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Study of scalar meson ay(980) from B — ay(980)7 decays”
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Abstract In this paper, we calculate the branching ratios and the direct C P-violating asymmetries for decays
B — ag(980)7°, ad (980)7t™, ag (980)7t and B~ — a§(980)7~, ag (980)n® by employing the perturbative QCD
(pQCD) factorization approach at the leading order. We found that (a) the pQCD predictions for the branching
ratios are around (0.4—2.8) x 1079, consistent with currently available experimental upper limits; (b) the C'P
asymmetries of B’ —a (980)7° and B~ — a5 (980)7° decays can be large, about (70-80)% for a=100°.
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1 Introduction

The study about scalar meson is an interesting
topic for both theory and experiment. In order to
uncover their mysterious structure, intensive studies
have been done for the B meson decays involving a
scalar meson as one of the two final state mesons.
Such decays have been studied by employing vari-
ous factorization approaches, such as the QCD factor-
ization (QCDF) approach [1], the perturbative QCD
(pQCD) approach [2-5], and by using the QCD sum
rule [6].

On the experimental side, the scalar meson f,(980)
was observed in the decay mode B — £,(980)K by
Belle [7], and confirmed by BaBar [8] later. Then
many channels involving a scalar in the final state
have been measured by Belle [9] and BaBar [10]. The
decays B — a0(980)7t have also been studied by Bar-
Bar [11], In Ref. [12] the authors argued that if the
branching ratio of B~ — ag (980)7° decay can be mea-
sured accurately, one can separate the four- and two-
quark assignments, because the predictions of these
two assignments have a difference of one order of mag-
nitude. So in the past three years, BarBar has given
this channel two measurements [13] and got two al-
most identical upper limits. For our considered de-
cays, only the experimental upper limits are available
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now for some of them [14]:
Br(B" —a(980)7) <3.1x 107",
Br(B™ —ag (980)1°) < 1.4 x 107,
Br(B~ —al(980)7) < 5.8 x 10°. (1)

In this paper, we will study the branching ratios
and CP asymmetries of B’ — a%(980)7°, af(980)m
and B~ — ag (980)7t°, a$(980)m~ by employing the
pQCD factorization approach. In the following, we
use a, to denote a,(980) in some places for conve-
nience. The paper is organized as follows. In Sec. 2,
the status of the study on the physical properties of
a9, the relevant decay constants and light-cone dis-
tribution amplitudes are discussed. In Sec. 3, we
then study these decay channels using the pQCD ap-
proach. The numerical results and the discussions are
given in Section 4. The conclusions are presented in
the final section.

2 Physical properties of the final par-
ticles

Many scalar mesons below 2 GeV have been found
in experiments. We can not accommodate these
scalar mesons into one nonet, but need at least two
nonets below and above 1 GeV [15]. Among them,
the scalar mesons below 1 GeV, including f,(600)(0),
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£,(980), K;(800)(k) and a¢(980), are usually viewed
to form a SU(3) nonet; while scalar mseons
above 1 GeV, including f,(1370), £,(1500)/ £,(1700),
K*(1430) and ay(1450) form another SU(3) nonet.
There are several different scenarios to describe these
mesons in the quark model [16-19]. For example, the
a0(980) meson has been suggested as a qq lowest lying
state [16] (called scenario I) or a four-quark bound
state [17] (called scenario II). In Scenario [, the for-
mer SU (3) nonet mesons are treated as the gq ground
stats, while the latter nonet ones are the first excited
states; in Scenario II, the former nonet mesons are
viewed as four-quark bound states, while the latter
nonet ones are qq ground states. Some people also
consider that it is not made of one simple component
but might have a more complex nature such as hav-
ing a KK component [18, 19], even the superpositions
of the two- and four- quark states. In order to make
quantitative predictions, we identify a,(980) as the
two-quark state in the calculation.

In the 2-quark model, the decay constants for
scalar meson ay are defined by:

(a0 (D) [T Yud1]0) = fagPus (80(P)[@>1]0) = 11aq fay - (2)

Since the neutral scalar meson a, cannot be produced
via the vector current (restricted by the charge conju-
gation invariance or the G parity conservation), the
vector decay constant f,, = 0. As to the charged
scalar mesons ag , from the equation of motion:

m_—

- , 3)

f_=f_ ith = %
oo = Lo R M = )

its vector decay constant is proportional to the mass
difference between the constituent u and d quarks. It
is easy to see the vector decay constant is very small,
and will equal zero in the SU(3) limit. So we only
need to consider the scalar decay constant fao, which
is scale dependent. Fixing the scale at 1 GeV, the
value is f,, = (365420) MeV, which is calculated in
QCD sum rules [1].

The light-cone distribution amplitudes (LCDAs)
for the scalar meson a, can be written as:

(00 (0410) = = | drer {y o, @)+

Mag @, (2) + oy (s -~ )P, (0)} (4)

jl

where n, and n_ are the light-like vectors: n, =
(1,0,01), n_ =(0,1,07), and n, is parallel with the
moving direction of the scalar meson ay. The normal-

ization can be related to the decay constants:

1 1
J' da®,,(z) = J dad, (x)=0,
0 0

1 } i

dzd =—20 5
| aro @)= e o)
The twist-2 LCDA can be expanded in the Gegen-
bauer polynomials:

1

@ao(x,,u) = Wﬁao(M)Gx(l_l‘)x
> Bu(w)Cy? (22— 1), (6)

the values for Gegenbauer moments B;, B3 have been
calculated in Ref. [1] as:

B;=-0.93£0.10, B3=0.14+0.08. (7)

These values are taken at =1 GeV and the even
Gegenbauer moments vanish.

As for the twist-3 distribution amplitudes & and
@;FO, they have not been studied in the literature, so
we adopt the asymptotic form [5]:

Qio = #faov
24/2N,
1

2v/2N,

@, = fao(1-22). (8)

3 The perturbative QCD calculation

In the pQCD approach, the decay amplitude of
B — aym decays can be conceptually written as the
convolution,

A(B — mag) ~ Jd4k1d4k2d4k3 x
Tr[C(O)P 5 (k)P (o) Puy (ks ) H (v Ko s, 1)], - (9)

where k;’s are the momenta of light quarks included
in each mesons, and Tr denotes the trace over Dirac
and color indices. C(t) is the Wilson coefficient,
H (ky, ko, ks,t) is the hard kernel which describes the
four quark operator and the spectator quark con-
nected by a hard gluon, and can be perturbatively
calculated. The functions @5, ¢, and ¢,, are the
wave functions of the B, 7t and a, meson, respectively.

Since the b quark is rather heavy we consider the
B meson at rest for simplicity. It is convenient to use
light-cone coordinate (p™,p~,pr) to describe the me-
son’s momenta: p* = (p°+p*)/v/2, and pr = (p*,p?).
Using these coordinates the B meson and the two final



530 Chinese Physics C (HEP & NP)

Vol. 34

state meson momenta can be written as

Mg
Py = 22(1,1,0),
B \/i( T)
Mgy
P, = 25(1,0,0,), 10
2 \/5( T) (10)
M
P3 = B(OalaOT)v

V2
respectively. The light meson masses m, and m(ao)
have been neglected. Putting the anti- quark mo-
menta in B, 7t and a, mesons as k;, ko, and ks, re-
spectively, we can choose

kl = (‘T1P1+707k1T)7
kg = ((EQP;,(LICQT), (11)
kg = (O7$3P37,k3'1").

For these considered decay channels, the integration
over ki, k5, and ki in Eq. (9) will lead to

A(B — T[a()) ~ J’dfl?ldflfgdIgbldblbgdbgbgdbg X
’I‘I‘[C(t)(pB (fEl,bl)(pn(fEQ,bg) X

QY)aO (:ES’ bg)H(x“ bzut)st(l'l) eis(t):l ’
(12)

where b; is the conjugate space coordinate of k;r, and
t is the largest energy scale in function H(z;,b;,t). In
order to smear the end-point singularity on x;, the
jet function S;(x) [20], which comes from the resum-
mation of the double logarithms In”z;, is used

142¢
S0 = - (1)
where the parameter ¢ =0.4. The last term e~ *® in
Eq. (12) is the Sudakov form factor which suppresses
the soft dynamics effectively [21].

For the considered decays, the related weak effec-
tive Hamiltonian H.s can be written as [22]

V2

q=u,c

M= S5 57 V(€001 + Ca080)

> o, w)] 7 (14)

with Gr = 1.16639 x 10~°> GeV~2 is the Fermi con-
stant, V;; are the CKM matrix elements, C;(u) and
O;(n) are the Wilson coefficients and the correspond-
ing 4-quark operators.

In the following, we take the B’ — a8 decay
channel as an example. There are 8 type diagrams
contributing to this decay, as illustrated in Fig. 1. For

the factorizable emission diagrams (a) and (b), oper-
ators O;_49.10 are (V—A)(V — A) currents, and the
operators Os_g have a structure of (V — A)(V + A),
the sum of the amplitudes are written as F., and
FP1. In some other cases, we need to do Fierz trans-
formation for the (V — A)(V + A) operators and get
(S — P)(S+ P) ones which hold the right flavor and
color structure for factorization to work. The con-
tribution from the operator (S — P)(S + P) type is
written as F£2. Similarly, for the factorizable anni-
hilation diagrams (g) and (h), the contributions from
(V-A)V-A), (V-A)V+A), (S—P)(S+P) cur-
rents are F,., FZ!' and FZ2?. For the nonfactoriz-
able spectator diagrams (c, d) and the nonfactoriz-
able annihilation diagrams (e, f), these three kinds of
contributions can be written as M., MZ', MT? and

M, MDY MP2 respectively. Since these amplitudes
are similar to those of B — f,(980)K(7t,n) [3, 4] or
B — a¢(980)K [5], we just need to replace some cor-
responding wave functions and parameters.
Combining the contributions from different dia-
grams, the total decay amplitudes for those consid-

ered decays can be written as:

0 0
W g

(e) (0]

(2 (h)

Fig. 1.
ing to the decay B~ ad.

Typical Feynman diagrams contribut-
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2M(B —adn") = & [(— M+ Mar + Mooy + Maay ) Co+ (Fare + Foag + Faag ) a2] —

1
e {uz e mzamz i) (0o 50r) +

1 1
(Men+Man+Mea0 +Maa0) (CS+2C4_ 509+5010) +

1
(ME2 4+ ME2 M2 + MP2) (206 n 5@) n

1 1 1
(Far+ Feag + Faay) (2a3—|—a4 —2a5— 5(174' 5009 - §a1o> +

1
(F2+F2+ F+ F;Zﬁ)( —§a8>},

— 1
M(BO—>a57T+) 5 [Faaoa/z—i‘MenCl +Maa002 {Mpl (05_507) +

MP1(05+C7)+Ma7T (CS+C4 C )

aaq

1
2
M.y (Cs+Co)+M? <06 - —Cg> +ME? (Cs+Cs) +

1 1
Faﬂ <a3+a4—a5+§a7 2ag 2 ) +

1
Faag (a3+ag—a5—a7)—|—FeI;2 (aG—I—as)—l—Faljf (CLG— 5018) },

aag

— 1
M(BO—>3,8FT[7) = §u [Fcaoﬁl+Faﬂa2+Mca001+ManCQ] § {Mpl <C5—§O7) +

1

1
M2} (C54Cr)+ M, (CS +C,—=Cy— 5010) + Mo (Cy+Cho) +

2
1
M., (CS+09)+M£(2, (06 - 508) +MP?(Cs+Cs) +

1 1

509 — _a10> + Feap (@4 +as0) +

1
Faao <a3+a4—a5—|—§a7—2 5

1
Fir(as+ag—as —a7)—|—Fea0 (as+as)+ Ff;i <a6_ Eas) } ;

\/_M(B _>a'0 )_ gu [MeWCQ+( Man+Mea0+Maa0)cl+(_FaTr+Fea0+Faa0)a/1]_

eaq aag

1
@{—Me’j,l <05—§O7) (—MIT+ME +MEP) (Cs+Cr) +

1 3
Mr <—03+ 5094' 501()) +(—Mon+ Mooy + Moo,) (C3+Co) +

3 1
§C8M£[2+(_Faﬂ+Fcao +Faa0> (a'4+a'10)_FeI:[2 (aﬁ_ §a8> +

( FP2+FP2+FP2)(G6+G/8)}7

eaq

C ) +Maa0 (C4+Clo)

(16)
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\/iM(B7 - aaﬂo) = gu [MeaOCZ + (_Maao +Me7'r+Man) Cl +Fea0a2 + (_Faao +Fen+Fam)a/1] -

aag

1
oz (e ho) s (w0 4

1 3
M., <—03+ 509 + §CIO> + (—Mapag + Mer+ M.r) (C3+Cy) +

eaq

eaq

3 1
§OSMP2+(_FaaO +FC7T+Fa7T) (a4+a10)_FP2 (aﬁ_ia@) +

aaq eaq

3 3 1
Feao (—a4— S0+ §a9+—a1o> +(-F22+F2+F?) (a6+a8)} g (19)

where &, =V, V., & =V, Vy), and a; are the combi-
nations of the Wilson coefficients defined as usual in
Ref. [23].

4 Numerical results and discussions

In the numerical calculation, we will use the input
parameters as listed in Table 1.
In the B-rest frame, the decay rates of B —
a0(980)7t can be written as:
Gk
32mmp

I'= IMP(1=7), (20)

where r,, =m,,/mp and M is the total decay ampli-
tude of B — a,(980)7 as given in the last section.
Using the wave functions as specified in previous
section and the input parameters listed in Table 1,
it is straightforward to calculate the CP-averaged
branching ratios for the considered decays, which are
listed in Table 2. In this table, we have included the
theoretical errors arising from the uncertainties in the

scalar meson decay constant fao and the Gengebauaer
moments B; and Bs for twist-2 LCDAs of a,(980).
In Fig. 2, we plot the branching ratios of B’ - adm?,
agm, ag7~ and BT — aln, a;m° as a function of
the CKM angle a:

ViaVis }

a=arg [_V -
ud Yub

From the numerical results, one can see that:

1) Because of the small uti and dd component
in the f,(980), the branching ratio of B — ajm is
about one order larger than that of B' — f, (980)7°
(Br(B" — £,(980)7°) ~ 4.7 x 10~% [4]), but much
smaller than the branching ratio B’I’(EO — '’ =
(1.6240.31) x 1075

2) In order to compare with the experimental
measurements [11], we also define the branching ra-
tio Br(B’ — agmt +agm ) as the direct sum of
Br(B’ — agnt) and Br(B” — afm), and show it
in Table 2.

Table 1. Input parameters used in the numerical calculation.
masses Magy = 0.9847 GeV, mg =1.3 GeV,
Mp =5.28 GeV, max=0.14 GeV,
decay constants fB=0.19 GeV, n=0.13 GeV,
lifetimes gt =1.671x 10712 s, g0 =1.530x 10712 5,
CKM Vip, = 0.9997, Viq = 0.0081ei21-6%
Viaa =0.974, Vb = 0.00393¢—160°

+

Table 2. Branching ratios (in unit of 1076) for the decays B’ — adn?®, agn and BT — aaTto7 a7t~ by assuming
a =100°. The first theoretical error is from the the scalar meson decay constant, the second and the third
one are Gengebauer moments B; and Bs for twist-2 LCDAs of a(980).

channel this work data QCDF [1]
B~ a0 0SB0 - 02
B 086G BB 0) : &
B’ —ag 7t 05115687506 7.0 - 0.6
B’ —afn 4agnt 137581501708 <31
B~ —agn? 0.4110-99+0-00+0-09 <14 0.2
B~ —>a87’[7 2.8t0400+0400+0.00 <58 3.4

0.79—-0.85—-0.58
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Fig. 2. Branching ratios (in units of 107°) of (a) B’ > ag

0

al(®)

7° (solid curve), ag " (dotted curve), af 7t~ (dashed

curve) and (b) B~ — ag7i® (solid curve), B~ — a§m~ (dashed curve) decays as a function of the CKM

angle a.

(29(980)m)

dir
p

A

al(°)

a;(%)

| | | | | | | | |
=50
60 70 80 90 100 110 120 130 140 150 160

al(®)

Fig. 3. The direct CP asymmetries (a) of the decays B’ > agn® (solid curve), B~ — a5 n® (dashed curve),

B~ —adn

(dotted cureve) and the C'P asymmetry parameters (b) of the decay BO/E0 —adn dagh: au

(dash-dotted curve), az (dotted cureve), a., . (dashed cureve) and a. = (solid curve) as functions of the

CKM angle a.

3) The pQCD predictions for branching ratios
are all consistent with currently available experimen-
tal upper limits. The 2-quark model supposition of
20(980) can not be ruled out by the current experi-
mental data.

Now we turn to the evaluations of the CP-
violating asymmetries of B~ — ag7®adn~ and
B — aJn®afnt decays in the pQCD approach.
For the charged decay channels, the direct CP-
violating asymmetry can be defined as A%, = (| A2 —

|A[2)/(JA]? + [A]2). For the neutral decays B —
adm®, there are both direct CP asymmetry A&L, and
mixing-induced CP asymmetry AZX:
dir _ APt
cp(Ba— 1) = T[N
. 2ImA
cp(Ba—1)= (21)

T+ Al

where

—2ig A(Ed — 1)

A=nore B, o)

with nep = £1 the C'P eigenvalue of the final state f.

As to the decays B — ainT, since both B° and
B’ can decay into the final state ag 7t~ and ag 7t*, the
four time-dependent decay widths for B°(t) —ajm,
B’(t) > agmt, BO(t) — agmt and B (t) — a7 can
be expressed by four basic matrix elements:

g=(aim |Hu| B®), h=(aim |He|B"),

G=(agn"|H|B"), hi=(agn'|HoBY). (22)

Following the notation of Refs. [22, 23], the four
CP violating parameters are given by the following
formulae:
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_21m<22)
bg

B 1] el L
T gl T 14|h/g|? ’
q9
R - (3P ”m(pﬁ)
G = FT5 a2 %= T =72 (23)
|h]2+|g] 1+1]g/h|

where ¢/p =e"%8 with |p|>+|q|> =1 and 3 is one of
the three CKM angles.

From Fig. 3(b), one can find the central values of
the C P-violation parameters:

a0 =0.31, acro =0.94, ay =0.93, ac,e =0.32, (24)

for ae=100°.

=0 -
For B' — ajn®, agm’®

, and B~ — ajn~ decays,
the a-dependence of their direct C' P asymmetries is
shown in Fig. 3(a). Although the branching ratio
of B~ — afm~ decay is the largest one among the
considered channels, its direct C'P asymmetry is the
smallest one, about 14% for a fixed a = 100°. For
B — a9(980)7° and B~ — ag (980)7° decays, their
CP asymmetries can be large, about (70-80)% for
a=100°, but the corresponding branching ratios are

small,around (4-5)x 1077, and therefore it is difficult
to measure them.

5 Conclusion

In this paper, we calculate the branching ratios
and CP-violating asymmetries of B’ — adm®, agm-
agmt, and B~ — aln~, agm® decays in the pQCD
factorization approach by identifying ay(980) as the
2-quark content. Based on the analytical calculations
and numerical results, we find that:

1) The pQCD predictions for the branching ra-
tios are around (0.4—2.8) x107°, consistent with cur-
rently available experimental upper limits. The 2-
quark model supposition of a¢(980) can not be ruled
out by the current experimental data.

2) Although the CP asymmetries of B —
a9(980)7° and B~ — ag (980)7t° decays can be large,
about (70-80)%, it is still difficult to measure them
due to their small branching ratios.
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