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Under two different scenarios for the light scalar mesons, we investigate the transition form factors of
B(B,) mesons decay into a scalar meson in the perturbative QCD approach. In the large recoiling region,
the form factors are dominated by the short-distance dynamics and can be calculated using perturbation
theory. We adopt the dipole parametrization to recast the ¢> dependence of the form factors. Since the
decay constants defined by the scalar current are large, our predictions on the B — S form factors are
much larger than the B — P transitions, especially in the second scenario. Contributions from various
light-cone distribution amplitudes (LCDAs) are elaborated and we find that the twist-3 LCDAs provide
more than one-half of the contributions to the form factors. The two terms of the twist-2 LCDAs give
destructive contributions in the first scenario while they give constructive contributions in the second
scenario. With the form factors, we also predict the decay width and branching ratios of the semileptonic
B — Sl and B — SI"1™ decays. The branching ratios of B — S1v channels are found to have the order of
10~* while those of B — SI™I~ have the order of 10~7. These predictions can be tested by the future

experiments.
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L. INTRODUCTION

Although a number of scalar states have been discovered
long time ago, the underlying structure of scalar mesons
has not been well established (for a review, see [1-3]). In
order to uncover the inner structures, many different de-
scriptions have been proposed such as gq, § § gq, meson-
meson bound states, or even supplemented with a scalar
glueball. It is very likely that they are not made of one
simple component but are the superpositions of these con-
tents. The different scenarios tend to give very different
predictions on the production and decay of the scalar
mesons which are helpful to determine the dominant com-
ponent. Although intensive study has been given to the
decay property of the scalar mesons, the production of
these mesons can provide a different unique insight to
the mysterious structure of these mesons, especially their
production in B decays.

In B meson decays, the energy release is much larger
and many channels involving a scalar meson in the final
state are open. Since the first observation of the scalar
meson [(980) in three-body B meson decays B~ —
K~ fy(980) = K~ (w"7~) [4], the two collaborations,
BABAR and Belle, have reported many studies on decays
involving a scalar meson in the final state: the branching
ratios and/or direct CP asymmetries are measured or set an
upper limit [5]. Since much more interesting channels are
still not observed at present, it is just the beginning of
scalar meson study in B factories. Meanwhile, it is also
necessary to provide more theoretical studies which are
useful for future experiments.

Theoretically, the studies on hadronic B decays are
usually polluted by the nonperturbative QCD effect and

1550-7998/2009/79(1)/014013(14)

014013-1

PACS numbers: 13.25.Hw

predictions on the observables always suffer large uncer-
tainties. Since there is only one hadron in the final state in
semileptonic B — § decays, they receive less theoretical
uncertainties. In these channels, the most challenging part
in the calculation is the matrix element of the By, to scalar
meson transition. In the region of small recoil, where q2 is
large, the form factors are dominated by the soft dynamics,
which is out of control of perturbative QCD. However, in
the large-recoil region where g*> — 0, roughly 5 GeV of
energy is released. About half of this energy is taken by the
light scalar meson, which suggests that large momentum is
transferred in this process and the interaction is mainly
dominated by the short-distance dynamics. Therefore the
perturbative QCD approach (pQCD) [6] is expected to be
applicable to B to scalar meson transitions in the large-
recoil region. With the results obtained in the restricted
region, one can extrapolate these form factors to the whole
kinematic region by adopting some parametrization form
for the form factors.

This paper is organized as follows: The distribution
amplitudes and decay constants of the mesons are given
in Sec. II. In Sec. III we listed the formulas about the form
factors and semileptonic decays. Section 1V is a discussion
of the numerical results. The Appendix lists the useful
functions for the pQCD approach.

II. CONVENTIONS AND INPUTS

We will work in the rest frame of the B meson and use
the light-cone coordinates. In the heavy quark limit the
mass difference of b quark and B meson is negligible:
my, = mpg. The masses of scalar mesons are very small
compared with the b quark mass, we keep them up to the
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first order. Since the scalar meson in the final state moves
very fast in the large-recoil region, we define the momen-
tum of the scalar meson on the plus direction in the light-
cone coordinates. The momentum of the B meson and
scalar mesons can be denoted as

m m

V2 V2

Then for momentum g = Py — Py, there exists n = 1 —
g*/m3%. The momentum of the light antiquark in B meson
and the quark in scalar mesons are denoted as k; and k,
respectively (see Fig. 1):

mp
k =<O,—x,k )
1 NG LKL

In the course of the pQCD calculations, the light-cone
wave functions of the mesons are required. The B meson is
a heavy-light system, and its light-cone matrix element can
be decomposed as [7]

m
ky = <T§x277, 0, sz.)- ()

1 d*;
0 2m)*

etk 'Z<0|b5(0)5a(z)|B(S)(PB<:>)>

= %{(PB(J, + mB(S))YSI:d’B(S) (k)

o f’%ﬁ)(k)]} , o)

where n = (1,0,0;) and v = (0, 1, 0;) are lightlike unit
vectors. There are two Lorentz structures in B meson light-
cone distribution amplitudes, and they obey the normal-
ization conditions:

d*k,
@2m?*

fB(J) d4k1

P ) e

Q’)Bm 1) =
“

with fp ~as the decay constant of the B(, meson. In
principle, both the ¢ (k;) and ¢ (k) contribute in B
meson transitions. However, the contribution of ¢ | (ky)is
usually neglected, because its contribution is numerically
small [8]. So we will only keep the term with ¢p (k) in
Eq. (3). In the momentum space the light-cone matrix of B
meson can be expressed as

kz k2
kl kl
FIG. 1. Contributions to the form factors in the pQCD ap-

proach, where the cross denotes the weak vertex.
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(I)B(x) = (FB() mB(x))')/SQbB(X)(kl)- (%)

i
J6
Usually the hard part is independent of k™ or/and k™, so we
integrate one of them out from qu(S) (k*, k~, k). With b as

the conjugate space coordinate of k, we can express
¢, (x, k1) in b space by

i
(I)B(.V)’aﬁ(x’ b) = /2N_ [yB(l‘) Ys + mB(l?) ﬂys]aﬁ(rbB(x) (x) b);
(6)

where x is the momentum fraction of the light quark in the
B meson. In this paper, we use the following expression for

d)B(S) (X, b)

2 2

mp X 1
L]

B, (v, b) = Ng_ (1 — x)° exp[— ;
w;,
7

with Np |
by Eq. (4). In recent years, a lot of studies for B* and BY
decays have been performed by the pQCD approach [6].
With the rich experimental data, the w,, in (7) is fixed as
0.40 GeV. In our calculation, we adopt w, = (0.40 =
0.05) GeV and fi = (0.19 = 0.025 GeV) for B mesons.
For the B; meson, taking the SU(3) breaking effects into
consideration, we adopt w, = (0.50 = 0.05) GeV and
fp, = 0.23 £0.03 GeV [9].

In the spectroscopy study, many scalar states have been
discovered. Among them, the scalar mesons below 1 GeV,
including £ (600)(o), f1(980), K;(800)(k), and a((980),
are usually viewed to form an SU(3) nonet; while scalar
mesons around 1.5 GeV, including f(1370),
f0(1500)/f,(1700), K;(1430), and a,(1450), form another
nonet. There are two different scenarios to describe these
mesons in the quark model. The first one (called scenario 1
in this paper) is the naive 2-quark model: the nonet mesons
below 1 GeV are treated as the lowest lying states, and the
ones near 1.5 GeV are the first excited state. In this sce-
nario, the flavor wave functions of the light scalar mesons
are

is the normalization factor, which is determined

Here it is supposed that the o and f(980) have the ideal
mixing. However, the data of J/¢ decays does not favor
f0(980) as a pure s5 state [10], and it seems that o and
f0(980) have a mixing like
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[£0(980)) = |s5) cosf + |nii)sind,

o) = —|s5)sin@ + |nii) cosé,

with |nit) = 71§(uﬁ + dd) and 6 as the mixing angle. The

above description has encountered several severe difficul-
ties. For example, if the gg states have the quantum num-
bers JP¢ = 0"*, the corresponding masses are expected
larger than that of the vector mesons. Studies on the mixing
angle of o and f(980) [11] show that # tends to be not a
unique value, which indicates that o and f;,(980) may not
be purely gg states. Based on these facts, the second
scenario is proposed, where the nonet mesons near
1.5 GeV are viewed as the lowest lying states, while the
mesons below 1 GeV may be viewed as four-quark bound
states. Because of the difficulty when dealing with four-
quark states, we only do the calculation about the heavier
nonet in this scenario.

The decay constants of scalar mesons are defined by [10]

SPIary 9110y = fsp,., (8132910 = mgfs. (10)

Because of the charge conjugate invariance, neutral scalar
mesons cannot be produced by the vector current and thus

fo=Ffr,=fag =0. (11)

For other scalar mesons, the vector decay constant fg and
scalar decay constant fs (listed in Table I and II) is related

by equations of motion u,fs = fg, with u, = m

myg is the mass of the scalar meson, and m,, m, are the
running current quark masses. All the inputs of the scalar
mesons in our calculation, including the decay constants,
running quark masses and the Gegenbauer moments, are
quoted from [10].

The definition of twist-2 light-cone distribution ampli-
tude (LCDA) ®4(x) and twist-3 LCDAs ®%(x) and ®¢ for
the scalar mesons can be combined into a single matrix
element [10]:

TABLE I. Decay constants fg (in units of MeV) and
Gegenbauer moments at scale . = 1 GeV in scenario 1.
s B B

ay(980) 365 = 20 —0.93 =0.10 0.14 = 0.08
ay(1450) —280 = 30 0.89 £ 0.20 —1.38 £0.18
f0(980) 370 = 20 —0.78 £0.08 0.02 = 0.07
Fo(1500) —255+30 0.80 = 0.40 —1.32*=0.14
«(800) 340 = 20 —-0.92 =0.11 0.15 = 0.09
K;(1430) —300 = 30 0.58 = 0.07 —1.20 = 0.08
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TABLE II. Decay constants fg (in units of MeV) and
Gegenbauer moments at scale 4 = 1 GeV in scenario 2.

fs B, B;
ay(1450) 460 £ 50 —0.58 = 0.12 —0.49 = 0.15
fo(1500) 490 = 50 —0.48 =0.11 —0.37 = 0.20
K8(1430) 445 = 50 —-0.57 =£0.13 —0.42 = 0.22

(5(P3)g0)a(0 = [ dreir syt

+mg®§(x) + mgo,, PS5 2" s (x)}
6 I,
—1 ! ixpz
= e P

+mg®y(x) + mg(hy — DPF(x)}

b

(12)
with the normalization conditions
[ dxst =
2\/2N
(13)

! K — o _ fS
de¢5(x)—j;)dx¢s(x)—2m.

The LCDAs can be expanded in Gegenbauer polynomials
as the following form:

= sl [ 1+ S B

m=1

X C*(2x — 1)]

— 2\;C‘g_6x(l — x)I:—s + mz:lB m()
% CY2(2x — 1)], (14)

¢§(x)=wf_[ S WwCiec -] as)
s

[1 + Z b(p)Cof*(2x — 1)]}, (16)

where B,,(u), a,, (@), and b,,(u) are the Gegenbauer mo-
ments and C/? and C/? are the Gegenbauer polynomials.
The values of B,,(u) are listed in Tables I and II. And the
values of b, u and a,,(w) in scenario 2 are worked out in
[12], which is listed in Table III. However, in the calcu-
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TABLE III. Gegenbauer moments for the twist-3 LCDAs of scalar mesons at the scale u# = 1 GeV in scenario 2 [12].
State al(Xlofz) a, b1(><1072) b2 b4
ay(1450) 0 —0.33 ~ —0.18 —0.11 ~0.39 0 0~ 0.058 0.070 ~ 0.20
K;(1430) 1.8 ~42 —0.33 ~ —0.025 cee 3.7~55 0~0.15 s
Fo(1500) 0 —0.33~0.18 0.28 ~0.79 0 —0.15 ~ —0.088 0.044 ~ 0.16

lation in scenario 1, the asymptotic form of twist-3 LCDAs
is used.

III. B — S FORM FACTORS AND SEMILEPTONIC
DECAYS IN THE PQCD APPROACH

A. A brief review of pQCD approach

The basic idea of pQCD approach is including the
intrinsic transverse momenta of valence quarks in the
calculation of the hadronic matrix elements. The transition
matrix element (see Fig. 1) of B meson to a scalar meson
(q1g, component is supposed) can be expressed as the
convolution of the wave functions ®z, ®¢ and the hard
scattering kernel Ty, integrated over the longitudinal and
transverse momenta of the valence quarks:

I o d?k,, d*k >
.’]Vloc/;) dxldxzf_ (Q’T])Jiﬁ(bB(x]ykll;pBr t)

X Ty (xy, X, k11, kay, D@g(xa, kat, py, 1). (17)

It is convenient to calculate the transition amplitude in
coordinate space. Through the Fourier transformation,
the above equation becomes

1 0 - > -
.’]\/l S [ dXIdX2f dzbldzbzq)B(xl, bl! PB; t)
0 —00
X TH('xl’ X7, 51, 52, t)@s()('z, 52, P t) (18)

In principle, loop corrections to scattering kernel 7' can be
taken into consideration, which usually bring two types of
infrared divergences in individual diagrams: soft and col-
linear. Soft divergence is generated when all the compo-
nents of a loop momentum / go to zero:

* = (%17, I;) = (A, A, A), (19)

with [#* expressed in the light-cone coordinate. The col-
linear divergence arises from the region where the gluon
momentum is parallel to the massless quark momentum:

= (%17, Iy) = (mg, A2/myg, A). (20)

In both cases, the loop integration corresponds to
[ d*1/1* ~logA, thus logarithmic divergences are gener-
ated. In perturbation theory, it has been shown order by
order that these divergences can be separated from the hard
kernel and absorbed into meson wave functions using
eikonal approximation [13]. When the soft and collinear
momenta overlap, one also encounters double logarithm

divergences, which can be resummed into the Sudakov
factor and its expression is given in the Appendix.

The loop corrections to the weak decay vertex will
generate another type of double logarithm. For example,
the amplitude of the left diagram of Fig. 1 is proportional to
1/(x3x;). When x, — 0, additional collinear divergences
are associated with the internal quark. The integration of
the amplitude will produce double logarithm aIn’x,, and
the resummation of this type of double logarithm gives rise
to Sudakov factor S,(x,) [14], which is usually called jet
function. The similar jet function S,(x,) is generated after
the resummation of the same type of double logarithm of
the right diagram in Fig. 1. The jet function decreases
faster than any power of x as x — 0, thus it kills the
endpoint singularity effectively. The jet function has been
parametrized in a form which is independent of the decay
channels, twists, and flavors [15].

With the Sudakov factors included, the factorization
formula of the form factor matrix element in pQCD ap-
proach is given by

1 0 N N N
j\/l o8 [ dxldxzj dzbldzbchg(x], b]; Pp» t)
0 —o0

X TH('X1> x2’ El) 52) t)q)S(xzy 52; pl) t)
X S, (x;) exp[ = Sp(1) — S»(1)]. 2D

B. Form factors in the pQCD approach

The form factors for B(;) — S transition are defined by

Ks(S(P)IGy . vsbIB(y(Pg,))

. m%(.y) B m% 2
= —j (PB(S, + Ps)# _Tq,u, Fl(q )
m%;(s) B m% 2
+ TqMFO(q )t (22)
_ _ R 2FT(q2)
Kks(S(P)| 7o, bIBy(Pp)) = —i€p0ppiqP ————,
s N uvZ1B ()M B, mvepll mp  + mg
(23)
Ks<S(Ps)|qO’,u,v?’Sblé(s)(PB(s))>
2FT(612)
—[g,Ps, — Pspq,]—T9) 4
[q,u. Sv S;LQV]mB ) + mg ( )

(s

with ¢ = Pp — Ps. kg is the flavor factor for the transi-
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tion: +/2 for the component of #u in the % state, ++/2
for the component of dd in the Lﬁd‘i state, 1 for the other

states. In the large-recoil region, a hard gluon is required to
kick the soft spectator antiquark to a fast-moving anti-
quark. Therefore, in this kinematics region, the form fac-

J
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tors can be calculated perturbatively. The lowest order
diagrams for the B(,) — § transition are shown in Fig. 1.
Carrying out the calculation under pQCD approach, we
obtain the analytic formulas of the form factors nearby the
g> =0:

Fo(n) = 87TCFme dxldxzf bydb bydbydp(xy, b)n(xan — 1 — Desxy) — ram(2x, — Depi(xy)

+ ry(2x,m = 3m + 2)5(x) 1 (xy, (1 = x2)m, by, by)a(2h) expl =S, (£1)]S, (x,)

+ 2r,mdi(x)h,(1

— X, X1, b2’ bl )as([g) exp[_Sah(l%)]St(-xl)}! (25)

FAn)—-chFmBj'dxwuzj'17dbbyun¢3apb>ﬂxnn-— — Debsoa) + ra( =21, + 3 = 2/ )L (xy)

— (1 — 2x2)¢§(x2)]he(x1, (1
+ 2r2¢:§‘(x2)he(1

— x)m, by, by)a (1)) expl — S, (12)]S,(x2)
— X9, X171, by, by)a (12) expl =S4, (12)1S,(x)}, (26)

Fr(n) = 8wCrmi(1 + r,) [01 dx,dx, j:o bydb bydbypp(xy, bi){[ra(x; — Dpi(xy) — dslxa)

1 - 2/77)¢§(x2)]he(x1, (1
+ 2r (xR (1

+ rz(.XQ -

With these formulas we calculate the form factors nearby
g*> = 0. Through fitting the results among the region 0 <
g*> < 10 GeV?, we extrapolate them with the pole model
parametrization

F;(0)
1= alg?/m3) + b(g/m3)?’

Filg?) = (28)

where a, b are the constants to be determined from the
fitting procedure.

C. Semileptonic B meson decays

The effective Hamiltonian for b — ulp, transition is
H b — ulm) = LV, iy, (1 — y9)bTyi(1 —
eff(b — ulv)) —E ubMYM( ys)blyH( Ys)v,.
(29)

With the Hamiltonian, the ¢> dependant decay width ;_qrz
can be expressed as

— x)m, by, by)ag(tl) expl — S, (12)]S,(x2)
— x3, %17, by, by)a(£2) exp[ — S, (£2)1S,(x))}. (27)

dU _ GplVl* ¢ —m]
dg* 1927m3  (¢%)?

\/(q _m \/(mB_ms_Q) m%

X [(m? + 2¢*)(q* — (mg — mg)?)
X (q* = (mg + mgs)*)Fi(q*)
+ 3mj(my — m3)*F5(q7)], (30)
with m; as the mass of the lepton.
The calculation of b — s/ [ transition is a bit compli-
cated, because both the short-distance and long-distance

contribution should be taken into consideration. The weak
effective Hamiltonian is

G
ngmv;’z Z Ci(w)0(w), (1)

H eff =
with the doubly Cabibbo-Kobayashi-Maskawa suppressed
terms omitted. C;(u) are the Wilson coefficients and the
local operators O;(u) are given by [16]
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0, = (Eaca)V—A(EﬁbB)V—A,

0, = (54cp)v-a(Cpba)y—a

03 = (Eaba)V—AZ(QﬂQﬁ)V—Ar
q

04 = Fabp)y-aD (Gpqa)v-a
q

Os = (§aba)v—AZ(f?BCIB)V+A,
q

(32)
O¢ = (Eabﬁ)v—AZ(%%)vmy
q
emy, _ v
07 = —SO"M (] + ’)/S)bF
872
aem 7 -
Oy = A Iy DGEY*(1 — y5)b),
a
Qepy + _
Oy = 8L(17M751)(37“(1 — ¥5)b),
a
where (7192)v-4(@3q4)v -4 = (@1 Y*(1 — ¥5)q2) X
(73Y,(1 = Y)qs), and (§192)v-a(G3q4)v+a = (G y*(1 —

¥5)42)(@3y (1 + ¥)q4). In Eq. (32), the term suppressed
by m, in O is neglected.

The amplitude for b — sI* [~ transition can be decom-
posed as

— G em * (&}
A= )=y tb{c T (w)5y,(1 - v5)b]

X[Iy* 1]+ Cyo[5y, (1 = ys)b][Iy*ysl]

- 2mbcsff<u>[sicr#%(1 " y5>b[z‘wz]},

(33)

where § = ¢>/m% and My, = m,/mg, with m, as the b
quark mass in the MS scheme. The long-distance and
short-distance contributions are absorbed into the C%ff(,u)

and CS(w), with
|

dr GFaemlvlhlzlvz*v 2 q - 4m1r4
dq? 1024m3 7 L3

cyf c o — 4]
YR - S T
q

+ 41, Cro(m3 — m§>F0<q2)|2],

A

+ - /\
3

with A = (m3 — g% — m3)*> — 4m3q°.

IV. NUMERICAL RESULTS AND DISCUSSION

A. Form factors

Our results of the B— S form factors are listed in
Table V and VI. The errors for the form factors in those

eff 4 F
S pi(g?) + S0 py (L el |2
2 2 q° mg + mg

Ceff mhFT(q )
mpg + mg

PHYSICAL REVIEW D 79, 014013 (2009)

TABLE IV. The values of Wilson coefficients C;(m;) in the
leading logarithmic approximation in the standard model, with
w = 80.4 GeV, m, = 173.8 GeV, m; = 4.8 GeV [18].

Cl C2 C3 C4 CS C6 C7 C9 ClO
1119 —0.270 0.013 —0.027 0.009 —0.033 —0.322 4344 —4.669

CsM(w) = C7(w) + Cj ., (),
C§M (1) = Co() + Yper(8) + Y1 p(8).
Y,

pert TEPresents the perturbative contributions, and Yy p is
the long-distance part. The Y . is given by [17]

Yper(8) = (i, §)Co — 3h(1, §)(4C5 + 4Cy4 + 3Cs + C)
— 3h(0, 8)(C5 + 3Cy)
+3(3C; + Cy +3Cs + Cy),

(34)

(35)

with  Cy=C, +3C, +3C; +C4 +3C5+ Cq4. The
Wilson coefficients, listed in Table IV, are given in the
leading logarithmic accuracy. The long-distance part Y} p,
involving the contributions of B(; — SV(c¢) resonances
where V(cc) are the charmonium states, is neglected in this
paper because of the lack of the experimental data. The
corrections of the nonfactorizable effects of the charm
quark loop to the b — sy transition at g> = 0 are also
neglected. And the absorptive part of b — sy with neglect-
ing the small contribution from V,;, V;; is represented by the
Cj—,, part in C5T, which is given by [for a complete
expression of Cf(u), see [19]]

CL—'Y’}'( )= ias[%n"‘/”(Gz(x,) —0.1687) — 0.03C,(u)],
(36)
with G,(x,) = 2—3u-2) 4 Sy, a (my)/a(p)

8(x,— 1)
and x, = m?/m?%,.
The ¢?> dependant width of B — SI*/[™ is given by

4(x,—1)*°

47
3 2.2

2m]2mhFT(q2)

CeffmlFl(QZ) + Ceff

mp + mg

(37)

two tables arise from the uncertainties of hadronic parame-
ters of By meson (fp and ®;,), Agep (020 GeV-
0.30 GeV), factorization scales [see Eqs. (Al)], and the
Gegenbauer moments of scalar mesons. A number of re-
marks will be given in order.
(i) Compared with transitions of B meson to pseudo-
scalar mesons, vector mesons, and axial-vector me-
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TABLE V. Form factors for B — § in scenario 1. The errors arise from the uncertainties of hadronic parameters of B(; meson (f,
and w;), Agcp, scales (7}), and the Gegenbauer moments of scalar mesons.

Fo(0) = F(0) F(0) a(Fy) b(F)) a(F)) b(Fy) a(Fr) b(Fy)

B—o 0.28%057 0.297597  0.65500! —0.11359 L6170 0.56759% 167700 0.6275%

B — ay(980) 0.391040 045501 0728088 —0.167502  1.68100  0.627090  1.70%90¢  0.6370 1)

B — «(800) 0.27+907 0.29%007 071505 —0.127595  1.65%0%%  0.590%%  1.697000  0.657008

B — f,(1370) —0.30%005  —0.397010  0.70%007  —0.247003 L6300 0.53%05  1.607000  0.50700%

B — ay(1450) —0317008  —0.417019 0707083 —0.26705 1637003 05370 1627000 0.5470%

B — K;(1430) —0.347000 0447010 0727000 —0.18700¢ 165700 057700 Le1fff:  0.52700

BY — £4(980) 0.35790 0.40%280 073505 0137092 1.66%20¢  0.607097 1707008 0.66109

BY — «(800) 0.297007 0.315007  0.667007  —0.177540 1621003 0.567099  1.68700  0.6270 10

BY — fo(1500) —-0.26700 —0.347018 07275 —020%210 L6100 048702 1.60750¢  0.4810%)

BY — K;(1430) —-0.3270:%¢ —0.41700%8 0.6975%0  —021F20 1627598 052700 1627500 0.5670%

sons [8,20], our predictions on B — S form factors in (iii) The form factors of B to heavier nonet transition in

scenario 2 are obviously larger, which is caused scenario 1 are negative, while the others are positive.

mainly by the large decay constants (f) of the scalar The reason is that the decay constants (fs) of the

mesons. For example, the form factor F;,(0) of the B heavier nonet in scenario 1 have opposite signs to the
meson to pion transition is about 0.23 [9] with others, which is clearly shown in Tables I and II.

0.131 GeV as the decay constant of pion, while the (iv) As we can see from Tables V and VI, the predictions

B meson to a((980) transition in scenario 1 has 0.39 in scenario 2 are larger than the corresponding ones

as its corresponding form factor, whose decay con- in scenario 1 roughly by a factor of 2 in magnitude.

stant is more than 2 times larger than pion. In order to show how these large differences are

(i1) In Table V, the form factors of B — o are smaller generated, we take the form factor F,(0) as an ex-

than those of B — ((980). Because the same decay ample and list contributions from different terms in

constant and Gegenbauer moments for these two LCDAs in Table VII. (Data is given with asymptotic

particles are used in the calculation, the differences forms of twist-3 LCDAs are adopted in both scenario

are caused by the mass differences between a,(980) 1 and scenario 2, because the terms with Gegenbauer

and o (0.98 GeV for a((980) and 0.513 GeV for o moments bring so small effects, which is discussed

[1]). In scenario 1, there are small differences be- in the following, that they cannot change the argu-

tween «(800) and f,(600) in masses [0.672 GeV for ment.) The contributions from the two twist-3

«(800)], decay constants, and Gegenbauer moments. LCDAs ¢ and ¢% are given in the first two col-

Besides, the contribution from twist-2 LCDA of umns. The numbers in the column “B;”’ denotes the

«(800), which is proportional to fy, is too small to contributions from the Gegenbauer moments B; in

give sizable differences. Thus the B — o and B — twist-2 LCDAs. It is also similar for the fourth By

x(800) have nearly the same form factors as shown column. The last column collects the total contribu-

in Table V. Comparing the form factors of B — tions to the form factors. The different inputs be-

«(800) with B — «(800) in Table V, one can find tween scenario 1 and in scenario 2 are the decay

that the differences between B and BY mesons affect constants and Gegenbauer moments. If only twist-3

little. Therefore, the large differences between the LCDAs are taken into account, the form factors will

form factors of B? — x(800) and those of B — be proportional to the decay constant. Since the

ay(980) are mainly due to the large difference be- decay constants f in S2 are (typically 60%) larger

tween the scalar meson masses. than those in S1 in magnitude, the form factors are

TABLE VI. Form factors for B — S in scenario 2, with the same error sources as the data in Table V.

Fy(0) = F,(0) Fr(0) a(Fy) b(Fy) a(Fy) b(Fy) a(Fy) b(Fyr)
B — f,(1370) 0.637923 0.76:037  0.70%5% —0.1430% 16075003 0.53+218 1637007 0.574007
B — ap(1450) 0.6810:12 0.927030  0.6275% —0.21700¢ 1.73i§;§% 0.70*0.1¢ 1687000 0.617519
B — K;(1430) 0.6070-18 0.7870%  0.68120] —0.1875:9 1707002 0.65%519 1687007 0.6170)
BY — fo(1500) 0.600:29 0.821030  0.65%9%  —0.22%207 1767503 0717020 L71F9%  0.6670:95
BY — K;(1430) 0.5610:1% 0.72102  0.67150% —0.172591 1697008 0.63759 1.68%5%  0.6370:97
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TABLE VII. Contributions from different LCDAs to the B —
S form factor F, in scenario 1 (S1) or scenario 2 (52). The
contributions from the two twist-3 LCDAs ¢ and ¢% are given
in the first two columns. The numbers in the column “B;”
denote the contributions from the Gegenbauer moments B; in
twist-2 LCDAs. It is also similar for the fourth column. The last
column collects the total contributions to the form factors (data
is given with asymptotic forms of twist-3 LCDAs adopted in
both scenario 1 and scenario 2).

o5 oL B, B;  Total

B — a(1450) S1: —021 —-0.05 014 —-0.19 —-0.31
§2: 035 008 015 OI11 0.69

B — K;;(1430) S1: —022 —-0.05 010 —0.18 —0.34
$§2: 033 007 014 009 062

BY — f,(1500)  S1: —0.17 —0.04 0.11 —0.16 —0.26
$§2: 032 008 013 009 061

BY — K3(1430)  S1: —0.19 —0.05 0.09 —0.17 —0.32
S2: 027 007 014 009 058

accordingly larger. The ¢% term give much larger
contributions than the ¢§ term. Contributions from
the Gegenbauer moments of the twist-2 LCDAs
sizably enhance the form factors in S2 but not too
much in S1. For B to scalar meson transitions in
scenario 1, the B terms provide contributions with
the same sign with the twist-3 terms, while the terms
with B; have the opposite sign. Thus, the two terms
of the twist-2 LCDAs give destructive contributions
to the total form factors in S1. The situation is differ-
ent in S2; although the two Gegenbauer moments are
small in magnitude, they give constructive contribu-
tions and induce much larger form factors.

(v) We also investigate the contributions from terms
with Gegenbauer moments in twist-3 LCDAs, and
find that the effects brought by these moments are
not large. Taking B — f(1370) transition as an
example, a comparison between the cases with and
without these contributions is given in Table VIII.
We can see that most of the results are changed by
less than 10%.

(vi) Compared with our previous study on B — f,
K;(1430) transitions [21,22], the predictions for
the form factors given in the present work are a bit
smaller. The main reason is that different values for
the threshold resummation parameters ¢ have been
used. Moreover, the form factors in this paper are

PHYSICAL REVIEW D 79, 014013 (2009)

larger than those obtained in other approaches or
models [23-26]. As a result, the branching ratios
of the semileptonic decays are larger, which is dis-
cussed in the following.

As we have mentioned in the Introduction section, the
experimentalists have already provided many investiga-
tions on nonleptonic B decays involving a scalar meson
in the final state. Among these decays, the so-called color-
allowed tree-dominated processes can be directly utilized
to estimate the B — S form factors, under the hypothesis of
factorization. For example, the B — aj 7~ decay ampli-
tude in the factorization scheme is expressed as
ABY—ajm) = &m%fﬁFgﬁa“{VubV* [a; +a

udL“1 4

V2

+ ayg — rp(ag + ag)]
+ Vo Viglas + ayg — r(ag + ag)l},

(38)
where a; is the combination of Wilson coefficient
a, = Cy, + C,/3, a, = C; + Cy/3,
aj=C;+Ci1/N. (i=3571709), (39)
a;=C;+C;_{/N. (i=406,28, 10).

a; ~ 1, and it has small uncertainties. Although there are
large uncertainties for as—a;o, the combination of Wilson
coefficients satisfies:

a; > max[a3_10]. (40)

If only the branching ratios are concerned, contributions
from the penguin operators (as—;y terms) can be safely
neglected and thus

_ G = .
ﬂl(B0—>a0+7T_)=T;m%f7,Fg WY Vian.  (41)

If the partial decay widths are well determined experimen-
tally, these results will directly constrain the B to scalar
meson transition form factors. The upper bounds for B —

ayr are given as (in units of 1079)
BR(B — a(980)7) < 3.1,
_ (42)
BR(B— aj(1450)77) < 2.3,

where the daughter branching fraction has taken to be
100%. Since the scalar mesons ay(980) and a,(1450)
have vanishing decay constants in the isospin limit, the

TABLE VIII. Form factors for B — f(1370). The first line and the second line are the results with and without contributions from
the terms with Gegenbauer moments in twist-3 LCDAs, respectively.

Fy(0) = Fy(0) Fr(0) a(F,) b(F) a(Fy) b(F,) a(Fr) b(Fr)
0.6370% 0.761537 0.7073:93 —0.14+002 1.6075.43 0.530.18 1.6310:07 0.570:%
0.6701} 0.83753 0.7125:92 —-0.1270% 1641008 0.5773:% 1657593 0.59*00]
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branching ratios of B® — aj 7" are very small and one
expects the relation: BR(B— ag7*) = BR(B’ —
ag 7). Compared with the branching ratio of B’ —
777~ (in units of 1079),

BRB— w7 ) =516 = 0.22, (43)

results provide the upper bound for the B — a, form

PHYSICAL REVIEW D 79, 014013 (2009)

factors:

Fo(B — a,(980)) < 0.78F (B — ) = 0.18,

(44)

where as a rough estimation, we have taken Fy(B — ) =
0.23 [9]. Compared with our results in Tables Vand VI, one
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FIG. 2. Partial decay widths of the semileptonic B — SIP decays as functions of g>. Diagrams a—d denote the B~ —
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can see our results have exceeded the present experimental B. Decay widths and branching fractions

upper bound. Despite that, it does not mean our predictions With the form factors at hand, one can directly obtain the

are ruled out py the datg, as the daughter dec.ay is not taken partial decay width through Egs. (30) and (37). Since
into account in the derivation for the experimental bound.

Our predictions will be confronted with the real bound in
the future, whenever the daughter decay of a, is well
studied.

masses of electrons and muons are very small compared
with ¢” in the most kinematic region of the semileptonic
decays, they will not produce large effects and are ne-
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TABLE IX. The total branching ratios for the b — ulv; in
scenario 1 (unit: 10™*). The errors are estimated with errors
from the form factors.

B — Sev,(uv,) B— S7i,
B —o 0.817037 0.51+033
B® — a; (980) 1.84+109 1.01+061
B~ — fo(1370) 0.297013 0.137209
B° — ag (1450) 0.67753 0.28%011
B, — «*(800) 1427982 0.881032
B, — K" (1430) 0.775937 0.35%017

TABLE X. Same as Table IX except in scenario 2.

B~ — fo(1370)ep,(u?,) B~ — fo(1370)77,

This work 1.55%)53 0.6755%

B’ — ag (1450)ep,(up,) B®— af(1450)77,
This work 3.25%23¢ 132707
LCSR [23] 1.8+09 0.631033

B, — K" (1430)e,(ui,) B, — K;"(1430)77,
This work 2454171 1.0975%2
LCSR [23] 13413 0.5243%
QCDSR [24] 0.36793%

glected in this work. In Figs. 2 and 3, we give our pre-
dictions on the partial decay width of B, — SI™ v, (I = e,
) and B,y — S7° ), respectively. The diagrams in Figs. 4
and 5 are similar but for the B — SI"I™ (I = e, u) and
B,y — St*7~ decays. In Fig. 4, there exists a small dis-

TABLE XI. The total branching ratios for the b — sI*1™ in
scenario 1 (unit:10~7) with the same error sources as Tables IX
and X.

PHYSICAL REVIEW D 79, 014013 (2009)

continuity in each diagram, which is caused by the dis-
continuities in functions h(#,, §) and A(1, §) in Eq. (35).
When [ = 7 in Fig. 5, the discontinuities in the diagrams
disappear, because the origins of g? axes become 4m?2
which is large enough to ensure that the variation of g>
does not pass the discontinuities in the a(7,, §) and A(1, §)
functions.

The results for the total branching ratios are collected in
Tables IX, X, XI, and XII, with the errors estimated with
the errors of the form factors. One can find that the branch-
ing ratios with 7 lepton(s) in the final state are smaller than
the ones without 7 lepton(s), because the large mass of 7

lepton(s) makes the phase space much smaller. In Table IX,
Br(B,—Sep,)
Br(By)—S7v,)
longs to the light nonet. While for the heavy nonet mesons,
the value of this ratio is larger than 2. The reason is that
more energy is released when the final state is a light
meson, and thus the effect of m, on the phase space is
not so evident. In Tables X and XII, we also list the
predictions in light-cone sum rules (LCSR) and QCD
sum rules (QCDSR), which are smaller than our predic-
tions. The reason is that we have bigger form factors.
Taking B — aj (1450)e” 7, as an example, the form fac-
tors that contribute are Fy(g?) and F,(g?), with the rela-
tionship F(0) = F,(0). Fy(0) for B°— ag(1450) in
scenario 2 in this paper is O.68f8;}g, while the correspond-
ing value in [23] is 0.52 = 0.10. As a rough estimation,
supposing that corresponding form factors in these two
papers have analogical evolution with respect to g, the
branching ratio in this paper should be (0.69/0.52)? = 1.7
times larger.

is smaller than 2 when the scalar meson be-

V. CONCLUSIONS

In this work, we have studied the B — S form factors in
the pQCD approach under two different scenarios for the
scalar mesons. In scenario 1, both of the light and heavy

B— Sete (utu™) B— St 7~ nonet are described as the gg state while in scenario 2, we
B~ — Kk~ 438273 0.5673¢ have only studied the heavy nonet. Because of the large
B~ — K~ (1430) 3.13f}§? 2.00* 116 X 102 dgcgy constant fg, we have found that most of our pre-
30 . 9(980) 591+323 0.38+025 dictions are larger than those for the B — P transition form
gg f 9 1500 1'74;%?3 501 41'32—‘;{161 0-2 factors, especially in scenario 2. Contributions from vari-
s — Jo(1500) 1094 et B2 ous LCDAs are explicitly specified. Because of the large
TABLE XII. Same as Table IX except in scenario 2.
B~ — Ky (1430)ete ('t ™) B~ — K~ (1430)7" 7~
This work 9.787758 6.297371 X 1072
LCSR [23] 57434 9.871%% X 1072
Light front quark model [25] 1.63 2.86 X 1072
QCDSR [26] 2.09 —2.68 (1.70 — 2.20) X 1072
BY — £3(1500)e e (u*p™) BY — £3(1500)7" 7~
This work 10.0*53 0.13%0:52
LCSR [23] 53133 0124008
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masses of ay(1450), K;(1430), fo(1500), their twist-3
LCDAs have provided more than one-half contributions
to the form factors in both scenarios. In scenario 1, the two
Gegenbauer moments B, B for the twist-2 LCDAs have
different signs and they give destructive contributions to
the form factors; while in scenario 2, although the two
Gegenbauer moments are small in magnitudes, they give
constructive contributions and induce larger form factors.
Contributions from terms with Gegenbauer moments in the
twist-3 LCDAs are also investigated, and we find that these
terms do not give large changes. We also study the semi-
leptonic B — SIv and B — SI*1~ decays, including the
partial decay width and the integrated branching fractions.
Branching ratios of the semileptonic B — S/ decays are
found to have the order of 10~#, while branching fractions
of the B— SI"I~ decays have the order of 1077,
Compared with results in the previous studies, our predic-
tions are a bit larger which is caused by larger form factors.
These predictions will be tested by the future experiments.
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APPENDIX: PQCD FUNCTIONS

In this part, we collect the functions which are essential
in the pQCD calculation:

1y = max(tCV(l — xp)nmp, 1/by, 1/b,),
= max(t.\/x;nmg, 1/by, 1/b,),

with 7, = 1 for the calculation of the central values and
t. = 0.75-1.25 for error estimation:

he(x1, X5, by, by) = Ko(x1x3mpby)[0(by — by)
X Ko(\/x_szbl)Io(\/x_szbz)
+ 0(by — by)Ko(\/xympb,)

(A)

X Io(JFamgby)] (A2)
S = 2 LGREA G g (a3

J7l(1 + ¢)

PHYSICAL REVIEW D 79, 014013 (2009)

with ¢ = 0.4. The Sudakov factor in Egs. (25)-(27) is
given by
Sap(t) = Sp(1) + Ss(0), (A4)

where

o mpg 5 t d,(l _
Sp(t) = S<x1 7 bl) + 3 ,[1/19] EYq(as(/*L)): (AS)

Ss(t) = S(h%, bz) + S((l - xz)%, bz)
w2 . %“ Yolar (), (A6)

with the quark anomalous dimension y, = —a,/7. The

explicit form for the function s(Q, b) is
A b A® /5

S0 b) =4 1(1)— (q—b)+ —2(1—1)
2B, b 2B, 487 \b

)
e 1 In( %
47 4B 2 b

. ADB, A[ln(2c}) +1  In(2b) + 1]
g b

4B q
(1)
LA f 2[12(24) — 1n2(2b)], (A7)
857
where the variables are defined by
g =1[Q/(v2A)] =I[1/(bA)]  (A8)

and the coefficients AY) and S, are

33 -2n 153 — 19n;
! 12 2 24
4 67 0
1y —° 2 = _ 2 _ YE
A 3 A 53 " ,81 1n< e )

(A9)

ny is the number of the quark flavors, and y is the Euler
constant. We will use the one-loop running coupling con-
stant, i.e. we pick up only the four terms in the first line of
the expression for the function s(Q, b).
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