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Perturbative QCD predictions for the decay
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In this work, we calculate the branching ratios and CP violations of the BY — a((980)ay(980) decay
modes with both charged and neutral a,(980) mesons and BY — f(980)(f(500))£,(980)(f,(500)) for
the first time in the pQCD approach. Considering the recent observation of the BESIII collaboration that
provide a direct information about the constituent two-quark components in the corresponding a,(980)
wave functions, we regard the scalar mesons a((980), f(980), and f(500) as the gg quark component in
our present work, and then make predictions of these decay modes. The branching ratios of our calculations

are at the order of the 107 ~ 1075 when we consider the mixing scheme. We also calculate the CP violation
parameters of these decay modes. The relatively large branching ratios make it easily to be tested by the
running LHC-b experiments, and it can help us to understand both the inner properties and the QCD

behavior of the scalar meson.

DOI: 10.1103/PhysRevD.102.116007

I. INTRODUCTION

Since the first scalar meson f;,(980) was observed by the
Belle collaboration in the charged decay mode B* —
K*£5(980) - K*zTz* [1], and afterwards confirmed
by BABAR [2], a lot of other scalar mesons have been
discovered in the experiment successively. The scalar
mesons, especially for the a,(980) and f((980), which
are important for understanding the chiral symmetry and
confinement in the low-energy region, are one of the key
problems in the nonperturbative QCD [3]. However, the
inner structure of scalar mesons is still a contradiction in
both the theoretical and experimental side, and many works
have been done about scalar mesons in order to solve this
problem [4-16]. In Ref. [3], the authors listed many
evidences that sustain the four-quark model of the light
scalar mesons based on a series of experimental data. In
Ref. [17], the predicted result of B — ay(980)K was
2 times difference from the experimental result, and the
author conclude that a((980) cannot be interpreted as ¢g.
In Ref. [18], the authors showed that the production of the
S* and & and of low-mass KK pairs have properties of the
K K molecules. Moreover, the scalar meson are identified as
the quark-antiquark gluon hybrid. Nevertheless, these
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interpretations of the scalar mesons make theoretical
calculations difficult, apart from the ordinary gg model.

In the theoretical side, there are two interpretations about

light scalar mesons below 2 GeV in Review of Particle
Physics [19], the scalars below 1 GeV, including f(500),
K*(700), f¢(980), and a((980), form a SU(3) flavor nonet,
and f,(1370), ay(1450), K*(1430), and f,(1500) (or
f0(1700)) that above 1 GeV form another SU(3) flavor
nonet. In order to describe the structure of these light scalar
mesons, the authors of Ref. [8] presented two scenarios to
clarify the scalar mesons:

(1) Scenario 1, the light scalar mesons, which involved
in the first SU(3) flavor nonet, are usually regarded
as the lowest-lying ¢g states, and the other nonet as
the relevant first excited states. In the ordinary
diquark model, the quark components of a(980)
and f((980,500) are

ag (980) = ud, ay(980) = id,
a3(980) = % (uit — dd), £0(980) = s5,
£0(500) = % (uit + dd), (1)

(2) Scenario 2, the scalar mesons in the second nonet are
regarded as the ground states (qg), and scalar
mesons with mass between 2.0-2.3 GeV are first
excited states. This scenario indicates that the scalars
below or near 1 GeV are four-quark bound states,
while other scalars consist of gg in scenario 1. So the
quark components of a,(980) and f,(980,500) are

Published by the American Physical Society
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ag (980) = udss, ay (980) = udss,

al(980) = —= (uit — dd)ss,

(uit + dd)ss, £0(500) = udad.

(2)

Recently, the BESIII collaboration declare that the first
measurement of D mesons semileptonic decay D° —
ay(980)ety, and the existing evidence of D —
a(980)e " v, [20], which would provide useful information
on revealing the mysterious nature of the scalar mesons.
And in Ref. [21], BESHI declare the a)(980) — f(980)
mixing in the J/y — ¢f((980) — ¢a(980) — ¢y’ and
Xe1 = ad(980)7° — £4(980)7° — 227" decay modes,
which is the first observation of a3(980) — f,(980) mixing
in experiment. In our work, we treat the scalar mesons
ao(980), f(980) as the component of ¢g in scenario 1, and
make the theoretical calculations within the perturbative
QCD approach. For f,(980), there exist a mixing with the
f0(500) in the SU(3) nonet, and in this work, we also take
the mixing effect into account to make more reliable results.
Motivated by the uncertain inner structure of the scalar
mesons and very few works about the B — SS decays (S
denote the scalar mesons) to be studied in these general
factorization approaches, we explore the branching ratios
and CP-violating asymmetries of decay modes BY —
a(980)ay(980) and B — f,(980,500) (980, 500)" in
perturbative QCD approach within the traditional two-
quark model for the first time. Because the LHC-b
collaboration are collecting more and more B mesons
decays data, so we believe that our results can be testified
by the experiment in the near future time.

This article is organized roughly in this order: in Sec. II,
we give a theoretical framework of the pQCD, list the wave
functions that we need in the calculations, and also the
perturbative calculations; in Sec. III, we make numerical
calculations and some discussions for the results that we
get; and at last, we summary our work in the final section.
Some formulas what we used in our calculation are
collected in the Appendix.

f0(980) =

S-Sl

II. THE THEORETICAL FRAMEWORK AND
PERTURBATIVE CALCULATION

The pQCD approach have been widely applied to
calculate the hadronic matrix elements in the B mesons
decay modes, it is based on the k; factorization. The
divergence of the endpoint singularity can be safely
avoided by preserving the transverse momenta k; in the

'a0(980), £(980), and f,(500) will be respectively abbre-
viated as a, f, and o in the last part.

valence quark, and the only input parameters are the wave
functions of the involved mesons in this method. Then the
transition form factors and the different contributions,
whose may contain the spectator and annihilation diagrams,
are all calculated in this framework.

A. Wave functions and distribution amplitudes

In kinematics aspects, we adopt the light-cone coordinate
system in our calculation. Assuming the BY meson to be
rest in the system, we can describe the momenta of the
mesons in light-cone coordinate system, where the
momenta are expressed in the form of (p*, p~, py) with

the definition p* = &ﬁp’ and pr = (p1. p2).

In our calculation, the wave function of the hadron B?
can be found in Refs. [22-24]

i
DQpy = \/WWB +mp )ysp, (x1,by), (3)
where the distribution amplitude(DA) ¢p (x;,b;) of BY

meson is written as mostly used form, which is

2 2
mB:xl 1 2
2@% _§<wB:b1> 2

(4)

¢p (x1.b1) = Npx;?(1—x;)?exp |-

s

the normalization factor Ny = 62.8021 can be calculated
by the normalization relation [ dx¢bp (x1,b; =0) =
f5,/(24/2N.) with N, = 3 is the color number and decay
constant fp = 227.2 +£3.4 MeV. Here, we choose shape
parameter wp = 0.50 +0.05 GeV [25].

For the scalar meson a((980) and f((980), the wave
function can be read as [8,15]:

Ds(x) = 3= s + mst ) + s = 15 )
)

where x denotes the momentum fraction of the meson, and
n=1(1,0,07), v =(0,1,07) are lightlike dimensionless
vectors.

¢s is the leading-twist distribution amplitude, the
explicit form of which is expanded by the Gegenbauer
polynomials [8,15]:

bs(x, 1) = x(1=x){fs(u)
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and for the twist-3 DAs 4)§ and ¢%, we adopt the asymptotic
forms in our calculation,

B(wn) = 55l )
Bl =57z Tsw)(1-29. (@)

fay = 0.365 £ 0.020 GeV,
fs =13 =3, =0.370 £0.020 GeV,
By; = 0.8Bj;.

The two decay constants f."o and J_”-U used in our calcu-
lations have been defined in the framework of the QCD
sum rule method, here we choose the same value of these
two constants and the reasons have been discussed in the
Ref. [8]. It is noticeable that only the odd Gegenbauer
moments are taken into account due to the conservation of
vector current or charge conjugation invariance. And we
also pay attention to only the Gegenbauer moments B, and
B; because the higher order Gegenbauer moments make
tiny contributions and can be ignored safely.

The vector and scalar decay constants satisfy the
relationship

Fs(u) = usfs(u) (10)
with

mg
— my(p)

, (11)

s m (u)
and myg is the mass of the scalar meson and m; and m, are
the running current quark masses in the scalar meson. From
the above relationship, it is clear to see that the vector decay
constant is proportional to the mass difference between the
m; and m, quark, the mass difference is so small after

Gr

Heff \/z

B, = —0.93 +0.10,
n— —0.78 £ 0.08,

10
{ Vs Vis[C1(1) 01 (u) + Co(u) 02 (u)] = Vi Vi [Z Ci(n)o
i

where fg and f are the vector and scalar decay constants
of the scalar mesons a and f, respectively, B,, is Gegenbauer
moment and C,/>(2x —1) in DA of ¢ is Gegenbauer
polynomials, these parameters are scale-dependent. A lot of
calculations have been carried out about the light scalar
mesons in various model [26-28]. In this article, we adopt
the value for decay constants and Gegenbauer moments in the
DAs ofthe ay and f, as listed follow, which were calculated in
QCD sum rules at the scale y = 1 GeV [8,15]:

By = 0.14 + 0.08;
B! = 0.02 +0.07,

©)

[
considering the SU(3) symmetry breaking that would
heavily suppress the vector decay constant, which lead to
the vector decay constants of the scalar mesons are very
small and can be negligible. Likewise, for the same reason
that only the odd Gegenbauer momentums are considered,
the neutral scalar mesons cannot be produced by the vector
current, so in this work we adopt the vector constant f¢ = 0.

And the normalization relationship of the twist-2 and
twist-3 DAs are

| axtsto = [ axte) —o,

! 7
/ () = 5T (12)

For the scalar meson f, — ¢ system, the mixing should

have the relation:
—sind n
)(f). (13)
cosd fs

o\ cosd
(n)‘(me

B. Perturbative calculations

For BY — §S decay mode, the relevant weak effective
Hamiltonian can be written as [29]

o)} (14)

where Gy = 1.66378 x 107> GeV~2 is Fermi constant, and V,, V. and V,,V}, are Cabibbo-Kobayashi-Maskawa (CKM)

factors, O;(u) (i = 1,2, ...,
Wilson coefficient.
(1) Current-current operators (tree):

Oy = (Squtp)y_allighy)y_s»

10) is local four-quark operator, which will be listed as follows, and C;(u) is corresponding

0y = (54uy)y_a(lighg)y_s- (15)
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(2) QCD penguin operators:
0; = (Eaba)V—AZ(Z]ﬂqﬁ)V—A’
q
05 = <§aba)V—AZ<QﬂQﬂ>V+A’
q
(3) Electroweak penguin operators:

0; = (S b —Azeq(q/}qﬁ V+A»

NIUJ NIUJ

Oy = )V—Azeq(ZIﬂQﬁ)V—A’
q

with the color indices a, B and (qq)y 4 =
qr,(1 £7s)q. The g denotes the u quark and d
quark, and e, is corresponding charge.
The momenta of the BY, scalar mesons M,, M, in the
light-cone coordinate read as

mpg,
Pp = D1 :72(17170T)’
m
Pzz\/%(r?s —r$.07),

mB‘

p3:72‘(1—r§,r§,0T), (18)

with the B? mass mp and the mass ratio rg = 25
s mBA_

And the corresponding light quark’s momenta in each
meson read as

mBS
kl = (.X'IPT,O, le) = —xl,O,k17>,

(%

m
ky, = (vazpi»sz) = < ) \/% (1 - ”%)xz,kzr),

m
ky = (x3p1,0,ksp) = (75 (1- rg)x3,o,k3T).

(19)

Then based on the pQCD approach, we can write the
decay amplitude as

AN/dxldX2dX3b1db1b2db2b3db3
x Tr[H (x;, by, t)C,@p(x1, by ) Ps(x3, by)

X @ (x5, b3) S, (x;)e=50], (20

N

where b; is the conjugate momenta of k;, and ¢ is the largest
energy scale in hard function H(x;, b;,t). The e=5()
suppress the soft dynamics [30] and make a reliable
perturbative calculation of the hard function H, which
come from higher order radiative corrections to wave
functions and hard amplitudes. ®;, represent universal

O4= (5 bﬂ)V—AZ(‘_]ﬁQa)V—A’
q
O¢ = (540 )V—AZ(Qﬂ‘h)V-&-A? (16)
q
3 _
Og = 3 (sabﬂ)V—AZeq(QﬁQa>V+A’
Oy = —Aze fJﬁ% V—A> (17)

and channel independent wave function, which describes
the hadronization of mesons.

As depicted in Fig. 1, we calculate all the contributed
diagrams respectively. We use F and M denote the fac-
torizable and nonfactorizable contributions respectively,
and the subscript a, ¢, e, g denote the contributions of
the Feynman diagrams (a) and (b), (c) and (d), (e) and (f),
(g) and (h) and the superscript LL, LR, SP 1is the
(V-A)(V-A), (V-A)(V+A), and (S—P)(S+ P)
vertex, respectively. The vertex (S— P)(S+ P) is the
Fierz transformation of the (V — A)(V + A).

First, the total contribution of the factorization diagrams
(a) and (b) with different currents are

() (V-A)(V-4)

1
FgL:SﬂCFme%/ dxdx,
*Jo

x /) bybadbydbady(x. b))

X {[=(2+ x2) s (x2) + 75 (14 227) (5 (x2)

+ 5 (x2))|hi(x1.x2.b1. b2 E,p(15) S (x2)

+ [2rsp§(x2) R (x1. %2, b1, b2 E, 1 (13)S,(x1) },
(21)

\/\/

r sl

)

r >14 4

FIG. 1. The lowest order Feynman diagrams of the BY — SS
decays in pQCD approach. The B? — aya, decay is the rare
decay mode, which only have the last line Feynman diagrams.
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@) (V-A)(V+4)

FLR FLL (22)
(3) (S=P)(S+P)
ng = —167TCF‘]_CSm%‘_rs/I dX]dXZ /oo b]bzdbldb2¢3(xl,bl)
0 0
X {[rs(5 + x2) 5 (x2) + rs(1 = x2) 5 (x2) — 3hs(x2)]
X hy (X1, %0, b1, by)Ep(24)S,(x2)
— [2rs(1 = x1)§(x2) + x195(x2)]
X hczz(xlﬂx%blﬂbZ)Eef(tg)St(xl)}’ (23)
with the color factor C = 2N_l Ml 3 The factorization contribution of the (V —A)(V —A) and (V —A)(V + A)
current are neglected because the Vector decay constant is a small value and we take it as zero.
For nonfactorization diagrams, the total contribution from (c) and (d) is
(1) (V-A)(V-A)
327C 4 1 oo
MLL — ”TFI\TB [ dxidvads, A bybsdbydbsp(x,, bs)
X {[(x3 + 21 = Deps(x3) s (x2) + rs(1 = x2)hs(x3) (3 (x2) — P (x2))]
X e (X1, X0, %3, by, b3) Eyyep(13)
= [(x1 +x2 = x3 = Deps(23)ps (x2) + rs(1 = x2)ps (x3) (5 (x2) + b5 (x2))]
X h%(xl,xz,x3, b, bB)Enef(tg)}’ (24)
(2) (V=-A)(V+A)
32 4 00
MLR = S2Cpmy, [1 dxdx,dxs / bybydbydbsdp(x,, bs)
ZNC 0 0
X {[r§(2 — X X~ x3)¢§(x3)¢§(x2) + ’%(xl =X + x3)¢§(x3)¢§(xz>
+ r5(x) = x4 x3)p% (x03) 5 (x2) + 15(2 — X1 — x5 — x3) b5 (x3) b (x2)
+rs(1—x; - X3)(¢§(X3) - ¢§(x3))¢s(x2)] X hi(x1, X2, X3, by, b3)Enef(té)
= [r5(1 = xy = x5 + x3) 3 (x3)p3 (x2) + r§(xy — x5 — x5 + 1)p3(x3) b (x2)
= rg(xy = X3 = x3 + 1)pg (x3) @5 (x2) = r5(1 = xp = x5 + x3) 5 (x3) b (x2)
+ rs(=x1 4 x3)(d3(x3) + @ (x3)) s (x2)] X A (x1. X2, X3, by, b3)E,pof(12) ) (25)
(3) (S=P)(S+P)
32 C 1 ©
5 ’;2;_'"3 [y, [ babsdbsdbigytan. )
X {[(x1 420 4 x5 = 2)ps (x3) s (x2) + rs(1 = x2)ps(x3) (5 (x2) + P (x2))]
X hl(xl’xbxf% b27 b3)Enef<tl‘)
— [(x1 = 2x3)ps (x3) s (x2) + rs(1 = x2) s (x3) (@5 (x2) — P (x2))]
X h%(xly-XZ’xB’bZ’bS)Enef(l%)}’ (26)
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The total contribution of the annihilation Feynman diagrams Figs. 1(e) and 1(f), which only involve the wave function of

the final light scalar mesons, are

(1 (V-A4)(V-4A)

1 ®
FLL = 87 Cpf . A dxydxs A bybsdb,dbs
x {[=x3ps(x3)ps(x2) + 2r5(1 + x3)p5(x3) b5 (x2) — 2r5(1 = x3) 5 (x3) b3 (x2)]
xhé(xz,x3,b2,bg)E (1) S:(x3)
+ [aghs (x3) s (x2) = 2r5(1 + x2) 3 (x3) 5 (x2) + 2r5(1 = x2) b3 (x3) s (x2))]
X h%(xz,x3,b2,b3)Eaf(t§) ()},

@) (V-A)(V+A)

FER = P
(3) (§=P)(S+P)

1 ©
FEP — 16ﬂCFme%S/ dxde3/ b2b3db2db3
0 0

X {[2rsps(x3)p3(x2) = rsxs3 (s (x3) = b (x3))s(x2)]
X hy(x, X3, by, b3)Egp(20)S:(x3)

+ [rsxaps(x3) (d5(x2) — hs(x2)) = 2rsps(x3)ps(x2)]
X hg(x2, %3, by, b3) Eap(12)S:(x2) },

Then the total nonfactorizable annihilation decay amplitudes for the Figs. 1(g) and 1(h) diagrams are

() (V-A4)(V-4A)

VL — 327Crmy

! V2N, o
X {[=x20ps(x2) s (x3) — %(xl —X3 = x2)¢§(x2)¢5(x3)
+ r5(x) = x5+ X)) (x2) b5 (x3) + r5(x1 = x5+ x2) 5 (x2) S (x3)
— r5(x) = X3 — x2) % (x2) % (x3) g (X1, X2, X3, by by ) E (1)
+ (01 4 x3)s(x2) s (x3) = r5(2+ x1 + x5+ x2) 5 (x2) 3 (x3)
+ r5(00 = xp = x3)5(22) 5 (x3)
+ r5(xg = 2y = x3) 5 (2) s (x3) 4 15(2 — x5 — Xy — x3) b5 (x2) b (x3)]
X hz(xl,xz,xy bth)Enaf(té)}’

1 )
dxldxzdx3 / blbzdbldb2¢3(xl,b1)
0

@) (V-A)(V+A)

322Cpm},

V2N. Jo
X {[rs(x) = x3)ds(x2) (P5(x3) + @5 (x3)) = rexa(s(x2) + 5 (x2)) s (x3)]
X hl(x1, X0, X3, b1, by) E .z (2))

1 ©
Mé‘R = dxldxde3/ blbzdbldb2¢3(xl,b1)
0

+ [rs(x1 + x5 = 2)hs(x2) (P3(x3) + PF(x3)) — rs(2 — x2) (P§(x2) + % (x2)) s (x3)]

X hg(xy, X, X3, b1, by) Epap(13) ),

116007-6
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(3) (§=P)(S+P)

M5F = % 01 dxdxydxs A ” bybydbydbydy(x,, by)
X A[(=x1 4 23) s (x2) s (x3) + r5(x1 = x5 = x3) 3 (22) 3 (x3)
+ rg(xn X = x3)§(x2) 5 (x3) + r5(x) + x5 = x3) s (x2) 5 (x3)
Vb (x2) % (x3) Ay (x1, X0, X3, by, b)) Eygp (1)
+ [=x205(x2)hs(x3) + 15(2 + x1 + x5 + x2) 5 (x2) 3 (x3)
= r5(x1 + X3 = 20) 5 (x2) b (x3) — r§(x1 + x5 — x2)b (x2) b5 (x3)
+ r3(=2 + x) + X3 + x3) L (x2)PL (x3)]

X h2(x1, X0, X3, b1, b)) E,ur (£2) }. (32)

+ ri(x; —x3 —x)¢

For the BY — aj ay decay, which is a rare decay mode and only have annihilation Feynman diagrams, the decay
amplitude of BY — ajay decay is then

_ 1 1
A(B(‘) - agaa) u,,V [CzMLL] Vsz?s |:<2C4 + E C10> MSL + (2C6 + §C8> MgP:| . (33)

Meanwhile, the relationship with respect to the decay BY — ada) is

V2A(BY - a3al) = A(BY - ag ay) (34)
For the B! — f,fo(c0c) decay, based on the mixing scheme the decay amplitude can be written as:

V2A(BY = fofo) = sin?0A(B) = f,f,) +sin20A(BY = f,f,) +cos’0ABY — [ f).

V2A(BY = 606) = cos20A(BY — f,f,) —sin20A(B° — f,.f,) + sin?0A(B° — f,f,). (35)
with
BO * 1 1 1 LL ! SP 7 SP
A(BY = fifs) = =2V Vis| | a3 + as + as T5%1 7549 =540 feMe™ + | ae 598 (Fo'fs+F."fp)
1 1 1
+ <C3 +Cy— §C9 - ECm) (MEE + MEL) + (CS - EC7> (MER + MLR)
1

+ <06 — 5Cg) (M3P + MgP)] (36)

\/_ R0 * 1 LL 1 SP
2A(BY = fufs) = =V Vi C4—§C10 M+ C6—§C8 M (37)

and the decay amplitude of the B? — f,f, is same to the B — aya, decays. For the considered decay modes, the
corresponding decay width is

2 .3

Grmy
[(BY - SS) = 28n

(1 =2r%)]A(BY - SS)%. (38)

Here, it is noticeable that the contribution from the factorizable annihilation diagrams in the B — aya, decay is very
small and can be safely neglected due to the isospin symmetry. And owing to the decay constant of the scalar meson fg = 0
we neglect all the responding contribution in our calculation.
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III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we will calculate the CP-averaged branching ratios and CP-violation asymmetries for the BY — SS
decays and make some analyses about the results. First, we list the input parameters that are used in the calculations below.
The masses and decay constant of the mesons, the lifetime of the B, are [19,31,32]

mp = 5.367 GeV,
my, = 0.99 % 0.02 GeV,
m; = 0.99 GeV,

and in the CKM matrix elements, the involved Wolfenstein
parameters are

A = 0.22453 £ 0.00044, A =0.836 +£0.015,

p=0.12270018 " 7=0355"0017. (40)

with the relations p = p(1 — %) and 77 = n(1 - %)

A. Branching Ratios

In this section, we separately give the results of the three
considered decays B? — agay, B = fofo, and B = co.
For the B? — agya,, this decay mode have both tree
operators and penguin operators in the quark level. In
SM, the y angle is associated with the CKM matrix element
V.»» which have the relationship V,;, ~|V,,|e™". So we
can leave the CKM phase angle y as an unknown
parameter, and write the decay amplitude of the BY —
apag decay as

ﬁlb(ﬁ’lb) =42 GeV,
5. = 2272434 MeV,
my = 1.02 GeV

m,, = 0.98 +0.02 GeV,
7, = 1.509 ps,

m, = 0.5 GeV. (39)

I

where the ratio z = |V, Vi;/V,,Vis| - |P/T|, and § is the
relative strong phase between the tree amplitudes(7) and
penguin amplitudes (P). The value of z and § can be
calculated from the pQCD.

Meanwhile, the decay amplitude of the conjugated decay
mode BY — aya, can be written by replacing V,, V%, with
Vi Vs and V, Vieo with Vi Vo as
A= VZquST - V;bVISP = V;quST(l + Zei(é_y))' (42)
Then from Egs. (41) and (42), the CP-averaged decay
width of BY(B?) — agay is

2 03

Gpmy -
o (1-272, ) (AP +AP)
2.3

FIlp, X

= 1287[ (1_2r(210)‘VMquST|2

X (1+42zcos(y)cos(8) + z2).

T(BY(BY) —~ agay) =

(43)

In Fig. 2, we plot the average branching ratio of the

A — * o T * i(6+y) = - =
A=V VisT =V VieP = Vi VisT(1 +2¢"77), - (41) - gecay BO — afay and BY — adal) about the parameter y
700 350
650
o &L
5 60f 5 30f
€ s |
® 55) ¥
ol‘,, b e v
| g |
Q 50l Q 2s5p
45f
4_0*1 1 1 1 1 1 1 1 1 1 2_0*1 1 1 1 1 1 1 1 1 1
0 20° 40° 60° 80° 100° 120° 140° 160° 180° 0 20° 40° 60° 80° 100° 120° 140° 160° 180°

¥©)
(a)

v(®)
(b)

FIG. 2. (a) The branching ratio of the BY — aj ay decay as a function of y; (b) The branching ratio of the B — adal decay as a

function of y.
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respectively. Since the CKM angle y is constrained as y = The value of z = 6.67 indicate that the amplitude of the

around 73.5° in Review of Particle Physics [19], penguin diagrams is almost 6.67 times of that of tree
diagrams. Therefore the main contribution come from the
Y= (73.5f§4’12)° (44)  penguin diagrams in this decays, which enhance the results
of the branching ratios.
we get from Fig. 2 when we take y as 70° ~ 80°, When we utilize the input parameters and decay ampli-

tudes, furthermore leave the phase angle y aside, it is easy
5.08 x 1070 < B(BY - ajay) <534 x107%  (45)  to get the CP-average branching ratios for both containing

the charged and neutral scalar mesons decay modes,
254 x 107 < B(BY - aja) < 2.67x1075.  (46)  which are

B(BY = agay) = 5.171155(B1) 105 (B3) 1133 (Fay ) 1055 (03) 67 (1) > 1075, (47)

B(BY — afaf) = 2.58208; (B1) X0z (B3) 1053 (fa) 2037 (03) 1533 (1) x 107°. (48)

l

In pQCD approach, the wave functions of the initial and  only pure annihilation contributions. So this results push us
final mesons, whose are universal and channel independent, ~ to make some comments about why the branching ratio of
are the dominant inputs and have an important influence on  the BY — a ag is more large than the results of the B —
the numerical results. As it has been shown above, the 7%z~ decay and B - K* K~ decay. By comparison, we
primary errors come from the uncertainties of Gegenbauer  can first find that the main underlying reason is that the
moments B, = —0-93_2|3 0.10 and B3 =0.14+0.08, the  QCD dynamics of the scalar meson aj is different from that
scalar decay constant f, = 0.365 4= 0.020 GeV, the shape  of the pseudoscalar meson z and K, where at the leading
parameter w;, = 0.50 £ 0.05, and the hard scale #;, respec-  twist the scalar meson a, is dominated by the odd
tively. The hard scale 7; varies from 0.8t~ 1.2t (not  Gegenbauer polynomials but the pseudoscalar mesons both
changing 1/b;, i = 1, 2, 3), which characterizes the size =~ 7 and K are governed by the even Gegenbauer polyno-
of the next-leading-order contribution. The errors from  mials. Second the decay constant j_‘ao is about two times
the other uncertainties, such as the mass of the m,, and than the decay constants of the f, and fx [34,37]. These
CKM matrix elements, turn out to be small and can be  two reasons lead to the nonfactorizable annihilation con-
neglected. It is apparent that the main errors are caused tribution is more large in the B — aya, mode. In Table I,
by the nonperturbative input parameters, which we need e list the decay amplitudes of the BY — aya, for different
more precise experimental data to determine. By adding  distribution amplitudes of twist-2 or twist-3, and also we
all of these vital uncertainties in quadrature, we get Jigt the results of Ref. [34] about the decay mode B® —

B(BY = afag) = (5.171739) x 107 and B(B? — adal) = KK~ for contrast. From Table I, it is obvious that the
(2.587595) x 107°. twist-2 DA make dominant contribution, and the decay

In our previous work of B — ztz~ [33](one of the  amplitudes of the B — aga, decay is approximately one
author have recalculated the B — 7tz and B - K*K~  order of the magnitude larger than that of the B — K+*K~.
in 2012 [34]), the theoretical results of these two decay For the BY — f,f, decay, it is governed by the b — ss5
modes are B(B? — ztz7) =5.10x 1077 and B(B® — when we regard f,, as the s§, and this type decay only
KTK™) =1.56 x 1077, where the corresponding experi- have the penguin operators due to the fact that the tree

mental results about the branching ratios [35,36] of these ~ operators are forbidden. When introducing the mixing
two decay modes approximately at the order of the  effect from the component of the (uii + dd)/+/2, we take
1077 ~ 1078, The predicted results of BY — aya, for both  the mixing angle @ as a free parameter, and then plot
charged and neutral a, mesons, however, are at the order of ~ the branching ratio’s dependence on the mixing angle in
107% although these decay modes have the same quark  Fig. 3. If the f; is the pure s5 component, namely the
components for both initial and final state mesons and the mixing angle # = 0°, the branching ratio of the B? — f,fo

TABLE 1. The different source of twist-2 and twist-3 contribution.

Decay mode Twist-2 ¢, (%) Twist-3 ¢5 (%) Twist-3 @7 (%)
A(BY = ajay) (2.0 —2.1i) x 107 (+4.2 +4.1i)) x 1073 (=227 — 0.79i) x 107°
A(B° - K*K™) [34] (=0.31 = 2.2i) x 1073 (=0.61 — 0.55i) x 107 (=0.06 — 0.27i) x 107
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FIG. 3.

as a function of mixing angle 6.

is approximately 3.6 x 107, and when including the
mixing effect of the (ui + dc_z’) / V2, the result changes
clearly which we can read from Fig. 3(a). For the BY — oo
decay, there are still a lot of uncertainties about the wave
function of ¢ meson, we choose the same decay constant
for f, and f in our calculations, just as it has been done in
Ref. [8]. The results of this decay is contrary to the
BY = f,fo, which is dominated by the sin law that we
just see from the Eq. (35), when taking the mixing angle
6 = 0°, the branching ratio of this decay is very small, and
it will increase about one or two magnitudes in consid-
eration of the mixing effect of the s5. The decay amplitude
of the BY - f,fo(c0) contain three parts, f,f,, fufs, and
fsfs» and the main contribution comes from f,f,. The
oscillation near the two ends of the #-coordinate in Fig. 3(b)
mainly due to the interference from BY — f,f, and its

100°
ec)
(b)

120° 140° 160° 180°

(a) The branching ratio of the BY — £, f,, decay as a function of mixing angle ; (b) The branching ratio of the BY — 6 decay

contribution obey the cos law for BY — 6o decay that will
obviously enhance the two ends of theta axis in Fig. 3(b).
Taking both decays into account, we can find that the
mixing angle can be constrained in the range [19°, 66°] and
[119°, 166°] because it will be nearly zero when taking
other values, and if combining the known results that
obtained from the experiment, the range will be smaller.
The mixing angle range that we get is also consistent with
the data of the Refs. [38-41].

The mixing angle is not clear up to now, and there are a
lot of works to constrain the angle range. The LHCb
Collaboration first announced the upper limit || < 31°
for the mixing angle of the ¢ — f; in Ref. [42]. So we
set the two value 6 =25° and 0 = 30° to make some
calculation respectively, the branching ratios are pre-
sented as

(1) 6=25°
B(BY = fofo) = 2.661013 (B1) 05 (B3) 053 (F5) 1057 (@5) 1040 (1) x 107,
=2.661,05 x 107%;
B(BY - o0) = 4352071 (B1) 1057 (B3) 1037 (F5) 203 (@) 20350 (1) x 107
= 435515 x 1076 (49)
(2) 0=30°
B(BY = fofo) = 2261516 (B1) 036 (B3) 05 (F5) 1035 (5) 04 (1) x 107
= 2261099 x 1074,
B(B) = 00) = L1115/ (B1) 150 (B3) 0% (F5) 07 (5) 1031 (1) x 1073
= 1117558 x 107, (50)
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We can get the same results when the value of 6 are
close to the 161° and 157°, respectively. In every
second line of the Eqs. (49) and (50), the theoretical
errors that we considered are added in quadrature.
The main reason for the branching ratio of B —
fofo is larger than that of BY — 6o is that the mass
of f is almost one time heavier than that of o.
For the mixing of a) — f,, we directly take the mixing
intensity &y,

Era = (0.99 4 0.16 + 0.30 £ 0.19) x 102 (solutionT),
Era = (041 £0.134£0.17+£0.13) x 102 (solution I).
(51)

which are first measured in the BESIII collaboration [21],
and the relation |7, | ~ tan® ¢ is applied to get the mixing
angle ¢ [43].
¢ =(545+1.65)°
¢ =(3.02+£221)

(solutionT),

(solutionII). (52)

From the value, we can conclude that the mixing angle is so
small that it will not change our results largely.

Here we also make some comments when the final state
of the decay mode treated as the four-quark structure. As
we mentioned in the introduction, there is an open problem
that the inner structure of the scalar meson are not well
identified. In this work, we regard ay, f, and o as the ¢g in
the traditional quark model and make some calculations
within the perturbative QCD approach. But when we want
to make some predictions of the tetraquark picture in the
perturbative QCD approach, we cannot make direct com-
putations because we do not known the necessary physical
quantities, such as the wave function of the scalar mesons
of the four-quark picture. However, we can image a picture
is that the other gg pairs must be extracted from the sea
quarks when the scalar mesons are four-quark state, and it
would be expected that the branching ratios of these decay
modes in tetraquark picture are smaller than that in two-
quark model.

B. CP violation parameters

Now, we will calculate the CP violation parameters of
the B — agya, decays in this subsection. The CP violation
parameters of the BY — aya, for both charged and neutral
ay mesons are same because the decay amplitude of these
two decay modes are similar and the factor in the front of
the decay width formula can be reduced. In SM, CP
violation originated from the CKM weak angle. For the
neutral B meson decays, we should take the effect of BY —
BY mixing into account, and the time dependent CP
violation parameters of the two BY — aya, decays with
charged and neutral scalar mesons can be defined as

_ T(BY(Ar) = agay) —T(BY(Ar) = agay)
P T D(BY(Ar) — agag) + T(BY(AL) — agap)
= A% cos(AmAt) + ARX sin(AmAt),

where Am is the mass difference between the two neutral
BY(BY?) mass eigenstates, and At = tcp — 1., is the time
difference between the tagged BY(BY) and the accompany-
ing BY(BY) with opposite b flavor decaying to the final CP
eigenstate aga, at the time 7.p.

From Eqgs. (41) and (42), the direct CP violation
parameter AJL can be parametrized as

A2 - A 2zsin(8) sin(y)
A2+ |A]? 1+ 2zcos(8)cos(y) + 22

Al = (53)

It is obvious that the ACC“f, is approximately proportional
to CKM angle sin(y), strong phase sin(5), and the relative
size z between the penguin contribution and tree contri-
bution. We plot the direct CP violation parameter AJL as
the function of the weak angle y in Fig. 4, and one can see
that the AL is approximately —11.4% at the peak when the
718 70° < y < 80°. The relative small direct CP asymmetry
is also a result of the main contributions coming from
penguin diagrams in this decays.

The involved mixing-induced CP violation parameter
ADiX can be written as

—2Im(Acp)
1+ |Acp)*’

mix

cr = (54)

with the CP violation parameters Aqp

Vi Vis (aoao|Hege| BY) Y s ze!(+7)
Acp =TNcp " oy = e
Vi Vis (aoao| Hegr| BY) 1 + zel0-7
(55)

in which #¢p is the CP-eigenvalue of the final state.
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FIG. 4. The direct CP violation parameter of the B?(B?) —
agag decay as a function of y.
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If z is a very small number, i.e., the penguin diagram
contribution is suppressed comparing with the tree diagram
contribution, the mixing induced CP asymmetry parameter

mix is proportional to sin 2y, which will be a good place for
the CKM angle y measurement. However as we have
already mentioned, z(= 6.67) is large. We give the mixing
CP asymmetry in Fig. 5, one can see that ATX just like the
case of direct CP violation, it is almost symmetric and the
symmetry axis is near y = z/2. It is close to —27.0% when
the angle y is constrained as y around 73.5°. At present,
there are no CP asymmetry measurements in experiment
but the possible large CP violation we predict for B —
apay decays might be observed in the coming LHC-b
experiments.

For the BY — f,f, decay, it is a pure penguin process
when we regard f(, as s5 state and in this case, there is no
weak phase that leads the direct CP violation parameter

—0

Mix CP parameter(Bs—>fyfp)

0.0

-0.4t, L L 1 1 1 1 L L L
0 20° 40° 60° 80° 100° 120° 140° 160° 180°
6(°)
(b)
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0.0

/

-0.4+t, L L 1 1 1 1 L L L
0 20° 40° 60° 80° 100° 120° 140° 160° 180°
o)
(d)

FIG. 6. The direct and mixing CP violation parameter of the BY(BY) — f,f, and B%(BY) — 6c as a function of mixing angle 6.
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equal to zero. Furthermore, it is very small when we take
the mixing of the (u@ + dd)/+/2 into account. For the
BY = 60 decay, it is a rare mode, the CKM matrix elements
[VisVin| < |V V3|, which make the tree amplitudes are
suppressed. From Eq. (53), the direct and mixing CP
asymmetries can be defined as follows:
dir __ 1- |’1CP|2
7

—2Im(cp)
P+ Aep

1+ |Acp)*’

Based on the mixing scheme, we give the CP asymme-
tries’ dependence on the mixing angle @ in Fig. 6.

Here, we use the same value of the @ = 25° to make
some prediction,

mix __
CP —

(56)

A (BY = fofo) =
AL (BY = fofo) = 0.3%,
A% (BY - 606) = —6.0%,

AZX(BY - 66) = 11.7%, (57)
As for the B — f,fo. if we consider f, as a pure s5 state,
there is no CP violations; if we consider it as a mixing
between s5 and ¢gg, we find the interference has little
influence on the CP violation parameters. Because the
mixing angle cannot be determined in a direct method, our
results also can be used to constrain the range of the mixing
angle @ if it were observed in the experiment.

IV. SUMMARY

In this paper, we make predictions of the decay B —
SS(S = ay(980), £¢(980,500)) within the pQCD approach
for the first time. Basing on the recently experimental
results which provide a direct information about the

|

hi(x1. X2, by, by) = Ko(Mg by+/x1(1 = x3)) x [0(by —

ha(x1.Xp.b1.by) = Ko(Mp by

hi(xl,xz,x3,b2,b3) = [9(b2

xi (1= x;)) x [0(bs

= b3)lo(Mp b3\/x, (1 = x,))Ko(Mg br\/x; (1 = x3)) +

constituent two-quark components in the corresponding
ap wave function and the theoretical presentations of the
scalar meson in scenario 1 , we calculate the branching
ratios and CP violation parameters of the decay B — aya,
for both charged and neutral a, states and the decay
BY = fo(0)f(0). Our calculations show that: (1) the BY —
agay decay modes have relative large branching
ratios, which are B(BY— agay)=(5.17735)x 107 and
B(BY - adal) = (2.587)45) x 107, and there is also large
CP violation in the decay model; (2) the branching fraction
of BY - fo(c)fo(c) are at the order of the 10~* (107).
Because the mixing angle cannot be determined in a direct
method, our results also can be used to constrain the range
of the mixing angle @ if it were observed in the experiment.
In the end, we hope the results can be tested by the running
LHC-b experiments in the near future, and, of course, it
would help us to get a better understanding of the QCD
behavior of the scalar mesons.
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APPENDIX: FORMULAS FOR THE
CALCULATION USED IN THE TEXT

In this part, we list some formulas that are used in the
above calculations. The hard scattering kernels function
hi(i =a,c,e,g) involved in the above expression are
written as:

by)lo(Mg bi\/1 = x3)Ko(Mp by\/1 = x3) + (by <> by)].  (Al)
= b)) Iy(Mp by\/x)Ko(Mp by\/x1) + (by <> by)],  (A2)

(by <> b3)]

Ko(Mp b3/x1 + X5 + X3 — XX — Xpx3 — 1),

X1 +x+x3—x1x0—xx3—1>0

s

h%(xl,X2,X3, b2v b3)

ir 11
%Hé )(MB‘\.bB\/|xl + x5 + X3 = XX — Xox3 — 1),

X1 +X2+X3—XIX2—.X2X3—1<O

(A3)
= [0(by — b3)Io(Mp, b3\/x1(1 — X)) Ko(Mp brn/x1(1 = X)) + (by <> b3)]
KO(MB b3\/x1 3 — X1Xp +XZX’;) X — X3 — XXy +XQ)C3 Z 0
X ) (A4)
%THO MBSb3\/|X1 — X3 — XXy +X2X3 ), X1 — X3 — XXy +)C2)C3 <0
062~ 3)o (M, bs/53) 5 HY (M ba/35) + (b <> b)], (AS)

i
hl(x,x3, by, b3) = EH(S )(MB by\/Xpx3) X
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i i
h2(xy, x3, by, b3) = ZH(()I)(MBSbsx/szﬁ x [0(b, — b3)J0(MBSb3\/X_z)EH(()I)(MBsz\/X_z) + (b, < b3)].  (A6)

i
hy(xy, X2, x3, by, by) = [0(by — bl)JO(MBl‘bl\/x2x3)EH(()l)(MBSbZ\/x2x3) + (by < by)]
{KO(MBxb]\/xlxz_XZXS)’ XXy —xx3 2 0

%H(() )(MBsbl X120 = X523

), XXy — XoX3 < 0

i
hé(xl,x%%bhbz) = [‘9(]72 - bl)JO(MB\.bl\/x2x3>EHE)I)(MBJ)Z\/XZXI%) + (bz <~ bl)]
{ Ko(Mp by\/xi + x5 + X3 — X1X5 — X5X3), Xp+ Xy + X3 = XX —xx3 20

%’Hél)(MBsbl\Axl —|—XQ +X3 — X1 X —XZX3|), X1 —|—x2 +XS — X1 X —XZXS < 0

where J, is the Bessel function and K, I, are modified Bessel function with H(()l)(x) = Jo(x) 4+ i¥y(x).
The evolution function E(z;) is defined by

E.;(1;) = ay(t;) eXP[_SBFQ(ft) - Saa(ti)L

Ef(t;) = a,(t;) exP[—Sag(fi) - Sa0’<ti)]’
E,.r(t;) = ay(t;) exp[—Sg (t;) — Sag(ti) - Sa;(fi)]bl=b3
Eap(1;) = ag(t;) exp[=Sp, (1:) = S (1:) = Sag (1:)]p, -,

(A9)

where the largest energy scales 7;(i = a, c, e, g) to eliminate the large logarithmic radiative corrections are chosen as:

tlll = maX{MBS\/ 1 — X3, l/hl, l/bz},
15 = max{Mp /x;,1/by,1/b,},

1 = max{Mp VX + 2% + x5 — x5 — xox3 — 1

My \/x (1 =x,),1/by, 1/b3},

Mg \/x1(1=x3),1/by, 1/b3},

12 = max{Mp \/|x; — x3 — X1x; + Xx3
te = max{Mp \/x3,1/b;,1/bs},
r; = max{Mp \/x3,1/b,, 1/bs},
t; = maX{MBS\/x2x3,MB:\/ |X1X2 — XpX3|, 1/171, 1/b2},

lg = maX{MBS\/)Cz.Xy MBS \/|x1 + Xy + X3 — XXy — .X'z.Xf3|, l/b] s l/bz} (AIO)
The Sp (x1), Ss(x;) used in the decay amplitudes are defined as:
5 [t du _
5,00 = sCapf b 43 [ Ppyfaa),
1/b, H
+ = o+ todp =
Ss(x2) = s(x2p3 . by) + s(X2py . by) +2 —vq(a (i),
1/b, M
_ S todp _
Ss(x3) = s(x3p3, b3) + 5(¥3p3, b3) +2 b Eyq(as(ﬂ))? (A11)
3
where X; = 1 —x; and y, = —a,/x is the anomalous dimension of the quark, and the Sudakov factor s(Q, b) are resulting
from the resummation of double logarithms and can be found in Ref. [44],
Q du 0] _ —
s(0.0) = [ n(£)Atata) + Bla ) (A12)
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with
a 67 =2 10 3 ere a,\?
A= cl - - ZBnlnl — tl
CFn+{9 3 27”f+2ﬁ°n(2)}<ﬂ)’

62]/5—1
1
()

where yg and n, are Euler constant and the active flavor
number, respectively.

_ 2a

B—-7
3

(A13)

The threshold resummation factor S,(x) have been
parametrized in [45], which is:

21+20F(% +c)

R

[x(1=x)]° (A14)

with the fitted parameter ¢ = 0.3.
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