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We study the rare semileptonic decays of B, mesons within the effective field theoretical framework

of covariant confined quark model. The transition form factors corresponding to Bf — D)+ and

B — DE*H are computed in the entire ¢> range. Using form factors, we compute the branching fractions

and compare them with the available theoretical results. We also compute various physical observables

such as forward-backward asymmetry, longitudinal and transverse polarizations, as well as clean angular

observables.
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I. INTRODUCTION

B, meson is an interesting meson having both heavy
quarks with different flavor and the mass below BD
threshold. Sometimes it is also considered to be in the
heavy quarkonia sector, however unlike charmonia and
bottomonia B, meson can decay through the weak inter-
actions only. This can also be justified by the lifetime of
the B, meson and consequently, it serves as one of the best
candidate for the hunt of new physics beyond the standard
model. Semileptonic decay of B meson corresponding
to the transition b — c£v, is explored in great depth by
experimental facilities worldwide and it is observed that
their results are deviating from the standard model pre-
dictions [1-7]. LHCD has also reported semileptonic decay
of B, meson and ratio of branching fractions R(J/y)=
B(B.—J/ytv,)/B(B.—J/yu*v,)=0.714£0.17(stat) +
0.18(syst)) [8]. Following this observation, HPQCD
collaboration performed the computation of observables
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corresponding to the lepton flavor universality violation
from lattice QCD and determined the ratio R(J/y) =
0.2582(38) which is found to be smaller than LHCb
measurement at 1.8¢ [9].

However, rare semileptonic decays are yet to be fully
explored by the experimental side. In the past, several
anomalies have been reported in B — K*)£# correspond-
ing to the b — s£¢ channel. Several experimental facilities
worldwide including LHCb, Belle, BABAR have provided
information regarding this channels in great detail [10-12].
Further, B, — ¢Z¢ has also been observed by some
of these collaborations. The key observations include
the ratio Ry =B(B— K" yutu~)/B(B— K*ete™) and
some other observables viz. forward-backward asymmetry,
polarization and different angular observables that are
deviating by 2 — 3¢ from the standard model predictions
[13-26]. These observations essentially lead to the search
for the new physics beyond standard model which
are discussed in the literature using the framework of light
cone sum rules [27,28], effective theories [29-35] and
several other theoretical approaches. In recent experimental
developments, simultaneous measurements of Rx and Rg-
in low and central ¢*> range corresponding to ¢* € [0.1,
1.1] GeV?/c* and ¢* €[1.1,6] GeV?/c* show very good
agreement with standard model predictions at 0.2¢
by LHCDb collaboration [36,37].

On the same lines, b — d£¢ can also be a potential mode
for the search of new physics. For the transition corre-
sponding to the » — d, LHCb and Belle collaborations

Published by the American Physical Society
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have provided some important data for the channels
B— (p,w,m,n)¢ ¢~ and BY - KOutu~ [38-40].
Further, LHCb collaboration has also provided the
relative ratios for b — d/b — s transition in the channels
B(B* — xu'u™)/B(B* » K'uty)  and  B(B) —
KOutu™)/B(B® - K*u* ™) [41,42]. Several anomalies
regarding these studies are reported in the book [43] and in
the review article [44] including references therein.

All these anomalies can also be tested in the rare
semileptonic decay of B. meson where the decay channels
Bf — DWWt~ and B — DY £+ ¢~ can also prove to
be promising candidates for the search toward any new
physics beyond the standard model. These modes are yet to
be identified precisely by the experimental facilities as well
as by the lattice simulations. Less availability of data on
rare semileptonic branching fractions might be due to the
difficulty in probing them in presence of background data
of other simultaneous prominent decays. Also, B, mesons
are produced less frequently in comparison to other bottom
mesons and so the higher excited states are not very well
observed yet. Very recently, LHCb collaboration has also
set an upper limit for f./f, X B(Bf — Diu*pu~) at con-
fidence level of 95% where f. and f, are fragmentation
fractions of a B meson with a ¢ and u quark respectively in
proton-proton collisions [45]. Whereas on the theoretical
front, semileptonic as well as rare semileptonic decays are
explored using various approaches as follows. Geng et al.,
studied rare semileptonic decays using light front quark
model and constituent quark model [46]. Azizi et al,
also studied these channels using the three point QCD sum
rules [47,48]. Faessler et al., also studied the exclusive
rare decays B, — D")¢¢ using the relativistic quark
model [49]. Ch01 studied the transition form factors and
different physical observables using the light front quark
model [50]. These rare decays are studied using the
perturbative QCD approach [51] as well as using the
framework of single universal extra dimension [52].
Rare semileptonic decays of B and B, mesons are also
studied using the relativistic quark model RQM [53]. The
|

4G
Heff:_ Ly th{ZC

where g = d for b — df*¢~ and g = s for b — s+,

transition form factors computed in the relativistic quark
model [53] are also employed for study of rare semileptonic
decays with non universal Z’ effect [54] as well as using
two Higgs doublet model [55]. Further, these form factors
are also employed for the search of new physics in terms of
different observables [56-58].

In the present work, we study the rare semileptonic

decays for the channels B — DE;HL”*L”‘ for=e, u, v

and v which are essentially the transitions corresponding to
b — d(s)¢T¢~. The necessary transition form factors
are computed in the entire range of momentum transfer
squared by employing the covariant confined quark model
(CCQM) with built-in infrared confinement leading
to computation of branching fractions. We also compute
some more physical observables such as forward-backward
asymmetry, longitudinal and transverse polarizations
as well as different other angular observables. We also
compare our findings with the available experimental data
and theoretical predictions. In the past, we have success-
fully employed CCQM for predicting various transitions
for charm as well as bottom hadrons which shows the
ingenuity and reliability of the model [59-65].

This paper is organized in the following way: After the
brief introduction to the subject with the recent literature
reports in Sec. I, we introduce theoretical model, i.e.,
covariant confined quark model (CCQM) in Sec. II. In this
section, we provide the Wilson coefficients and transition
form factors and the relations of various observables such
as branching fractions, forward-backward asymmetry, longi-
tudinal and transverse polarizations, and angular observ-
ables. Then in Sec. IV, we list all the numerical results along
with the comparison with other theoretical approaches.
Finally, we summarize the present work in Sec. V.

II. THEORETICAL FRAMEWORK

Within the standard model (SM), the effective
Hamiltonian for the b — ¢Z*¢~ decay can be written in
terms of the following operators [66—68]

* 2
%Z CWO:w) —ww}, )

tq j—1

In the above equation, C; are the Wilson coefficients and the set of local operators O; obtained within the SM for
b — s¢*¢~ as well for b — d¢t ¢~ transition using a standard procedure [67,68]. These operators include current-current
operators (O ), QCD penguin operators (O;_g), dipole operators (7 g) and electroweak semileptonic penguin operators
(Og.10). Within the SM, these operators O; and O defined as

Olit = (Qaly”PLuaz)(uazyﬂPLbal),
Ol = (QaIYMPLCaz)(CaZ}/yPL al)

05 = (ZIYMPLb)Z(‘I vuPrd'),
q’

O3 = (qyPpu)(iy,P.b),

O, = (gy*Prc)(Cy,PLb),
04 = (Z]u]y”PLbaz)Z<Z];2yﬂPLq/a|)’

/

q
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Os = (gq V”PLb)Z(ZI/J’ﬂPRq/),

q

e
1= 1672 —— i, (qo" Prb)F,
2

Oy = —
" 1on2

Here, G, is the gluon field strength, F,

uus 08 =

(@r*PLb)(¢r,6), O =

= (Zlaly”PLb@)Z(QZzzyﬂPRq;l)’
q/

I iy (G, 0" PrTy 0.ba.)G

1677,'2 b qala RYaja,%a, Hs

2

Tez @r'Pub )(Er,157), (2)

, 18 the photon field strength, a, , denote the color indices, T, ,, are the SU(3) color

generators P,  are the chirality projection operator and y is the renormalization scale. Matrix element for the channels

B, — D( )fﬂf can be written as [66,67]

M(B, = D)t ¢7) Gra

N

Var !

S

= 2LV v { C5UDL ar, PLblB) (Zr€) + Cio(D()|ar,PLbIB (Zryst)

= 22 GD)|gio™ g, PrblB.) (Zr'e) }. 3)

Here CS(u) contains the corrections to the four-quark operators O,_4 and Of, in Eq. (1) in the form of [69-77]

G5 (w)

with

& = Co+ Coh (i, 8) —

| =

&H= [heff(”hcvg)

1
h(1.3)(4C; +4Cy +3Cs + Cg) = 5 h(0.5)(C3 + 3Cy)

= &1 T 4462, (4)

2
+50C+Ci+3C+Co) - (5)

— 1 (., 3)](3C, + C,) (6)

where Cy=3C; + C, +3C3+ Cy+3Cs+ Cq and Ay = (V5,V,0)/(V5,V,q) for the transition corresponding to the
b—dft¢™ and Ay = (V5,V,)/(Vi,V,) for the transition corresponding to the b — s#*¢~. Further, the quark-loop

contribution is given by

n| Y=t ) for x = 4
A 8 8 4 e F——T ), =— .
Wiy, §) = =g + o+ 5 x 9(2+x) and
2arctan\/1—~ for x =24 > 1,
x—1" K
and
8 4
h( ,A) _ﬁ—§ln3‘+9lﬂ,
and the functions,
3 B(V = ¢t¢)r
BT i, 5) = h(ie. ) + BV > 270y @
Cov_symias) —q" —imyTy
3 B(V = ¢t¢)r
B (0,0 8) = b, §) + o 3 BV = )T (3)
a-Cy Wy —q° —imyly

where i, = m,/m;, § = q*/mj and « is the coupling
constant considered at Z-boson mass. The nonresonant
contribution is computed by ignoring the terms containing
the vector resonances in Egs. (7) and (8). The masses, total
decay widths and dilepton branching fractions of vector
mesons are taken from the PDG book [78]. For the present

computations, we consider the next-to-next leading order
Wilson coefficients from the Ref. [79] which are essentially
evaluated at renormalization scale y = 2My, and they are
computed by renormalization group equation to the had-
ronic scale y;, = 4.8 GeV. The values of input parameters
and Wilson coefficients are tabulated in Table I.

096003-3
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TABLE 1. Values of the input parameters [78] and Wilson coefficients [79].

my Sin2 QW a(Mz) ﬁ’lc ﬁ’lb ﬁ’lt
80.41 GeV 0.2313 1/128.94 1.27 GeV 4.68 GeV 173.3 GeV
C, C, Cs o Cs cst Co Cho
—-0.2632 1.0111 —0.0055 —0.0806 0.0004 0.0009 —-0.2923 4.0749 —4.3085
TABLE II. Quark masses, meson size parameters, and infrared cutoff parameter (all in GeV).

AB(. Ap AD\ AD}T
2.728 +0.001 1.600 £ 0.027 1.529 4+ 0.009 1.748 +0.035 1.556 £0.014
My;q my my, A
0.241 0.428 1.67 5.05 0.181

The transition form factors corresponding to the channels
Bf — DET)) T¢+ ¢~ are computed in the effective field theo-

retical framework of CCQM [63,80-85]. The effective
Lagrangian for the interaction between meson and constitu-
ent quark can be written in the most common form as

ﬁint:gMM(x)/dxl/deFM(X;xlvxz)ZIZ(xZ)FMql(xl)
+ H.c. (9)

Here, I'j, is the Dirac matrix and can take the values
according to the type of meson based on the spin. F; is
the vertex function which describes the effective finite size
of the meson given by

Fr(x,x1,x0) = 8(x —wix) —wpxp )@y () —x2)?).  (10)

Here, ®,, is the correlation function for the constituents

with masses m,, , and mass ratios w; = mg /(mg, + mg,).

Next, we consider the vertex function to be of the form of
simple Gaussian function with the effective finite size of the
meson (A,,). The vertex function takes the form

@), (—k2) = X/M (11)

Here, quark masses (m, ;) and size parameters (A,,) are the
model parameters and are listed in Table II. A key feature of
choosing the vertex function to have the Gaussian form is that
it will make the analytical computation easier. g,, in Eq. (9) is
the coupling constant which characterizes the interaction
strength between quarks and the meson. In order to justify the
fact that quarks are confined within the hadrons, we use
compositeness condition [86,87] for determination of

coupling constants. It is given by setting the renormalization
constant (Z,,) to be equal to zero as,

39%/1 0 2

Here, IT), is the meson mass operator given in Fig. 1
defined as

-~ dk .
Ml(0?) = oty | Gy @ (TS k1)

x Ty Sy (k=wyp)]. (13)

Here, N. =3 is the number of colors and §;, are the
free quark propagators that can be written in the form
of Fock-Schwinger representation as it provides the addi-
tional advantages for the computation of loop integration. All
the necessary analytical computation including trace evalu-
ation, loop integration were performed using the FORM

FIG. 1.

Feynman diagram for meson mass operator.

096003-4
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language. At the end, a universal infrared confinement
parameter 4 = 0.181 GeV is introduced in order to avoid
inclusion of divergences in the quark loop diagrams. Next,
we define the CCQM model parameters such as quark
masses (m,) and size parameters Ay,. In present work, we
have utilized the updated least square fit method reported in
the past CCQM Refs. [63,88-90]. In these references, the
model parameters are determined by fitting the computed
observables such as leptonic decay widths, electromagnetic
transition widths and meson masses with the experimental
data or lattice simulations and the differences are considered

|

(D4(p2|a0"BIB(p0) = Nesno,, [

as the absolute uncertainty in the respective size parameters.
It is important to note here that the maximum uncertainty
is found to be less than 10% for the computed form factors at
the maximum ¢ range. Further, these uncertainties in the
form factors are then transported for the branching fraction
computations and other physical observables.

With the optimized model parameters and coupling
constants, we compute the transition form factors in the
whole g? range. The transition form factors for the channels

B — DE )H can be written as

*
s

d'k 2\ 7 2
W‘ﬁ&(—(’f"' Wi3p1) )¢D(.‘)<—(k +wxp2)?)

x tr[0*Sy (k4 p1)y’S3(k)y* Sz (k + p))]
=F.(q*)P" + F_(q*)q".

(D420 (1 = )blB(p1) = Neom i, [

k- 2\ 2
W(pBC(_(k_FWBpl) )bp,, (=(k + w3 p2)”)

x trfo? (1 —y°)Si(k + p1)r°S3(k)y S2(k + p))]

_ iFr(q?)
my + myp

d*k

(D) (P2.€)|g0"b|B.(p1)) = Negs, 9p, /m

(Prg" — P'q" + ie"’d).

(14)

(ZBL. (=(k+wizp )2)551);;) (—(k 4+ w3p2)?)

x tr[OS, (k + p1)r>Ss(k)¢iSa(k + p)]

€l

=———— [P - qA)(q*) + P*P'A,(¢*) + ¢"P*A_(q*) + ie" P PoqsV(q*)).

m1+m2

_ &'k
(D} (P2, €)[g0"q,(1 +7°)b|B.(p1))

:Nch(.gDz‘s) / W

b, (—(k + W13P1)2)<.75D(S) (=(k+wxpy)?)

x trfo*q, (1 + °)S  (k+ p1)r S3(k)di Sy (k + p)]
=e)[-(¢" — 4"/ 4*)P - qao(q®) + ie" PP ,q,9(q°)

+ (P*PY — g"P*P - q/q*)a, (q*))].

Here, P is the total momentum of the parent and daughter
mesons and ¢ is the momentum transfer between them.
Polarization vector of the daughter meson is defined in such
a way that ] - p, = 0. p? = my , p3 = mz(*). With all the
®

necessary inputs, the form factors are computed by solving
the multidimensional integral using Mathematica in the
entire range of momentum transfer squared. We plot the
form factors in Egs. (14) and (15) in Fig. 2 and also
represent them in the double pole approximation as

F(0)

7 Ve 2
1-a(i) + (%)
The form factors at the maximum recoil F(0) and double
pole parameters a and b are listed in Table III. It is
important to note here that the uncertainty in the
form factors for g> = 0 to g> = g2, are computed employ-
ing the model parameters. Further, uncertainty in the
double pole parameters are extracted by performing least

F(q*) =

(16)
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TABLE III. Form factors and double pole parameters appeared in Eq. (16).

F F(0) a b F F(0) a b
Fﬁv"D 0.188 £ 0.003 2.3444+0.012  1.422+0.027 FB~P  —(0.161 £0.002) 2417 £0.011 1.512+0.026
F? =D 0.274 = 0.004 2.282+0.012 1.319+0.028 Fg =D 0.187 + 0.004 1.487 £0.045 0.458 £0.112
Ag D 0.278 £ 0.002 1.447 +£0.010  0.171 £0.026 Af_ —D 0.152 £ 0.001 2.155£0.007 1.089 +0.017
AB—~D" —(0.237 £0.002)  2.409 +0.006  1.459 +0.015  yB—~D" 0.232 £ 0.002 2392 £0.006 1.421 +£0.015
ag D 0.143 +0.001 1.532 £0.010  0.294 £ 0.025 ai —D 0.143 +0.009 2.147 £0.007  1.090 £ 0.018
gB—D" 0.144 + 0.001 2472 +£0.006 1.554+0.014

Fﬁ =Dy 0.256 +0.004 2204 +0.019 1.253+£0.046 FB~D:  —(0.203+£0.004) 2.265+0.019 1.325+0.045
F1T5’ «=Ds 0.363 4+ 0.006 2.152+£0.019  1.167 £ 0.047 Fgr—’D\ 0.255 £+ 0.006 1.376 £ 0.057  0.333 £0.149
Agc—’Df 0.367 +0.003 1.444 £0.016  0.179 £0.041 AiﬁD? 0.191 £ 0.002 2.116 £0.011  1.049 £ 0.029
AB=Ds —(0.294 +£0.003)  2.347+£0.010  1.388 +0.026  VB=Ds 0.284 £+ 0.002 2.327+£0.010  1.347 £0.026
agv—’DF 0.181 £ 0.002 1.527 +£0.015  0.295 +£0.039 ai"_’D: 0.181 +0.002 2.111+£0.011  1.057 £0.029
gBeDs 0.181 £0.002 2.397+£0.010 1.464 +0.025

square fit with y?> to be minimum by employing Minuit
algorithm [91]. We also provide the covariance matrix for
the coefficients F(0), a and b in Tables X-XIII in the
Appendix for all the transitions considered here.

III. BRANCHING FRACTIONS AND OTHER
PHYSICAL OBSERVABLES

Having determined form factors and Wilson coefficients,
we compute the differential decay rates for rare semi-
leptonic decays using the relation [49]

|P2|q2ﬂf
12m%

dr(B. > DC ) Gy (av:bquy H
tot-

dq? T 2P\ 2z

(17)

Here, fp, =

(2m) is the momentum of the daughter meson in the rest
frame of B, meson with A(x, y, z) to be the Killen function.
Further m| = mp_and m, = mp; - H, 1s the amplitude

\1—-4m2/q* and |py| = 2'2(m}.m3, ¢%)/

given here in terms of the heh(:lty amplitudes
1
M = (HY + M+ HY! + 1)

N <2mf>< ’H“ H%,2+%HE—H%2+%H§2>.

7
(18)

The helicity amplitudes here are presented in terms
of helicity form factors via the relations for the channels
B, — Dy as [49,61]

B=0. M= [HP = [H,. (19)
with i = 1, 2 and these helicity form factors are related to
the invariant form factors via

. 2my|py|
Hi = Fi,
V ‘I
. 1 . .
Hiy= = ((m} =m)F, + ¢ FL). (20)
1 qz

The invariant form factors F "+_ for i = 1, 2 are related to
the form factors in Eq. (14) as

. " 2m
Fl — CeftF + CeﬁF b ,
+ 9 &+ 7 T’,n1 +m2
Fl =GP - 5T, — 2 M
my+m, q
.F%_ - C10F+, .7:% = Cl()F_. (21)

Similarly, helicity amplitudes are presented in terms
of helicity form factors via relations for the channels
B. — D* as [49,61]

Hy = [H P+ |Hl1 W2
” = |Hoo|2 = |Ho|2»

096003-7
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and these helicity form factors are related to the invariant
form factors via

A 1 m|p | A A ‘
Hio = o +m2m1 =5 (Pq(=Ay + AL) + ¢°AL),
2V q
Hii:l:tl = —m1 Tm, (—PqA(i) + 2m1|P2|Vi),
i — 1 1
Oo_ml +m22m2\/ 2
X (=Pq(m; —m3 — q*)Af + 4mi[pa|*AL). (23)

The invariant form factors A’ and V (i = 1, 2) are related to
the form factors in Eq. (15) as

v =5ty + Cgffgw

Using above relations, we plot differential branching
fractions Eq. (17) in Fig. 6 while computed branching
fractions are listed in Table IV. We have computed
branching fractions corresponding to the dimuon channels
also and compared our findings with the results of other
reported theoretical results.

The differential decay width for the transition B, —

DE;) vD can be written as [49,61]

dr(B — D) G} (av;;,vtq)z[z)y(x,)r

dq? 223\ 27 sin?Qyy
|P2|q
H H 25
4m1 (Hy +Hp). (25)

where x, = m?/m3, and the function D, (x,) can be written
up to NLO correction as [92-95]

7 ’
" 2my,(my+m a
1
A(() ) — CS“AO + C%ffao%, D,(x) = Dy(x) + ﬁDl (x) (26)
. . 2my(my+m .
AS—I) _ CgﬂA+ + C%fta+ b( q12+ 2)’ with
2my,(m; +m,) Pq x(2+x 3x-6

AD =C§TA_+ M (ag—a, )= : Dy(x) =% (=—+-——3Inx 27

9 7 ( 0 JF) q2 q2 0( ) g\ly—1 (X—1>2 ( )

2 2

V<2) — Clov, A(() ) — ClOAO’ A(i> — C]()Ai. (24)
TABLE IV. Branching fractions of B — DE;)+f+f_ for £ = e, u, and 7.
Channel ‘Without resonances With resonances LFQM [46] CQM [46] pQCD [51] RQM [53]
10°B(Bf — Dt ete) 3457 £0.125 2.665 + 0.065 4.100 4.000
10°B(Bf — D ptu™) 3.449 +0.125 2.659 + 0.065 4.100 4.000 3.790 3.700
10°B(Bf — D*ztr7) 0.730 £0.070 0.503 £ 0.056 1.300 1.200 1.030 1.500
103B(Bf — D*vtu7) 1.386 + 0.048 2.770 2.740 3.130 2.160
10°B(Bf — D**ete) 7.031 £0.215 4.983 £+ 0.095 10.100 7.900
10°B(Bf — D**ptu) 5.934 £ 0.161 3.894 + 0.070 10.100 7.900 12.100 8.100
10°B(Bf — D**177) 0.718 = 0.025 0.518 £0.019 1.800 1.400 1.600 1.900
108B(Bf — D*"vtu7) 2.572 £ 0.089 7.640 5.990 11.000 5.120
10’B(Bf — D**y) 1.235 £ 0.017
10’B(Bf — Dfete) 1.243 £0.055 0.797 £0.024 1.360 1.330
10’B(Bf — Dfptu™) 1.239 £ 0.055 0.793 £ 0.024 1.360 1.330 1.560 1.160
10’B(Bf —» Div77) 0.207 £ 0.024 0.136 £0.018 0.340 0.370 0.380 0.330
10’B(Bf — Divtu7) 4.979 £0.210 9.200 9.200 0.129 6.500
10’B(Bf — Ditete) 2.311 £0.104 1.558 + 0.055 4.090 2.810
10’B(Bf — D utp”) 1.913 +0.070 1.162 +0.028 4.090 2.810 4.400 2.120
10713’(Bjr — Dﬁ*r*r‘) 0.173 £ 0.008 0.144 £+ 0.007 0.510 0.410 0.520 0.350
10’B(Bf — D vtu) 8.340 +0.393 31.200 21.200 40.400 13.500
10°B(Bf — D*y) 4.454 £+ 0.098
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20x —x2 —4x3 x+9xF -3 —x*

D = - - 1
1) 3(1—x) 1—xp ™
8x + 4x2 + x3 — x* 5 4x—x> [*  Int
3 n-x — 5 dt
2(1 —x) (1=-x)*)1  1-1¢
0D (x) /4%
ox miy,

As in the previous case, the helicity amplitudes are related

to helicity form factors for the channels B} — D?;>1/17

as [49,61]

Hp = |Hol>» Hy=0 (29)
with
2
HO — m1|p2| F+. (30)
/3
q
instead for the channels B} — DE‘;;I/D as [49,61]
Hy = |H i + [Ho ] Hp = |Hol*. (31)
with
H =—(—PgAy £ 2 V),
+1+£1 m, —|—m2( 449 m;[py|V)
Hy = : ! (—PQ(mz —mj — qz)Ao
my 4 my 2m,+/ g* : g
+4mipaPAL). (32)

The numerical results on the branching fractions are listed
in Table IV in comparison with the results of other
theoretical approaches.

We further compute other physical observables such as
forward-backward asymmetry, longitudinal and transverse
polarizations and other clean observables. These lepton
flavor dependent angular observables are related with the
helicity amplitudes as well as corresponding form factors.
Experimental measurements of these observables have
played critical role in search for new physics beyond
the SM for the transition b — s£¢ corresponding to the
channel B — K*¢¢ by LHCb [19,96] and Belle collabo-
rations [97]. Angular analysis are also observed for the
channel B; — ¢u* = and A — Au*u~ by LHCb collabo-
ration [98,99]. However, in other channels, these observ-
ables are yet to be identified. Many of these experimental
measurements seem to deviate from the SM predictions and
explained using new physics scenario [100-106]. Similar
behavior is expected in case of b — d£¢ transitions. These
observables could be helpful in studying the effects of CP
violation. Very recently in Ref. [107], these angular
observables are computed using the covariant light front

quark model where transition form factors are obtained
using modified Godfrey-Isgur model for the channel
B. — D;¢¢. The same observables are also studied for
the channels B, — K*#¢ and B — p¢¢ using light cone
sum rule approach [108]. Recently, some of us have studied
these observables in the b — d£ ¢~ [61] transition. They
are described in terms of four-fold angular distribution and
expressed explicitly in terms of helicity form factors. The
detailed description and computation techniques of these
observables can be found in the Refs. [109,110]. Relation
for these observables reads as
(1) Forward-backward asymmetry

1 Lo d’r
Apg = ——> - dcos ) ———
FB dr'/dq* [A /—1] cos dg*dcos @

3 HP
T

(33)

(2) Longitudinal and transverse polarization fractions

1 H11+H22 1 H11+H22
Fp=-p—Lt "L F,=—p-Y_ U (34
P g P BY
(3) Clean observables
_ o Jw 4B + HE]
<Pl>bin =-2 222 11 227 °
Join 4 B2 HY + HE]
<P2>b' - _ fbin dqzﬂfH}’z
" Join dqzﬂé[H%} + H%Jz] ’
(P = — Jon da°B7 M7 + HiF]
YO [ daP MY+ HE]
(Py)bin =2 Joi 4P + HP]
4/bin — s
Nbin
(P5)pin = —2 Join A4 Be[HE + H3']
" Nbin '
<P/6>b' ) fbin dqzﬂf[H}Iz + H%Il]
n me ’
daBAIH 22
(P = 2 B SOPUETRL
bin

with the normalization factor Ny;, defined as

N = \/ / AP IHY + HE) - / A RIHY + H2)
bin bin
(36)

For computation of expectation value of these observables
over bins, we need to multiply them by the phase space
factor |p,|q*f, in corresponding numerator and denomi-
nator separately. The angle appearing in the relation of
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forward-backward asymmetry is the polar angle between
the momentum of parent meson and the momentum
transfer. Further, bins are corresponding to the momentum
transfer squared ranges [1.1, 6.0], [6.0, 8.0], [11.0, 12.5],
and [15.0, 17.0] GeV?2.

IV. RESULTS AND DISCUSSION

Using covariant confined quark model, we compute the
transition form factors using the model parameters in
Table II and we plot them in terms of ¢* in Fig. 2.
We also compare our form factors with the results of
various other theoretical prediction such as relativistic
constituent quark model (RQM) [49], constituent quark
model (CQM) [46], QCD sum rules (QCDSR) [48], light
front quark model (LFQM) [50], relativistic quark model
(RQM) [53], perturbative QCD (pQCD) [51]. However, in
order to have the comparison, we need to transform our
form factors Eqgs. (14) and (15) with those using BSW form
factors [111]. The transformed form factors are denoted
using primed symbols.

F.(g» B.* - D" transition
L) Be 7 7 TANSTO

T

L4 Present ]
1.2F CcQM ]
1.of LFQM f
[ RQM ]
0.8+ :
0.6F ]
0.4F ]
02f ]
00k, . . ]

0 5 10 15

7*(GeV?)
Fr(¢*) B.* - D* transition

T T T T T T T T T T T T T T
Present s
| s
L5 CcQM o
I s

LFQM S

7*(GeV?)

FIG. 3.

2
q
Fl=F, + ————F_, 37
0 + m%_m% ( )
AOZMA/I’ A+:A/,
my —myp
A= 2malmtm) g y—y
q
e
—Thg=T, — T+ — T, (38
ap=15.9=1, a, 2+m%_m% 5. (38)

These form factors also satisfy the constraints

Ap(0) = A3(0)
2myAs(q7) = (my +my) AL (q7) = (my —my)Ay(q?). (39)
For the subsequent section, we remove the prime from the
form factors in order to avoid confusion. The graphical

comparison between the results can be found in Figs. 3-5.
It is observed that our results of the form factors for the

F.(¢») B.* —» Dy* transition
T T Tt T T T T T

T

[ — Present /]
CQM /
LFQM s

0.0k n n n n 1 n n n n 1 n " " " 1 " " P

0 5 10 15
¢*(GeV?)
Fr(g®) B+ > Dy transition
F — e et
t Present
2.5F -
cQM e
[ 4 4
20f LFQM R

RQM

¢*(GeV?)

Form factor comparison for B, — D (left) and B, — D, (right) in comparison with relativistic constituent quark model [49],

constituent quark model [46], light front quark model [50], relativistic quark model [53] and perturbative QCD [51].
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—— T
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= RQM : ogl — RQM ]
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L RCOM RCQM
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04} .
r 041 q
0.2 : j ook ]
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FIG. 4. Form factor comparison for B, — D* (left) and B, — D} (right) in comparison with relativistic constituent quark model [49],
relativistic quark model [53], perturbative QCD [51], and covariant light front quark model [107].
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Form factor comparison for B, — D* (left) and B. — Dj (right) in comparison with relativistic constituent quark model [49],

relativistic quark model [53], perturbative QCD [51], and covariant light front quark model [107].

transition B, — D are very similar to the pQCD, LFQM,
CQM, and RCQM predictions. Whereas, our results are
significantly higher with respect to RQM in almost entire
g* range. For B, — D, transition also, our results are in
good agreement with the LFQM and CQM predictions.

Similarly for B, — D?s) transitions, our form factors are

compatible with the RQM and pQCD predictions for the
range g> — g2, Whereas our results are substantially
lower for low ¢°. The differences in the predictions are
mainly attributed to the different methodology employed
for the computation of the transition form factors. Using
numerical form factors, we have computed branching

fractions of rare semileptonic decays using Eq. (17)
and in Fig. 6, we plot differential branching fractions.
In Table IV, we provide the branching fractions by
numerically integrating area under the differential branch-
ing fraction curve in Fig. 6. In the differential branching

fraction plots, the peaks near to g*> = mj, and ¢* = mi(z 5

correspond to the charm resonances, whereas in the
low ¢2 range (in the case of B, — D) transition), they
correspond to the light vector resonances appearing in
the effective Wilson coefficients. In Table IV, we provide
our results considering both with resonance and without
resonance contributions. It is important to note here that in
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FIG. 6. Differential branching fractions (green and blue plots correspond to the inclusion of vector resonance whereas red and black

plots are without the same (NR).).

computations of branching fractions, we exclude the
experimentally vetoed ¢* range corresponding to the charm
resonances. If we include these range, our results are
enhanced by an order of magnitude or more. This is also
observed in our recent studies [61] as well as in Ref. [112].
We also compare our results with theoretical predictions
from different quark models, perturbative QCD and QCD
sum rule approaches. Note that for the transitions corre-
sponding to channels b — s£7¢~, we do not include the
contribution from the light vector resonances because of
the CKM suppression (of the order of 1> in Wolfenstein
representation); thus we neglect the effects of the second
term in effective Hamiltonian equation (1). It is observed
that our predictions for the nonresonant branching fractions
for some channels are in good agreement with the other
theoretical predictions. However, if we include the resonant
contributions, our predictions are comparatively lower
than the other theoretical approaches. In all the literature
mentioned here, the contributions from the light vector
resonances are not included for the transition correspond-
ing to b — d¢*¢~. It is to be noted that for the transitions
studied here, experimental data as well as lattice simulation
results are not available to the best of our knowledge and
understanding, and hence it is not logical to comment on

the comparison or credibility of the results from the other
theoretical approaches including current study.

In order to explore further effects of leptons in the
final state, we study various observables such as forward-
backward asymmetry, longitudinal and transverse polar-
izations, and angular observables using the relations
Egs. (33) and (35). These observables are plotted in the
Fig. 7-9 and their expectation values in the whole ¢ range
are given in Table V. In these plots, we include the effects of
both nonresonant and resonant contributions, where the
peaks correspond to charmonia and light vector resonances.
We also compute the expectation values of these observ-
ables in the different ¢ bins corresponding to the exclusion
of contributions from vector resonances. Very recently,
Li have studied the branching fractions and other observ-
ables for the channel B, — D:£T#~ in the framework
of covariant light front quark model (CLFQM) [107].
The authors have computed the transition form factors
using the modified Isgur-Wise function. We compare
our results of the observables with CLFQM results in
Tables VI-IX and it is observed that many of our results
are not in agreement with the CLFQM results. The
differences are mainly arising due to their inclusion
of the contribution of light vector resonances [107].
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Forward-backward asymmetry, longitudinal and transverse polarization fractions (Green and Blue plots correspond to the

inclusion of vector resonance whereas Red and Black plots are without the same (NR).).

The light vector resonances have been excluded earlier
also for the transition corresponding to the quark channel
b — s¢T¢~ employing CCQM [90,110]. To the best of
our knowledge and understanding, these observables are
yet to be studied using any other theoretical approaches
and further these channels are also yet to be explored by

the worldwide experimental facilities. These observables
are dependent on the lepton flavors and thus serve as very
important probe for the search of new physics beyond the
standard model and therefore some insights from the very
recent run from the LHCb collaborations as well as from
other B factories are expected.
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FIG. 8. Clean observables P , 3 in whole ¢* range (green and blue plots correspond to the inclusion of vector resonance whereas red
and black plots are without the same (NR).).

096003-15



IVANOV, PANDYA, SANTORELLI, and SONI PHYS. REV. D 110, 096003 (2024)

Py(BS - D I'l) P4(B.* = Dyt IF)

L4+ L4r 1
1.2F 1.2 r ]
[ 1of 1
1.0t [
_ |
0.8 _ # ]
[ 0.6F — H#-NR 4
0.6f - - ]
I 041 — 7-NR ]
0 5 10 15 0 5 10 15
¢*(GeV?) ¢%(GeV?)
P's(B.* —» D** I*I) P's(B.t - Dyt D)
2F B 1 _ ]
of N\
0 = : N~
[ ¥ -1F 1
F —2F ]
ok 1 r
. / 3 ]
— u-NR [ — u-NR
Y —— i -4f— ¢ ]
— 7-NR _5 [ — 7-NR 1
0 5 10 15 0 5 10 15
¢*(GeV?) ¢*(GeV?)
P's(B.* > D™ I*I) P'sB.* » Dy ')
‘ ‘ ‘ ‘ ] 0.00f, ‘ ‘ ]
0.005 1
-0.01F
0.000 I ~002¢ |
-0.03F
~0.005 # ] -0.04f H )
— u-NR — u~NR 1
1 -0.05F 1
—_— T —_— T |
-0.010, ‘ ‘ — TN\R | ~0.06 ! | | — R
0 5 10 15 0 5 10 15
¢*(GeV?) ¢*(GeV?)
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TABLE V. g¢?- averages of polarization observables over the whole allowed kinematic region for B} — D**/+¢~ and
BY —» Ditetem.

Bl - D*t¢tem B - Ditetes

Observable ete” whpum A ete” urp Tt
—(App) 0.805 +0.018 0.805 +0.018 0.188 4+ 0.008 0.657 +0.021 0.657 +0.021 0.134 £+ 0.008
(Fpr) 1.028 +0.035 1.215 4+ 0.034 0.095 £+ 0.005 1.003 £+ 0.063 1.199 £+ 0.047 0.080 £ 0.006
(F7) 1.936 £ 0.040 1.710 £ 0.038 0.200 £0.010 1.958 £ 0.063 1.718 £ 0.053 0.163 £0.011
—(Py) 1.274 £0.045 1.403 £ 0.045 0.778 £ 0.041 1.490 £ 0.067 1.644 £ 0.068 0.856 £ 0.062
—(P,) 0.819 £0.016 0.937 £0.017 0.627 +0.026 0.676 4+ 0.020 0.705 £ 0.021 0.548 £ 0.032
10* x (P3) 5.696 4+ 0.752 5.255 +1.376 4.907 + 0.464 26.815 +£0.772 42481 + 1.791 4.707 £ 0.221
(P}) 2.992 +3.729 3.299 £ 0.082 1.333 £ 0.061 3.005 £ 6.552 3.338 £0.116 1.362 £+ 0.086
—(P%) 1.428 £ 0.030 1.627 £ 0.032 0.950 £ 0.036 1.112 £ 0.034 1.242 £ 0.037 0.810 £ 0.042
10% x (Pg) 3.554 £ 0.194 5.052 £0.208 —0.106 £+ 0.007 —-1.923 £0.137 2.491 £ 0.098 0.087 £ 0.008
TABLE VI. Angular observables in bins for the channel Bf — D**.
Observable Bin ete” urp
B x 10° [1.1, 6.0] 0.845 +0.026 0.840 £ 0.025
[6.0, 8.0] 0.521 £0.011 0.519 £0.011
[11.0, 12.5] 0.681 £0.015 0.680 £ 0.015
[15.0, 17.0] 1.025 £ 0.032 1.023 £ 0.032 0.367 £ 0.013
—(Arp) [1.1, 6.0] 0.087 £+ 0.004 0.087 £+ 0.004
[6.0, 8.0] 0.317 4+ 0.009 0.316 + 0.009
[11.0, 12.5] 0.421 £0.011 0.421 £0.011
[15.0, 17.0] 0.353 £0.014 0.353 £0.014 0.203 £ 0.009
(Fp) [1.1, 6.0] 0.685 +0.034 0.672 +0.034
[6.0, 8.0] 0.485 £0.019 0.482 +£0.019
[11.0, 12.5] 0.353 £0.013 0.352 £0.013
[15.0, 17.0] 0.321 £0.016 0.321 £ 0.016 0.086 4+ 0.004
(Fr) [1.1, 6.0] 0.315 £ 0.010 0.311 +£0.010
[6.0, 8.0] 0.515£0.013 0.513 £0.013
[11.0, 12.5] 0.647 £0.018 0.645 £0.018
[15.0, 17.0] 0.679 £ 0.029 0.678 +0.029 0.181 £ 0.008
TABLE VII. Same as Table VI.
Observable Bin ete” W .
—(Py) [1.1, 6.0] 0.241 £0.013 0.242 +0.013
[6.0, 8.0] 0.315£0.015 0.315£0.015
[11.0, 12.5] 0.441 £0.019 0.441 £0.019
[15.0, 17.0] 0.705 £ 0.035 0.705 £ 0.035 0.716 +0.036
—(P,) [1.1, 6.0] 0.184 £+ 0.008 0.186 £+ 0.008
[6.0, 8.0] 0.410 £ 0.009 0.412 £ 0.009
[11.0, 12.5] 0.434 £0.010 0.435 £0.010
[15.0, 17.0] 0.347 £0.013 0.347 £0.013 0.746 £ 0.029
(P3) x 10* [1.1, 6.0] —(0.058 £ 1.772) 0.028 £ 1.771
[6.0, 8.0] 9.206 £+ 0.141 9.209 £ 0.141
[11.0, 12.5] 9.752 + 0.165 9.752 + 0.165
[15.0, 17.0] 5.854 4+ 0.169 5.854 +0.168 5.730 £ 0.168
(P}) [1.1, 6.0] 0.878 = 0.031 0.881 £ 0.031
[6.0, 8.0] 1.131 £0.034 1.131 £ 0.034
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TABLE VII. (Continued)

Observable Bin ete” utp Tt
[11.0, 12.5] 1.199 + 0.038 1.199 £ 0.038
[15.0, 17.0] 1.306 £ 0.056 1.306 £ 0.056 1.310 £ 0.057
—(P%) [1.1, 6.0] 0.570 £ 0.022 0.576 £ 0.022
[6.0, 8.0] 0.770 + 0.021 0.772 £ 0.021
[11.0, 12.5] 0.731 £ 0.020 0.732 £ 0.020
[15.0, 17.0] 0.533 £0.019 0.533 £0.019 1.144 +0.041
(Pg) x 1073 [1.1, 6.0] 1.695 + 0.455 1.592 +0.453
[6.0, 8.0] —(5.412+£0.242) —(5.414 +£0.242)
[11.0, 12.5] —(4.106 +0.134) —(4.106 +0.134)
[15.0, 17.0] —(1.385 £ 0.085) —(1.385 £ 0.085) —(1.327 £ 0.084)
TABLE VIII.  Angular observables in bins for the channel Bf — Di™.
Observable Bin ete” [107] urpm [107] e [107]
10° x B [1.1, 6.0] 26.998 £0.917 6.240 26.827 £0.915 6.220
[6.0, 8.0] 14.930 £ 0.376 3.560 14.854 £ 0.375 3.550
[11.0, 12.5] 25.582 £0.754 2.830 25.518 £0.752 2.830
[15.0, 17.0] 34.543 £ 1.647 2.560 34478 £ 1.644 2.560 13.483 £+ 0.685 0.980
—(Arp) [1.1, 6.0] 0.002 + 0.004 0.061 0.003 + 0.004 0.061
[6.0, 8.0] 0.178 £ 0.007 0.243 0.178 £ 0.007 0.242
[11.0, 12.5] 0.386 +0.014 0.340 0.385 +£0.014 0.339
[15.0, 17.0] 0.270 £0.016 0.254 0.270 £0.016 0.254 0.138 £ 0.009 0.143
(Fpr) [1.1, 6.0] 0.651 £0.038 0.815 0.640 £ 0.037 0.817
[6.0, 8.0] 0.483 £ 0.021 0.637 0.481 +£0.022 0.638
[11.0, 12.5] 0.366 £ 0.019 0.446 0.365 £ 0.018 0.446
[15.0, 17.0] 0.331 £0.024 0.352 0.330 £ 0.024 0.352 0.079 £ 0.006 0.410
(Fr) [1.1, 6.0] 0.349 £ 0.013 0.185 0.344 £ 0.013 0.183
[6.0, 8.0] 0.517 £0.015 0.363 0.515 £0.015 0.362
[11.0, 12.5] 0.634 +0.024 0.554 0.632 + 0.024 0.554
[15.0, 17.0] 0.669 £ 0.044 0.648 0.667 £ 0.044 0.648 0.159 £0.011 0.590
TABLE IX. Same as Table VIIL
Observable Bin ete” [107] whpm [107] the” [107]
—(Py) [1.1, 6.0] 0.282 £ 0.015 0.281 0.284 + 0.015 0.281
[6.0, 8.0] 0.399 £0.017 0.408 0.399 +0.017 0.408
[11.0, 12.5] 0.557 £ 0.027 0.543 0.557 £0.027 0.543
[15.0, 17.0] 0.834 £ 0.059 0.822 0.834 £ 0.059 0.822 0.845 £ 0.060 0.826
—(P,) [1.1, 6.0] 0.003 £ 0.008 0.125 0.005 + 0.008 0.125
[6.0, 8.0] 0.229 £ 0.008 0.446 0.230 + 0.008 0.446
[11.0, 12.5] 0.406 £ 0.013 0.409 0.406 £ 0.013 0.409
[15.0, 17.0] 0.269 £ 0.059 0.262 0.270 £ 0.015 0.262 0.579 £0.034 0.269
10* x (P3) [1.1, 6.0] 35.606 £ 2.953 1.840 35.587 +£2.947 1.840
[6.0, 8.0] 25.421 £ 1.062 0.070 25.423 £ 1.061 0.070
[11.0, 12.5] 12.046 £ 0.288 24.210 12.047 £ 0.288 24.210
[15.0, 17.0] 5.114 +£0.230 34.420 5.113 £ 0.230 34.420 4.944 £ 0.228 20.080
(P}) [1.1, 6.0] 0.882 £+ 0.037 0.908 0.885 £ 0.037 0.898
[6.0, 8.0] 1.160 £ 0.040 1.177 1.160 + 0.040 1.169
[11.0, 12.5] 1.247 +0.052 1.240 1.247 +0.052 1.236
[15.0, 17.0] 1.354 +0.084 1.350 1.354 +0.084 1.347 1.358 £ 0.085 0.561
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TABLE IX. (Continued)

Observable Bin ete” [107] utu [107] Tt [107]
—(P%) [1.1, 6.0] 0.315 £ 0.023 0.540 0.319 £0.023 0.534
[6.0, 8.0] 0.507 £0.019 0.766 0.508 £0.019 0.761
[11.0, 12.5] 0.654 £ 0.023 0.664 0.656 + 0.023 0.662

[15.0, 17.0] 0.399 £ 0.020 0.390 0.399 +0.020 0.390 0.855 £ 0.044 0.163
—10% x (P}) [1.1, 6.0] 22.160 £ 0.980 1.196 22.052 £0.975 1.164
[6.0, 8.0] 11.841 £0.473 0.029 11.842 £0.473 0.029
[11.0, 12.5] 3.866 + 0.206 7.054 3.866 £+ 0.206 7.030

[15.0, 17.0] 0.970 £ 0.088 6.147 0.970 £ 0.088 6.137 0.921 £ 0.085 1.467

V. SUMMARY AND CONCLUSION

In this article, we systematically study the rare semi-
leptonic decay of B, meson within the framework of
covariant confined quark model. We have considered the
channels B} — D*®)¢*¢= and B} — Dy ¢+ ¢~ for all
the lepton flavors. The necessary transition form factors are
computed in the whole range of momentum transfer
squared and compared with different theoretical
approaches. Our results of the form factors are compatible
with the other quark models. Using these form factors
and Wilson coefficients, we have computed the rare semi-
leptonic branching fractions and compared our results with
other approaches. We have also computed various observ-
ables such as forward-backward asymmetry, longitudinal
and transverse polarizations, and angular observables. In
present work, the computation of effective Wilson coef-
ficients includes the contribution of charm resonances
as well as light vector resonances in the case of
B — D) ¢te~ For Bf — D¢+ ¢-, we only include
the contribution of charm vector resonances. It is observed
that our predictions are systematically lower than those
reported in literature and the main reason for these
differences are the inclusion of the contribution of light

vector resonances in definition of effective Wilson coef-
ficients as well as the choice of the numerical values of the
Wilson coefficients.

To conclude, we have provided the complete description
of rare semileptonic decays of B, mesons in the framework
of CCQM along with the different physical observables
which would play an important role for the identification of
these observables for future experimental facilities and also
to look for the test of new physics beyond standard model,
if any.
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APPENDIX: COVARIANCE AMONG FORM
FACTOR PARAMETERS

Within the framework of CCQM, the theoretical
uncertainties are directly tied to the uncertainties in
the free parameters of the model. To provide the reader
with a practical way to utilise our model, we fit the
behavior of the form factors as a function of ¢ using

TABLE X. Covariance matrix for Bf — D¥ form factors and associated parameters (x1073).

F. F_ Fy Fo
F(0) a b F(0) a F(0) a b F(0) a b
F, F(0) 0.009 0036 0.081 -0.006 0.033 0.078 0.012 0.036  0.084  0.012  0.135 0.336
a 0.144 0324 -0.024 0.132 0.312 0.048 0.144 0.336 0.048 0.540 1.344
b 0.729 -0.054 0.297 0.702 0.108 0.324 0.756 0.108 1.215 3.024
F_  F(0) 0.004 -0.022 -0.052 -0.008 -0.024 -0.056 —0.008 —0.090 —0.224
a 0.121 0.286  0.044  0.132  0.308 0.044  0.495 1.232
b 0.676 0.104 0.312 0.728 0.104 1.170 2912
Fr F(0) 0.016 0.048 0.112 0.016 0.180 0.448
a 0.144 0.336 0.048 0.540 1.344
b 0.784  0.112 1.260 3.136
Fy F(0) 0.016 0.180 0.448
a 2.025 5.040
b 12.544
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TABLE XI. Covariance matrix for B — D} form factors and associated parameters (x1073).

F, F_ Fr F,
F(0) a b F(0) a b F(0) a b F(0) a b
F, F(0) 0.016 -0.076 -—0.184 -0.016 0.038 —-0.180 —-0.024 -0.076 0.188 —-0.024 -0.228 -0.596
a 0.361 0.874 0076 -0.180 0.855 0.114 0361 -0.893 0.114 1.083  2.831
b 2.116  0.184 —-0.437 2070 0276 0874 -2.162 0276  2.622 6.853
F_  F(0) 0.016 —0.038 0.180 0.024 0.076  —0.188 0.024 0.228  0.596
a 0.361 -0.427 -0.057 -0.180 0.446 -0.057 -0.541 -1.415
b 2.025 0.270 0.855 -2.115 0.270 2.565  6.705
Fr F(0) 0.036  0.114 -0.282  0.036  0.342 0.894
a 0.361 —0.893 0.114 1.083  2.831
b 2209 -0.282 -=2.679 -7.003
Fy F(0) 0.036 0342 0.894
a 3.249  8.493
b 22.201
BY —>D+S as well as for the channels B — DI.

the double-pole parametrization which is characterized
by three parameters [namely F(0), a and b], has been
fitted using a standard chi-squared minimization
procedure. Here, we present the covariance matrices
for all the transition form factors for the channels
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