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Abstract In 2020, the LHCb collaboration reported the exclusive branching fractions for the channels
B? — DI uty, for the very first time. In view of these observations, we have recently reported the
form factors and branching fraction computations for these channels employing the covariant confined
quark model. As different other channels corresponding to b — cfvy have provided the hint for new
physics, the analysis of observables, such as forward—backward asymmetry, and longitudinal and transverse
polarizations across the lepton flavours can serve as one of the important probes for the search for possible
new physics. In the present work, we compute these observables for all the lepton flavors and compare our

predictions with the other theoretical approaches.

1 Introduction

For the last many years, b — cfvy has served as a very
precise probe for the search of new physics. As both
the quarks involved in this transition are heavy, it has
great phenomenological implications within and beyond
the standard model. Experimentally, precise results are
available for the channels B — D®) ¢y, through dif-
ferent facilities such as BABAR, BELLE and LHCb
collaborations. Precise lattice results are also avail-
able corresponding to these transitions [1, 2]|. Different
heavy flavor anomalies corresponding to these transi-
tions are reported in Ref. [3-5] and references therein.
Similarly, B; — Dg*)@g can also serve as a prominent
channel for understanding the heavy flavor dynamics
and possibly the anomalies. On the experimental side,
LHCb have reported the branching fractions for the

channels BY — Dg*)iuuu for the very first time [6]

#e-mail: jnpandya-phy@spuvvn.edu

b e-mail: pietro.santorelli@na.infn.it

“e-mails: nakulphy@gmail.com;
(corresponding author)

nakul.soni@na.infn.it

and determined the ratio of the branching fractions
BY — Dy utv, to BY — D~ utv,. Additionally, they
also determined the ratios of these branching fractions
relative to B — D, namely,

B(B) — Dy ptv,)
B(B® — D~ putv,)
= 1.09 % 0.055ga¢ % 0.0645y5t + 0.050xs
BB - Diuv,)
B(B® — D*~putv,)
= 1.06 £ 0.055¢at £ 0.075yst £ 0.05¢xs-

The ratios of the decay widths from tau mode to elec-

tron mode for D{ (R(Ds) and R(D?)) are yet to be
measured experimentally so far. However, lattice results
are available for these ratio in the Refs. [7, 8]. New
physics studies have also been reported using these lat-
tice form factors in Ref. [9]. Recently, the ratios R(Dg*))
have been computed using unitarity and lattice QCD
approach [10], where the transition form factors are
computed in the entire momentum transfer range using
the dispersive matrix approach. The transition form
factors, branching fractions and ratios R(Dg*)) are also
computed using three point QCD sum rules [11, 12]
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and also using light cone QCD sum rules in the frame-
work of heavy quark effective theory [13, 14]. Transition
form factors, branching fractions and other observables
have also been computed recently within the framework
of relativistic quark model (RQM) based on the quasi-
potential approach in QCD [15, 16]. The transition form
factors are also computed in both space- and time-
like momentum transfer range within the constituent
quark model framework [17], employing the next-to-
leading-order QCD corrections [18] and also employing
light front quark model (LFQM) [19]. Heavy to heavy
and heavy to light semileptonic transitions form fac-
tors are also computed employing the symmetry pre-
serving vector—vector contact interactions (SCI) [20].
The detailed descriptions of transition form factors and
branching fractions are available in literature; however,
the detailed analysis of other physical observables such
as forward-backward asymmetry and different polar-
izations observables are yet to be explored. As there is
no indication of these observables from the experimen-
tal side, they may also serve as crucial probes for search
for the physics beyond the standard model. In the theo-
retical side, there are very few references in which these
observables are studied, with few of them being lattice
results [8], RQM [15] and light cone QCD sum rules
[13]. These observables are also studied considering the
new physics scenario [21-23].

Very recently, we have studied the transition form
factors, branching fractions of these channels, namely,
B, — Dg*)fw with ¢ = e, p and 7 within the quark
model framework [24]. In this work, we have reported
detailed analysis of the branching fractions with the
recent LHCb data and it is observed that our results
are in excellent agreement with them along with lattice
and other theoretical models. In this paper, we pro-
vide a much detailed description of the form factors
with comparison to the lattice and other theoretical
approaches. We also provide detailed plots for the dif-
ferent physical observables such as forward-backward
asymmetries, longitudinal and transverse polarization,
lepton and hadron side convexity parameter and so

on. Together with [24], this work will provide complete

description of the dynamics of semileptonic By — Dg*)

decays.

The rest of the paper is organized in the following
way. After a brief introduction and some very recent lit-
erature survey, for computation of the transition form
factors, we provide a very short description to our the-
oretical model that is covariant confined quark model
in Sect. 2 and provide the form factors in the dou-
ble pole approximation. We also compare our results
with other theoretical approaches. Next in Sect. 3, we
give the relations for the computation of the different
physical observables. We also provide the plots of these
observables as well as the expectation values of these
observables. In Sect. 4, we discuss about all the results
obtained for the semileptonic decay for the channels
B? — DY)ty for £ =e, i, 7. Finally, we conclude
the present work in Sect. 5.
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2 Form factors

Within the framework of the standard model, the
matrix element for the semileptonic transition can be
in the general form as

MMy, — Moty

G
TFVCKM<M2 |RO" @ M) [T O] (1)

This transition matrix element can also be
parametrized in terms of form factors as

(M3 (p2)| 20" q1| M1 (p1))
= Fy(¢®)P" + F_(¢*)q",
;
€
M* v - ¥ M — v
(M5 (p2, €,)|@0"q1|Mi(p1)) e

x [~g" P - qAo(¢?) + P'P" AL (¢?)
FEPYA(R) i PV () (@)

In the above equations, Gy is the Fermi coupling con-
stant and O* = ~,(1 — 75) is the weak Dirac matrix.
Also, P = p1 + p2, ¢ = p1 — p2 and €, are the polar-
ization vector. Further the on-shell conditions demand
p% = m?wl and p3 = m?3 1,- The form factors appearing
in these equations are computed employing the effective
field theoretical approach of covariant confined quark
model (CCQM) originally developed by M. A. Ivanov
and G. V. Efimov [25-31]. The hadronic interaction
Lagrangian can be written as

Lint =0 Mz / day / dars

XFy(z5 21, ©2)@2(22)Tarqi(21) + Heee  (3)

The above Lagrangian describes the interaction of
meson with the constituents. Here, the Dirac matrix
I is the gamma matrix according the meson. Fy(z;x1,
x2) is the vertex function which essentially describes the
distribution of quarks inside the hadron. In CCQM, for
computation of different observables, we consider the
Gaussian form of the vertex function. It is important to
note here that there are other forms of the vertex func-
tion also, but it is observed that the physical observ-
ables are not dependent on the detailed structure of the
vertex functions. Further, Gaussian form also makes the
analytical work more convenient [32, 33]. In Eq. 3, g,
is the coupling constant of meson computed employing
the compositeness conditions [34, 35]. The computation
of gp; includes the renormalization of the self-energy
diagram. This condition essentially confirms that the
final mesonic state does not contain any free quark and
all the quarks are confined within the hadron. Further,
the matrix element of the meson mass operator and
semileptonic transition form factors are described by
the convolution of the Feynman propagators and Gaus-
sian vertex functions. To have the loop integration in a
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Table 1 Form factors and double pole parameters found in Eq. 2 [24]
F F(0) a b F F(0) a b
FPemPs 0.770 + 0.066 0.837 0.077 FBe—Ps —0.355 £ 0.029 0.855 0.083
Alembs 0.630 + 0.025 0.972 0.092 AP Ps ~0.756 = 0.031 1.001 0.116
Af‘s_)D: 1.564 + 0.065 0.442 —0.178 yBs—Dg 0.743 +0.030 1.010 0.118
_ F, fgr ,BS? - 1?5_ ttaIISiEiO{l i : Fq for BS(,) — D" transition
12F Present o Present .
LFQM i 0.90 LFQM #
L1f RQM e RQM ]
0.85F -=-=-~ :
0.80f ]
0.75F P .
070f e ]
1 1 1 I 1 1 1 0.65 'l‘ 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
¢*(GeV?) ¢*(GeV?)
'V(gz)‘ for 350 — Dy~ transition 40(92) for Z?SO‘—>'D5*"tra‘ns‘ition ‘
Present 1.1 k Present A
14k LFQM Tt LFQM ]
it RQM

¢%(GeV?)
A:(g*) for B - Dy*~ transition
0.85 ———— 11—
' Present ]
1 LFQM 1
0.80F N

0.75F
0.70F

0.65F

0.60f

7*(GeV?)
Ay(g?) for B," - D~ transition
T T T T T T T T T T T T T T

10

L1f

Present
LFQM

Fig. 1 Form factors in comparison with LFQM [19], RQM [15], LQCD [7] and SCI [20]
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more efficient way, we use the Fock Schwinger represen-
tation of the Feynman propagator. Finally, to overcome
any ultraviolet divergences appearing in the diagrams,
we introduce the infrared cutoff parameter A = 0.181
GeV. Note here that we take A to be same for all the
physical processes studied using the CCQM.

There are only two other model parameters, namely
quark mass and size parameter, which are fixed by fit-
ting with some basic properties such as leptonic decay
widths with the available experimental data or lat-
tice simulations. The parametrization is also achieved
in such a way that the deviation in the decay width
computation remains minimum. The uncertainties in
the fitted size parameters are determined from the dif-
ferences in the predicted and experimental data. It is
interesting to note here that the observed uncertain-
ness are found to be less than 5% for all the mesonic
cases. These uncertainties are then transported into
the computation of all the observables such as form
factors and then branching fractions and other phys-
ical observables. It is observed that the uncertainties
are less than 5% at the ¢> = 0 and less than 10%
for ¢> = ¢2,.- The propagation of uncertainty in any
observables can be computed using the most general
technique. For instance, the uncertainty propagation
in the forward-backward asymmetry for the transition
corresponding to the channel BY — D can be written
as [306]

Adrs(@) = | 3 (3(AFB(92)>AE,>_ @)

Here, AF; is the uncertainty in the form factor. For
all the finer details regarding the computational tech-
niques, we suggest the readers to refer to [28, 37].

We also present the form factors Eq. (2) in the double
pole approximation form. The relation reads

F(0)
-
EESNEY
LLvey LLvey

The parameters ¢ and b and the form factor F(0) are
listed in Table 1. We also transform our form factors
with the Bauer—Stech-Wirbel form factors [38] so that
we can have a brief comparison of our form factors
in the entire ¢? range with different other theoretical
approaches such as light front quark model [19], rela-
tivistic quark model [16] and lattice simulations [7]. The
transformed (primed) form factors read

F(¢*) =

(5)

q2

! !
Fy=Fi+————5F_,  F,=F,
My, — My,
2
; My, — M q
0= (Ao Ay -5 A ),
MM, My, — My,
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mpy, — My

/ 1 2

A =T T
mpyg, + M,

A=A, V=V

(6)

Note that to avoid confusion, we will not use prime
from now on. In Fig. 1, we compare transition form
factors Fy (¢?) and Fy(q?) with light front quark model,
relativistic quark model and also the lattice simulations.

CCQM is a very versatile model and can be employed
for studying not only mesons and baryons, but also
mutiquark states as well. In the last few years, we
have employed CCQM for studying the semileptonic
decays of charmed mesons [31, 36, 39-43], bottom-
strange mesons [24] and rare semileptonic decays of
bottom mesons [44-46]. Ivanov et. al. have also utilized
CCQM for computation of various decay properties of
B, By and B, mesons in Ref. [29, 47-55].

3 Different physical observables

After computation of transition form factors, we
compute various other physical observables such as
forward-backward asymmetry, lepton-side convexity
parameter, and longitudinal and transverse polariza-
tion. In Ref. [24], we have computed the semileptonic
branching fractions and made a detailed comparison
with the LHCb data, and here in the present work, we
compute some other physical observables that are yet to
be identified by the experimental facilities worldwide.
These observables are forward-backward asymmetry,
convexity parameter, longitudinal and transverse polar-
ization of charged leptons, and longitudinal polariza-
tion fractions of daughter vector meson. In semileptonic
decays, these observables are dependent on the lepton
masses and therefore these observables are very impor-
tant probes to understand the effects of lepton masses.
In the present work, we use the same notations used
for studying the semileptonic D and Dy decays [31].
We compute the following physical observables in the
entire ¢® range and their relations are defined as [16,
56-58]:

1. Forward-backward asymmetry:

m2
3Hp — 22 sy,

Apg(¢?) = 1 Hour

2. Lepton-side convexity parameter:

3 m2 HU —2HL
11— —£ ) — = 8
( (12) Hiot ( )

3. Longitudinal polarization of charged leptons:

(Hu +HL)(1 - %) - 327;?7‘[5

Pp =
o Htot
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Table 2 Averages of different physical observables for B — D3 ¢+ v, channel
Observable  —(A55) x 1070 —(Al ) —(AFp) —(C3) () ~(CR)
Present 1.156 £ 0.295 0.015 + 0.004 0.362 +0.113 1.500 £ 0.395 1.455 £ 0.384 0.260 + 0.079
RQM [16] 0.97 0.013 0.36 1.5 1.46 0.3
Observable (Pf) (PH) —(P]) —(P§) x 1073 —(Pr) —(P})
Present 1.000 £ 0.263 0.958 + 0.253 0.337 £0.119 1.115 £ 0.294 0.205 £ 0.054 0.839 £ 0.264
RQM [16] 1.000 0.960 0.27 1.02 0.19 0.85
Table 3 Averages of different physical observables for B — D3 *¢* v, channel
Observable  —(A%p) —(AFp) —(AF3g) —(CF) —(CFk) —(CF)
Present 0.195 £ 0.024 0.201 + 0.025 0.284 + 0.037 0.452 + 0.089 0.436 + 0.086 0.060 £+ 0.012
RQM [16] 0.26 0.27 0.32 0.35 0.33 0.040
Observable (Pf) (P (PL) —(P§) x 1073 —(PP) —(Pr)
Present 1.000 £ 0.148 0.985 + 0.145 0.504 + 0.067 0.322 £ 0.063 0.058 + 0.011 0.126 £ 0.034
RQM [16] 1.000 0.990 0.530 0.23 0.040 0.035
Observable (FF) (F'e) (F7)
Present 0.534 4+ 0.088 0.534 + 0.088 0.458 +0.070
RQM [16] 0.49 0.49 0.42
LQCD [8] - - 0.440 (16)
4. Transverse polarization of charged leptons: 1. For B? — D transitions
3mme Hp + 2H H, ! (PqFy + ¢*F_)
™m, = ),
P% _ ¢ /ip SL (10) t \/q—Q qr+ +4q
8v/q2 Mot ) ipal
m
He =0 and Hy= Mi\ﬁfzﬂ. (13)
q

5. Longitudinal polarization fraction for the final vec-
tor meson:

2 2
i (1+ 5 ) + Seins
Htot

Fr(¢®) = (11)

Using the above Eq. (11), one can also compute the
transverse polarization vector of the final vector mesons
via relation Frr = 1— F. In these relations, H’s are the
bilinear combinations of the helicity components of the
hadronic tensors related to the helicity amplitudes (H)
as [16, 56-58],

Hy =|H|*+H-|?, Hp = [Hy|*~|H_|,
M1 =|Hol?, Hs = |H|,
Hsy, =Re(HoH]). (12)

Here, the helicity amplitudes are related to the transi-
tion form factors computed using CCQM. The relations
read

2. For BY — D;* transitions,

_ 1 mM1|p2|
ma, + M, MM,/ q2
x((miy, —min)(Ay — A-) +¢*A)

H,

1
Ho=——(—(m%, —m?2,)A
* li + mM2 ( (li mMZ) 0
+ 2mag, [p2|V)
1 1
Hy =

Mg, + mag 2mar, v/ ¢2
(o, — ok, k)
+4m3, p2PAy). (14)

Here, the form factors are defined in Eq. (1). Also, the
Ip2|= AY2(m3, , m3, . ¢%)/2myy, is the momentum of

the D{™ meson in the rest frame of B® mesons and A
is the Kallen function. Further, in all these equations
M is the parent meson (BY) and M, is the daughter

meson (Dg*)f). Using these relations, we compute the

@ Springer
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-2.x10°7F 1
-3.x1077F 1
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AFB for B.s‘o i D.x‘_lf—ve
0.000 e ]
~0.005f ]
~0.010 ]
~0.015f ]
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_01 [ 4
02 ]
-03f 1
o4f |
—05F ]
n 1 n n n 1 n n n 1 I n n 1 n n 4
4 6 8 10
¢*(GeV?)

Fig. 2 Forward backward asymmetries for the decay channels

physical observables as listed in Tables 2 and 3. We also
compare our findings with the relativistic quark model
predictions [16]. Note here that to compute the expec-
tation values of these observables, one has to multiply
with the phase factor |pa|(¢® — m?)¢® to the numer-
ator and denominator and integrate separately. The
CCQM model parameters used for the present compu-
tations are quark masses m, = 5.05 GeV, m, = 1.672
GeV, ms = 0.428 GeV and meson size parameters
Ap, = 2.05 £0.014 GeV, Ap, = 1.75 £ 0.035 GeV
and Ap: = 1.56 +0.014 GeV [24].
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Apg for B —» D~ ey,
0.of ' ' ]

—0.1 L j
_0'2: :

—03 L ]

=040 T
0 2 4 6 8 10

¢*(GeV?)
Apg for B," > Dy,
0‘0; ' ' ST T ' ' ' E

-0.1F
-02¢ ]
-03F ]

—0.4f ]

= S S I S S S S S SO S S S |

0 2 4 6 8 10
¢*(GeV?)
Apg for B® » D1ty

oaf :

:

5

BS — Dg*)_f"'w

4 Results and discussion

Having determined the model parameters, namely
quark masses and size parameters, we compute the
transition form factors as per Eq. (2) in the entire
¢® range. In Fig. 1, we plot the form factors and also
compare our form factors with light front quark model
[19], relativistic quark model [16], SCI [20] as well as
with the lattice simulations [7]. For B — DJ form
factors, our results are very near to other theoretical



Eur. Phys. J. Spec. Top. (2024) 233:2075-2086
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~0.02} ]
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000 e

Fig. 3 Lepton-side convexity parameter for the decay channels B? — Dg*)_£+ug

approaches including lattice simulations. However, for
Fo(¢®> < 10GeV?), our form factors are significantly
higher than those of the other approaches. Our results
for vector form factors are in very good agreement with
those of other approaches.

Using the transition form factors, we compute differ-
ent physical observables using the relations Eq. (7-11)
and their expectation values are listed in Tables 2 and
3. These observables are yet to be identified exper-
imentally; however, for B — D®) transitions, these

observables are studied extensively by the B facto-
ries. Therefore, these observables are also expected for
By — Dg*)f transitions from the experiments and these
channels are much similar to that of B — D®) except
for the spectator quark. We also compare our results
with the predictions using the relativistic quark model
by Faustov et al., [16] and it is observed that our results
are in excellent agreement with them for all the observ-
ables. This agreement is expected, as our form factors
also nearly match well. In Figs. 2, 3, 4, 5 and 6, we also
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P, for B’ » Dy~etv,
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Fig. 4 Longitudinal polarization of charged leptons for the decay channels B? — DIty

plot all these observables in the whole kinematical range
of momentum transfer squared along with the spread of
uncertainty. It is observed that the lepton-side convex-
ity parameter for the channel B — D eT v, and longi-

tudinal polarization for the channels B — Dg*_)eﬂ/e
are found to be constant throughout the whole ¢ range
and also their spread in the uncertainty is also found

@ Springer

to be very small and constant. Recently, HPQCD col-
laboration [8] have also provided the results on longi-

tudinal polarization fraction for the Dg*)_ meson, and
from Table 3 it is observed that our results are in excel-
lent agreement with them. It is interesting to note here
that the lepton-side convexity parameter for the chan-
nel BS — D7 etv, and longitudinal polarization of

charged leptons for the channel BY — D{ e, are
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Fig. 5 Transverse polarization of charged leptons for the decay channels B? — DI~ ety

found to be constant throughout the ¢? range. This
nature is also observed in the RQM predictions [16].
In our previous study [24], we have reported the
semileptonic branching fractions and also provided
detailed comparison with the recent LHCb measure-
ments as well as with the lattice simulation results. We
determined the normalized decay rates for the channel
BY — D?~ptv, in the recoil parameter bins and found
them to be in very good agreement with the LHCb as
well as lattice results. We also determined the ratios
R(Ds) = 0.271 £ 0.069 and R(D%~) = 0.240 £+ 0.034

and they were in very good agreement with the other
theoretical approaches and lattice simulations within
the uncertainties [24]. These ratios are also in agree-
ment with the other channels concerning the transition
b — ctv, /b — cpuv, such as B — D™y, [59] and B, —
(Ne, J/)ve [60] studied employing CCQM. Further,
the ratio B(BY — D;u*v,)/B(B? — D: uty,) =
0.451 £0.096 is also found to be in excellent agreement
with the LHCb data [24]. Overall, all the results pre-
sented employing CCQM are in very good agreement
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Fig. 6 Longitudinal polarization fraction for final state Dj}

with the available experimental data and lattice simu-
lations. The same was also observed for studying the
semileptonic decays of D and Dy mesons [31, 36, 39,
40].

5 Conclusion

In this article, we have studied a very interesting
channel corresponding to the quark level transition
b — clty,. B — D™y, have gained lot of atten-
tion, as some of its results deviate from the standard

model predictions. Another channel B? — Dty
has started getting attention after the first observa-
tion from the LHCb collaboration. Here, we compute
the transition form factors for the channels By, — D
and B? — D;* using the covariant confined quark
model. We also compare our form factors with differ-
ent other theoretical predictions including lattice simu-
lations. We further compute different physical observ-
ables such as forward-backward asymmetry, lepton-
side convexity parameter, and longitudinal and trans-
verse polarizations along with their expectation values.
Since these observables are yet to be examined from the

@ Springer

*—

Eur. Phys. J. Spec. Top. (2024) 233:2075-2086

0 *— o+
Fy for By" - Dy~ putv,
1.0¢ 1

0.8F 1

0.6F J

0.5F

o3b— . v

meson

experimental side, we compare only with the available
theoretical prediction relativistic quark model. In gen-
eral, all our results are in very good agreement with the
available theoretical studies and lattice predictions.
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