’/"ﬁ) PQCD

assisted with the available values BR(BY — J/y¢) lpocp =
1.027038 x 1073 [40] and B(¢— K*K~)=0.492+0.005
[4]. These two ratios are found to agree well with the
measurements as shown in Egs. (6) and (7).

Furthermore, as reported by the LHCb Collaboration,
the latest values of BR(BY — J/wp° p° — z77z~) and
BR(BY — J/yo,0 — ntx~) are as follows [7],

BR(BY — J/wp®, p° — nta~) =2.501 01 x 1075, (41)

BR(BY — J/wo,0 » ntn~) = 0887012 x 1075, (42)
Then the relative ratio of these two branching ratios could

be derived analogously as

(i) for b — d decay channels,

BR(BY — J/wo) = 1.8370% (@

5) 035 (F) S02a (BY) 5037 (a)[1.837053] < 1073,

_ BR(BY—>J/yo,c>ntn)

R, =
/T BR(BY— J yp )0~ xtn)

=0.35220547.

(43)

It is commented that, based on the isospin conservation in
the strong interactions, the branching ratio of p° — 777 is
about 100% [4]. Therefore, by combining with the avail-
able prediction BR(BY — J/wp°)|pocp = 2.7 x 107
[40] and Eq. (35), the corresponding ratio predicted
theoretically in the PQCD approach can be read as

_ BR(BY - J/wo)B(c - ntn")
BR(BY — J/wp°)B(p° = 7" 77)|pocp

= 0.4527000°,

R3),(r) =

(44)

which is basically consistent with that, see Eq. (43),
extracted from the LHCb measurement within large errors.
It is clearly observed that the PQCD predicted branching
ratios and the relevant ratios of B0 - J/wo(f)

~) decays with the mixing angle ¢f around 25°
indeed agree with the corresponding measurements within
uncertainties. It is interesting to note that these predictions
are also consistent with those already presented in the
literature [28,32].

Similarly, the ratios R}", () and R} (x) in the PQCD
approach could be predicted as

(mn'z

BR(B) = J/yfo)B(fo = ntn")
BR(BY = J/yp®)B(p° = 7*7)

=0.061700%,

Th
Rfo /.0( ) PQCD

(45)

RTh (1) = BR(B) = J/wo)B(o — ntz")
10" = BR(BY = T )y B — K K°)

= 0.090%5513)

PQCD
(46)

which are expected to be examined in the future mea-
surements, even if the B — J/yo(c — ntx~) decay rate
highly supersedes the current upper limit set by the LHCb
Collaboration.

From the above results, one can see that most of our
PQCD predictions on CP-averaged branching ratios and
relevantly relative ratios of BY . — J/yo/fo(— n*z~) up
to NLO precision agree well with the existing experimental
measurements within uncertainties at ¢, around 25°.
Therefore, the branching ratios of the decays BY, —
J/wo(fy) under consideration in the PQCD approach
are presented within errors as follows,

(47)
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BR(B) — J/wfo) = 3647034 (05) 193

(ii) for b — § decay channels,

BR(BY — J/wo) = 6.83179 (0p) 555

where, as shown in the square brackets, various errors of the
numerical results have also been added in quadrature. One
can observe that the decay rates for the b — § transition
processes, i.e., BY — J/wo(f,), are generally much larger
than those for the b — d transition ones, i.e.,

BY — J/wo(fo). This is due to the CKM hierarchy for
two kinds of processes: the CKM factors V.,V ., in b — s
are about four times larger than the V.,V . for b —» d
process, and the different factors sin” ¢y or cos® ¢ ¢ from the
mixtures of ¢ and f, mesons. The remanent but small
differences arise from the SU(3) symmetry breaking effects

(o) ioss (BY) 1033 (a,)[3.642143] x 1075, (48)
(fap)ti20 (BY) 115 (a,)[6.831357] x 1075, (49)
BR(BY = J/w/fo) = 2.89%573 (05) 2030 (f1,) 205 (B}) 1030 (a,)[2.897] 1] x 1074, (50)
|
. BR(B? —» J
R;J;o = ( sO_’ /wfo) (z15.8f3'72)
BR(B; — J /o) PQCD ’
Tpy \Mpo g |A(BG— J/Wfq)/mzzagP
BR(B? — J
Ry = ( - = J/wo) (~18.7703)
* BR(By = J/wfo)lpqcp '
T <m39>7 @y [ABY = T wf)/myl
g \mg) @ ABG = T/yf ) myplP
(56)

in the hadronic parameters, such as decay constants, mesonic
masses, distribution amplitudes, etc. It is easily seen that our
NLO PQCD predicted branching ratios of the Bg’s -
J/wo(fo) decays around ¢, ~ 25° are generally consistent
with those earlier predictions [25-29] as aforementioned in
the introduction within still large uncertainties.

Based on those PQCD branching ratios as presented in
the Egs. (47)—(50), several interesting ratios could be
derived as follows:

d _ BR(Bg - J/yo) +0.02 g
O'fo = BR BO (z5'03—00]) = (I)d :
(Byg—J/wfo) PQCD fo
(51)
BR(BY = J Oy
R = ( i /vfo) (~4.233093) = L0 cot’p,
foe BR(BY = J/wo) PQCD ’ D;
(52)
BR(BY - J
Ry =SR2 IO (3 73:0)
BR(B; — J/yo) PQCD ’
TBO (m3?>7 d)s |A(BO - J/l//f )/mBO|2 ¢
== tan“¢ .,
Ty \Mp (Dd |A(BY = J/wfy)/m B |2 !
(53)
. BR(BY—>J
Ry =BRE =TI (g9 g3rats)
BR(B; — J/ll/fo) PQCD .
_ B -cot?h .
7 \mp cb%o |A<Bg = J)wfy)]m o|2 !
(54)

Then, some remarks are in order.

(a) Itisinteresting to note that the first two ratios Rgfo and
R}, in the PQCD approach are almost invariant to the
aforementioned various nonperturbative parameters,
although the corresponding branching ratios show
strong sensitivity to them. Again, the effects induced
by various errors in the relevant branching ratios have
been canceled significantly. Thus, as discussed in the
literature, e.g., Refs. [24,29], these two relations could
be utilized to extract the angle ¢, between ¢ and f
mixing in the two-quark picture cleanly, because Rfffo
and R}, , are almost equal to cot? ¢ with the almost
definite values /@ ~ 1.095 and ®;/®} ~ 1.087,
respectively.

(b) As presented in the last two ratios, R’ o and Ry are
independent on the mixing angle ¢;, and are of great
interest to examine the SU(3) flavor symmetry break-
ing effects, if the penguin contributions are indeed tiny
and negligible. To see more explicitly, these two ratios
could be further derived by factoring out the related
CKM matrix elements V., and V., correspondingly,

R0 B (%g)?“b}o. Ve JA'BY =T fwf)P
& my) L Vel [A By~ T/wf )P
(57)

w _ B (%0)7 D5 |V > |A(BY =T/ wf,)P
U ag \mg) @4 |Veal* A By =T /wf )l
(58)

Tp

o
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A (By=IJwf)P

ST~ 072
deviating from unity about 30% roughly. Here,
A = A/m3.

(c) In light of the above-mentioned two points, it seems
more complicated that the entanglement of the SU(3)
symmetry breaking effects and the information of
mixing angle ¢, exhibits evidently in the middle
two relations. Nevertheless, these two ratios could
provide constraints supplementarily to either the
former or the latter when one of them in the first
two or last two ratios could be manifested definitely.

By the way, the mixing angle ¢ can also be constrained
similarly from the ratios of the measured B} — J/yo and
BY — J/y f, decays over the referenced B — J/yp" and
BY — J/w¢ ones with high precision, respectively, but
suffer probably from nonperturbative pollution induced by
the hadronic parameters.

Now, let us turn to analyze the CP violations of the
Bg,s — J/wo(fy) decays in the PQCD approach at NLO
accuracy. As for the CP-violating asymmetries for the
BY, — J/wo(fo) decays, the effects of neutral BY  — B |
mixing should be taken into account. The CP-violating
asymmetries of BY (BY ) — J/wo(f,) decays are time
dependent and can be defined as

which consequently result in

_ I'(BY,(At) > fep) — F(B?J,S(At) - fep)
< [(BY (At) = fcp) + T(BY (A1) > fcp)
= A8 cos(Amy (At) + AT sin(Amy (At), (59)

where Am,  is the mass difference between the two BY |
mass eigenstates, At = fcp — ty,, is the time difference
between the tagged BY  (BY)) and the accompanying B |
(BZ,S) with opposite b flavor decaying to the final CP
eigenstate fcp at the time tcp. The direct and mixing-
induced CP-violating asymmetries AZL(C,) and AT (S))
can be written as

_ &P -1

1+ PGP

_ 2m(Ac)

Aggzsf_ ds|2’
1+ AP

A =Cy

(60)
with the CP-violating parameter /Ig’g,

/lé’]; =1, V?hvtd(s) ) <fCP|Heff|E2,s> (61)
VisVig (feplHer BY,)

where 7 is the CP eigenvalue of the final states. Moreover,
for BY meson decays, a nonzero ratio (AI'/T") 0 1s expected
in the SM [61,62]. For BY — J/wo(f,) decays, the third
term Aégx related to the presence of a non-negligible AT to
describe the CP violation can be defined as follows [62]:

2Re(ALp)
Al CP

C = . 62
= T iyl =
The above three quantities describing the CP violations in
BY meson decays shown in Eqgs. (60) and (62) satisfy the
following relation,

. . A
|AZE® + |AGE > + |Acp

2o, (63)

The CP-violating parameters A%, and A%, defined for the
BY — J/wo(fo) and BY — J/wo(f,) decays can be writ-
ten explicitly as

A= Vi,V A(BY = J/wo(fo))
WYLV ABY — T we(f)
o o Vi AB = J/yo(fy))
Aep =1y Vi Vis A(BY = J/wo(fy))’ (64

with the CP eigenvalue 7, = —1. Based on Egs. (9)—(12), it
is easy to observe that A%, and 1%, are actually determined
by the decay amplitudes of Bg - J/wf, and BY = J/yf,,

respectively. The results of A%, and A%, can then be read
numerically as

Ap = (=0.7095G7) + i(0.6815057). (65

A =(=1.000%060) — i(0.037256).  (66)
Therefore, their modules can be read correspondingly as
[Ae| = 0.98375560. (67)

[Ap| = 1.001%0506. (68)

which indicate a slightly large (tiny) penguin contamination
in these considered BY(BY) decay modes. It is interesting to
note that the consistent measurement of |4 = 1.0170:% +
0.03 (the first uncertainty is statical and the second
systematic) in the B? — J/wn*z~ decay was reported
very recently by the LHCb Collaboration [5].

Then, the CP violations of BY — J/wo(f,) in the
PQCD approach are as follows,

A (By = T/wol(fo)) = A& By — T /wf,)
= —1.7010% x 1072, (69)

AZ(BY — JJwol(fo)) = A (BY = T/wfy)
= 0.69270000; (70)

A& (BY = J/yo(fo)) = AG(BY = J Jwf,)
= 0.73370032 x 1073, (71)
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= AT (BY — JJwf,)
= =3.7010 00 x 1072, (72)

A (BY = T/wo(fo))

= Acy' (BY = T/ f,)
= —0.999105%. (73)

ASE (BY = J/ya(f))

1|4,
1+M |

the CP-violating parameter like A%, is fitted as —58 =+ 46 x
1073 for resonance f,(500) in the B — J/wx"n~ decays
[63], which is roughly consistent with our prediction within
still large experimental errors.

The above two mixing-induced CP violations, i.e.,
Egs. (70) and (72), could be utilized to estimate the
penguin impacts on the weak phase ¢, in the Bg‘s -

J/wo(fo) decays,
d(s)
Ay

off — _arg <ﬁ>
d(s) [ P/ as) Af;’(s)

where Ad(s) and .,lef(s) are the decay amplitudes of B0 ds) ~

J/W"(fo) and B

light of the above- mentloned slightly small or tiny penguin
pollution in the By — J/wo(f,) modes, the mixing-
induced CP-violating asymmetries could be further written
approximately as A&i} =Sy ~sin ¢, whose evidently
nonzero deviations to the SM one sin ¢>™ would be helpful
to justify the new physics signals beyond SM. It is worth
pointing out that only the perturbative expansions at NLO
in a; and at leading power in 1/m,, are taken into account in
the calculations of this work. We extract the quantity A,
from our NLO PQCD evaluations with t-quark penguin
contributions as follows,

Notice that a CP-violating effect acp = i with 2 r being

— J/wo(f,) decays, respectively. In

Ay ~ —0.381008 x 1073, (75)

where the dominant errors are from the variation of the
shape parameter wy in the distribution amplitude of B?

meson and the Gegenbauer moments B} in the distribution
amplitude of flavor state f, and various uncertainties have
been added in quadrature. The penguin corrections such as
u-quark and c-quark loop contributions are not included
here. As discussed in Refs. [51,40], the former correction
demands a two-loop calculation for the corresponding
amplitude, which is not currently available, while the latter
one does not contribute to the quantity A¢,. Therefore, the
more precise value about Ag, extracted from the B? —
J/yw fo mode by including u-quark penguin contamination
has to be presented elsewhere in the future.

Here, we also calculate the modules of amplitudes for the
BY — J/wo, B > J/wfo, and BY — J/yf, decays with

definitions as |.4%], |AZ|, and |AL°| (in units of GeV?),

| A9 = |A(BY — J/w6)|pgcp & 7.03% 51 x 1072, (76)
AR [=IABY = J/wfo)leaen = 3287038 x 107, (77)
|-’4f0|—|A( - J/Wf0)|PQCD ~2. 893?256 x 1072, (78)

which result in the ratios RZ‘}[" between |A(BY — J/yo)|

and |A(BY = J/wf,)|, and R{;‘}f" between |A(BY -
J/wfo)| and |A(BY = J/wfo)| as follows,
of A
A R
Rl consggm o)

These two ratios are expected to be helpful to examine the
SU(3) flavor symmetry breaking effects, as well as the
useful information on the mixing angle ¢y, in these
considered B — J/yo(fo) and BY — J/yf, decays.
Last but not least, it is noted that the scalar meson f
decays largely into z"z~ but can also decay into K*K~.
Therefore, some useful information about this f; meson
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could also be hinted from the analysis of Bg‘s > J/yfy—
J/wK*tK~ decays. The dependence of BR(BY —
J/wfo(— K"K™)) on the mixing angle ¢ is plotted in
Fig. 3. According to B(fo — K*K~) = 0.1670%, the
branching ratios of BY — J/yfo(— KTK™), as a by-
product, could be easily obtained at ¢y ~ 25° as follows,

BR(BY = J/wfo. fo = K"K™)|pocp = 0.587039 x 107°,
(81)

BR(B) = J/wfo, fo = KTK™)|pgep = 0467079 x 1074,
(82)

Then, the interesting ratios could be further derived as

_ BR(By = J/wfo)B(fo > K'K")

RT" (K)=
foto(K) BR(BY — J/yp)B(p® — 7°77) |pocp
— 0.021409%, (83)
R™ (K)= BR(BY = J/wfo)B(fo = K'K7)
fol#X™ = BR(BY = J/w)B(¢p - KTK™) PQCD
— 0.09210014 (84)

which are expected to be tested in the measurements at

LHCb and/or Belle-1I experiments. Furthermore, the rel-

evant examinations provide more supplementary con-

straints on the mixing angle ¢,. By the way, frankly
speaking, the BY — J/wf,(— K*K~) branching ratio
measurement is still necessary, although it is very difficult

experimentally as f is buried under the tail of ¢ (see Fig. 7

in Ref. [64] for example) [65].

Finally, two more comments are as follows:

(a) For final state interactions: As mentioned in the above,
we just include the short distance contributions that
can be perturbatively calculated in this work. Other
possible contributions such as rescattering effects or
final state interactions are not considered yet, though
they are generally believed to affect the predictions of
the observables potentially.

(b) For possible tetraquark structure: In principle, we also
need to make some calculations to help identify the
possible tetraquark structure of ¢ and f,,. However, the
essential inputs such as light-cone distribution ampli-
tudes are still unavailable now. Therefore, we cannot
obtain the information about the possible tetraquark
components straightforwardly from the perturbative
evaluations in the heavy B meson decays currently.

The above two issues have to be left for future inves-

tigations after precise measurements experimentally and

related improvements theoretically.

IV. SUMMARY

As an ideally alternative channel with no need of angular
decomposition, the BY — J/y f,, decay is expected to have
great potential to reduce errors in the extraction of the
BY — BY mixing phase ¢, which will help us to search for
the new physics beyond SM associated with the precision
measurements performed at the upgraded LHCb and/or the
ongoing Belle-1I experiments. The quantitative exploration
demands the reliable calculations about the corresponding
decay amplitude. As a possible reference, we made the
investigations by assuming f, as the ground scalar meson
in the two-quark picture, where it is believed that ¢ and f,
could mix with each other in the quark-flavor basis with a
single mixing angle ¢,. Up to now, ¢, has not been
determined definitely, although several studies at both
theoretical and experimental aspects have been presented.

Motivated by the global agreement on the observables of
the B — J/wV decays between the data and the PQCD
approach at NLO accuracy, we extended that formalism to
the BY , — J/yo(f,) channels. The NLO PQCD predic-
tions on the CP-averaged branching ratios for the Bg,s —
J/wo/fo(— ntx~) decays and the relative ratios generally
agree with the current data or upper limits within still large
theoretical errors around the mixing angle ¢ = 25° with a
twofold ambiguity. It is stressed that this twofold ambiguity
could be resolved in the B — Mo (f,) decays with M being
certain light or open-charmed hadrons due to the con-
structive or destructive interferences between B — Mf,
and B — Mf, decays. Several interesting observables
such as branching ratios, relative ratios, and CP-violating
asymmetries for the Bg’s — J/wo(fy) decays are then
predicted in the PQCD approach at NLO level. They could
be utilized to either constrain the mixing angle ¢, or
estimate the SU(3) flavor symmetry breaking effects. As a
byproduct, the branching ratios of Bg’s = J/wfo(—
KTK™) are also predicted in this work. These given
predictions about the B} — J/wo(f,) decays await the
future examinations with high precision.
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APPENDIX: EFFECTIVE WILSON
COEFFICIENTS

As was pointed out in Ref. [50], for these considered
Bg,s — J/wo(fy) decays, only the vertex corrections con-
tribute at the currently known NLO level, in which their
effects can be absorbed into the Wilson coefficients
associated with the factorizable emission contributions

- Cg Ay CF my,
a7=C7+FC+EN—CC8(6—121H7—f9 s (A4)
- ClO e CF my,
=C ——Cio| =18+ 12In— ,
ay = Cy+ =+ oy o + nﬂ+f‘}

[66,67], (AS5)
~ G,  a,Cp mp
ty=Cit oty @ (—18 + 121n7+f9)’ (A1) with the function f9,
C C
Gy=Cit+ 2B e (g 2n™ 4 ), (A2) £ =rfi+al-2), (A6)
N. 4z N, u
C C h =r: =m? 2 d the functi d
as = Cs +—6+&—FC6<6— lzlnﬂ—f?) (A3) AT s M)/ My, and the functions f; and g,
N. 4z N, H read as [67]
|
22N, (1 2zx, In x,
= < dx, " 3 —2x, — 8x2
fr Forw o x2¢1/l,,(x2){1 —(l-x) +( X — 8x3) —x,
+ < 3 1+ SXZ 2ZXQ ) In
- - 27X, Inzx
I—zn 1-z(l-x) [I-z(l-x)P?) 7 72
27%x3 In(l —z) —in
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