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Abstract In this article, we study the rare decays corre-
sponding to b — d transition in the framework of the covari-
ant confined quark model. The transition form factors for the
channels B — (7+©@ p+© o) and BY — K™ are
computed in the entire dynamical range of momentum trans-
fer squared. Using the form factors, we compute the branch-
ing fractions of the rare decays and our results are found to
be matching well with the experimental data. We also com-
pute the ratios of the branching fractions of the b — s to
b — d rare decays using the inputs from previous papers
on b — s£T¢~ using this model. Further, using the form
factors, model dependent and independent parameters, we
also compute different other physical observables such as
forward backward asymmetry, longitudinal polarization and
angular observables in the entire ¢ range as well as in ¢
bins [0.1-0.98] GeV? and [1.1-6] GeV?2. We also compare
our findings with different theoretical predictions.

1 Introduction

The flavor changing neutral current decays b — s have
served as important probe for testing the standard model as
well as in search of physics beyond the standard model in
the light of the experimental results. Experimentally, anoma-
lies have been reported in the channels B — K ®)¢+¢~ and
B — D®¢ty, [1-6] that hint towards the violation of lepton
flavor universality as their results deviate from the standard
model predictions [7—13]. In the SM, the B — K®¢t¢~
decays occur at the electroweak loop level and are gener-

4 e-mail: nrsoni-apphy @msubaroda.ac.in
b e-mail: issadykov @jinr.ru

¢ e-mail: jnpandya-apphy @msubaroda.ac.in (corresponding author)

ally suppressed at the tree level. Similarly, b — déte~
decays can also serve as important probe as they also follow
the same flavor changing neutral current (FCNC) at quark
level [14,15]. Though there exists rich data for b — s¢* ¢~
induced processes, the b — d¢T ¢~ counterpart of the weak
decay has not caught much attention perhaps due to low
branching fraction. Within the standard model, the branch-
ing fractions are suppressed by a factor of |V;4/ Vis|> com-
pared to the b — s transitions. Experimentally, these tran-
sitions have been observed by LHCb collaboration in the
channel BY — w7 Tputp~ [16] and in A) — pr—putp~
[17] and recently, they have also reported the evidence for
the B — K*Ou*u~ with 3.4 standard deviation signifi-
cance [18]. Their results read

BBYT - aTutu)
= (1.83+£0.24 +0.05) x 1078 [16]

B (B) - K*(892)°u* ™)
=(294+1.0+03+0.3) x 1078 [18]

Further, the Belle collaboration has also measured the
branching fractions for the decay channel B¥ — 77— ¢T¢~
very recently [19]. They have also performed the search for
different channels corresponding to rare b — (s, d)vv tran-
sitions [20-22].

There are several theoretical studies dedicated to the inves-
tigation of b — d transitions. Form factors for B —
7, p, K® and By — K® decays were calculated in light
cone sum rules [23-30]. Very recently, the B — V form fac-
tors are computed precisely using the soft-collinear effective
field theory with light cone sum rules [31]. Lattice calcula-
tions of B semileptonic form factors can be found in the Refs.
[32-34]. Also, B;y — K* and B; — ¢ form factors were
reported by Horgan et al., in lattice QCD [35,36]. The lattice
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QCD calculations of B — s £7¢~ form factors and branch-
ing fractions were initially reported by Fermilab Lattice
and MILC Collaborations [37-39]. Branching fractions and
forward-backward asymmetry for BT — (7T, pT)ete~
were studied in the R-parity violating supersymmetric stan-
dard model [40] and in non-universal Z’ model [41]. More-
over predictions of decay rates and angular observables for
B — p€T¢~ and By — K®¢1¢~ were given in ref. [42]
within the standard model and also in recent ref. [43] using the
perturbative QCD factorization approach with lattice input.
The angular observables for B; — K*£¢ are also computed
in the non-universal Z’ model [44]. B(y) transition form fac-
tors are also computed in the perturbative QCD approach
[45,46]. The heavy to light form factors were also computed
in light cone quark model using soft collinear effective field
theory [47]. The form factors as well as branching fractions
were computed using the relativistic quark model based on
quasi potential approach [48—50], constituent quark model
[51] and light front quark model [52-54].

Further, it has been observed that the branching fraction
ratios of b — s£7¢~ and b — d¢T¢~ could be the probe
for new physics beyond the standard model as it would pro-
vide stringent tests of the flavor structure of the underlying
interactions as well as allow one to study the hypothesis of
minimal flavor violation [55,56]. Also this ratio would pro-
vide the determination of the ratio of Cabibbo-Kobayashi-
Maskawa (CKM) matrix |V;4/ Vis|. Experimentally, this ratio
was observed by LHCD collaboration [57] in the channel
BT — T and BT — K. Also the ratio of branching frac-
tions was observed for the channels Bs0 — K*(892)° and
B? — K*(892)" as well as in the two body decays of By
meson [58]. Couple of notable results read,

BBT - ntutu)
B(BT — Ktutu™)
B(BY — K*(892)°utu™)
B(B® — K*(892)0utu~-)

=053£14£0.1)% [57]

=(3.3£1.1£0.3+0.2)% [18]

In this paper, we compute the rare decays corresponding to
b — d transition involving the various channels B+*(® —
@t O p+tO wyete— and BY — K™%t e~ fort = e, u
and t within the standard model framework of covariant con-
fined quark model (CCQM). The form factors are computed
in the entire physical range of momentum transfer employ-
ing the covariant confined quark model with built-in infrared
confinement [59-62]. These transition form factors are then
used for computation of various physical observables such
as branching fractions, forward backward asymmetry, longi-
tudinal polarizations and also various angular observables.
We further provide the ratios of the branching fractions cor-
responding to the rare decay of b — s and b — d. We
also present brief comparison of our results with few other
theoretical predictions and available experimental data.
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The rest of the paper is organised in the following way.
After the brief introduction of the subject with literature
survey, in Sect. 2, we introduce the effective Hamiltonian
framework for studying the rare decays. Further, we briefly
introduce the CCQM for computations of transition form fac-
tors. Using the effective Hamiltonian and transition form fac-
tors, we compute the branching fractions, forward-backward
asymmetry, longitudinal and transverse polarizations and
angular observables. In Sect. 3, we provide all the numer-
ical results in comparison with theoretical predictions and
available experimental data. Finally, in Sect. 4, we summa-
rize and conclude the presented work.

2 Theoretical framework

Within the Standard Model (SM), the effective Hamiltonian
forthe b — d¢* ¢~ decay can be written in terms of operator
product expansion as [63-65]

4G 0
Hofp = ——=ViaVib {Z Ci()Oi (1)
eff 1d V't i i
\/E i=1
2
+h Y G010 () — O,-(”>(M)]} : e))
i=1
vV
where A, = Vrﬂz V,:'

In the above equation, C; are the Wilson coefficients and
the set of local operators O; obtained within the SM for b —
d¢t ¢~ transition can be written in standard form as [64,65]

Olf = (d_al VHPLuaz) (ﬁuzyMPLbal):

0% = (dy" Pu) (ity, PLb).
O = (gﬂlyMPLCaz) (5a2V;LPLba1),
Oy = (dy" Prc) (Eyu PLb),
O3 = (dy" PLb) Y (GvuPLY).

q
O4 = ((zalyMPthlz) Z(qtlzyp.PLCIal)»

q

Os = (dy" Pb) ) (GvuPra),

q
O6 = (day V" PLbay) Y _(Gar Vi PRYar)-

q
e _ _
0= Ter2? (do"" Prb) Fp.
Oy = iy (duy o™ PeTayanban) G-
62 o —
Og = dy" Ppb) (y,0),
’ 16712( y" Prb) Eyud)
2
O = dy* PLb) (Ly,ys0), 2
10 16712()/ Lb) (Lyuyst) )
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Table 1 Masses, total widths and dilepton decay widths of vector res-
onance states [66]

State Mass (MeV) I'y (MeV) BV — ¢T¢7)
P 775.26 147.8 4.63 x 107°
12 785.65 8.49 7.38 x 107°
¢ 1.019 4.249 2.94 x 1074
J/v 3096.900 92.9 x1073 5.96 x 1072
¥ (2S) 3686.10 294 x 1073 7.96 x 1073

where G, and F},, are the gluon and photon field strengths,
respectively; Ty 4, are the generators of the SU(3) color
group; a; and a; denote color indices (they are omitted in
the color-singlet currents). The chirality projection operators
are P g = (1 F y5)/2 and p is a renormalization scale.
O1 2 are current-current operators, O3_g are QCD penguin
operators, 07 g are dipole operators, and Og, 1o are semilep-
tonic electroweak penguin operators. We denote the QCD
quark masses by the bar symbol to distinguish them from the
constituent quark masses used in the model.

The matrix element for b — d£T¢~ can be written as
[63,64]

M — dete)
_ GFOl

SV

~ 2my, -, _
x(Lytyst) — q—zcsff (dioyugy Prb) (fzy“a}, 3)

- vzd{csff@yu PLb)(£y"8) + Cro(dy, PLb)

where the effective Wilson coefficients are given by [46,67]

CSM () = Cr(w) + ia

14/23
{ g (a;('?uv;)> (G (x;) — 0.1687] — 0.03Cz(u)}
4

with x, = m?/m?, and

X (x? — 5x; — 2)
8(x, — 1)3

3x2n x
4 — D

Gi(x) =

Further, Cgff () contains the corrections of four-quark
operators O1—¢ and Of , in Eq. (1), which can be written as
[46,67-74]

Cs" () = &1 + 1k, Q)

with
£ = Co + Coh® (7h1c, §)

Lo

—5h(1,$)(EC3 +4C4 +3Cs + Co)
|

—5h(0.5)(C3+3Cy)

2
+§(3C3 + C4 + 3Cs5 + Cp) (6)

&2 = [ Gine, ) — 1 0 §) | BC1+ €) )

where Co = 3C1 + C2 4+ 3C3 + C4 4 3C5 + Ce. Here, the
charm-loop function can be written as

h(hg, §) = PP +E + L %(2+x)|1 —x|1/?
q» - 9 q

27 9 9
52
(ln %}:i‘:” —in) , for x = 4% <1,
2 1 forx = ¥
arctan Nok orx =—=>1,
and
h(0, $) 8 4 Ins + 4;
,§) = —=——-In§ + —im,
27 9 9
further the functions,
3
B e, §) = h(ie, §) + e Y
a2Cy
V=J/¥,¥Q2S),...
myB(V — £¢)Iy

’

m3, —q% —imyly

PN NN 3
heff(mu, §) = h(my,s)+ otz_Co Z
V=pYw,¢

myB(V — LTIy
— ®)
my, —q- —imyly

where sy =mg/m,s = g%/ m% The nonresonant contribu-
tion is computed by ignoring the terms containing the vector
resonances in Eq. (8). The masses, total decay widths and
dilepton branching fractions are inputs from PDG data [66]
and are listed in Table 1. We will use the value of ;& = 71 pole
for the renormalization scale.

We employ the next-to-leading order SM Wilson coeffi-
cients from Refs. [43,65] and they are computed at the renor-
malization scale up, = 4.8 GeV. The values of the model
independent input parameters and the Wilson coefficients are
listed in Table 2.

Now, we define the form factors for B(s) — (r, K?)€+¢~
in the formalism of CCQM by

{, K%(p2)ld0"b | Bisy(p1)

= INc&B( 8n(K)
d*k - . )
/ 780 (kw121 (w3 p2))
xtr[O* Sy (k + p1)y>S3(k)y>Sa(k + p2)]
= Fr(¢*)P" + F_(gHq" ,
(. K%(p2)ldo™ (1 — y*)b | B(sy(p1)) = Negsy, 8 (k)
d*k - 2\ 7 2
/ quB(s)(_(k + w13 p1) ) (k) (—(k + w3 p2)°)
xtr[o™ (1 — y2)S1(k + p1)y” S3(k)y” Sa(k + p2)]

iFr(q?) P

q" — P'q" + igtvPay. ©)]
my + my
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Table 2 Values of the input parameters and SM Wilson coefficients [43,65]

my sin® Oy o (Mz) i, I iy Ad As

80.41 GeV 0.2313 1/128.94 1.27 GeV 4.68 GeV 173.3 GeV 0.00825 0.0401

C G C3 (%) Cq (%) Cs (%) Ce (%) C7 Cs Co Cio
—0.175 1.076 1.258 —3.279 1.112 — 3.634 — 0.302 — 0.148 4232 —4.410

and the form factors for B, — (p, @, K*(892)%)¢T ¢~ can
be written as

(p, @®, K*O(pa, €)ldO"b | B(y(p1))
d*k
Qn)4i
(53(5) (—(k+ wl3]71)2)43p’(1(*0)(—(k + w23p2)2)

xtr[O* Sy (k + p1)y>S3(k) ¢ Sa(k + p2)]
T

€
= [ghP g Ao + PPP A4 (gD
mi +my

= Nc8B(,8p,(k+0)

4" PYA-(g?) + i PogyV (gh)] |

(0. 0% K*(pp, ©)ldo™ qu(1 + )b | By (p1)
= Nc8B(,8p,(k+0)
d*k - 2.5 2
W‘PB@ (= +w13p1))P, g0y (—(k + w23 p2)7)
xtr[a™ gy (1 + y°)S1k + pD)y > S3(k) ¢ Sa(k + p2)]
=€) (=" — q"q" /gP P - qap(¢®)
H(PHP” —g"P P - q/qP)as(q?)

+ie""P Pygpe(g?)). (10)

In the above equations, P = p;+pandg = p;— pp with
p1 and p to be the momenta of B,y of mass m and daughter
meson of mass mj, respectively. Also, € is the polarization
vector of the daughter meson and O* = y*(1 — y7) is
the weak Dirac matrix. The on-shell condition also requires
that p% = m% = m%m and p% = m% = m%,/v with P =
at, 70 K%and V = pt, p°, w, K*(892)°.

The form factors appearing in the above equations are
computed in the framework of CCQM which is the effective
quantum field theoretical approach for hadronic interaction
with constituent quark [59-62]. Here we point out key fea-
tures of the model relevant to the present study.

The Lagrangian describing interaction between the hadron
with constituent quark can be written as [75],

Lint = gMM(X)/dX1dX2FM(X;X1,X2)52(XZ)FM41(X1)
(11)

The interaction Lagrangian is written here for meson field
only and it can be generalised for baryons and multiquark
states as well. In the above equation, the Dirac matrix

+H.c.

@ Springer

Iy =1, y5, vy, for scalar, pseudoscalar and vector mesons
respectively. gy is the strength corresponding to the cou-
pling between the hadron and its constituent and is deter-
mined using the Compositeness conditions. The Composite-
ness condition [76,77] requires the renormalization constant
for the bare state to composite meson state to be equal to zero.
Mathematically, this can be achieved by renormalization of
self energy Feynman diagram. The Compositeness condition
essentially guarantees that the final hadronic state does not
contain any bare quark as well as avoids the double counting
of hadronic degree of freedom. In Eq. (11), Fjs corresponds
to the vertex function which is related to scalar part of Bethe
Salpeter equation of the form Fyy (x; x1, x2) = §(x —w1x] —
waxa) X Par((x] — x2)2) with w; = mg; [(mg, +mgy,). The
vertex function also describes the distribution of quark within
the hadron and hence depends on the effective physical size
of the hadron. We choose the vertex function to be of the
Gaussian form @y (—k?) = exp(k2/A%,[) considering the
fact that it should not include any ultraviolet divergence in
the quark loop diagram as well as its Fourier transform does
have appropriate fall-off behaviour in the Euclidean region.
In the past studies on CCQM, several forms of the vertex
function have been taken into consideration and it is observed
that the basic hadron observables are insensitive to the details
of the functional form of the hadron-quark vertex form factor
[60]. Here, the model parameter Ay, characterizes the phys-
ical size of the meson. Note that in Egs. (9) and (10) we take
wij = myg; /(mg, + mg;) as there are three quarks involved
in the semileptonic transition form factors. The Feynman
diagram for hadronic transitions can be drawn using the con-
volution of quark propagator and vertex function. The loop
integrals are evaluated using the Fock-Schwinger represen-
tation of the quark propagators (S; 2,3 in Egs. (9) and (10)).
Finally, the universal infrared cutoff parameter XA is intro-
duced in computation which removes possible threshold in
the quark loop diagram which also guarantees the quark con-
finement within the hadrons [60]. We take A to be the same
for all the physical processes.

The obvious model parameters include constituent quark
masses and meson size parameters that are fixed by fitting
with the observables such as leptonic decay widths, electro-
magnetic decay widths and meson masses with the exper-
imental data or lattice simulations and the differences are
considered to be the absolute uncertainty in the respective
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Table 3 CCQM model parameters: quark masses, meson size parameters and infra-red cut-off parameter (all in GeV)

Ap AB, Aq Ago Ap Ak*(ggz)o Ay

1.963 £ 0.038 2.05 £ 0.036 0.871 £ 0.002 1.014 £ 0.008 0.610 £ 0.012 0.81 £ 0.024 0.488 £0.019
My/d mg me mp A

0.241 0.428 1.67 5.05 0.181

parameter. These uncertainties are observed to be less than
10 % in the computed form factors at maximum recoil which
are further propagated in the computation of branching frac-
tions. For present computations, we use the model parameters
obtained using the updated least square fit method performed
in the Refs. [78-80]. After defining the parameters in Table
3, the form factors appearing in Egs. (9), (10) are computed
using the FORTRAN and Mathematica code. For detailed
information regarding the model and computation techniques
used for loop and multidimensional integrals, we suggest the
reader to refer to Refs. [60,81,82]. CCQM is a versatile quark
model capable for studying the hadronic interaction of multi-
quark state also and has been recently utilised for computing
various decay properties of D, D and B, mesons [82—-86,86—
90], baryons [91-94] and exotic states [95-100]. In Fig. 1 we
provide the computed form factors. The preliminary results
on B — pand BY — K*(892)° decay form factors have
been calculated in [101,102].

The form factors appearing in Egs. (9), (10) and plotted
in Fig. 1 are also represented in double pole approximation
as

F(0) q°
F(g)) = ———, s= 12
@ =155 e (12)

and the parameters in the double pole approximation for the
different decay channels are given in the Table 4. Note that
this double pole parametrization is very precise and relative
error for all the form factors with the exact results is less than
1 % for the entire momentum transferred square range.

Using the form factors Table 4, model parameters Table
3 and Wilson coefficients Table 2, we compute the branch-
ing fractions for rare b — d£7 ¢~ decays. The width of those
decays are computed by integration of the ¢ 2-differential dis-
tribution [103]

dr(b —dete) Gy
dg? - @n)?

(W)z P2l’Bey, g
0

o 12m%

where
1
Hiot = 5(H}) +HF +HI +HP)
1 1 3
+8¢ (57{}} —HP + EHE —HE + §H§2> :
(14)

In what follows, we use the short notation m; = mp,, and

my is the mass of daughter mesons, By = /1 — 4m%/q2,

= Zm% /q? is the helicity flip suppression factor. Then
Ip2l = )»1/2(m%, m%, qz)/(2m1) is the momentum of the
daughter meson in the By)-rest frame with the Killen func-
tion A(a, b, c) = a®> + b* + ¢* — 2(ab + bc + ca). Also
Ad = |Vt’g V:al is the product of CKM matrix elements.

In the above Eq. (14), the bilinear combinations of the
helicity structure function for B((S)) — 1, KO decay channels
are defined as [103],

v=0, Hp=IHP, Hg=IHl (1)
The helicity amplitudes in terms of form factors are expressed
as,

2m|p2|
Va2

) 1 . .

0= —= (mf —m)F, +q*F') (16)

S

and the form factors .7-1_ for i = 1, 2 are related to form
factors Eq. (9) as

H| = o

2myp,
fl — CeffF + CeffF ,
+ 90 ! Tml + my
2m, m? — m?2
Fl=csr — st T2
my+my g
F2=CwFy , F2=CioF-. (17)

Similarly, the bilinear combinations of the helicity struc-
ture function for B ((S)) — p,w, K*(892)° decay channels are
defined as [103],

ji j 2 ' 2

U= Hy "+ 1HL )5,

y . y -

1 = Hyl" § = 1Hjl, (18)
where the helicity amplitudes are expressed via the form fac-

tors appearing in the matrix element of the b — d£T ¢~ rare
decay as

; 1 m1|P2|< ; ; 2 i
LS Pq (Al + ALY 4+ ¢ A’_),
t0 my+ma m, ﬁqz 0 +

(—Pg Ah=2my Ipal V'),

H  =—
+1+£1
mi + my

@ Springer
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F(g%) for B -  transition

F(¢?) for B, > K" transition

0 5 10 15 20 25
¢*(GeV?)

F(q*) for Bop transition

0 5 10 15 20
7%(GeV?)

_F(g?) for B> K *(892)° transition

Fig. 1 Form factors appearing in Egs. (9), (10)

1 1
mi +ma 2my./q?
X (—Pq (m% — m% — qz) Af) + 4m% |p2|2 A’+) .
(19)

i

Hy, =

The form factors A’ and V! (i = 1,2) are related to the
transition form factors for the decay b — d Eq. (10) in the
following manner

.
v = gty 4 ot g 2t m)
q

@ Springer

2mp(my + my)

1
Ay =8 Ag + 5" ag

q* ’
, 2y (my +
AD = s A, + s ay mb("zll2 my) ’
: : 2mp(my +my) P
AD — 8 A 1 S (ag — ay) b( qlz 2) q_g’

VO =iV, AP =CiAy, AP =CipAs.  (20)

Having defined the helicity structure functions, we plot the
differential branching fractions using Eq. (13) in Fig. 2.
The corresponding rare branching fractions are computed
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3.5F

H
H

dB/dq? (107°) for B — n* I*]-

—

dB/dq? (107°) for B* - p* I*I~

¢*(GeV?)

¢*(GeV?)

dB/dg? (107°) for B - 70 1*I-

—u

20

dB/dg? (10°) for B - pO 1*I-

—

dB/dq? (107°) for B,* » K° I*1-

T

— K]

T

Oy

Tkt

—u

-_—T

7*(GeV?)

Fig. 2 Differential branching fractions (solid lines - excluding resonances, dashed lines - including vector resonances)
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Table 4 Form factors and double pole parameters of Eq. (12)

F F(0) a b F F(0) a b
FEom 0.283+0.019 1.294 0.349 FB=7 —0.238+0.016 1323 0.374
FEom 0.268 +0.018 1292 0.346
Al=re 0.227 £0.018 1.355 0355 AB=r —0.240 £0.019 1.415 0.404
AFr 0319+ 0.026 0.528 — 0.295 vB=e 0.259 +0.021 1.472 0.452
al”"r 0.233+0.019 0.575 —0.254 af=r 0.233+0.019 1362 0.360
gB et 0.233£0.019 1.477 0.457
AB e 0.206 +0.016 1.390 0375 AB' e —0.214£0.017 1.442 0417
Ao 0.288 +0.023 0.557 - 0325 v 0.229 +0.023 1.504 0.472
al’ = 0.206 +0.017 0.618 — 0275 ab’=e 0.206 +0.017 1.401 0384
gh'me 0.206 + 0.017 1.506 0.472
BY—K° B’ KO

Fy 0.247+0.016 1.441 0.465 F% —0.205 £ 0.013 1.474 0.494

0_, g0
Rk 0.256 +0.016 1429 0.451

0 K * 0 0_, g* 0
ALK 0.210 +0.015 1463 0.435 AL —0.228+0.016 1,539 0.504

0 i * 0 ok
Ap—RE 0.300 + 0.021 0.654 ~0.262 VB~ K@) 0.244 +0.018 1.584 0.545

0_, g* 0 0_, g+ 0
ap K 0210 +0.015 0.706 — 0214 a7 R 0.210 +0.015 1.470 0.441
gBI—= K 892° 0.210 £ 0.015 1.597 0.559
Table 5 B — 7 and BY — K form factors at maximum recoil
Theory B—nr B‘? — K9

f+.000) fr0) f+.00) Jfr0)

Present 0.283 £ 0.019 0.268 + 0.018 0.247 £ 0.015 0.256 +0.016
LCSR [23] 0.280 0.260 0364 0363
LCSR [24] 0.285+0016 026740013 0.296 +0.018 0.288+0018
LCSR [25] 0.301 +0.023 0.273 4 0.021 0336+ 0.023 0.320+0.019
LCSR [26] 0.21£0.07 0.19 £ 0.06 - -
SUSY [40] 0.258 0.253 - -
pQCD [46] 0.26700% +0.03 £ 0.02 0.26700% +0.03 +0.02 0.26700% +0.03 +0.02 0.28 % 0.04 % 0.03 % 0.02
pQCD [43] - - 0.22 0.22
SCET [47] 0.247 0.253 0.297 0325
RQM [48,50] 0.217 +0.011 0.240 £ 0.012 0.284 0.236
CQM [51] 0.29 0.28 031 031
LFQM [53] 0.25 - 0.23 -

by numerical integration of Fig. 2 and tabulated in Tables 12

and 13.

We also compute the branching fractions corresponding
to b — dvv decays. The differential branching fractions are
expressed as [103]

drb — dvv) G% (a)»d
- @n)’
x(Hy + Hp),

dg?

@ Springer

2

D, (xr)
sin? Ow

2
|

P2l ¢*
4m%

2D

where x; = "_%2 / m%,v and the function D, with «a; correction
is given by [104]

(07
D, (x) = Dy(x) + — D (x) (22)
4
with
Do) X 2+x+3x—6 ! (23)
X) = — nx
0 S\x—1 " (x_1)?
and
Di(x) 20x —x2 —4x3  x4+9x2—x3—x* In
X)) = — — X
! 3(1 — x)2 (1—x)3
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Table 6 B — p form factors at maximum recoil

4] Ap(0) A1(0) Az(0) T1.2(0) 13(0)
Present 0.259 £ 0.021 0.266 + 0.013 0.238 +0.019 0.227 +£0.018 0.233 +£0.019 0.179 +0.014
LCSR [24] 0.289 +0.016 - 0.23279012 0.18779901 0.256 +0.015 0.175 +0.010
LCSR [27] 0.323 0.303 0.242 0.221 0.267 0.176
LCSR [29] 0.327 £ 0.031 0.356 % 0.042 0.262 + 0.026 0.297 +0.035 0.272 + 0.026 0.747 £ 0.076
LCSR [26] 0.27+0.14 - - 0.19£0.11 0.24 £0.12 -
pQCD [45] 0217505 0% 025Tgesthh  016TgTon 03NS 019506 017N
SCET [47] 0.298 0.260 0.227 0.215 0.260 0.184
RQM [50] 0.295 £0.015 0.231 £0.012 0.269 + 0.014 0.282 +0.014 0.290 + 0.015 0.124 % 0.007
CQM [51] 031 0.30 0.26 0.24 0.27 0.19
LRQMIsH  03sTUORN 030'00ieT 0a7SNl ool - -
Table 7 B® — w form factors at maximum recoil
4] Ao(0) A1(0) Az(0) T12(0) 73(0)
Present 0.229 + 0.023 0.236 +0.011 0.214 +0.017 0.206 + 0.016 0.206 + 0.017 0.158 +0.013
LCSR [24] 0.268 70013 - 0.21475013 0.17079019 0.2377901 0.160 % 0.009
LCSR [27] 0.293 0.281 0.219 0.198 0.242 0.155
LCSR [29] 0.304 £ 0.038 0.328 £0.048 0.243 £0.031 0.270 £ 0.040 0.251 £0.031 0.683 £ 0.090
+0.044-0.03 +0.054-0.03 +0.03+4-0.02 +0.03+4-0.02 +0.044-0.02 +0.044-0.02
pQCD [45] 0'1970‘0470.02 0'2370.0470.02 0'1570.0370.01 0.1 270.0270.01 0.1 870.0470.02 0.1 570.0370,02
SCET [47] 0.275 0.240 0.209 0.198 0.239 0.168
LFQM [53] 0.27 0.28 £ 0.01 0.23 0.21 - -
Table 8 B? — K*(892)° form factors at maximum recoil
4] Ag(0) A1(0) A2(0) T12(0) 73(0)
Present 0.244 £0.018 0.225 £ 0.090 0.214£0.015 0.210£0.015 0.210 £0.015 0.156 £0.011
LCSR [24] 0.285 4 0.013 - 0.22719019 0.183100% 0.251 +0.012 0.169 % 0.008
LCSR [27] 0.31 0.36 0.23 0.18 0.26 0.14
LCSR [29] 0.296 = 0.030 0.314 £0.048 0.230 £ 0.025 0.229 £ 0.035 0.239 £ 0.024 0.597 £ 0.076
PQCD [45] 02075057065 0247003700 01575037501 0115057501 0.I87G000T 0167600
pQCD [43] 0.24 0.21 0.19 0.19 0.21 0.16
SCET [47] 0.323 0.279 0.228 0.204 0.271 0.165
RQM [48] 0.291 0.289 0.287 0.286 0.238 0.122
CQM [51] 0.38 0.37 0.29 0.26 0.32 0.23
+0.024-0.07 +0.014-0.06 +0.0140.05 0.01+0.05
LFQM [54] 0'2870‘0270.06 0.2270‘014:005 O'ZO—OAOIJ:OAOS O'19J:0.0170.04 - -
8x +4x? 4+ x3 — x* 1n2 4x — x3 with
nx — —m—rx
2(1 —x)3 (1—x)2
2m
— ﬂ Fy. (26)

* Int oD,
/ dtln + 8x 0(x) In
1

The relevant bilinear helicity combinations for the channels
— 7, K° can be written as

©
B

Hi, = |Hol?,

—1

Hy =0

0x

2
(“—f) 4y Ho=
My

Similarly, the bilinear helicity combinations for the channels
B((A?)) - p,w, K*(892)O can be expressed as

(25) My = |Hpm? + 1Hoo 2,

\/572

Hr, = |Hool?, (27)

@ Springer
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Fig. 3 Form factors comparision for B¥ — 7+ (left) and B.? — K9 (right) transition in our model and with pQCD [46], RQM [48,50], SUSY

[40], CQM [51], LCSR [24], LFQM [53]

with
Hijx) = — (=Pq Ao £2m [p2]V),
my + my
1 1
Hoo =

my +mz 2 my./q?
x (—Pq (m} —m3 — g*) Ag +4m} |p2l* Ay).  (28)

For computation of branching fractions of Eq. (21), the form

factors (F4, Ag,+,— and V) appearing in Egs. (26) and (28)
are taken from Table 4.

@ Springer

(0)

&)

Finally, we compute the radiative decay width B
(p, w, K*(892)%)y using the relation

rY - (o, w, K*892)%y)

()
3
GralVw Vil , 5 mj
= ———m 1—-—= 12 ¢2(0). (29
30,74 nm,my m% |7|g()()

where, « is the electromagnetic coupling constant (Table 2).
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Fig. 4 Form factors comparision for B — p (left), B® — w (middle) and Bg — K*(892)° (right) transition in our model and with RQM [48,50],

LCSR [27]

, CQM [51] and LFQM [53,54]

3 Results and discussion

form factors [105]. We denote them by the superscript ¢ to
distinguish from our form factors. The relations read,

Having determined the model parameters in Table 3, the tran-

sition form factors Eqgs. (9) and (10) for the rare B(y) decays

are computed in the entire dynamical range of momentum

transfer and plotted in Fig. 1. We also compare our form fac-
tors with other theoretical approaches. In order to compare
with other theoretical approaches, we relate our form factors
Egs. (9) and (10) to those with Bauer-Stech-Wirbel (BSW)

PL
F§=Fp+—5——F_,
my—my,
Ap= LT e e
mip —mj
2mo(my + ma)
A_ = T (A5 — A,

V =V, (30)
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LCSR [27] and CQM [51]

— 7°€ c
g=1y, —— TI5.
my —m;

€1y

Additionally, we also note that the form factors Eq. (31) sat-
isfy the constraints

A5(0) = A5(0)
2myA5(q%) = (my 4+ m2)AS () — (m —m2)AS(g).
(32)

Since ap(0) = a4+(0) = g(0), we present the form fac-
tors Ag(0) = (my —m2)[Ao(0) — A(0)]/(2m2), AT(0) =
Ap(0)(my —m2)/(m1+m2), A5(0) = A1 (0), T (0) = g(0)
and T{ (0) = lim 2, o (m}—m3)(a; —ao) /q* obtained in our
model and compare them with those from other approaches.
Note that for comparing with the other approaches, we omit
the superscript for simplification.

In Tables 5, 6, 7 and 8, we provide the brief comparison
of the form factors at the maximum recoil g> = 0 with the
light cone sum rules (LCSR), perturbative QCD (pQCD),

@ Springer

supersymmetry (SUSY), relativistic quark model (RQM),
soft collinear effective field theory (SCET), constituent quark
models (CQM) and light front quark model (LFQM). For
B — m channel, our form factors are in very good agree-
ment with LCSR [23,24], perturbative QCD [46] and CQM
[51] where as for B‘? — KO channel, our form factors under-
estimate the LCSR and CQM results but are closer with the
pQCD prediction [43]. Note that in pQCD Ref. [43], the form
factors are computed in the framework of perturbative QCD
using the inputs from LQCD. Similarly, in Tables 6, 7 and 8
we present B — p,BY — wand BY — K*(982)" transition
form factors and our results are matching well with the LCSR
results. For BY — K*(982)° channel, our form factors are
also in good aggreement with the pQCD approach [43].
Further, we also compare the form factors in the entire
dynamical range of momentum transfer 0 < g2 < qﬁm
(mp,, — mp/v)z. In Figs. 3, 4 and 5, we provide the q2
dependency of form factors with comparison to different
approaches. In Fig. 3, we provide the form factor compar-
ison of B — 7 and BY — K channels along with different



Eur. Phys. J. A (2022) 58:39

Page 13 0of 23 39

Table 9 Comparison of form

factors at higher ¢2 values with Channel a* Fi(@?) Fo(g?)
LQCD (data from Table VI of GeV? Present LQCD Present LQCD
Ref. [106]) for B — K and
B — 7 channels 17.6 0.84 £ 0.05 0.99 £ 0.06 0.40 £0.03 0.48 £0.03
BY — KO 20.8 1.22 4 0.05 1.64 £ 0.09 0.45 £+ 0.03 0.63 £ 0.04
234 1.81 £0.11 2.77+0.15 0.50 £ 0.03 0.81 £0.05
19.0 1.01 £0.07 1.21+£0.13 0.41 £0.03 0.46 £ 0.06
Bt — gt 22.6 1.57 £0.010 2.27+0.19 0.45 £0.03 0.68 +0.06
25.1 2.40+0.16 4.11+0.59 0.48 £0.03 0.92 £ 0.07
e ek TS
;;;,luis VI‘?f(lng%COD [35] for V(g?) Present 0.56 + 0.04 0.85 + 0.06 1.50 4+ 0.10
LQCD 0.56 (9) 1.02 (8) 1.99 (13)
Ao(g?) Present 0.52 £0.06 0.79 £ 0.09 1.41+£0.13
LQCD 0.84 (9) 1.33 (8) 2.38 (16)
Ai(g?) Present 0.31£0.02 0.38 £0.03 0.51+£0.03
LQCD 0.37 (3) 0.45 (3) 0.58 (3)
A2(g?) Present 0.45+0.03 0.65 £ 0.04 1.08 £ 0.07
LQCD 0.46 (3) 0.60 (5) 0.85 (12)
Ti(q%) Present 0.48 £ 0.03 0.73 £0.05 1.30 £0.09
LQCD 0.61 (4) 0.90 (6) 1.48 (10)
T (g?) Present 0.31 £0.02 0.39 £ 0.03 0.52 4 0.04
LQCD 0.39 (3) 0.47 (3) 0.60 (3)
Ts3(q?%) Present 0.32 £ 0.04 0.47 £0.05 0.80 & 0.06
LQCD 0.43 (4) 0.67 (5) 1.10 (7)

theoretical approaches. Note that the form factor Fy(g?) is
related with F (¢?) and F_(g?) of Eq. (9) via relation

2
q
Fo(q?) = Fr(g) + mF—(q2)
1= "2

(33)

Itis worth mentioning that our results are matching fairly well
with other approaches for g2 < 15 GeV? for both the chan-
nels. It is also observed that our form factors F+,0(q2) are in
close resemblance with those obtained using LFQM [53,54]
and our form factors Fo,T(qz) are also in close resembles
with CQM [51].

In Figs. 4, 5, we provide the form factor comparison for
the channels B — p, B — o and B — K*(892)? and
it is observed that for the form factors V(qz) and Ao,l,z(qz)
show good agreement with other theoretical predictions for
the whole ¢ range. Our results are also matching well for
the form factors T} 5 3(¢?) with other approaches.

In Table 9, we compare our results of form factors with
LQCD from RBC and UKQCD collaborations [ 106] at higher
g values for the channels B — 7 and BY — K. For
intermediate q2 range, our results are closer to the LQCD
predictions but for g2 — qéax, they are systematically
lower. In Ref. [106], the vector and scalar form factors for

B — mlvgand By — K{vg are computed in LQCD at three
g ranges using domain-wall light quarks and relativistic b-
quarks. Similar trend is also observed for BY — K*(892)°
(Table 10). It is interesting to note that similar nature was
also observed for D — (7, K) form factors in [82,84,87]
when compared with LQCD predictions from ETM collab-
oration. However, the tensor form factor shows very good
agreement with the ETM collaboration. In Fig. 6, we show
the form factors for the channels B — 7 and BY — K in
comparison with LQCD predictions [106]. We also present
the spread of our form factors in the whole ¢ range because
of the uncertainties in the fitting parameters. Similar spread
can also be obtained for the vector meson form factors.
Utilizing the model dependent and independent parame-
ters along with the form factors, we compute the branching
fractions using Eq. (13). We present our results with and
without resonant counterparts from the charmed (J /v and
Y (2S)) and charmless (p, w and ¢) vector meson resonances.
For computation of resonant branching fractions, the g2
range close to the J /¢ and ¢ (2S5) are avoided as experimen-
tal analysis also excludes these resonance regions. The exper-
imentally vetoed regions corresponding to J /v and ¥ (2S5)
are 8.0 < g2 < 11.0 GeV? and 12.5 < ¢% < 15.0 GeV?,

@ Springer
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Fig. 6 B — m and By — K? form factors obtained in CCQM (solid broad lines) and in LQCD computations (dots with uncertainties) by RBC

and UKQCD collaboration [106]

respectively. It is important to note here that when we con-
sider the resonances for branching fraction computations, the
results are enhanced by an order or two. Similar observations
have also been reported in a review [15]. Further, in order to
compare our results with experimental data, we also exclude
the experimentally vetoed regions. In the literature, there are
different ways for the treatment of these resonance regions.
For example, in Ref. [107], the authors have smoothed-out the
resonance regions by incorporating the next-to-leading order
correction in Cgff using the auxiliary functions F 1(72’9) (g%
from the Ref. [108]. In Table 11, we compare our results
of branching fractions for BT — 7+t u® ™ in narrow g2
bins with LQCD and LCSR results and it is observed that
our results are on higher side. We also note that the results
from most of the theory attempts are systematically higher
than LHCD data in the narrow q2 bins [58]. In Table 12, we
present our results of rare decays of B and B® mesons in
comparison with theoretical approaches viz. LCSR [24] and
RQM [48]. Note that the results presented in Refs. [24,48]
corresponds to the nonresonant contributions. On the exper-
imental front, LHCDb collaboration has provided the branch-
ing fractions for BT — w1~ and our resonant result
is lower than LHCb data. For the other channels, only the

@ Springer

upper bounds are provided in PDG. Further, Belle [109]
and BABAR [110,111] collaborations have also performed
the search for B — 7%¢*¢~ with £ = e and u and our
results are well within their upper limit. For BT — p+ete~
and B® — (p°, w)¢* ¢~ channels, the experimental data is
yet to be reported. For the B¥® — (o7 @ w)vi chan-
nels, our results are well within the upper limit of PDG data.
Our results are within the range predicted in the LHCD data
for the channel B — K*(892)%u* ™ (Table 13) and for
the other rare By decays, we again do not have experimen-
tal results available. The ratio for muon channel to electron
channel for Bt — 7+ and BY — 79 tends to be 1, whereas
for the BY® — (pT© ), the ratio in our study comes
out to be 0.85. However, considering the uncertainties in
form factors and transporting them to corresponding branch-
ing fractions, the ratio approaches unity. It is also observed
that the nonresonant branching fractions corresponding to
BT — (&, pT)ete for £ = e, u are in good agreement
with the LCSR and ;1 channel of RQM results, whereas for BY
channels, our results are systematically lower than LCSR and
RQM results. Our results are in good agreement within the
uncertainties of LCSR for the B — (7%, p°, w)¢t¢~ and
BT — pttTt~ channels. We also compute the radiative
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Table 11 Partial branching

fractions for B+ — m+u* i~ q2 bin Nonresonant Resonant LQCD [38] LCSR [28]

in Unit of 10~ [0.05,2.0] 2374033 3.6240.43 - 2491030
[0.1,2.0] 2.32£0.33 3.58£0.42 1.81 -
[2.0,4.0] 2.50 +£0.35 2.8140.40 1.92 1.5670:00
(4.0, 6.0] 2.5440.35 2.88 +0.41 1.91 139701
61[6.0,8.0] 2.65 £0.37 3.20 £0.45 1.89 1.287939
[15,17] 1.48 +£0.21 1.41 £0.19 1.69 -
[17,19] 1.20 £0.17 1.10 £0.17 - -
[19,22] 1.23£0.17 1.12£0.17 1.84 -
[22,25] 0.52 £ 0.07 0.48 £0.07 1.07 -
[1.0,6.0] 6.28 £ 0.89 7.66 £ 1.06 478 1.681018
[15,22] 3.90 £ 0.54 3.62 £ 0.50 5.05 -
[4m?, g2 o] 21.73 £3.04 - 204 -

decays and it is observed that our results on B(B* — pTy)
are within the uncertainty range reported by LHCb. Our
results on B (B? — K*(892)%y) are within the uncertainty
limits of LHCb data but disagree with the RQM and LCSR
results. CCQM was also employed for studying the rare
decays corresponding the b — s transitions in Refs. [80,112]
by Dubnicka et al. In these articles they have computed the
branching fractions for B — K®¢+¢~ and By — ¢£t ¢~
for ¢ = e, u, 7. Using the inputs from these papers, we com-
pute the ratios of b — s to b — d rare decays and they are
tabulated in Table 14. It is worth mentioning that our ratios
are well within the range predicted in the LHCb data except
for the ratio B(BT — ntutu™)/B(BT — KTutu™)
where our result underestimate the LHCb data.

We also compute some more physical observables defined
in terms of helicity structure functions and that can be mea-
sured experimentally. These observables are helpful in under-
standing the influence of different flavor of leptons in the
final stage that is described in terms of angular distribu-
tions between the charged leptons pairs and momentum of
daughter meson. This distribution allows us to compute the
different observables such as decay widths, forward back-
ward asymmetry and polarization of daughter mesons. The
detailed computation technique for computation of these
observables are available for the rare decays of B(.) mesons
in [103,112]. We employ the same formalism for present
study. These observables are explicitly expressed in terms of
helicity structure functions and form factors. The forward-
backward asymmetry defined as

A@ 1 /-l fO J ; d2F
= —— — COSU —F—F——
= aridqg®> \Jy J_, dq?d cos

3 ML
= - . 34
1 Be T (34)

Similarly, longitudinal and transverse polarization is defined
as

P _lﬂzHil"‘H% F _llngbl"'H%fz
Lo H e 0 T T2 T Hy
tot tot

InEq. (34), the angle 0 is the polar angle between the momen-
tum transfer (q = p; — p2) and momentum of parent meson
(k1) in the £1¢~ rest frame. The computation of g2 aver-
ages value of these observables can be done by multiplying
by phase factor [pz|g?(1 — m% /g*)? in the numerator and
denominator explicitly. In Fig. 7, we plot forward-backward
asymmetry, longitudinal polarization and transverse polar-
ization in the whole ¢ range considering both resonant and
nonresonant contributions. We also provide the averages of
these resonant observables in Table 15. Note here that for
computing the resonant contribution of these observables,
we exclude the experimental vetoed regions corresponding
to vector resonances.

The helicity amplitudes corresponding to form factors
are also utilised for further computations of so-called clean
observables [113]. These observables have been reported by
LHCb [114,115] and Belle [116] collaboration for b — s
rare decay and similarly these observables are also expected
for the b — d decays. We compute these observables P;
using the relations expressed in Refs. [112,117]. In Fig. 8
and 9, we display the plots for the clean observables Pj 23
and P; 5 ¢ for the channels BT — pTand BY — K*(892)°.
Similar plots can also obtained for the B — (p°, w) tran-
sitions. In all the plots for the observables, we have pre-
sented the muon and tau modes only. The reader may note
that the plots for electron mode fully overlaps with that of the
muon mode. The average values of these observables consid-
ering resonance contributions for transition corresponding to
BT — p*, B — (p° w) and B — K*(892)° channels
are also listed in Table 15. Note that in Table 15 the sum of
longitudinal and transverse polarizations are different than

(35)
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Table 12 Branching fractions of B* and B rare decays

Channel Nonresonant Resonant LCSR [24] RQM [49,50] Exp. [66]
10°B(Bt — ntete) 2.18£0.30 1.82+0.18 1.8970-3 - <80
108B(B* — ntptu) 2.1740.30 1.81+0.18 1.887021 20402 1.83 +0.24 +0.05 [16]
10°B(B* — ntete) 0.53+0.15 0.41£0.12 0.907013 0.70 +0.07 -
10'B(BT — 7t vb) 0.74 £0.10 - - 12+0.1 < 140
10°B(B® — nlete™) 1.01 £0.14 0.84 %+ 0.08 0.87018 - <84
10°B(B® — 70u* ) 1.01 +0.14 0.84 %+ 0.08 0.87018 - <69
108B(BY — #0¢t¢7) 0.24 £ 0.07 0.19 £0.06 0.41 £0.06 - -
10’B(BY — 70%v7) 0.34 +0.05 - - - <90
108B(BT — ptete) 4.82+2.39 3.70 +1.34 40+0.4 - -
108B(BtT — ptutu™) 4.05+1.45 2.94 4+ 0.94 3.9+04 44405 -
108B(BT — ptrte) 0.63 +0.14 0.43 £ 0.09 0.40 & 0.04 0.75 £ 0.08 -
10'B(BT — pTvi) 1.45 4+ 0.38 - - 29403 <300
10'B(B* — p*y) 8.55+1.38 - 13.87}8 - 9.8+2.5
108B(BY — plete) 2.2141.09 1.70 + 0.61 1.9+0.2 - -
108B(B° — poutu™) 1.86 & 0.66 1.35+0.43 1.8+0.2 - -
108B(BY — pOtT17) 0.29 +0.06 0.20 + 0.04 0.240.02 - -
10’B(B® — p%vi) 0.67 £0.18 - - - < 400
10’B(BY — p%y) 3.96 + 0.64 - 64+0.7 - -
108B(BY — weTe™) 1.85 4 0.89 1.41 £ 0.59 13+0.1 - -
108B(BY - wutu) 1.57 +£0.55 1.14 +0.44 1.240.1 - -
108B(BY > wrtt™) 0.25 £ 0.05 0.18 £ 0.03 0.13 £0.01 - -
10’B(BY — wvi) 0.56 £0.15 - - - < 400
10’B(B° — wy) 3.11£0.50 - 5.8706 - -
Table 13 Branching fractions of B? rare decays
Channel Nonresonant Resonant LCSR [24] RQM [49,50] Exp.
108B(B? — K*(892)%eTe™) 3.91 4+ 1.47 2.95+0.80 4.0+0.4 - -
1088(BY — K*(892)%u* ™) 3.3240.94 236 +0.57 3.8+0.3 42404 29+1.040.240.3[18]
1088(B? — K*(892)°t+77) 0.53+£0.10 0.37 £0.06 0.50 + 0.04 0.75 £ 0.08 -
10"B(B? — K*(892)v1) 1.19£0.25 - - - -
10"B(B? — K*(892)%) 6.66 £+ 0.96 - 120713 3.0£0.3 -
108B(B? — K%te™) 1.65 +0.21 1.35+£0.12 1.99%02) - -
10°B(B? — KOu*tp™) 1.64 +0.21 1.35+0.12 1997928 22402 -
1088(BY — K%t*t™) 0.39 £ 0.09 0.30 £ 0.08 0.74 £ 0.07 0.55 £ 0.06 -
10'B(B? — K%vi) 0.55 £ 0.07 - - 1.414+0.14 -
E?:;Eéﬁg?:;i?;ﬁi the Ratio Unit Present Data
T e 102 3.02+£0.42 53+ 1.4£0.1[57]
[6pt] gl ) 1072 3.9+ 1.14 -
[6pt] BB =K (920 7 102 2.61+0.74 334 1.1403+02[18]
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Fig. 7 Forward backward asymmetry, longitudinal and transverse polarizations (solid lines - excluding resonances, dashed lines - including vector

resonances)

1 as the leptons have finite mass in present calculations as
opposed to case of massless leptons where it would be unity.
The same has been explicitly studied in [113,118]. We use
the Wilson coefficients obtained at the next-to-leading loga-
rithmic order in our calculation of the observables in the full
kinematical region of the momentum transfer squared. At this
order only the coefficient Cgff has an imaginary part. Since
our form factors are real, the optimized observable Py is iden-
tically zero at this order. Further, motivated by pQCD [43]
and LCSR [42] approaches, all the physical observables are
also computed in the low q2 bins: [0.1-0.98] GeV2 and [1.1-

6] GeV? corresponding to the dropping the charm resonances
for electron and muon channels along with the comparison
in Tables 16, 17 and 18. It is to be noted that the uncertainties
in our computations of branching fractions and other physi-
cal observables are arising solely because of uncertainties in
the form factors. Higher uncertainties are observed in very
low ¢? range, whereas the maximum propagated uncertainty
in the branching fractions is about 49 % for all the channel
BT . p+t©¢+e= when integrated for the entire g2 range.

@ Springer
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Fig. 8 Clean observables P; 2 3 in whole g range (solid lines - excluding resonances, dashed lines - including vector resonances)

4 Summary and conclusion

In this article, we have reported comprehensive study of rare
decays corresponding to b — d¢*¢~ within the standard
model framework of covariant confined quark model with
built-in infrared confinement. We first compute the transi-
tion form factors in the whole physical range of momentum
transfer (0 < ¢> < g¢2,,) and utilised for computations
of different physical observables such as branching frac-
tions, forward backward asymmetry, transverse and longi-
tudinal polarizations and angular observables. The observ-
ables are computed considering both nonresonant (with-

@ Springer

out vector resonances) and resonant (with light vector and
charm resonances) contributions. The resonance contribu-
tions are computed by excluding the experimentally vetoed
g regions. We have computed the branching fractions con-
sidering both the contributions while the other physical
observables are from the vector resonance contributions only.
The computed branching fractions B(BT™ — mwtutu™)
is a bit lower and B(B? — K*(892)°u* ™) branching
fraction is within the uncertainty predicted by experimen-
tal data from LHCb collaboration, while the nonresonant
B(BT — pTut ™) is in good agreement within the uncer-
tainty predicted in RQM and LCSR approaches. Our results



Eur. Phys. J. A (2022) 58:39

Page 19 0of 23 39

Pu(B* > o ')

T S Y SRS SR

0 5 10 15

¢*(GeV?)
PS(B* > o FI)

20

_/1:

[—

7*(GeV?)
DB o g 1)

20

T

0.06F = &
0.04F

0.02F

_llz

— 1]

0.00: o AN
_().()2; i

—0.04

-0.06F

T O S S S S

0 5 10 15

7*(GeV?)

20

P'4(B," - K*(892)0 I*I)

T

S S S B S S S S

5 10 15 20

7*(GeV?)
P's(B,® - K"(892)° I*I7)

—u

[—

-2+

0.05

-0.05

¢*(GeV?)
Py(B',% - K"(892)0 I*I7)

7*(GeV?)

Fig. 9 Clean observables Pz{.s.s in whole ¢? range (solid lines - excluding resonances, dashed lines - including vector resonances)

on nonresonant rare BY decays are also matching well with
LCSR results for most of the channels. We also provide
the ratio of the branching fractions corresponding to the
b — s¢t¢~ and b — d¢*¢~ utilising the results from
previous papers and found that our predictions are consis-

tent with experimental data. The only exception is the result
forB(B* — ntutu™)/B(BT — KTt u™)in which the
ratio is smaller than the measured values due to the small
numbers for B(BT — KT u*u™) in our model. Further,
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Table 15 ¢>- averages of polarization observables over the whole allowed kinematic region for Bt — ptete=, BO — (o0, w)et¢~ and

BY — K*(892)0¢+¢~

Obs. Bt — ptete- BY — pO¢te- BY — wete~ BY — K*(892)¢t¢~
ete™ utpu~  thr™ ete~ wrpn~ e~ ete™ utpu~ 11 ete™ utpu~  thr™
—(AFp) 0.178  0.226 0.207 0.179 0.227 0.209 0.184  0.229 0.203 0.194  0.244 0.207
(Fr) 0417  0.510 0.110 0414 0.506 0.110 0415  0.501 0.111 0.394  0.479 0.107
(Fr) 0.563  0.455 0.217 0.567 0.458 0.218 0.566  0.465 0.218 0.588  0.488 0.218
—(Py) 0.297  0.460 0.688 0.294 0.457 0.686 0.322  0.486 0.706 0.317 0475 0.701
—(P>) 0211  0.331 0.636 0.211 0.331 0.637 0.216  0.328 0.620 0.220  0.333 0.631
10* x (P3) 0326  2.198 17.694 —1422  —0.518 13.063 0.526  2.498 17.584 0.930 2934 17.175
(Py) 0.735  0.993 1.297 0.738 0.994 1.296 0.768 1.017 1.304 0.776 1.019 1.303
—(P§) 0.385  0.543 1.000 0.384 0.543 1.002 0.388  0.537 0.970 0.401 0.549 0.985
102 x (Pg)  3.058  2.741 —0.468  3.112 2.802 —-0.372 2905 2559 —0.447  2.826 2475 —0.440
—(83) 0.083  0.105 0.074 0.083 0.105 0.075 0.091 0.113 0.077 0.093 0.116 0.077
(S4) 0.178  0.239 0.100 0.179 0.239 0.101 0.186  0.246 0.102 0.186  0.246 0.100
Table 16 Binned value of observables for B — pf¢~ for £ = e and
Obs. q° B — peTe™ B— putp~
Bt — pt BY — p° Bt — pt BO — p0 LCSR [42]
10° x B [0.1,0.98] 2.58 +£2.18 1.19 £ 0.98 2.54 £2.15 1.17+0.97 2.165 £ 0.302
[1.1,6] 7.51 £4.52 342 +2.07 7.49 £4.52 3.41+2.07 4.064 +0.778
(AFB) [0.1,0.98] 0.089 0.090 0.079 0.080 — 0.046 £ 0.005
[1.1,6] —0.085 —0.085 — 0.085 — 0.085 —0.024 £0.018
(Ry) [0.1,0.98] 0.984 0.983 0.984 0.983 0.955 £0.194
[1.1,6] 0.997 0.997 0.997 0.997 1.036 £ 0.289
(Ff) [0.1,0.98] 0.511 0.506 0.447 0.443 0.409 £+ 0.067
[1.1,6] 0.779 0.776 0.763 0.761 0.822 +0.039
(Py) [0.1,0.98] 0.017 0.016 0.019 0.018 0.050 +0.181
[1.1,6] —0.254 —0.252 —0.255 — 0.253 — 0.044 +0.110
(P) [0.1,0.98] 0.122 0.121 0.146 0.146 0.083 £0.010
[1.1,6] —0.256 —0.254 — 0.259 — 0.257 0.074 £0.053
(P3) [0.1,0.98] — 0.008 — 0.008 — 0.009 — 0.009 — 0.228 £0.044
[1.1,6] — 0.003 — 0.003 — 0.003 — 0.003 — 0.229 +£0.028
(Py) [0.1,0.98] — 0.291 — 0.282 — 0.288 - 0.279 — 0.591 £0.077
[1.1,6] 0.878 0.879 0.882 0.883 0.470 £ 0.161
(P§) [0.1,0.98] 0.447 0.453 0.468 0.474 0.368 £0.043
[1.1,6] —0.625 — 0.622 — 0.632 — 0.628 — 0.178 £ 0.084
(Pg) [0.1,0.98] 0.312 0.313 0.321 0.322 — 0.133 +£0.021
[1.1,6] 0.014 0.014 0.014 0.014 0.113£0.013

other observables are computed in the whole g range as
well as in the low g2 range and compared with the LCSR
and pQCD approach. The experimental data on these observ-
ables are yet to be reported. We expect these could be mea-
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sured by LHCb and other B factories as the upgrade II dataset
promises the abundance of data for the transition correspond-

ing to b — d decays.
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Table 17 Binned value of observables for B® — wf ¢~ for £ = ¢ and

Obs. q° BY — wete B —» wptu~ Obs. q° BY — wete B > wptu~
10° x B [0.1, 0.98] 0.94 4+ 0.80 0.92 £0.78 (P>) [0.1,0.98] 0.123 0.147
[1.1,6] 2.78 £ 1.67 2.77 £ 1.66 [1.1,6] - 0.259 — 0.263
(AFB) [0.1,0.98] 0.090 0.080 (P3) [0.1,0.98] — 0.009 — 0.010
[1.1,6] —0.088 —0.087 [1.1,6] —0.003 —0.003
(Ry) [0.1,0.98] 0.979 0.979 (Py) [0.1,0.98] — 0.286 — 0.282
[1.1,6] 0.996 0.996 [1.1,6] 0.894 0.898
(FP) [0.1,0.98] 0.511 0.447 (P{) [0.1,0.98] 0.447 0.469
[1.1,6] 0.774 0.759 [1.1,6] — 0.618 — 0.625
(Py) [0.1,0.98] 0.018 0.021 (Pg) [0.1,0.98] 0.312 0.321
[1.1, 6] — 0.273 - 0.274 [1.1,6] 0.014 0.014

Table 18 Binned value of observables for B.? — K*(892)%*¢~ for ¢ = e and p

Obs. q° BY — K*(892)%%te™ BY — K*(892)°utu~
Present pQCD [43] Present pQCD [43] LCSR [42]
10° x B (0.1, 0.98] 1.89 +1.25 1.6370% 1.86 +1.23 1.6075:%4 3.812 £ 0.450 £ 0.086
[1.1,6] 5.54+2.73 522t 551+£2.72 521712 7.803 £ 1.758 +0.357
(Arp) [0.1,0.98] 0.096 0.096 (2) 0.085 0.085 (2) — 0.060 £ 0.008 = 0.001
[1.1,6] — 0.099 — 0.064(3) — 0.098 — 0.064(3) —0.029 £ 0.020 £ 0.009
(Rk+) [0.1,0.98] 0.984 0.984 (1) 0.984 0.984 (1) 0.940 £ 0.009- 0.001
[1.1,6] 0.995 0.997 (1) 0.995 0.997 (1) 0.998 £ 0.004 + 0.0
(FK") [0.1,0.98] 0.479 0.442 (8) 0.420 0.446 (8) 0.453 £ 0.067+ 0.014
[1.1,6] 0.752 0.780 (10) 0.738 0.783 (10) 0.853 £ 0.038 % 0.007
(Py) [0.1,0.98] 0.016 0.110 (2) 0.019 0.012(2) 0.012 % 0.129 % 0.001
[1.1,6] —0.257 —0.306(30) —0.258 — 0.307(30) — 0.081 £0.111 £ 0.005
(Py) [0.1,0.98] 0.123 0.115 (1) 0.147 0.129 (1) 0.118 £ 0.013 = 0.001
[1.1,6] — 0.266 — 0.193(10) 0.270 — 0.196(10) 0.112 £ 0.072 £ 0.036
(Ps) [0.1,0.98] — 0.008 0.005 (1) — 0.009 0.005 (1) 0.001 = 0.002 + 0.0
[1.1,6] — 0.003 0.002 (1) — 0.003 0.002 (1) 0.004 £ 0.010 = 0.002
(P}) [0.1,0.98] — 0.284 — 0.369(3) — 0.280 —0.365(3) — 0.593 £ 0.057 £ 0.009
[1.1,6] 0.890 0.895 (10) 0.894 0.899 (10) 0.464 +0.164 £ 0.014
(P) [0.1,0.98] 0.445 0.541 (1) 0.466 0512 (1) 0.547 £ 0.051 £ 0.016
[1.1,6] —0.634 —0.575(40) — 0.641 — 0.578(40) — 0.286 £ 0.125 £ 0.046
(P§) [0.1,0.98] 0313 0.396 (1) 0.322 0.399 (1) 0.015 = 0.003 £ 0.016
[1.1,6] 0.014 0.006 (1) 0.014 0.006 (1) 0.040 = 0.004 £ 0.017
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