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Semileptonic decays of B to ¢ meson in QCD
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The semileptonic B, — ¢ vy, and B, — ¢l*1~, [ = 7, u, e transitions are investigated in the framework
of the three-point QCD sum rules in the standard model. These rare decays take place at loop level by
electroweak penguin and weak box diagrams in the standard model via the flavor-changing neutral current
transition of b — s. Considering the quark condensate contributions, the relevant form factors as well as
the branching fractions of these transitions are calculated. The longitudinal lepton polarization and

forward-backward asymmetries are also investigated.
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I. INTRODUCTION

Semileptonic B, meson decays can usually occur through
two various processes with different currents. The first group
of semileptonic decays can be performed via the weak
interaction by the simple tree diagrams. These decays
have by far the largest rate in comparison with other decays
of the B; meson [1]. These semileptonic decays allow us
to measure the Cabibbo-Kobayashi-Maskawa (CKM)
couplings V., and V,;,. The second group is the rare semi-
leptonic B decays that occur at loop level by electroweak
penguin and weak box diagrams in the standard model (SM)
via the flavor-changing neutral current (FCNC) transitions
of b — d, s. Their study is very important in the context of
the SM for determination of the CKM matrix elements V,,
V.4> and V,; [2]. On the other hand, the future experimental
study of such rare decays can improve the information about
CP violation, T violation, and polarization asymmetries in
b — d, s penguin channels [3].

The FCNC transitions are dependent on the weak mixing
angles of the CKM matrix and can be suppressed also due
to their proportionality to small CKM elements [4]. The
FCNC decays of the B, meson are sensitive to new physics
contributions to penguin operators. Therefore the benefit of
considering these decays is to find the new operators or
operators that are subdominant in the SM. Also these
decays are extremely interesting for the study of physics
beyond the SM, such as the two Higgs doublet model,
minimal supersymmetric extension of the SM (MSSM)
[5,6], etc.

The B, — ¢I"1~ decays have been analyzed in some
various methods such as lattice QCD [7], light cone QCD
sum rules (LCSR) [8], constituent quark model (CQM)
[4,9,10], and light front quark model (LFQM) [10-12].
The available experimental measurement of the branching
ratio of the exclusive decay of the B, — ¢pu™t ™ is given as
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BR(B, — ¢(1020)* ™) = (1.237049) x 1075[13]. (1)

The B, — ¢vv transition is somewhat different.
Theoretically, in this decay the photon penguin diagram
is absent and there is no hadronic long-distance effects, i.e.,
charmonium resonances. Experimentally, these modes are
very challenging due to the presence of the two neutrinos.
Searches for such modes at the B factories use a fully
reconstructed B sample or semileptonic tagged mode [1].
The upper limit of the branching ratio for these modes at a
90% confidence level has been reported as follows:

BR(B, — ¢(1020)r7) < 5.4 X 1073[13]. (2)

In this paper, we consider the exclusive B;—
@11~ /v decays via the three-point QCD sum rules
(3PSR). These decays are related to the transition of
b — s at the quark level as shown in Fig. 1. For analysis
of the above-mentioned decays, using the operator product
expansion (OPE) in the deep Euclidean region and consid-
ering the contributions of the operators with dimensions
three, four, and five, we calculate the transition form
factors of the semileptonic B, — ¢ decays. We determine
the branching ratios of these FCNC decays and compare
these results to the corresponding experimental values
and predictions of other methods. Also, we consider the
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FIG. 1. The loop diagrams of the semileptonic decays of B to
¢. The electroweak penguin and box diagrams are shown in
parts (a) and (b), respectively.
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longitudinal lepton polarization asymmetry and forward-
backward asymmetry of these semileptonic decays.

The plan of this work is as follows: In Sec. II, we
calculate the transition form factors of the B, — ¢ decay
within the three-point QCD sum rules considering the
quark-quark and quark-gluon condensate contributions to
the correlation function. Also, the calculation of the decay
rates for the B, — ¢["]~ and B, — ¢v¥ transitions are
presented in this section. Section III is devoted to the
numeric results and discussions.

THE FORM FACTORS OF THE B; — ¢
TRANSITION IN 3PSR

In the SM, the semileptonic B, — ¢I"l~ and B, —
¢ vy decays governed by penguin and box diagrams and
are not allowed in the tree level. The effective Hamiltonian
responsible for these rare decays is described via the b — s
loop transition at the quark level as

GFa s e 0
Py Vszn[C "5y, = ys)bly, L

+ Clos')/ﬂ(l -

g-[eff

ys)bly, vst

2C‘3ff szaﬂpq Y1+ 75)b€yM€] 3)
q*

where C&it, CSff, and C ) are the Wilson coefficients, G is
the Fermi constant, « is the fine structure constant at the
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Z mass scale, and V;; are the elements of the CKM
matrix.

The electromagnetic and Z-penguin and W-box
diagrams are shown in Fig. 1. These loop transitions occur
via the intermediate u, ¢, ¢ quarks. It is important to note
that the b — svp transition receives contributions only
from Z-penguin and box diagrams.

The transition amplitude of B, — ¢I*1~ /vv decays is
obtained sandwiching Eq. (3) between the initial and final
states, i.e.,

2(;% v,bv;:[ceffw(p') | 57,,(1 = y5)b | By(p))

X Oy, €+ Cio{d(p) | 57,(1 — y5)b | By(p))
- -~ N
X €y, st — 2C%“q—§’<¢(p’) | 5io,,q"(1 + ys)b |

M=

X By(p))€y ¢ ] (4)

where p and p’ are the momentum of initial and final meson
states, respectively. Our main task is to calculate the matrix
elements in Eq. (4) involving Jﬁ =5y,(1 = ys5)b and
JL =50,,q"(1 + ys5)b, which are the vector—axial vector
and tensor—pseudo tensor transition currents, respectively.
Using Lorentz invariance and parity conservation, it can be
parametrized in terms of some form factors as

2A 2
@00 15,750 | B = 25D e
A 2
(B0, 157, | Bp) = ~idolg?ms, + mg)e, + i~ ) PP, 2D (g
mpg. mB\ +
(p(p', €) | 50,,4"vsb | Bi(p)) =2Ty(q)ie,,ap€™” P*P'P,
2
(p(p', €) 150,,4"b | By(p)) = To(q*)ep(my — m3) — (e p)P,]+ Tl(qz)(e*p)[qu - mzquzP,L], 5)
B.‘ qs

where A;(¢?), i =V,0,1,2and T;(¢%), j =

V,0, 1 are the transition form factors, P,

=(p+p)yandg, =(p—p)u

and € is the polarization vector of the ¢ meson. Here, ¢? is the momentum transfer squared of the Z boson (photon).
In order for our calculations to be simple, the following redefinitions of the transition form factors are considered:

2Ay(q%)
Ap) = L) = an () A = A, ) Tya) = T, — ),
mp, + mg ‘
A 2 A 2
Alg?) = — 1(g%) ’ T(q®) = —T\(g?), Al(q?) = _&_ (6)
mp. + my mp. + my

To calculate the form factors within 3PSR method, we start with the correlation function. The three-correlation function
can be constructed from the vacuum expectation value of the time-ordered product of interpolating fields and transition

currents J4 and J, as follows,
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T4, (p2 p2 ¢%) = i f d*xd*ye=Pxei? (0 | T[JY (y)J4(0)5 ()] | 0),
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(7

L, (p% p? q*) = i / d*xd*ye= %0 | T[JY (y)J5(0)J%1(x)] | 0),

where J¢(y) = 5y,s and JB:(x) = 5ysb are the interpolat-
ing currents of the initial and final meson states, respec-
tively. In the QCD sum rules approach, we can obtain the
correlation functions of Eq. (7) in two languages—the
hadron language, which is the physical or phenomenologi-
cal side, and the quark gluon language called the QCD
or theoretical side. Equating two sides and applying the
|

double Borel transformations with respect to the momentum
of the initial and final states to suppress the contribution of
the higher states and continuum, we get sum rule expres-
sions for our form factors. To drive the phenomenological
part, two complete sets of intermediate states with the same
quantum numbers as the currents J¢ and J5: are inserted.
As a result of this procedure,

L0121 (. )b (p, o) | I | By (p)XBL(p) | JET | 0)

15, (p% p"% ¢%) =

(p"> = my)(p* — mp)

+ higher resonances and continuum states,

o7, (p? p? ¢%) =

O LIY 1 (0, )X(p', &) | TL | Bo(p))XB,(p) | 51 1 0)

(p” — my)(p* — mj)

+ higher resonances and continuum states. (8)

The following matrix elements are defined in the standard
way in terms of the leptonic decay constants of ¢ and B,
mesons as

171 (', ) = fomge€,,

fa,my ©)
my + my

Using Eq. (5), (6), and (9) in Eq. (8) and performing
summation over the polarization of the ¢ meson, we
obtain

O J% | By(p)) = —i

_ fsmp, fomg

(my, + my) (p? — m3)(p*> — mp)
X [iAQ/(qz)Slu,Vaprap/'B + Aé)(qz)gp,u
+ A{(@P,p, + ALgDq,p,]

+ excited states,

4,(p? p” ¢%) =

_ femp, fomg
(my + my) (p” — m3)(p* — my)

oz, (p? p” ¢%) =

X [T(/(qz)sp,vaﬁpaplﬁ - lT(l)(qz)g,u,V
— iT{(¢*)q,p,] + excited states.
(10)

To calculate the form factors A} and T J’ we will choose
the structures i& ,,,3P*P'P, 8 v PuPv» 4,0y from 114,
and €,,,,50°p'?, ig,, and iq, p, from I17,,, respectively.
On the QCD side, using the OPE, we can obtain the

correlation functions in quark gluon language in the deep

Euclidean region where p?> < (m, + m,)* and p”> < 4m2.
For this aim, the correlations are written as

L, (p% P ¢7) = illyeuapp™ ' + Tgg
+114P,p, + 113q,p,,

H‘Tw(pZ’ p/2’ q2) = H\T/S#W,Bpap/'g - ngg,U«v
—ill{g,p, (11)

where, each II# and II7 function is defined in terms of
the perturbative and nonperturbative parts as

A7 (p2, p?, ¢%) = ot (P2, P %)
+ Hﬁéﬂper(pzy p/z’ qz) (12)

For the perturbative part, the bare loop diagrams in
Fig. 1 are considered. With the help of the double
dispersion representation, the bare-loop contribution is
written as

1 pA‘T(S, S/, q2)
HAérT=——]d’/d
S e N N A )

+ subtraction terms. (13)

The spectral densities p*7 (s, s/, g?) are calculated by the
help of the Gutkosky rules, i.e., the propagators are re-
placed by Dirac delta functions > — —2mid(p? — m?)

p*—m
expressing that all quarks are real.
Straightforward calculations end up in the following
.. .A .T
resu.lts for the spectral densities related to j, and j,
vertices:
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pé = _ZNCIO[(4D1 + Sl)(ms - mb) - msu]y

P = —4N_.Iy[m; — B;(m, — my)],

pi = —2N.Ao[2(Dy + D3)(my, — my) + By(my, — 3m,) — m,],

p3 = —2N.1o[4(D; — D3)(m;, — my) — 2B (my, + m,) + 2m,],

pl = 2N Iy[s'"(A — 5) + my(my, — m)(2s" — u) — Dy(4s — 2u)],

py = —4NIo[B\(A = 5) + m,(m;, + m)],

pl = =2N.,[(D; — D3)(2s — u) + Bi(A — 5" — 5) + Bys' + (my, — my)m],

where
1

I(s, ', g?) = ———— |
0( q ) 2/\1/2(& S/, qz)

Ma, b, ¢) = a®> + b2 + 2 — 2ac — 2bc — 2ab,

A= (s+m?—m),
u=s+s —q,
1

B, =——[25'A — s'u],
LG, S, qz)[ ’ sl
By =——[2ss' — Aul,
) A5 qz)[ ss u]
P
! 2A(s, s, g%)
1
D [
? A(s, 5", q%)
D. = 1
A, 5L D)

and N, = 3 is the color factor.
The physical region in the s and s’ plane is described by
the following inequalities:

_ 25(s' +1) — A(s + s — ¢?)
—A2(m3, s, mDAV2(s, s, ¢?)

-1 =+1, (14
and from this inequality, to use in the lower limit of the
integration over s in Eq. (13), it is easy to express s in terms
of 50, i.e., sL is as follows:
g = = s — gmd)
t (my — q*)(mg — s")

(15)

Now, the nonperturbative contributions to the correla-
tion function are discussed [Eq. (12)]. In QCD, the three-
point correlation function can be evaluated by the OPE in
the deep Euclidean region. Using the expansion of the
nonperturbative part in terms of a series of local operators
with increasing dimension, we get [13,14]

Mhoher(P2 P2, ¢%) = CYT(IW) + CLT(GY)
+ C3T (Vo , g TGP W)
+ CHT(UTVIT'W) + - -+, (16)

[(4ss'm? — ss? — 'A% — u?>m? + uls')],
[8ss?m? — 255" — 652A% — 2u*s'm? + 65> ul — u*s'%],

[4ss'um? + 4ss”A — 3s55u — 3ul?s’ — u’m? + 2u?As'],

where Cf’T are the Wilson coefficients, ¥ is the local
fermion field operator of quarks, G,g is the gluon field
strength tensor, and I" and I'” are the matrices appearing in
the calculations.

In Eq. (16) the condensate terms of dimensions three
and five are related to contributions of quark-quark and
quark-gluon condensate, respectively. It’s found that the
heavy quark condensate contributions are exponentially
suppressed by heavy quark masses [13]. Our calcula-
tions show that in this case, the gluon-gluon condensate
contributions of dimension four are very small in com-
parison with the quark condensate contributions of
dimension three and five so that we can easily ignore
their contributions in our calculations. Therefore, only
three important diagrams remain from the nonperturba-
tive part contributions. The diagrams of the effective
contributions of the condensate terms are depicted in
Fig. 2.

The next step is to apply the Borel transformations
with respect to the p*(p?> — M3) and p”(p’?> — M3) on
the phenomenological as well as the perturbative and
nonperturbative parts of the correlation functions and
equate these two representations of the correlations. The
following sum rules for the form factors are derived:
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FIG. 2. Nonperturbative diagrams for the semileptonic decays
of By — ¢.

(mb + mx)

Aﬁ(q2)=f73 P i /M g3/ M3
><{ 4717_ .[2m - [ dsp(s,s', q*)e” /M3
Xe_s//MngM?M%(Z:CA(p P’ qz)}
Tig?) = I 6 g
‘ fs,mp f¢m4,
X{—4177_2f(:;‘)2 ds’fjo a’sp]T(s, s’ q%)

(s5)

X e s/Mig=s'IM3 L M2
7204

CT( 2 2)}
a7)

where s, and s;, are the continuum thresholds and s; is

the lower limit of the integral over s presented in Eq. (15).

3x,— 6

+ 1 ,
(xz - 1)2 sz)
Hy = 38[(1 = Jre) Aol +

Ag

X, (2 +x
D(xt)= t( 4

B x, — 1

|A,|* +
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The explicit expressions of the C4 and CJT of the quark
condensate coefficients with dimensions three and five are
given in the Appendix.

In our calculation, the following Borel transformations
are also used:

m

_.lew

Bﬂmmﬂl)m(ﬂw

- mj, I'(m) (Mz)’"

1 n

At the end of this section, we present the dilepton
invariant mass distribution for the B, — ¢vv and B; —
@1t 1~ decays. Using the parametrization of the B, — ¢
transition in terms of form factors and also Eq. (4), the
dilepton invariant mass distribution of the B, — ¢vv
decay can be written as [10]

" (18)

_ (=1 e %
L(n) (M3)"

dI'(B; — ¢vip) _ G%lV,hV;}lzale(x,)Pm; A2y
ds 28 7°sin 460y, ¢

(19)

where s = ¢*/m% and x, = m?/m}, The parameters
5

D(x,), A, and H, are defined by

)\d) = (1 —r¢)2—2s(1 +r¢)+s2,

\/_4))2 lAVlz] " A¢[
( —ry — )1

(1= V7P
= g AV

s
(1 +ry)?

47‘4,(1 + \/_¢)2

where ry = m%ﬁ / m%“. The differential decay rates for B, — ¢I* 1~ are found to be [10]

dU(B,— ¢I"17) _

GilVip VislPmi o

ds O 3x 295

where [ = m?/ mp . The formulas of a,, and &4 are given by

ay = 4s[3(1 = rs)2(1Go? + |Fol?) + 244 (1Gy |?
+2(1 = ry)(1 = ry — )Re(GyG} + FoF?)],
8y = —48A4|FyI> — 72(1 — ry P IFol? +

r
¢
X RC(F()FT + FoF; + FIF;),

6[2(1 + ry) — 5]

— ") Re(AOAT)} (20)
VAN TN 20
(1 - ) Ay [(1 + ?)ad, - rad,], 1)
A
+1FyI)] + r—¢[(1 = 1) (IGol* + [Fol?) + A4 (1G> + |Fy?)
¢
12(1 -
Al Fyl? jLﬁ)\¢|172|2 M/\qﬁ
T
(22)

where the functions Gy, Fy, Gy, Fy, Gy, F, and F, are defined by
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Gy — C"A, C%ffn%bTV’
2(1 + J7p) s
_ CiAy
20+ )
Gy — Ay C%ffn%bTO’
2(1 + 7p) s
_ CiA
20+ ) (23)
G, = csA cgffmle’
2(1 + Jrg) s
_ G4y
b2+ )
F, = CuA>

T2+ Ry

with I’;\’lb = mb/va.

III. NUMERICAL ANALYSIS

In this section, we present our numerical analysis of
the form factors A; i =V, 0, 1,2)and T; (j =V, 0, 1).
From the sum rules expressions of the form factors, it is
clear that the main input parameters entering the expres-
sions are quark condensates, Wilson coefficients CSif, CSff,
and Cj, elements of the CKM matrix V,, and V,,, leptonic
decay constants fp and f,, Borel parameters M% and
M3, as well as the continuum thresholds s, and sj. We
choose the values of quark, lepton, and meson masses as
my; = 0.150 GeV (u = 1 GeV) [15], m;, = 4.8 GeV [16],
m, = 0.105 GeV, m, = 1.776 GeV, my4 = 1.019 GeV,
mp_= 5.366 GeV [17]. We also choose the values of the
condensates (at a fixed renormalization scale of about
1 GeV), Wilson coefficients, leptonic decay constants,
and CKM matrix elements as shown in Table 1.

The sum rules for the form factors also contain four
auxiliary parameters, namely Borel mass squares, M; and
M%, and continuum thresholds, s, and s’o. These are not
physical quantities, so our results should be independent of
them. The parameters s, and s(, are not totally arbitrary, but

PHYSICAL REVIEW D 88, 056002 (2013)

they are related to the energy of the first excited states with
the same quantum numbers as the interpolating currents.
They are determined from the conditions that guarantee
the sum rules to have the best stability in the allowed M?
and M3 regions. The values of continuum thresholds
so and s(, calculated from the two-point QCD sum rules
are taken to be sy = (35.4 = 0.5) GeV? [18] and s) =
(2.0 = 0.1) GeV? [20]. The working regions for M7 and
M3 are determined demanding not only that the contribu-
tions of the higher states and continuum are effectively
suppressed but also that the contributions of the higher-
dimensional operators are small. Both conditions are sat-
isfied in the regions, 12 GeV? = M? =20 GeV? and
4 GeV? = M3 = 10 GeV2.

Figure 3 shows a good stability of the form factors with
respect to the Borel mass parameters in the working re-
gions. Using these regions for M? and M3, our numerical
analysis shows that the contribution of the nonperturbative
part to the QCD side is about 21% of the total, and the main
contribution comes from the perturbative part.

Now, we proceed to present the g> dependency of the
form factors. Since the form factors A;(¢?) and T,(¢*) are
calculated in the spacelike (g> < 0) region, we should ana-
lytically continue them to the timelike (g > 0), or physical,
region. Therefore, to extend our results to the full physical
region, we look for parametrization of the form factors in
such a way that in the reliable region the results of the
parametrization coincide with the sum rules predictions.
Our numerical calculation shows that the sufficient parame-
trization of the form factors with respect to g7 is

2\ f i (O)

) == g (24)

We evaluated the values of the parameters f;(0), «, and
B for each transition form factor of the B, — ¢ decay,
taking M7 = 15 GeV? and M3 = 8 GeV>. Table II shows
the values of the form factors A; and T; at q%> = 0. Also,
this table contains the predictions of the light-cone QCD
sum rules (LCSR), the light front quark model (LFQM),
and the constituent quark model (CQM).

The values of the parameters a and B for each form
factor of the B, — ¢ transition are presented in Table III.

TABLE 1. Input values in numerical calculations.

Input Input

Parameters Values Ref.  Parameters Values Ref.
My 80.385 = 0.015 GeV [17] fo 0.231 = 0.004 GeV  [18]
sin26y 0.2314 [17] fs, 0.183 = 0.014 GeV  [18]
Gr 1.16637 X 1075 GeV 2 [17] |V, Vi 0.0385 [19]
m, 175.5 + 4.1 GeV [17] Ceft —-0.313 [19]
m3 0.8 = 0.2 GeV? [13] Cy 4.344 [19]
(uir) —(0.240 = 0.010)® GeV?  [13] Co —4.669 [19]
(s5) (0.8 *+ 0.2){uii) GeV? [13]
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FIG. 3. The form factors A; and T; on M% and M%.

The dependence of the form factors A;(¢*) and T;(¢*)  them over ¢* in the whole physical region and using the total
on ¢” extracted from the fit function is given in Fig. 4. mean lifetime 75 = (1.497 * 0.015) ps [17], the branch-
Now we would like to evaluate the branching ratios for  ing ratios of the B, — ¢I" [~ /v are obtained as presented

the considered

decays. Using Eqgs. (19)—(21) and integrating  in Table IV. This table also includes a comparison between

TABLE II.  The values of the A;(0) and 7(0) in comparison with the predictions of the other
nonperturbative approaches, such as LCSR, CQM, and LFQM.

Models Ap(0)  A(0) Ay(0) Ay(0)  Ty(0) T,(0) Ty(0)
This Work (3PSR) —0.34 0.35 —0.44 —0.47 0.37 —0.28 —0.35
LCSR [8] 0.30 0.26 0.38 0.43 0.35 0.35 0.25
CQM [9] 0.34 0.31 0.42 0.44 0.38 0.38 0.26
CQM [10] —0.506 0.310 —-0.379 —0.445 0.380 —0.380 0.380
LFQM [10] —-0.464 0276 —0.295 —-0.440 0374 —0.374 0.377

TABLE III. The values of the parameter « and 8 for each form factor.

Parameters Ao AP AgD)  AvlgD) To(@>)  Ti(¢®)  Tv(g?)

a 0.27 0.92 0.99 1.29 0.33 1.05 1.29
B —1.16 0.26 0.11 0.16 —0.02 0.24 0.12
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— Ty ——Ty—— T||

FIG. 4. The form factors A; and T; on q°%.

our results and predictions of the other approaches in the
SM, including the LFQM, CQM, and LCSR approaches.
From Table IV, we see a good consistency in order of
magnitude between our results and predictions of the other
nonperturbative approaches.

So far, the transition form factors and branching ratio
values were investigated via the SU;(3) symmetry breaking,
and the mass of the s quark was considered in the expressions

of the condensate terms and spectral densities. Now we want
to analyze the form factors, considering the SU(3) symme-
try. For the stated purpose, the mass of the s quark is ignored
inall equations, i.e., m; — m, = 0 GeV and (s5) — (uii). In
view of the SU;(3) symmetry, the values of the branching
ratios of the B, — ¢[" [~ are shown in Table V.

In Table IV, we show only the values obtained consid-
ering the short-distance (SD) effects contributing to the

TABLE IV. The branching ratios of the semileptonic B; — ¢ transition in different models.

Mode

This work LFQM [10] CQM [10] LCSR [6] CQM [6] CQM [4]

Br(B, — ¢vv) X 10°
Br(B, — ¢ete) X 10°

6.59 = 1.98

Br(B, — ¢177) X 107

12.02
295+089 172
Br(B, — ¢utp) X 106 252 £0.76  1.64
120036  1.60

11.65 T
1.69 2.01 1.87
1.61 1.65 1.25 2.5
1.51 1.38 2.28

TABLE V. The branching ratios of the semileptonic B; — ¢I*1~ decays considering SU ;(3)

symmetry.

Mode Value
Br(B, — ¢vp) X 105 3.58 £2.22
Br(B, — ¢ete™) X 10° 1.96 = 0.64
Br(B, — ¢ut ™) X 10° 1.63 = 0.53
Br(B, — ¢177) X 107 0.72 £0.23

TABLE VI. The branching ratios of the semileptonic B; — ¢/ [~ decays including LD effects in three regions.
Mode Method I II 11 I+ 10+ 100 EXP [17]
Br(B, — ¢ut ™) X 107 This work 8.93 £2.98 1.39 = 0.42 2.29 = 0.69 12.6 = 4.9 12.3%%9
LFQM [10] 7.91 1.88 2.56 12.4
CQM [10] 8.30 1.83 2.23 124
CQM [4] 19.0
Br(B, — ¢777) X 108 This work 0.13 = 0.04 8.46 £ 2.54 8.59 £2.92
LFQM [10] 0.48 8.87 9.35
CQM [10] 0.48 8.31 8.79
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Wilson coefficient CS for the charged lepton case. In this
part, we would like to present the branching ratios including
long-distance (LD) effects. The effective Wilson coefficient
Cgff including both the SD and LD effects is [21]

Csli(s) = Co + C5P(s) + CEP(s). (25)

The LD effect contributions are due to the J/i family.
The explicit expressions of the C3P(s) and C5P(s) can be
found in [21] (see also [19]). We introduce some cuts around
the resonances of J/ ¢ and ' and study the following three
regions for muon:

I a2 = ya* = M, — 020,
I My, +0.04 = /i = M, — 0,10, (26)

IL: My +0.02 = > = mg — mg

and the following two for tau:

SD

0.8

' 0.6
A

()

2 |~
T8

o” 0.4
=

o

o

0.2

PHYSICAL REVIEW D 88, 056002 (2013)

L g =y? = My — 002,

27
I My +0.02 = yfq? = mp — my,

where ‘/qfnin = 2m,. In Table VI we present the branching

ratios for muon and tau obtained using the regions shown in
Egs. (26) and (27), respectively. In other words, we present
the branching ratios using the complete expression of
Eq. (21) but exclude the c¢ resonance regions. Here, we
should also stress that the results obtained for the electron
are very close to the results of the muon, and for this reason,
we only present the branching ratios for the muon in
our table. It is interesting to point out that the values of
Br(B, — ¢u™ ) in this work and in the LFQM [10] and
CQM [10] are close to the experimental data.

We also show the dependency of the differential branch-
ing ratios on ¢> (with and without LD effects for the
charged lepton case) in Fig. 5.

Finally, we want to calculate the longitudinal
lepton polarization asymmetry and the forward-backward

SD

FIG. 5. The differential branching ratios of semileptonic B, — ¢ decays on ¢ with and without LD effects.
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0.29
0.54

P (B,—on )
<

-0.59

-0.61

-0.84

0.54

FIG. 6. The dependence of the longitudinal lepton polarization asymmetry on ¢2. The solid lines and dotted lines show the results

without and with the LD effects, respectively.

""" LD —— SD ----- LD ——SD ----- LD——SD
0.1 B 0.3 0.3
0.29 0.29
04 0.19 0.19
T\ o T 0
e = o
+ + +
e = -0.1 © -0.149
S o4 < <
(T T 1
" o -0.2 w02
~ -~ fa
5 ? 5
< < -037 < -037
~0.21
0 -0.44 -0.44
-0.59 -0.59
-0.3- T T T T T T T -0.67% T T T T T T T T -0.67% T T T T T T T T T
13 14 15 16 17 18 19 0 2 4 6 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
2 2 2
q q q

FIG. 7. The dependence of the forward-backward asymmetry on g2. The solid lines and dotted lines show the results without and

with the LD effects, respectively.

asymmetry for considered decays. They are given, respec-
tively, as [10]

P 2098 { LI GiFr + a1 ry)
L (1+%)CY¢+[8¢ r¢, p-ATA ¢ ¢
X(1=ry—)GYF*+ G FY)
+ (Mg + 12rgs)(1 = ry*GYFY + 8/\¢r¢stF’{,]},
12505(1 =491 — r,)Re(GyFY + GYFY)
FB — ’

(1 +%)a¢ + t6¢
(28)

with all parameters and functions appearing in these
formulas as defined before in Sec. II.

The dependences of the longitudinal lepton polarization
and the forward-backward asymmetries for the B; —
@l"1~ decays on the transferred momentum square g>

with and without LD effects are plotted in Figs. 6 and 7,
respectively.

In summary, the transition form factors and the branch-
ing ratios of the semileptonic B; — ¢ decays as well as the
longitudinal lepton polarization and forward-backward
asymmetries were investigated. Any experimental mea-
surements on the presented quantities and their comparison
with the obtained results can give valuable information
about the B, — ¢I"1~ /vp decays and the strong interac-
tions inside them.
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APPENDIX

In this appendix, the explicit expressions of the coeffi-
cients of the quark condensate entering the sum rules of the
form factors A; (i =V, 0,1,2) and T; (j = V), 0, 1 are
given.
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