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In this work, we study the semileptonic decay modes BY — ztz~#*#~ and Df — a7z~ ¢*v in the
kinematics region where the 7"z~ system has a invariant mass in the range 0.5-1.3 GeV. These processes
are valuable towards the determination of S-wave zz~ light-cone distribution amplitudes whose
normalizations are scalar form factors. We compare the results for scalar form factors predicted in
unitarized chiral perturbation theory and extracted from the data on the B, — J/wz"z~. Then the B, —
#tn~ and D; — #t 7~ form factors are calculated in light-cone sum rules, based on which predictions for
differential decay widths are made. The results are in good agreement with the experimental data on the B,
and D, decays into z"z~. More accurate measurements at BEPC, LHC and KEKB in the future will be
helpful to examine our formalism and constrain the input parameters more precisely.
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I. INTRODUCTION

It is anticipated that new physics (NP) beyond the
standard model (SM) can be indirectly probed through
the precision exploration of low-energy processes. An ideal
platform is to study the flavor-changing neutral current
(FCNC). Rare B decays like the b — s¢1¢~, with tiny
decay probabilities in the SM, are sensitive to NP degrees
of freedom and thus can be exploited as indirect searches of
these unknown effects. In terms of observables ranging
from the decay probabilities, forward-backward asymme-
tries, polarizations to a full angular analysis, the exclusive
decay mode B — K*£*¢~ can provide us with a wealth of
information on weak interactions. Recent measurements of
the almost form-factor independent ratio Ps’ by the LHCb
Collaboration have indicated a deviation from the SM by
about 3.7¢ [1,2].

In fact, the B - K*£"¢~ is a four-body decay process
since the K* meson is reconstructed in the K final state.
Thus it is more appropriate to explore the B — MM, ¢,
in which various partial-waves of MM, contribute [3-5].
The S-wave contributions to B — KzZ"¢~ have been
discussed for instance in Refs. [6—12]. The bottom mass
my, is much heavier than the hadronic scale Agcp, which
allows an expansion of the hard-scattering kernels in terms
of the strong coupling constant @, and the power-scaling
parameter Agcp/m,. On the other side, final state inter-
actions among the two-light hadrons should be constrained
by unitarity and analyticity. A formalism that makes use of
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these two advantages has been developed in Refs. [12-14],
and summarized in Ref. [15]. Such an approach was
pioneered in Ref. [16,17], and a method without the analysis
of hard-scattering kernels has been explored recently in
Refs. [18-24]. See also Refs. [25-28] for attempts to analyze
charmless three-body B decays. The aim of this work is to
further examine this formalism by confronting the theoreti-
cal results with the relevant data on B, — z" 7z putu~
and D, » nx"e"u,.

On the theoretical side, the S-wave 7"z~ state has the
same quantum number J*¢ = 07 with QCD vacuum, and
thus the dynamics is very complex. In particular, quite a few
scalar resonances exist, for example f((600) and f(980)
below 1 GeV, and f((1370), f,(1500) and f(1710) above
1 GeV. For a few decades, the internal structure of these
scalar mesons is controversial since the gg component can
get entangled with the tetraquark configuration, scalar
glueball, and a hadronic molecule [29-33]. Heavy mesons
like the B and D must decay via weak interaction, and
consequently the quark structure in the final state is less
ambiguous in these decays. Moreover due to the large
bottom quark mass, factorization may be established in
certain B decays which will greatly simplify the dynamics.
Thus it has been proposed that the semileptonic and non-
leptonic decays of heavy mesons are of great values to probe
the internal structure of scalar resonances [34—60]. The large
amount of data accumulated by various experimental facili-
ties, mostly B factories and the LHC experiment, gradually
make this proposal become a reality.

On the experimental side, the LHCb Collaboration has
systematically investigated the B, — J/watz~ decays
[61-68] (see also measurements by Belle [69], CDF [70]
and DO [71]), and some implications on the structure of
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scalar mesons have been explored in Refs. [20,72].
Recently, the LHCb Collaboration has performed an
analysis of rare B, decays into the z7z "y~ final state
with the measured branching ratio [73],

BB, —» nta utp™) = (8.6+£1.54+0.7+0.7) x 1073,
(1)

where the errors are statistical, systematic and arise from
the normalization, respectively. The dominant contribution
is the B, — f¢(980)utu~ [73]:

B(B, = £,(980)(— ata )utu~) = (8.3 4+ 1.7) x 1078.
(2)

This has triggered theoretical interpretations based on two-
meson light-cone distribution amplitudes (LCDAs) [74,75].

Previously, the CLEO Collaboration investigated the
D, —» n*n~¢v,, in which the f((980) contribution is found
dominant as well [76,77]

B(Dy — f¢(980)(— ztn")etr,)
=(20£03£0.1) x 107, (3)

A recent analysis based on the CLEO-c data [78] gives a
similar result

B(D, — £o(980)(= x*a7)etv,)
= (1.3£02+0.1)x 107, (4)

The BES-III Collaboration will collect about 2 fb~! data in
e" e collision at the energy around 4.17 GeV, which will
be used to study semileptonic and nonleptonic D
decays [79].

The rest of this paper is organized as follows. In Sec. II,
we will give the results for scalar zz form factors and the
nonlocal LCDAs. Section III will be devoted to the
calculation of the B, — "z~ and D; — z*z~ form factors
in the light-cone sum rules (LCSR) at leading order. In
Sec. IV, phenomenological results for a variety of observ-
ables in the By » x"n~¢*Y¢~, By, » nn~vb and Dg —
atr~fv are presented, and compared to the experimental
data if available. An agreement between theory and data
will be shown in this section. Our conclusions will be given
in Sec. V.
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II. SCALAR 7n"z~ FORM FACTORS AND
S-WAVE LCDAS

A. Scalar form factor

We start with the definition of a scalar form factor:
(mt a7 [55]0) = BoF}(mzy), (5)
and the B, is the QCD condensate parameter:

(01g410) = —f2By. (6)

with f, as the leading order (LO) pion decay constant.
For the numerics, we use f, = 91.4 MeV and (0|g¢|0) =
—[(0.24+0.01) GeV]* [80]. This corresponds to By=
(1.7£0.2) GeV.

In the literature, a variety of theoretical methods have
been adopted to calculate the F$,(m2,), including the
(unitarized) chiral perturbation theory (yPT) [81-88] and
dispersion relations [89]. In the yPT, the LO and next-to-
leading order (NLO) results can be obtained by computing
the Feynman diagrams in Fig. 1. These results can describe
the low-energy data with good accuracy [81-88].

Since the perturbative expansion in yPT is organized in
terms of p,/(4xf ), the yPT becomes invalid when the pion
momentum p, gets very large. It has been suggested that
higher order corrections can be summed in an approximate
way, and this approach is referred to as the unitarized
approach [90,91]. A sketch of the summation scheme, in
particular the s-channel process, is shown in Fig. 2. As an
example, the scalar form factor can be expressed in terms of
the algebraic coupled-channel equation

F(s) = R(s)[I + g(s)K(s)] ™" (7)

where the g(s) and K(s) denotes the loop function and the
scattering amplitude, respectively. The remanent R(s) can
be obtained by matching the above equation to the NLO
results in yPT. Their explicit expressions can be found in
Refs. [82,84].

As a phenomenological method, the unitarized approach
can extend the applicability of yPT to the scale around
1 GeV [90-94] and is able to describe the relevant low-
energy data. For instance, a fit of the unitarized yPT
to the BES data on the zz invariant mass distributions

< X<

FIG. 1.
diagrams are not shown here.

Feynman diagrams for the scalar form factor at tree level and one-loop level in yPT. The wave function renormalization
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FIG. 2. The s-channel diagrams to the scalar 7z form factors in yPT. With the increase of the zz invariant mass, higher-order
contributions may become important. In the unitarized approach [90], these diagrams can be summed, which can extend the applicability

up to 1 GeV.

inJ/y — 7"z~ ¢ [95] has been performed in this approach
and an overall agreement is found [82,84]. The fitted result
for F$,(m2,) is shown in Fig. 3, and we refer the reader to
Refs. [82,84] for more details. The modulus, real part and
imaginary part are shown as solid, dashed and dotted
curves, from which one can observe the broad structure for
the ¢(600) and the peak at f,(980) is naturally produced.

In recent years the LHCb Collaboration has conducted a
series of analyses of angular distributions in the B; —
J/wrntrx~ decay mode [66,67]. In this procedure, the S-
wave contributions have been explicitly separated, and three
resonances, f(980), f,(1500) and f,(1790), have been
identified. To access the #" 7~ invariant mass distribution,
the Breit-Wigner formula is employed for the f;,(1500) and
f0(1790). Due to the fact that the £(980) lies in the vicinity
of the KK threshold, the Flatté model [96,97] has been
adopted. Considering the relative strengths and strong
phases among different resonances, we have

2 i0
cym= el
177 70(980)

Fialn) = .
m72m - mjzfo (980) +lmf0 (980) (gﬂﬂpﬂﬂ—i_gKKF%(KpKK)
2 i0
C2MMy, (1500) ¢
ms, _mi'omsoo) +im s, (1500) L 1, (1500) (M7
2 i0
c3m e'ts
+ f0(1790) (8)

ms, —m}O(ngo) +img, 1700\ 1, (1790) (Mz)”

1.5

FS

s

04 0.6 0.8 1.0
my: [GeV]

FIG. 3 (color online). The F$,(m2,) in unitarized yPT. The
modulus, real part and imaginary part are shown in solid, dashed
and dotted curves. The result is based on the fit of the BES data on
the zx invariant mass distributions in J/y — 7tz ¢ [95] in
Ref. [84].

The p,, and pg are phase space factors [66,67,97]:
2 . 4m?, N 1 | 4m?,
Pan = 3 m2, 3 m2,’
1 4m§(i 1 4m?<0
Prk =5\[1- - +§\/1—m72m- 9)

Compared to the normal Flatté distribution, an additional
correction has been introduced in the LHCb fit above the KK
threshold to better describe the data [67]

Fy = exp(—ak?), (10)

where k is the kaon momentum in the KK rest frame, and a is
set to @ = 2.0 GeV~2 [67]. The energy-dependent width
["(m2,) for an S-wave resonance is parametrized as

mg (m2, —4m2\?
Ig(m2,) =Tg—- (22 —"" ) F2 11
st =Ty (B
with the constant width Iy, and the Blatt-Weisskopf barrier
factor Frp = 1[67]. The ¢; and 0;,i = 1, 2, and 3 are tunable

TABLE 1. Fitted parameters for contributing components in the
B, — J/wx "z~ by the LHCb Collaboration [67]. Two solutions
are found in the fit.

Fractions (%) Solution I Solution IT
£0(980) 703+ 1,510 92.4+2.0°%8
f0(1500) 10.1 +0.87)] 9.14£0.9+0.3
fo(1790) 24404539 0.9+0372
Phase differences (°) Solution I Solution II
Ffo(1500) — £4(980) 138 +4 177+ 6
fo(1790) — £4(980) 78 +£9 95+ 16
Parameter Solution I Solution II
my, 980y (MeV) 9454 4+22 9499 +2.1
Ger MeV) 167 £7 167 +8
9xx/ Grn 347 +0.12 3.05+0.13
my,(1500) (MeV) 1460.9 +2.9 1465.9 + 3.1
FfO(ISOO) (MCV) 124 +7 115+7
My 1700) (MeV) 1814 + 18 1809 + 22
Tt (1790) (MeV) 328 +£34 263 £ 30
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FIG. 4 (color online). The F%, (m2,) predicted in the yPT
(dashed curve), and fitted from the B; — J/watn~ data (solid
line for solution I and dotted line for solution II). The two fitted
solutions are not distinguishable below 1.3 GeV. It is necessary to
stress that it is not theoretically justified to apply the yPT to the
region above 1 GeV.

parameters. In the fit by LHCDb, two solutions are found and
the fitted parameters for three contributing components are
collected in Table I [67].

In Fig. 4, we compare the results for the scalar form
factor calculated in the unitarized yPT (dashed curve), and
the ones extracted from the B, — J/wz "z~ data based on
Eq. (8) (solid and dotted curves). The constant c¢; in Eq. (8)
has been tuned in the comparison. The two solutions found
by the LHCb give very similar shapes as shown in the
figure. There are a few remarks on the shapes.

(i) On the contrary with the yPT results, the para-

metrization in Eq. (8) does not contain the f(500)
(or the so-called o) contribution. The LHCb Col-
laboration has set an upper limit for the ratio [67]:

F,(f0(980)

at a 90% C.L.

(i) The expansion parameterinyPTis p,/(4xf ), where
the p, is the pion’s momentum. Summing higher
order s-channel contributions and incorporating the
coupled channel effects will extend the applicability
region up to 1 GeV. However there is no guarantee
that the unitarized approach is valid above 1 GeV. On
the other hand, the parametrization in Eq. (8) has
explicitly included two scalar resonances, f((1500)
and f((1790), and thus is valid in the region above
1 GeV. But since in the process we are considering the
dominant contributions arise from f,(980), both
approaches will give similar predictions.

(iii) At the f((980), the unitarized yPT leads to a very
narrow peak. This feature is smeared out in the data
since the binned results for the zz invariant mass
distributions are presented on the experimental side.
Still the parametrization in Eq. (8) is well consistent
with the data on the B, — J/yx 7z~ [66,67].

<0.3% (12)
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(iv) From the comparison, we can see that at the current
stage the advantages in both cases are not over-
whelming. In the future, we hope the results can be
improved in some more sophisticated methods like
the unitarized approach with resonances [85]. In the
following, we will use the parametrization form
inspired by the data in Eq. (8).

B. Generalized LCDAs

With the scalar form factor as the normalization
condition, the S-wave n"z~ LCDAs are defined by
[12,98-101]

1 .
(@ 1) 50)7,5(0)[0) = F, (m20) P /0 due =g, (1),
(2 27 [5(x)5(0)[0) = Fin (2, By / duetrr s, (1),

] ) 1
<(”+7[—)Ss(x>0/ws(0) |O> = _F}m(mrzm)BOE(pnﬂﬂxu - pmwxﬂ)

1 .
« / duereigs (). (13)
0

The LCDA ¢, is twist-2, and the other two are twist-3.
Their normalizations are given as

[ dutneti = [augo =1 (4

The conformal symmetry in QCD [102] indicates that the
twist-3 LCDA have the asymptotic form [98-101]

¢;Sm(u) =1, 45275(”) = 6”(1 - u>7 (15)

while the twist-2 LCDA can be expanded in terms of the
Gegenbauer moments:

ben(ut) = 6u(1 =) a,Ci*(2u—1).  (16)

In most cases, contributions from higher Gegenbauer
moments are suppressed and thus one may keep the lowest
moment a;. It is worthwhile to stress that these LCDAs for
a two-hadron system have the same form as the ones for a
light scalar gg meson [98-101]. In Ref. [103], the first
Gegenbauer moment for the f,(980) is calculated as'

ay = -1.35 (17)

while the perturbative QCD analysis of the B, decays has
used a much smaller value [74]:

'In Ref. [103], the normalization factor for a scalar §g meson is
my,980).f fy(980)> Which is the F3. B in this work. The results for
the twist-2 Gegenbauer moment in Eqgs. (17) and (18) have been
converted to our convention.
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a, = —0.36. (18)

III. HEAVY-TO-LIGHT FORM FACTORS

The B, — n" ™ transition can be parametrized by three
form factors

<(7T+”_)S|§7/ﬂ},5b|Bs>
2 2
_l mB _mfm' B.—nm 2 2
= P _ f § s
mB {|: qz qu:| 1 (mmz q )
2 2
mBY —m B,—
+ ’qz —M‘Iu]'—o‘ M(mzzm,ﬂf)}v

<(7T+”_)S|§6;u/qby5b|BS>
TP (me )

- 2 .3 o 1
mp (mg + my,) [(my, = mzz)qu = 4"y, (19)

s

where the orbital angular momentum in the z* 7~ system is
chosen as zero in order to select the S-wave. The pp and p,,
is the momentum for the B, and the 7z system, respectively.
The momentum transfer is defined as ¢ = pp — p,,, and
the P, is defined as P, = pg + p,,. Here the convention
slightly differs with the ones adopted in Refs. [12—14]. The
D, — z"z~ form factors can be analogously defined, with
the replacement mp_— mp .

Before an explicit calculation of heavy-to-light form
factors, we will discuss the impact from the complex
structure of scalar mesons. The substructure of the internal
scalar mesons is known to be very complex and particularly
suffers from the underlying mixings among quark-antiquark
states, four-quark states and other states [29-33]. As many
people proposed in the literature [34—-60], weak decays of
heavy mesons are of great value at this point. We consider
the kinematics region where the final hadron moves fast.
In the large mass limit, decay amplitudes may be factorized
into a short-distance hard-scattering kernel and long-
distance amplitudes. To the best of our knowledge, there
is no first-principle method to study long-distance

mlz, + uiim?, — iq®
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amplitudes (matrix elements of the scalar meson state and
QCD vacuum sandwiched by two-quark, four-quark or
gluon operators). Since the mixing between different com-
ponents occurs nonperturbatively, it might be plausible to
assume that all long-distance matrix elements are sizable.

At a short distance, the weak transition current can be
systematically expanded in 1/mg and 1/E, where E is the
large energy of the final state. Comprehensive discussions
on transition form factors, in an effective field theory like
soft-collinear effective theory [104—107] or perturbative
QCD approach [108—111], can be found in Refs. [112—
114]. Here we only quote the main phenomenology results.
In the transition, the most important contributions arise
from the case with the least hard scatterings. For semi-
leptonic B, decays into f,(980), the leading-order con-
tributions correspond to the configuration that the ss and
A A, are generated at a short distance. Here the A is the
gluon field operator projected onto the transverse direction.
Producing additional quark or gluon fields at short distance
causes suppressions in terms of powers of A/m,. An
estimate of the gluon contributions indicate that such
contributions are less important [37,38,115,116], and in
the following we will only consider the 5s contribution.

It is necessary to stress that keeping only the form factor
in Eq. (5) does not mean only the ss component of the
internal scalar meson is probed. Instead through the power
counting of the hard-scattering kernel, one observes at
leading order only 5s is generated at a short distance.
Producing additional quark or gluon fields at short distance
causes suppressions in terms of powers of A/m. Actually
the matrix element on the left-hand side Eq. (5) is a
nonperturbative matrix element. Though the local operator
is §s, it can have nonzero overlap with other components
like four-quark component through the nonperturbative
QCD interactions.

As we have demonstrated in Ref. [12], at leading order
the LCSR allows us to express the B, — 2~ form factors
in terms of the zz~ LCDAs [98-101,117-119]. The
LCSR factorization formulas read as [12]

|
o 1du
uy U

uM?

] [—’Z—S%(u) g () + 5

L)

2 2 2,2 2
mh + q u m;m (I);ﬂ( ) S0 (P;ﬂ(”%) ml - u()mﬂﬂ + q
_20 b , 20
+ uM? 6 texp M? 6 mi+ uimi, — q* (20)
- l'du m2 + uitmz, — iig*] [m .
]:'I_QS (mlzrm q2> = NF{ ‘o 76Xp|: L uM2 :| |:B_(I)7 q)mr(u) + (2 - u)(I)lm<u)
1—u u(m? + ¢* — u*m2;) +2(m? — ¢* + u*m2,;) 5, (u)
30 Peel) = 2M? 6
(mb + q uomzm) + 2(mb 2q2 + u(z)mgm) exp [_ S_()2:| CI)?M(MO)}’ (21)
uo(mb + uim, — q*) M 6
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q2

FO T (Mg, ¢7) = F P (Mg, %) + ————5 FE2 (2, ¢7), (22)
mBl\ - Man
B 1 du (mj, — ug® + uimz,)| [ ®pq(u) 7 (u)
FT i mi2zm qz) - 2NF<me +mﬂ7t>{ e 76Xp - : uM? - ZBO +my 6uM?
®° (uy) exp[—so/M?
+m, ﬂ'ﬂ( 0) > p[2 0/ > ]2 }, (23)
6  my—q° +uymz,
where
2
' my +m mp
Np = BoF(m2,) -2———exp |—=|,
F 0 mr(mzm) 2mB$fBS exXp |:M2:|
M+ = 50+ ) (M + 0 = 50)> + Amy (] — @)
mﬂﬂ
[
In order to derive the above equations, the Borel trans- Fi(m2,, ¢*) = BoFs,(m2,)Fi(q%), (27)

formation of hadronic and QCD expressions of correlation
functions has been carried out, defined as

1

BIF(Q%)] = Mm@ =1 (-0%)"

d n
x | — | F(0?),
(@) =@
where F is a function of Q? = —¢* and M? is the Borel
parameter. The explicit form is

} - exp(—s/M?)
(M) (n—1)

(25)

1
BLS+Q%" 26)
This operation improves the convergence of the OPE series
by factorials of n and, for suitably chosen values of M2,
enhances the contribution of the low-lying states to the
correlation function.

For convenience we can define the normalized form
factor:

where the m,, and ¢*> dependence has been factorized into
the F$,(m2,) and F;(q*), respectively. This approximation
is justified by the Watson-Madigal theorem [120,121]. As a
reference point, we will choose the m,, = my 9g0) to

explore the functions F;(g?).
In the numerical analysis, we use [33,122]

[, = (224 £5) MeV,
By = (1.74+02) GeV.

so = (34 £2) GeV?,
(28)

With these numerical inputs, the sum rules (20)—(23)
provide us with the functions F;(g?) for each value of
¢* as a function of the Borel parameter. In Fig. 5, at ¢> = 0
we show the dependence on M? with a; = —0.6. The
results are obtained requiring stability against variations of
M?. As demonstrated in this figure, the form factors
become stable when M? > 12 GeV?. The situations with

44

52
42

5.0
40

48
3.8 46
3.6 4.4
34 42
32 40

8§ 10 12 14 16 18 20
M*(GeV?)

8 10 12 14 16 18 20
M*(GeV?)

FIG. 5 (color online). At the maximal recoil g> = 0, the dependence of F(¢*> = 0) = Fy(g*> = 0) (left panel) and F(g*> = 0) (right
panel) on the Borel parameter M?. The final results are obtained requiring stability against variations of M?>.
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-1.2
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FIG. 6 (color online).

At the maximal recoil g*> = 0, the dependence of F, ; and F; on the Gegenbauer moment a; is shown in the left

panel. Dashed and solid curves correspond to F(g?> = 0) = Fy(¢*> = 0), and Fy(q*> = 0), respectively. In the right panel, the ¢°

dependence is given with a; =

different a; and ¢* values are similar and thus we can
choose M? = (16 +2) GeV?.

Since the form factors are sensitive to the Gegenbauer
moment a; of the twist-2 LCDA, in the left panel of Fig. 6
we show this dependence in the range a; = (—1.4,-0.4) at
the maximal recoil g> = 0. We will show later the value
a; = —0.6 can describe well the data on both the B; —
ata~¢t¢~ and Dy - xtn Cv.

The LCSR is applicable in the hard-scattering region. To
access the momentum distribution in the full kinematics
region, we will adopt the following parametrization

Fi(0)

F.(q%) = ,
() =12 aiq*/my_+ bi(q*/mp )?

(29)

where i = 1,0, T. The parameters can be fitted in the region
g* <5 GeV? for the B, transition, and the results are
collected in Table II.

For the D; — n"n~ transition, we use [33]

so = (6.5+1) GeV?,

fp, = (257.5 £ 4.6) MeV, m,. =14 GeV. (30)
The results for the D, — "z~ form factors are given in
Fig. 7. From the left panel, we can see the results are stable
when M? > 6 GeV?, and we will use M? = (8 £ 1) GeV>.
The dependence on the first Gegenbauer moment a; is less
severe compared to the B, — z "z~ case, as shown in the

right panel of Fig. 7. In the D; mode, the twist-2

—0.6. Solid, dotted and dashed lines denote the Fr(q?), F,(¢?) and F(g?), respectively.

contributions in the regions with x > 1/2 and x < 1/2
cancel with each other. This fact has been explored in the
study of D, — f,(980) transition [44]. Since the energy
release in the D, transition is small, we have used the
-5 GeV? < ¢*> <0 to fit the g>-dependent parameters
in Eq. (29).

IV. PHENOMENOLOGICAL RESULTS
A.B, > ntn ¢
We proceed with the analysis of B, » ata~¢1¢",

whose decay amplitude is governed by the effective
Hamiltonian [123]

Gy 10
Her = ——=VuVis Y Ci(u)O;i(u).

The O, is a four-quark or a magnetic-moment operator, and
the C;(u) is its Wilson coefficient. The explicit forms can
be found in Ref. [123]. G is the Fermi constant, and V,, =
0.99914 + 0.00005 and V,; = —0.04057031 [33] are the
CKM matrix elements. The bottom and strange quark
masses are m;, = (4.66 £ 0.03) GeV and m, = (0.095 +
0.005) GeV [33].

In general, various partial waves of two-hadron MM,
state contribute to a generic B — M;M,{T¢~ process
and the differential decay width has been derived using
the helicity amplitude in Refs. [3-5]. In B, —» #ta putu~,
the S-wave contribution dominates with the angular
distribution:

TABLE II.  Fitted parameters of the B;/D; — n"z~ form factors derived by LCSR.

B, > ntn Fi(¢* =0) a b; Dy - ntn” Fi(q¢*=0) 4i bi
F, 3.66 1.39 0.54 F, 2.45 0.82 0.20
F, 3.66 0.54 —-0.08 F, 2.45 0.39 -0.15
Fr 4.29 1.33 0.54
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FIG. 8 (color online). Differential branching ratios d3/dm,, for the B; - z"z~u"u~ in panels (a) and (b), and B; — =
panel (c). In panel (b), experimental data (with triangle markers) has been normalized to the central value of the branching fraction:
B(BY - atnptyu) = (8.6 4+ 1.5+£0.740.7) x 1078 [73], and theoretical results are shown with square markers.

&EU(By > araptpy™) 3. . ‘
dmlddcoss, g1 H/acos0nl (1) I = B3| AY P + 1A% 2} (33)

where the coefficients are In the above equations, o, = /1 — 4%, i, = my/\/ ¢,

and 0, is the polar angle between the B, and the 4~ moving

J¢ =AY > + | A% > + 82| AV, A% | cos(89, — &%
= Mol A oMz A | 05220 = Oro) direction in the lepton pair rest frame. The &9, and 5%, are

+ 4ﬁ1§’|-’4?|2’ (32) phases of the helicity amplitudes
|
1 \/Z B,— \/th B,—
Al o =N\ N3 i— [(CgﬂFClo)—fﬂS "(@?) +2(Co = Cor) —=———F7r (4P|
/R mp, qZ qz(mB + mﬂﬂ')
1 m%} - mzzm B
0 _ a2t N2t s )
ALjre = N7/ N2 ’me [(C9:FC10) NZE Fo " (q?) ] (34)
0 0 0 YN I m%?.‘ — My By—ar, o
AV = Ag, = A, = 2NT N3 Clolm—Bx T}—o‘ (¢°)], (35)

where
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Gr oy .
N%f = ﬁET Vin Vi, (36)

1 8 Vg’ Par
1= dm2 2, x oL P2
1672 "l Mas X 3556y,

The Killen function A is related to the #" 7z~ momentum in
the B, rest frame:

NY = (37)

j' = l(m%XQ mi+”,, qz)’

Ma,b,c) =a*+b*+c*=2(ab + bc +ca).  (38)
In Fig. 8, results for differential branching fractions
dB/dm,, for the B, » xn~u*pu~ are given in panels (a)
and (b), and the ones for B, —» a7z~ tT7~ are given in
panel (c). The result in panel (a) clearly shows the peak
corresponding to the f,(980). In order to compare with the
experimental data [73], we also give the binned results in
panel (b) in Fig. 8 from 0.5 GeV to 1.3 GeV with square
markers. Dominant theoretical errors arise from the
By = (1.7+0.2) GeV. The experimental data (with tri-
angle markers) has been normalized to the central value in
Eq. (1). The comparison in this panel shows an overall
agreement between our theoretical predictions and the
experimental data. Integrating out the m,, from 0.5 to

1.3 GeV, we have the branching fraction
BB, —» nta utu~) = (69 +£1.6)x 1078, (39)

which is also consistent with the data in Eq. (2).

In Fig. 9, we predict the differential distribution dBB/dq>
(in units of 1078 /GeV?) for B, — a2~ u*u~ (solid curve)
and for B, — 7"z~ tT7~ (dashed curve). Results for the
integrated branching fractions of By — ztz 777~ are
predicted as

(1078/GeV?)

dB
dq?

0 5 10 15 20
¢*(GeV)

FIG. 9 (color online).
for the B, —» z"a u*tp~ (solid curve) and B, — «
(dashed curve) is given in units of 1078/GeV?.

The differential branching ratio di3/dq>
Tt

PHYSICAL REVIEW D 92, 074038 (2015)
B(B; - nta~ttr7) = (8.8 £2.1) x 107,  (40)

where 0.5 GeV < m,, < 1.3 GeV is assumed. Our theo-
retical results could be examined at the future experimental
facilities including the LHCb detector [124] and the Super-
B factory at the KEK [125].

B.B, > ntavi

The b — svv effective Hamiltonian is given by

GF Oem * —
Hyssp = ﬁm VipVisnxX(x;)0p = CLOy,
(41)
which involves the four-fermion operator
Oy = [57*(1 = ys)b][oy,(1 —ys)v]. (42)

Here Oy is the Weinberg angle; the function X(x;)
(x, = m?/m},, with m, the top quark mass and my, the
W mass) has been computed in Refs. [123,126], and the
QCD factor 7y is found close to one [127-129].

With the above Hamiltonian, we obtain the differential
decay width

d*T (B, - (n* 7" )wp)
dq*dm?,

=3 x|A}

2 (43)

where the factor 3 arises from three species of neutrinos.
The helicity amplitude in this case is

. 1 ﬂ ST
Ay=C, Nﬁl@ [—\/?JT?S (mfzm’q2>i|’

1 8 Vg

Ny = 1 —dm2/m2, x> .
"l M X 3 056,

=— 44
> 1627 (44)
We give our predictions for the differential distributions for
B, — n"z~vp in Fig. 10: the left panel for dB/dm,,, and
the right one for d3/dq?. The integrated branching fraction
in the range 0.5 GeV < m,, < 1.3 GeV is predicted as

B(B, - ntau) = (494+12) x 1077.  (45)

There is a large chance to measure this branching ratio at
the Super-B factory at KEK [125].

C.D;, > rn ty

The effective Hamiltonian for ¢ — s£v transition is
given as

Hc—»sflx = N{[Syy(l - YS)C][D},”(I - yS)f] + H'C" (46)

with
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FIG. 10 (color online). The differential branching ratios for B, —

G
N{=—E£
V2

The differential decay width for D, - 7"z~ £, can be
expressed as

Vs (47)

T 3
— = Z1I,(qg* m? I,(g*, m3 ) cos(26
dm?,.dqPd cos 6, 8[ 1(q7, mg,.) + I,(q°, mg,) cos(26)
+ I cos(0))], (48)

with the /; having the form

11(g% m3,) = [(1+ i) |AQ? + 27 |AD ],

IZ(qzv mizm) = _ﬁl|A8 2’

I(q*, mz,) = 4imRe[AgAY"]. (49)

PHYSICAL REVIEW D 92, 074038 (2015)

05F
04}
o
E 03}
o
= 02}
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01}
0.0k . . . .
0 5 10 15 20
7*(GeV)
(b)

at v the left panel for d3/dm,,, and the right one for d3/dq>.

Using the D; — ztz~ form factors, the matrix element for
D, decays into the S-wave zz final state is given as

. 1 ﬂ =T
AG = NTy N3 [\/?f?‘ (m%qu)],
A0 Nf,/Nf’—1 [7%" _m’z”’fD T (m2 2)] (50)
r — 1Yy o1 * 0A Mzr, q s

mp, L /¢
where

L 8 Vag*p,

N{ = —— /1 —d4m2/m2, x ———" (51)
> 16x 32567 m3,

As discussed in Ref. [13], one can explore a number of
the g*>-dependent ratios and in particular the lepton flavor
dependent ratio:

200 250
150 200
>
(5]
L > 150 |
o 100 52
=L 2100
=
o
50 50‘{‘ + .
. s M%Ii* ot
0 . . . . e
06 08 1.0 12 06 08 10 12 06 07 08 09 1.0 LI 12
My 7~ (GeV) My 7-(GeV) My 7-(GeV)

FIG. 11 (color online).

The differential branching ratios for D,

— nt ™ ¢v. The first panel corresponds to dB/dm,,, in which the

dotted and solid curves correspond to D, — 7"z~ uv and D, — n* 7~ ev, respectively. The second panel shows the ratio R¥/¢(m2,)
defined in Eq. (53). A comparison with the experimental data [76,77] is given in panel (c).
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RA (2. ) = d’T(D; - ot nptv,)/dg*dm?, (52)
e d*T(D; - ntnetv,)/dg*dm?,’

and the integrated form over g*:

dF(D, Srtruty )/dm2
He(m2 ) = : - 5
R*¢(m3,) dU(D, > nnetv,)/dm2, (53)

Our results are given in Fig. 11. The first panel corresponds
to dB/dm,,, in which the dotted and solid curves denote
D, - n"x v and D; — n'" 1~ ev, respectively. One differ-
ent behavior in the differential branching ratio with B; —
ata~¢T ¢ in the m,, distributions is the suppression in the
large m,, region. The second panel shows the ratio
R*¢(m2,) defined in Eq. (53). A comparison with the
experimental data on the differential branching fraction
[76,77] is given in panel (c), where we can also find the
agreement.
The integrated branching fractions are predicted as

B(D, - zta~etv) = (1.52+0.36) x 1072, (54)
B(D, - ztz utv) = (1.68 +0.39) x 1073, (55)

where 0.5 GeV < m,, < 1.3 GeV has been adopted in the
integration. Again the errors come from the QCD con-
densate parameter B, Theoretical results are in good
agreement with the CLEO results in Egs. (3), (4) [76—
78]. We expect experimental errors will be greatly reduced
since in the future the BES-III Collaboration will collect
about 2 fb~! data in e*e™ collision at the energy around
4.17 GeV which will be used to study semileptonic and
nonleptonic D decays [79].

V. CONCLUSIONS

Rare B decays have played an important role in testing
the SM, and hunting for the NP. In recent years, a lot of
experimental progress has been made on B — K*£/+¢~,

PHYSICAL REVIEW D 92, 074038 (2015)

and remarkably the LHCb Collaboration has found a
3. 76 deviation from the SM for the ratio Ps’. This
observable Ps’ is believed almost independent on the
hadronic uncertainties.

The analysis of B — V£'¢£~, more appropriately
B —» M \M,t*¢~, requests not only the knowledge on
the m;, expansion but also the M| M, final state interactions.
In this work, we have studied the B — 2Tz~ ¢*¢~, B —
ata vb and D] — xta ¢%v decay in the kinematics
region where the ztz~ system has a invariant mass in
the range 0.5-1.3 GeV. These processes are dominated by
the S-wave contributions and thus they are valuable
towards the determination of the S-wave 7"z~ light-cone
distribution amplitudes which are normalized to scalar form
factors. We have compared the results for scalar form
factors calculated in unitarized yPT and the ones extracted
from the data on B, — J/wxtn~. We have derived the
B, —» nt7x~ and D, — n"x~ transition form factor using
the light-cone sum rules, and then presented our results for
differential decay width which agree well with experimen-
tal data. Accurate measurements by the BES-III at the
BEPC, the LHCb at the LHC and Super-B factory at KEKB
in the future will be valuable to more precisely examine our
formalism, and determine the two-hadron LCDA.
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