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In this paper, the semileptonic weak decay process of B,y — S scalar mesons is investigated by
using the light-cone QCD sum rules (LCSR) in the nonperturbative part. The corresponding transition
matrix elements leading to form factors and the branching ratio of this process are determined.
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INTRODUCTION

For several consecutive decades, the structure of scalar mesons has been investigated. It
was assumed that the scalar mesons with the masses greater than 1 GeV, such as f(1370),
can form the nonet based upon their spectrum, and those with masses less than 1 GeV,
such as a(980), K (800), fo(980), and fo(600), form another nonet.

Investigation of strong and electromagnetic decays of scalar mesons, apart from the pro-
duction properties of scalar mesons in 7wV scattering, pp annihilation, y+ formation, and heavy
meson decays, has been the subject of interest in literature. Belle and BaBar investigated the
scalar meson decays in the mass range of 1.0 and 1.5 GeV experimentally [1,2].

We would like to investigate the semileptonic decay of By, to scalar meson (S) in order
to calculate the form factors and the branching ratio of this decay process.

The QCD sum rules method, which is based on relativistic quantum field theory, has been
successful in calculation of form factors in the perturbative part, but in the nonperturbative
part, namely for large momentum transfers or in the decay of scalar mesons with heavy
masses, confronts difficulties. Correlation of the standard QCD sum rules (QCDSR) and hard
exclusive processes theory leads to the light cone QCD sum rules (LCSR) in which such
difficulties are overcome by performing the operator product expansion in terms of twists
rather than dimensions [3].

Instead of using the vaccum condensation, which is used in QCDSR, in LCSR, the hadronic
distribution amplitudes are used. The light cone distribution amplitudes are nonperturbative
functions used to describe the hadronic structure.
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This paper is organized as follows. In Sec. 1, the effective Hamiltonian responsible for the
transition of b — wu, s in the Standard Model, matrix elements parameterizations, and relations
between the form factors and the heavy quarks in the large recoil regions are discussed. In
Sec. 2, the distribution amplitudes of twist-2 and twist-3 obtained via QCDSR are given for
scalar mesons. Then LCSR method is used for the determination of the form factors. The
numerical calculation of the form factors and branching ratios as well as their application
in decays of B; — K{(1430)ly; and B, — K((1450)i7;, and also leptonic longitudinal
asymmetry are discussed in Secs.3 and 4. In the last section, discussion of results and a
conclusion are presented.

1. EFFECTIVE HAMILTONIAN
AND PARAMETERIZATIONS OF MATRIX ELEMENT

In order to find the effective Hamiltonian for transition of b — u, we integrate out the
particles, such as top quark, W* and Z bosons above the scale of y = O(mj3), and we get

Heﬁ‘(b — ull_/l) = G—\/g

where V,,;, denotes CKM matrix elements, and [ = (e, u, 7). Similarly, the effective Hamil-
tonian for flavor-changing neutral current (FCNC) for b — s transition is obtained as follows:

Vaptyu (1 = 75)bIy* (1 = 5)m + hee., (1)

) Gr

Herr(b — sll) =
fT( ) \/—
mec7 (/L)

+ Cio57v,(1 — 'yg,)bl_'y“'yg,l — Taw(l — 'yg,)q”bl_'y“l +h.c., (2)

VioVis | O™ (1) 57u(1 = 75)b Iy (1 — 75) 1+

where the term V,;, V) is neglected because |V, V." /Vip Vii| < 0.02. C; denotes the Wilson
coefficients given in [4]. Wilson coefficient Cyy does not depend on scale 1 ~ O(my,), and
C§% (1) is defined as follows ([5-11]):

CS™ (1) = Cy(p) + Ysp(z,8') + Yip(z,s'), 3)

where z = m./myp, s’ = ¢*>/m3, and Ysp(z,s') describes the short-distance contributions
from four-quark operators far away from the cc resonance and is precisely determined by
perturbative QCD. The long-distance contributions Y7,p(z, s’) from four-quark operators near
cc are parameterized in the form of a phenomenological Breit—-Wigner formula, and due to
the lack of sufficient data, is not considered. Therefore, we have [12]:

Yo (2, ') = h(z, ) BC () + Calp) + 3Cs() + Caw) + 305 () +
+ Co)) — 5h(1, ) (405 (1) + 4Ca(n) + 3Cs(1) + Co ()~

— 500, ) (o) +BCu()) + 2(3C500) + Cal) +3C5() + o), @)
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where

4 2
h(z,s'):—glnz—f—ﬁ—i— x——(2—|—x)|1—x|1/2 X

27 9
1-— 1 422
|\/ v |—Z.7TfOI'J,‘EL,
Vv1-— r<1
X 1 422 (5)
2 arctan\/ﬂZjTl for x = T
8 8. myp 4
n0,8)= —=——=1In ———1 — 6
(0.5) =57 — gl —ghs'+gim ©

In addition to that, the charm quark presence causes more corrections in the radiative
transition b — s7, which can be absorbed into CS and is given by [13]

C'?H (,LL) = C7 (‘LL) + Clgﬂsv (M)a (7)
where
) 2 1
Ch sy (1) = ias o= (G1(x) — 0.1687) — 0.03Co (1) |, (8)
and

z(x? — bx — 2) N 3221n %z
8(x—1)3 4(z — )Y

Ch_,Ch(a;) = ©)
where z; = m?/m¥, and = as(mw)/as(p). As can be seen from Eqs. (1) and (2), it is
obvious that in order to calculate decay amplitudes for the semileptonic decays of By — S,
the following hadronic matrix elements should be determined:

(S@)37uv51 By (p + ) and (S(p)[50u,759"b| By (p + 0))- (10)

These two matrix elements are parameterized in the following form:

(S(P)|57u75b| By (p + q)) = =il f+(¢°)pu + f~(4°)au),

1

(5(p)15010715¢ 0| By (0 +0)) =~ | (2 + 1), ¢* — (my —m3) qu} fr(¢%).

(1)

The covariant trace formalism [14] causes the form factors at large recoils and should satisfy
the following relations:

2mp my

Fol@®) = =2 (@), f-(@®) =0, and fr(¢®) = —=—"9f (¢?), (12)

mp+mg mp — Mg

in which the hard gluon exchanges are neglected.
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2. SCALAR MESON DISTRIBUTION AMPLITUDES
AND LIGHT-CONE SUM RULES FOR FORM FACTORS

The scalar meason light-cone amplitudes for ¢»q; are defined [2,15] as

(S () 122 (2) Vs )] 0) = pu / du P =Y B (1, 1),

1
(S (0) |22 (@) @ (4)] 0) = ms / du P T+ &3 (4, 1) | and (13)

1
(5 (p) a2 (x) 0001 ()] 0) = —ms (Puzv = Puzp) / du e P THD OF (u, 1),

where z = x —y, mg is the meson mass and u denotes ¢, which is momentum fraction carried
by g2. @s (u, p) is of twist-2, @ (u, ) and Z (u, p) are of twist-3. These are scalar meson
distribution amplitudes with the following normalizations:

1 1 1
[uts p) =g [duws wp = [aueg = s, (14)
0 0 0

the vector current decay constant fg is defined as

(S (p)|@27"q1|0) = fsp*, (15)

and fg, the scalar density decay constant, is given by

(S (p) lg2q1| 0) = ms fs, (16)
with
ms
ma () —ma (p)’

where m; and my denote masses of quarks ¢; and go, respectively. The distribution amplitudes
are expanded in terms of Jacobi polynomials in Hilbert space as

fs =psfs, and pg = (17)

®s (u, 1) = fs (1) 6ut

Bo () + 3 Bun () G2 (2u — 1)] ,

D (u, 1) =

1+ Z am (1) CH2 (2 1)] . and (18)

G (u, 1) = fs (u) bua

1+ Z b (1) C3/2 (2 1)] :

m=1
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where polynomials Cfn/ 2(x) are special cases of Jacobi polynomials. The fundamental quan-
tity in QCD light-cone sum rules is the correlation function, which expresses a hadron as
the corresponding interpolating current with proper quantum number, such as spin, isospin,
(charge) parity and so on. The transition form factors are determined by calculating both
the phenomenological and the theoretical parts of correlation function and using dispersion
relation and quark—hadron duality approximation.

The correlation function corresponding to form factors f1 (q?) and f_(q?) is definded as

I, (p.q) = — / 0426 (S (p) [T Lo (), 2 (0)}] 0) (19)

where jo,,(z) = G () v,75b (z) correspond, to weak transition of b to go, and j1(0) corre-
spond, to B, channel:

Jou(x) = Qo (x)yuy5b(x),  51(0) = b(0)ivsq1(0). (20)

The physical (phenomenological) part of correlation function for a complete set of states with
the same quantum numbers as B, is obtained as

(S (1) [@5(0)7:¥5b(0) [ Ba1 (P + @))(Ba1 (p + @) [b(0)in541(0)[0) n

Hulp.g) =1 mpg — (0 + q)?
)[72(0)7,75b(0)|h(p + )) (h(p + q)b(0)iy5¢1(0)]0)
+Z mj, — (p+q)? - @D

where the ground-state contribution is separated from the higher states, corresponding to the
B, -meson channel. The vacuum-to-meson matrix element for B, meson is

2B

- m
B bi 0 22
(Bg1(p + q)|bivsq1]0) = —|—mq1fB‘“ (22)

Substituting Eqgs. (11) and (22) into Eq. (21), the physical part of correlation function appears
as follows:

Bg1 qu1

2 2
(my + mg1) [, — (p+ )7 [f+(@)pu + () aul+

H,U«(pv Q) =

o h 2 h 2
N / dsp+(s,q)pu+p7(;,q)q,1. (23)
s—(p+q)

Now let us find the theoretical part of the correlation function. By using the perturbative QCD
and Operator Product Expansion (OPE) in the deep Euclidean region p?, ¢> = —Q? < 0, we
arrive at the theoretical part of correlation function:

(. q) = TP (2, (0 + 0)*)pu + TP (@, (0 + 0)*)qu =

(o)
gst 1 ImHQCD(s 7?) / ds 1 ImII2°P (s, ¢2)
Y o T o 4w

Tos—(ptq? T os—(pta)

(mb+m,q1)2 (mb+m,q1)2
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Using the quark-hadron duality assumption,
1
pil(s,0%) = —TmIIEP(5,4%)0 (s — s(), (24)

where 7 = «+», «—». Let us use the Borel transformation as

N _ 2\(n+1) n
Bys=  lim ST < d )2> , (25)

—(p+)? n00 n! d(p+q
—(p+q)?/n=M?

and the form factors are finally obtained as follows:

B
EN a
2

m5  —s
ImH?CD(s,qQ) exp (%) ds. (26)

mp + Mg,
2
Wqul mB

fi(d®) =
“ (mb+mql )2

Let us substitute Eq. (20) into Eq. (19) to get

I.(p.q) = - / d'a &' (S (p)[g2 ()5 b(x)(0) i7541(0)]0). @7
——
Howerer, the full quark propagator is given as [16,17]:

‘ i 4 ‘
(O[T {bs(2)B; (0)}0) = 8y / (gﬂ’; et g / (;iﬂl; ik,

1
1 K+my v 1
X /dv {5 iz — 2y G (va)op + I

v, G* (va)y, |

where the first term corresponds to free quark propagator, ij” = G}, T and Tr [TeT?] =
(1/2)67°. Neglecting the LCDAs of higher excited states [31], and by substituting the first

term of Eq.(28) into Eq. (27), we get:

d*k i
— 4 i(q—k)x — .
Wpq) = = [ d's [ G e e (STl sism (00 @9
Now by substituting Eq. (13) into Eq. (28) and calculating the integrals, the correlation function
is found as

1

1
I, (p. ) = py / du i {— s () +
0

my — (g + up)

2
q° +up-q
+umg®i(u) + 4msP%(u)—————=
S S() S S( )mg_(q_’_up)g}
1
1 q-p+up’
+q /du—{msfbs u) —4dmg®L(u)——————= 7 =
.U'O mg_(q_’_up)g S( ) S( )mg—(q-f—up)Q

=13, (0 + @) + TP (P, 0+ 9P (29)
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from which the form factors are found as follows:

filg) = ) o <@>{ | - (_ S<u>> .

Mm% fp,, M2 u M
uo
_ s o9& 2ms ., 2 .29 2
X mp®s (u) + mg (u®s (u) — 29 (u)) +UM2<I>S (u) (mb u’p® +q ) +

2 2 2
ms . So \ my — uep” +q
—= 9 - = 30
* 6 S(uo)exp< MQ>m§+u(2)pQ—(]2}7 G0

1
2
f-(¢*) = 7(23;;;(“) exp (%) {/d—:exp (— i\%)) x

uo

x| (ms ((@3) + 05w ) ) - ZEHRG)mE + v~ ¢)| -
(et osco)) - |

_ %@g(uo)exp (— %) } (31)

where

_(SO + Q2 B m?neson) + \/(SO + Q2 - Tn?}neson)2 + 4m?neson(m% + QQ)
g = 32

2
2Tnmeson

Now in order to find the form factor fr(q?) for the transition b — s, we start with the
following correlation function:

I, (p,q) = —/d4$eiq” (S () [T {G2 (), 52(0) }|0), (33)

where ~
Jou () = G2(2) 04" 5b(). (34)
The phenomenological part of the correlation function is

.  {SW)[T2(2) 0, q"5b(x) | By (p + 0)) (By (p + 0)[b(0)ins541(0)|0)
1L, (p,q) = e +

Yy (S(0) [T ()00 4" 150(2)[0)|A(p + @) (h(p + ) [b(0)iv51(0)]0)
mj, — (p+q)?

» (35)
h

and the theoretical part of the correlation function in the perturbative context is given by

1

ﬁu (pa q) = [_p“qQ + qN(q p)] /du
0

1
— X
m? — (q + up)?

I 10
st~ moms S ] 9
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By using Borel transformation in terms of variable (p + ¢)? and dispersion relation, the form
factors are found:

(@) = (my + myq,) (mp +ms) (_sz) y

m3,, [B., M?
1
—du mymg P (u) S(u)
o g S ES\Y _2\
X{/ 2u [ s(w) uM? P )"
0 mpms So 1
oy - | - (37

3. NUMERICAL ANALYSIS
The following values have been used for parameters in our numerical calculations [18-25]:

Gr=1.166-10"2 GeV ™2,  [Vip| =3.967059 - 1073,

|Vio| = 0.9991, V| = 41.617010 . 10-3,

mp = (4.68 £0.03) GeV,  ms(1 GeV) =142 MeV,

my (1 GeV) = 2.8 MeV, mq(l GeV) = 6.8 MeV,
mp, = 5.279 GeV, mp, = 5.368 GeV,

fBy = (0.19£0.02) GeV, fp, = (0.2340.02) GeV.

From Egs. (30), (31) and (37), it is seen that the sum rules for form factors also depend
upon the continuity threshold s and Borel parameter M?2. Since M? is not physical, physical
quantities, such as form factors, should not depend upon M?2. In order to find the acceptable

1@ /@)
E 0
E a L
25E . b
20F —O1E
L5g -02F
10E -
E =03
05¢ E
O:IIIIIIIIIIIIIIIIIIIIIIII RN I U T T T T I O A A
10 11 12 13 14 e 15 10 11 12 13 14 M2 15
frig®
10F ¢

8
Fig. 1. Dependence of form factors fi (a), 6
f— (b) and fr (c) at ¢*> = 0 responsible for the 4
decay of Bs — K¢ (1430)I{ on the Borel win- 5
dow M3 € [10.0,15.0] GeV? with the chosen

threshold parameter s, ' = 36 GeV?> i -
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region for M 2. the form factors at zero momentum are plotted versus M 2 and the region,
in which the slope is zero, is selected as acceptable range for M?2. In addition, we should
not forget that M2 must be large enough to suppress higher order twists and small enough to
suppress the higher excited states. The standard value of the threshold in the X channel is

sox = (mx + Ax)?, (38)

where Ax is taken from [26,27]. The continuity thresholds are 5(1)30 = (35 4+ 2) GeV?
and sb* = (36 +2) GeV? for By and B, channels. Once the region for M? is found,
the form factors are plotted versus QQ? for each value of acceptable M?2. The range of

ZJl’+(qz) f-(@?
5

4.0
35
3.0
2.5
2.0
1.5

0.4
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0.2

0.1

0

0 2 4 6 8 10 12,14
(@

(=)

Fig. 2. Dependence of form factors fi (a),
f— (b) and fr (c) responsible for the decay
of Bs — K (1430)I1 on ¢* with the chosen
threshold parameter 5(])3 7 = 36 GeV?

2 4 o6 8 10 12q214
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Table 1. Decay constants and Gegenbauer moments for the twist-2 distribution amplitude ®s of
scalar mesons at the scale © = 1 GeV [2]

State f, MeV B1 Bs

ao(1450) 460 £50 | —0.58 £0.12 | —0.49 +0.15
K{3(1430) | 445+50 | —0.57£0.13 | —0.42 £0.22
f0(1500) 490 £50 | —0.48 £0.11 | —0.37 = 0.20

Table 2. Gegenbauer moments for the twist-3 distribution amplitudes S and ®% of scalar mesons
at the scale ;. = 1 GeV [15]

State | ay - 1072 az a4 by - 102 ba by
ao 0 —0.33 ~ —0.18 | —0.11 ~ 0.39 0 0 ~ 0.058 0.070 ~ 0.20
K; [1.8~4.2]-0.33 ~—0.025 — 3.7~5.5 0~0.15 —
fo 0 —0.33 ~ —0.18 | 0.28 ~ 0.79 0 —0.15 ~ —0.088 | 0.044 ~ 0.16
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Q? is chosen between 0 and 15. These procedures are given in Figs.1 and 2. In our
calculations based upon the mentioned criteria, the value of M 2 is chosen to be 10 GeV?2.
The values of required constants and coefficients used in our numerical analysis are given in
Tables 1 and 2.

4. BRANCHING RATIO AND POLARIZATION ASYMMETRY CALCULATION

Once the transition form factors are found, it is possible to determine quantities, such as
branching ratio and polarization asymmetry in the phenomenological region. Due to lack of
scalar-type coupling between the lepton pairs, the forward—-backward asymmetry for decay
modes By — K (1430)ll and B, — fo(1500)I1 is exactly equal to zero [29,30].

The semileptonic decay By — K (1430)I involves the flavour changing neutral interpo-
lating current. In the rest frame of By meson, the decay width is given in [18] as

dU(By — Kz(1430)0) 1 1 [~ ,
dq? = 27)? 32mp |M1§’0—>K5(1430)lf| du,
0

Umin

(39)

where u© = (ng(Mgo) + )2, ¢* = (p + pp)? and PK;(1430)> P and py are four momenta
of K;(1430), I and I, respectively. 7]? denote the decay amplitude after

integraton with respect to the angles between lepton ! and the meson K(1430). The upper
and lower limits of integration are as follows:

2
Umax = (Es (1430) Ep)? (\/EK * (1430) mK <(1az0) — VB = m?) ,

2
Umin = (Ejcr 1430) T Ef)? (\/EK * (1430) mK £(1430) T \/ Ef? - le> ,

where E;(S(l a30) and E} are the rest frame energies of K((1430) and [, which are obtained
from the following relations:

(40)

2 2 2
. _ My T Migaaso) “9 L @ m
K% (1430) 9 /_q2 ) l 9 /_q2

Considering all the parameters involved, the differential decay rate for B, — Sll is given
as [28]

a0 (By = SU) G2 Vi mied, (1)

ds’ a 153675 s

2
x o/ [(1 + g) as + rlés] 42
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where
2 2 2
o L =2 r=—t rg=-2
em - -
129’ m%’ m%’ m2,’

s =(1- r5)2 —2s(1+rg)+ s2,

f (2) C 2y |? f (2) 2
wmes | +2q _217?\;3'_5) - Cm% ’
2 2
55—6|C10|2{[2(1+TS)_8] f+£q) N
2 * 9 2
+(L=rs)Re | f1 (¢%) (f(qQ)—qu)> +s‘f(q2)—f+T(q> }

It is obvious that the decay rates for electron- and muon-pair final states are considerably
higher than the decay rate for tauon-pair due to the heavily suppressed phase space. Finally,
let us consider the polarization asymmetry for a decay B, — SIl. The four-spin vector s*
in the rest frame is defined as

(s")es = (0, €). 43)
The unit vector along the longitudinal direction of leptons’ polarization is given by
et (44)
| pL |
where Pr(s’) is given as
dr (éLé - 1) dr (éLé - —1)
Pp(s') = —= s (45)
dr (éLf - 1) dr (éL - —1)
ds’ + ds'

which is similar to forward-backward asymmetry Pf,(s’) that has odd parity, but even C'P.
An explicit expression for Py, (s’) for the decay B o — Sl in the rest frame of lepton pair
is given as [28]

4\ /2
(1-7)
S
Pr(s') = 2r 8
<1 + ?> as + rids

Ps <c§ﬂ“f* §q2) —QC’HT\%)) <C1of+ §q2)> 1 (46)

x Re
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Equation (46) is an indication of the fact that in the limit of zero lepton mass, the asymmetry
is independent of form factors, and due to small value of Wilson coefficient C'7, compared
with C§ and Cj, it is approximately given as

2Re[CSTCF,]

Pr(s) = =<9 “rol
2(5) = 1G4 [Cuo 2

+0(Cy) ~ —1. (47)

The results of our calculations are given in Figs.3 and 4 and summarized in Table 3 in which
our results are compared with the values obtained with other approaches.

L 3. 10-7F ‘s 31077
+ E *
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Table 3. Numerical results for the total decay width of By — ao(1450)ll, Bo — K¢ (1430)l, and
Bs — K{(1430)1l with | = e, u, T in the light-cone sum rules approach, together with the numbers
estimated in QCD sum rules [32,33] and LFQM [28]

State | Bo — ao(1450) | By — K3(1430) | B, — K;(1430)
ete”
OUR 7.15-107% 6.28 - 1077 2.47-107°
LCSR | 1.873%.107* 571541077
LEQM 1.63-1077 [28]
QCDSR (2.09—2.68) - 1077 [32]
php”
OUR 7.09-107* 6.28 - 1077 2.45-107°
LCSR | 1.873%.107* 567521077
LFQM 1.62-1077 [28]
QCDSR (2.07-2.66) - 1077 [32]
Tt
OUR 9.17-107° 1.16 -107° 5.93-1078
LCSR | 6.3732.107° 9.87:%* . 107°
LFQM 2.86-107° [28]
QCDSR (1.70—2.20) - 107° [32]
CONCLUSIONS

The values of form factors for different ¢> values obtained here are compared with the
results obtained with other approaches. There are some differences, small but noticeable,
though experimental data will clarify the correct one in the future.

Here by applying the light-cone QCD sum rules, we investigated By — K (1430)Il,
By — K(1430)ll and By — ao(1450)l] decays with distribution amplitudes up to the
twist-3. In general, it is concluded that form factors for decay of B — S are almost twice
the value of B — P.

The form factors fi(¢?), f—(¢?) and fr(q?) found here are for large recoil in heavy
quark regions. The branching ratios were determined for the three decays mentioned above.
Our findings indicate that the values of branching ratios for Bg — K (1430)ete™ and Bg —
K(1430)utp~ are of order 1076, for By — ao(1450)eTe™ and By — ag(1450)u* = are
of order 1074, while for By — K{(1430)ete™ and By — K (1430)utp~ are of order
1077, for Bs — K (1430)7" 7~ is of order 1078, for By — Kz(1430)7+7~ is of order
1072, and, finally for By — ag(1450)7+ 7~ is of order 107>,

Finally, the longitudinal lepton polarization asymmetry of the three decays mentioned
above was calculated and is in good agreement with the results obtained with light-front
quark model (LFQM) approaches. The lepton polarization asymmetry for tauon is much
smaller than that of muon and electron and cannot be measured due to the efficiency for the
detectability of the tauon.
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