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Abstract Very compelling deviations in the recently obser-
ved lepton nonuniversality observables (R pe), Rg oo, Ry/y)
of semileptonic B meson decays from their Standard Model
predictions hint towards the presence of some kind of new
physics beyond it. In this regard, we investigate the effect
of new physics in the semileptonic BZI‘ o — Peyg decay
processes, where P = D, w(Dy, K), in a model indepen-
dent way. We consider the presence of additional vector
and scalar type interactions and constrain the corresponding
new couplings by fitting Br(B} — 7% v;), Br(B — mti;),
Br(Bf — ttv;), RL, R and R,y data. Using the con-
strained new parameters, we estimate the branching ratios,
forward-backward asymmetry, lepton-spin asymmetry and
lepton non-universality observables of BZE’S — Ptv; pro-
cesses. We find that the branching ratios of these decay
modes are sizeable and deviate significantly (for vector-type
couplings) from their corresponding standard model values,
which are expected to be within the reach of Run III of Large
Hadron Collider experiment.

1 Introduction

In the last few years, several intriguing hints of new physics
(NP) have been observed in the form of lepton flavour uni-
versality violating (LFUV) observables in semileptonic B
decays. In particular, the observables Rpw = Br(B —
D™1i,)/Br(B — D™Iiy), with [ = e, u in the charged-
current transition b — cfvy, measured by BaBar [1,2] Belle
[3-6] and LHCb [7-9] Collaborations, with the following
avarage values as determined by Heavy Flavour Averaging
Group (HFLAV) [10]

Rp = 0.340 £ 0.027 £ 0.013,
Rp+ = 0.295 £ 0.011 = 0.008, €))
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with Rp — Rp+ correlation of —0.38, indicate ~ 3.080
discrepancy with their corresponding Standard Model (SM)
predictions

RIM =0.299 +0.003, R3M = 0.258 +0.005. 2)

The recently measured R,y = Br(B. — J/v¥tv;)/Br(B.
— J/¢¥lv) = 0.714£0.17£0.184 parameter by LHCb Col-
laboration [11] is in the same line and has nearly 2o deviation
fromits SM value R,y = 0.289+0.01[12,13]. Similarly, in
the semileptonic B — K *)¢¢ decay processes, mediated by
the neutral current transition b — s££,2.60 and (2.2—2.4)c
deviations have been observed in the measured values of
Rx = Br(B™ — Ktutu™)/Br(BT — Ktete™) [14]
and Rg+ = Br(B® — K*utu™)/Br(B” - K*ete ) [15]
with values

Rk 2eqr.6) Gev? = 0.74550,0%0 +0.036,
0.11
Ri*142€10.045,1.1] Gev2 = 0~66t0‘07 +0.03,
Ri+|2¢1.1.6) Gev? = 0.6970,07 & 0.05, 3)

from their corresponding SM predictions [16,17]

R§<M|qze[l,6] Gev2 = 1.003 £ 0.0001,
RK*SM|q2e[O.o45,1.1] Gev2 = 0.92£0.02,

R 2er1.6) Gev2 = 1.00£0.01. )

Recently, the LHCb experiment has announced its updated
measurements on Rg [18] and the Belle Collaboration has
announced new Rg= [19] results. After combining the Run
1 and Run 2 data, though the updated experimental value
of Ry = 0.8461‘8:822(stat)fgigig(syst) [18] is closer to the
SM prediction, the discrepancy still persists at the level of
~ 2.50, due to the reduced errors. The errors in the new
measurements on Rgx = 0.521’832 + 0.005 (O.96f8:33 +
0.11) observable in the g2 € [0.045,1.1] GeV? (¢° €
[1.1, 6] GeV?) bin, reported by the Belle Collaboration [19]
are quite a bit larger than the errors in the previous LHCb
masurement. Additionly, a small discrepancy has also been
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reported in the b — ufv mediated process defined as
R = 2% (Br(B~ — v~ 9;)/Br(B" — n*i~¥)) [20]. As
all thesg observables are ratios of branching fractions, the
theoretical uncertainties due to the CKM matrix elements
and hadronic form factors cancel out to a large extent, result-
ing the prediction with high accuracy. Therefore, the lepton
flavor universality violating tests are considered to be the
most powerful tools to probe new physics beyond the stan-
dard model. Tremendous effort has been made in the last
few years to understand the nature of NP, which might be
responsible for such deviations.

Being motivated by these observed anomalies in vari-
ous B meson decays, in this work we would like to inves-
tigate the impact of new physics on the differential decay
rate and various other observables like forward—backward
asymmetry, lepton-spin asymmetry and lepton nonuniver-
sality (LNU) observable of weakly decaying vector B[’;’(S)
meson to a pseudoscalar P(= D(Dy), m(K)) meson medi-
ated through the quark level transitions b — (c, u)fvy.
Although such hadrons decay primarily through the elec-
tromagnetic process B . — By sy, and their weak decay
channels are expected to be quite suppressed, the situa-
tion has improved considerably with the advent of the high
luminosity Belle II experiment. For instance, as discussed
in Ref. [21], using the production cross section of Y (55)
in e~e™ collision as o (eTe”™ — Y(55)) = 0.301nb and
Br(Y(55) — B*B*) = (38.1 & 3.4)% [20], about 4 x 10°
B* meson pairs (B ; + B;" 4) are expected to be produced
per year. This in turn implies that the rare B* decay modes
with branching fraction > O(10~?) are likely to be observed
at Belle II. Hence, Belle II experiment would be quite instru-
mental in search for the rare decay modes of the excited B
mesons. In addition the LHC experiment will also play a piv-
otal role in the search for B* decay channels, as the produc-
tion cross section of Y (55) is much larger in pp collision
compared to e*e™ collision. On the other hand, the study
of B* meson decays has also received considerable atten-
tion in recent times. In the literature [22-25], the leptonic
decay modes of B, mesons are investigated in SM and in
the context of various new physics models. The analysis of
semileptonic weak decays B* — P{v both in the SM and in
the presence of NP are discussed in the Refs. [21,26,27].

The layout of the paper is as follows. In Sect. 2, we illus-
trate the theoretical framework required to analyse the decay
processes B* — P{v in the effective theory formalism. The
expressions for the differential decay rate and other observ-
ables like forward—backward asymmetry, lepton nonuniver-
sality (R%) and the lepton-spin asymmetry are presented in
this section. The constraints on the new couplings using x>
fit from Rpe, Ry/y, Rf,, Br(B, . — tv), Br(B — mtv)
observables are obtained in Sect. 3. Our results are dis-
cussed in Sect. 4 followed by the summary of our work in
Sect. 5.

@ Springer

2 Theoretical framework

The most general effective Lagrangian for B* — P{v, pro-
cesses mediated by b — g€~ vy (¢ = u, c), in the effective
field theory approach can be expressed as [28],

Lepr = =2V2G Vol (1+ VL) qry™br LLyuvL
+VR Gry"br €ryuve + SL GgrbrL LrVL

+Sg Grbr €rvr + Tr Gro™ by Loy + hecll,

5

where P is any pseudoscalar meson, G r is the Fermi con-
stant, V, is the CKM matrix element, V. g, Sp r, Ty are
the new vector, scalar, and tensor type new physics cou-
plings, which are zero in the standard model. All these new
physics couplings are considered to be complex. Further-
more, we consider the neutrinos as left handed. We assume
the NP effect is mainly through the third generation lep-
tons and do not consider the effect of tensor operators in our
analysis for simplicity. Here (¢, £)r..r = Pr.r(q, £), where
Pr g = (1 F y5)/2 are the chiral projection operators.

We consider the kinematics of the decay process B* —
P v, using helicity amplitudes. In this formalism, the decay
process B* — P{iy is considered to proceed through B* —
PW*~, where the off-shell W*~ decays to £~ 7. One can
write the amplitude from Eq. (5) as

M(B* — Pvy)
G _ _
=LV > Celw)(PIGT*b|B*) iy Tivy, ©)
k

V2

where Cy(u) represents the Wilson coefficient with values

for SM,

C =
KU =y e Su ke for NP beyond SM,

I'* denotes the product of gamma matrices, which gives rise
to different Lorentz structure of hadronic and leptonic cur-
rents of Eq. (5)i.e., k= y*(1+ys),and (1£ys). Hence, the
square of the matrix element can be expressed as the product
of leptonic (L) and hadronic (H*") tensors (related to the
corresponding helicity amplitudes)

2
|M(B*— Piy)| =_2F|qu|2§ Cij (u)(LY, HM),
ij

(N

where the superscripts i, j represent the combination of four
operators (V F A), (S F P) in the effective Lagrangian (5),
Cij () denotes the product of Wilson coefficients C; and C ;.
We omit these superscripts in the following discussion for
convenience. It should be noted that, the polarization vector
of the off-shell particle W* (" (m)), satisfies the following
orthonormality and completeness relations:
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e (m)gu(m/) = 8mm'>»

> @ m)e” (m') g = " ®)

mm’

where g, = diag(+, —, —, —) and m,m’ = +,0, ¢ rep-
resent the transverse, longitudinal and time-like polarization
components. Now inserting the completeness relation from
Eq. (8)into (7), the product of L., and H*" can be expressed
as

LiwH" = %" L, n)H(m', n')gmm g ©)

m,m’,n,n’

where L(m,n) = L*Y€, (m)€;(n) and H(m,n) = H’“’El’j
(m)€,(n) are the Lorentz invariant parameters, and hence
their values are independent of any specific reference frame.
So for calculational convenience, we will evaluate H (m, n)
in the B™* rest frame and L(m, n) in £ — ¥y center of mass
frame as discussed in [21,26].

2.1 Hadronic helicity amplitudes

In the rest frame of B* meson, we consider the pseudoscalar
meson P to be moving along the positive z-direction. The
polarization vector of the virtual W* boson are chosen to be

o1 L Lo

() = %(0, £1, —i,0), (10)

where go = (m%. —m% +q%)/2mps, |p| = A2 (m%., m3,

q2)/2m’g, g% = (pp+ — pp)?, is the momentum transferred
square and A(a, b, ¢) = a?+b%+c*—2(ab+bc+ca). The
polarization vector of the on-shell B* meson e*(m = 0, %),
takes the form

1

#(0) =(0,0,0, 1),
e"(0) = ( ) 7

eh(E) = — (0, F1,—i,0). (11

In order to calculate the hadronic helicity amplitudes, we use
the following matrix elements of B* — P transition
(P(pp)IGyub|B* (e, ppe))

2iV(g?) BT
= —— € & *y
mpe +mp nvpo pppB

_ = £-q
(P(pP)Gyuysb|B*(e. pp)) = 2mp+Ao(g®) —qy
q

2 €49
+(mp +mp+)Ai1(q”) (% - q_2q”>

2 2
ma, —m
|:(PB* + PPy — %qu} ,

(12)

&-q
+A2(g%) ———
mp + mpx

where V(¢?), Ao,l,z(qz) are the various form factors. The
matrix elements for the scalar and pseudoscalar currents can
be obtained by using the equation of motion

i0,(qy"b) = (mp —mg)qb,

10, (qy"ysb) = —(mp + mgy)qysb, (13)
as
(P(pp)|gb|B*(e, pp)) =0,
_ 5 2m g 2
(P(pp)lqysb|B*(e, pp+)) = —(e.q) ————Ao(q"),
mp + my
(14)

where the m;, 4 represent the current quark masses evaluated
atthe b-quark mass scale. The helicity amplitudes are defined
as

HYL L @) = @M 0ar) (P(pp)gy (1 — v5)bIB* (e(hpe), ps+)),
H;;’i,\w* (@) = @ Ow)(P(pp)IGyu(l + v5)b|B*(e(hp+), pse)),
HASBL*AW* (@) = (P(pp)|G(1 — y5)b| B*(e(hp+), ppe)),

H, @) = (P(pp)IG (L +y5)b|B* (eGuge). pse)). (15)

where for convenience, we use the notations A g+ = 0, =+ and
Aw+ = 0, &, 1 to represent the helicity states of the B* and
W* boson. Thus, with Egs. (12), (14) and (15), one obtains
the following non-vanishing helicity amplitudes

Ao(g?),

2m - | p|

V) |4 B*|P

Hoi(q®) = Hy' (q°) = —Hy/* (%) = U
q

Hoo(q%) = Hyl (¢%) = —Hyf (g%

(mp+ +mp)(my. —mp +q*)A1(g%)

1
ZmB*Jc]T[

4m2 . =12

ﬂAz(qz)],

mpx +mp
Hiz(¢®) = HI%(¢%) = ~HY (¢

2mp+|p
— —(ne +mp) A1) F Py g2,
mp+ +mp
/ s s 2mp+|p|
Hy, = HOzL ((12) = _HOzR ((12) = —WAO(42)~ (16)
2.2 Leptonic helicty amplitudes
The leptonic helicity amplitudes are defined as
. 1_ B .

Wiz, = 5€nCow) te(he) T 5, (i), (17

where A+ = A¢—As,,i = VL g, Sp.g,and TVER = y (15
y5), I'SL.R = (1 ys). In the center of mass frame of £ — vy,
the four momenta of £ and v, pair are expressed as

pé‘ = (Ey, |pelsin®, 0, | p¢| cos 0),

Pl = (IPel, —|pelsin, 0, —| p¢| cos 6), (18)

@ Springer
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where E¢ = (¢ +m3)/2/q% | pel = (¢* —m7)/2/q* and
0 is the angle between the three momenta of of P and £. The
polarization vector of the virtual W* boson in this frame is

&(t) = (1,0,0,0), &"(0) = (0,0,0,1),
1
V2

Thus, with Egs. (17) and (19), one obtains the following non-
vanishing contributions

et (£) = —(0, F1, —i, 0). (19)

2

V V m

5 P = 8" = mp). 1h P =8-5(¢ —m)),
2 2:2 2q

[~}

SL.R2 2 2 ViR SL.r
|hll| =4(q” —my), |h11|x|h11|
22 2 2°2

(S]]

my
2/2

2.3 Decay distribution and other observables

The double differential decay rate of B* — P{v, decay
process can be expressed as

4°T = G% EIVMZ 1_m_%
dgq*dcost 19273 m3, 4 q>

x| M(B* — Ptig)|*. Q1)

Now, with Egs. (16) and (20), one can obtain L,, H"" in
terms of Wigner d 7 _functions as [26]

LwH"
1

=3 >

TR S R

J+T pi Jk
(=D iy 3 gy O =y ‘SAB*,—A’W*

(22)
ORI (TN . WY T (23)
WH,AL—1/2 W AM—1/2 B* AW B* Ay
where J and J' take the values 0 and 1 and the various helic-
ity components run over their allowed values. Thus, one can
obtain the differential decay rate to particular leptonic helic-
ity state (A = :I:%) as

N 2
d’T (he = —3) _ G% |pl Vool & l_m_%
dg?d cos @ 76873 m3, 2

x {1+ VLI’[(1 — cos)*H?, + (1 +cos0)? H?_
+2sin® 0 Hiyl + |V I*[(1 — cos 0)* H? _
+(1 +cos0)?H?, + 2sin? 0 Hy ]
—4Re[(1 4+ VL) VEII(1 + cos0)* Hy_H_
+sin® 0 Hyy 1}, (24)

. 2
d’T (e = 3) Gt 17l 2 my 2
a2 = [Vap!” |1 —— ) my
q*d cos6 q

76873 m3,,

x{(|1 + VLI + [VeD)[sin® 0(H2 . + HI_)

@ Springer

+2(Ho; — c0s 6 Hpo)*] — 4Re[(1 4 VL) V}]
x[sin? 0 H_y H,_ + (Ho, — cos 6 Hyp)?]

\/7

FARe[(1 + Vi — VR)(S] — S;‘;)]m—q
4
x [H{, (Hor — cos 0 Ho)]
2
+218, — SR|”—2H5,2}. (25)
my

From Egs. (24) and (25), one can obtain the differential decay
rate as

2
dr G% |pl 2 2 ”’% 2 2
— = 1V, 1-—£ L+ V2P +1V,
il P L 7 [(| L2+ Ve

2 2
2 2 2 my 3my o
x [(H—+ + Hi_ + Hy) <1 + 2qz> + @Hm]
—2Re[(1 + vL)v,;‘][(zH_JrHJr_

2 2

m 3m
+H) |1+ % +—[H2]
00 ( 2q2 2q2 0r

m
+3—€2Re[(1 + VL — VR)(S] — Sg)1Hg, Hor

e
3 /
43180 = el | 26)
where the values of the helicity amplitudes are given in
Eq. (16).

Apart from the differential decay rate, the other NP sen-
sitive observables, considered here are

e Lepton nonuniversality observable:

_ dT(B* — Pt i;)/dg?
~ dT(B* — Pl—v))/dg?’

Rb(¢%) 27)
where [ denotes the light leptons [ = e, u.
e Forward—backward asymmetry:

[0, dcos6(d2T /dg?d cos6) — [y d cos0(d>T /dq*d cos )
fEI d cos0(d?T/dq?d cos 0) + fol d cos0(d?T/dg?d cos ) ’
(28)

Afs(@H =

which can be expressed in terms of the helicity ampli-
tudes as

3
Als(gH ===, 29
FB(q7) 17 (29)
where the parameters X and Y are given as
X = (14 V> = |VRI»)(H?, — H} )

2
m
+2 (q—f) (11 + VL |* + |Vr|*) Ho Hoo
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2
m
+4Re[(1 4+ Vi) Vg] (H+—H—+ - q—fH()zHoo>

+2Re[(1 + VL, — VR)(SF — SR)] Hg, Hoo,

\/?

= (Il +VLIP+ |VR|2) [(HE+ +HI_+ Hgo)

2 2
m 3m
1+ —% |+ —LtH?
8 ( 2q2> 2¢2"

—2Rel(1 + VL)V,;"][(ZH_+H+_ + HZ)

2 2
m 3m
1+ L4 )| +—LtH?
X ( 2q2> 2q2 ot

me * * /
+3\/—7Re[(1 + Vi = VR)(S] — Sp)1Hy, Ho
q
3 21y
+§|SL—SR| HOt' (30)
e Lepton-spin asymmetry:
p, o dT O =—1/2)/dq* —dT (L = 1/2)/dq?

A= dT (he = —1/2)/dg? + dT (hg = 1/2)/dq?” (D

2.4 Form factors and their ¢ dependence

The main inputs required for the numerical analysis are the
values of the form factors. As the first principle lattice cal-
culation results of the form factors for Bl}“ s~ D, Ds(m, K)
transitions are not yet available, we use their values evaluated
in the BSW model [29,30]. Their values at zero-momentum
transfer are listed below

AB=D(0) = 0.75,

VB =D (0) = 0.76,
B — Dy

AB=D(0) = 0.71,
AB=D ) = 0.62,

AB=P(0) = 0.66,

(0) = 0.69,
VBWDS 0) = 0.72,

AB=7(0) = 0.38,

B D0y = 0.59,
Ag ~T(0) = 0.34,

AB=m0) =030, VBT(0) =035,
AF=K0) =028, AR K (0) =029,
B ~K0)=0.26, vBs*K (0) = 0.30. (32)

The g2 dependence of the form factors can be written as,

Ap(0) 2 A1(0)
AgghH ~ —~ A >,
0(g®) " —q2/m%q(0—) 1(g%) | —qz/m%q(l"')
A2(0) 2 V(0)
AgH = — V(D ——
T oy T T T my, o)

(33)

Table 1 Values of pole masses in GeV

Current m(07) m(0+) m(17) m(1+)
iib 5.27 5.99 5.32 5.71
cb 6.30 6.80 6.34 6.73

where mp, (0%) and m Bq(li) are the pole masses whose

values are presented in Table 1. In our analysis, we consider

10% uncertainty in the values of hadronic form factors at
2 _ 0

3 Constraints on new couplings

In this analysis the new couplings are considered to be com-
plex. Considering the contribution of only one coefficient at a
time with all others set to zero, we perform the chi-square fit-
ting for the individual complex couplings. The y? is defined
as

sy OF -0y

© =2 e o

where O;h represent the theoretical predictions of the observ-
ables, Oex symbolize the measured central values of the
observables and (AO;)? = (A(Dth)2 + (AOGXP)2 contain the
lo errors from theory and experiment. We constrain the real
and imaginary parts of new coefficients related to b — ctv;
quark level transitions from the X2 fit of Rpw, Ry/y and
Br(BY — t7v;) observables and the couplings associated
with b — utv; processes are constrained from the fit of th,
Br(B;} — t*v) and Br(B" — 7+t~ v) data. The updated
values of all the observables used for fitting are taken from
[20] and are listed in Table 2. The upper limit on the branch-
ing ratio of B — tv; decay mode with the present world
average of the B, lifetime is [31]

Br(B — thv;) < 30%. (35)

We use the theoretical expressions of these observables and
their SM predictions from [32] and have listed them in
Table 2.

Table 2 Values of the observables used in the fitting

Observables Experimental value SM prediction

Rp 0.340 +0.027 £0.013  0.299 4 0.003

Rp+ 0.295+0.011 £0.008  0.258 = 0.005

Ry 0.71 +0.251 0.289 +0.01

Br(B. — TV) < 30% (3.6 4+0.14) x 1072
R., 0.699 4+ 0.156 0.583 4 0.055

Br(B, — V) (1.09 £0.24) x 1074 (8.48£0.5) x 1077
Br(B® > 7trv) <25x 1074 (9.40 £0.75) x 107

@ Springer
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Fig. 1 Constraints on 15F ' i ' ' 3 ) ' i ' ik
individual new complex
coefficients associated with 1.0f
- : 0.5+ -
b — ct, processes from the
X2 fit of Rpw, Ry/y and upper
. N 0]
limit on Br(B” — 17 v;). Here
the red, blue and green colors ; ;n:'
stand for 1o, 20 and 30 = 00} = 00 .
contours respectively. The black E E
dots represent the best-fit values —05[
-1.0¢ =0.5} ]
-15L . . . \ . a . : . . .
-25 =20 -15 -10 -05 00 05 -04 -02 0.0 0.2 04
Re[V/] Re[Vrg]
15F L5F - ' - - - g
1.0+ 1.0+ —
0.5- 0.5 -
= 2
2 o0} @ oo00f ]
E E
-0.5¢- -0.5¢ -
-1.0¢ -1.0} 1
-1.5E . . . R -1.5¢ . . . . . J
-1.0 -0.5 0.0 0.5 1.0 -20 -15 -10 -05 00 05 1.0
Re[S.] Re[Sg]

In Fig. 1, we present the constraints on V, (top-left panel),
Vg (top-right panel), S (bottom-left panel) and Sk (bottom-
right panel) coefficients of b — ¢ mediated decay modes
and the corresponding plots for the coefficients of b — u
are shown in Fig. 2. It should be noted that, the best-fit
values are degenerate in the presence of Vi coupling (Vp,
Sz and Sg couplings) for b — ¢ (b — u) processes
and for each of these couplings, we have considered only
benchmark values. The best-fit values and the correspond-
ing 1o ranges, which are obtained from the joint confidence
regions of the real and imaginary planes of these new cou-
plings, are presented in Table 3. The x2/d.o.f, as well as

the pull >~ ./ XSZM — Xl%estfﬁt’ for all the coefficients are also

listed in this Table. One can notice that, the Wilson coefficient
corresponding to b — ¢ scalar operators have x2/d.o.f > 1,
which implies that the fit is not robust. However, the pull val-
ues of Vy, g coefficients of » — ¢ implicit that the measured
data are consistent with our model in the presence of either
V1, or Vg and can be a viable candidate for explaining the
b — ctv; anomalies.

@ Springer

4 Effect of new coefficients on
B;‘,s — (D, Dy, t, K)tv,; decay modes

After collecting all the theoretical expressions of required
observables and getting knowledge on the allowed ranges of
new parameters, we now proceed towards numerical analysis.
The particles masses and the values of the CKM elements
and the Fermi constant Gz are taken from PDG [20]. The
values of the current quark masses used in this analysis are
as mp = 4.2 GeV, m, = 1.3 GeV, and m,, = 2.2 MeV. The
g* dependence of the form factors, required for numerical
estimation are already discussed in section II. As the lifetimes
of B* mesons are not yet measured, we impose the fact that
for these mesons the electromagnetic transitions B* — By
are the dominant ones, and hence I'yo((B*) >~ I'(B* — By)
and use the following results

['(Bj — Bqy) = 0.148 £0.020 KeV [31]
I'(B*" — BTy) = 046870073 Kev [31]

I'(Bf — Byy) ~0.07KeV [32]. (36)
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Fig. 2 Constraints on 2F T i T g 2F T T T T ]
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Table 3 Best-fit values and corresponding 1o ranges (for one benchmark set only) of the new complex coefficients
Decay modes New coefficients Best-fit lo range x2/d.o.f Pull
b — cti,; Re[VL], Im[VL]) (—1.233, 1.045) ([—1.32, —1.075], [1.021, 1.067]) 1.151 2.982
(Re[Vg], Im[VRg]) (—0.0034, —0.3783) ([—0.030, 0.025], [ 0.438, — 0.31]) 1.145 2.984
(Re[S.], Im[S.]) (0.097, 0) ([0.041, 0.15], [ 0.257, 0.257]) 4.213 1.663
(Re[Sgr], Im[Sgr]) (—0.695, —0.777) ([—0.93, —0.55], [—0.835, — 0.72]) 2.175 2.616
b— utv; Re[VL], Im[VL]) (—0.915,1.108) ([—1.45, —0.65], [1.02, 1.19]) 0.131 1.160
(Re[Vg], Im[Vg]) (—=0.116,0) ([—0.205, — 0.025], [— 0.41, 0.41]) 0.066 1.215
(Re[SL], Im[SL]) (—0.024,0) ([—0.042, — 0.004], [— 0.092, 0.092]) 0.093 1.192
(Re[Sg], Im[Sg]) (—0.439, 0.005) ([—0.457, — 0.421], [— 0.092, 0.092]) 0.093 1.192

From Eq. (36), it should be noted that ' (B*+ > 1Ty (B3)),
so the branching fractions of B** — Py, processes are
roughly one-third of B — P{v,. Hence, those results are
not presented in this work. Furthermore, we assume that the
new physics will couple only to third generation leptons, so
the B, — Py processes will not be affected by the
presence of new physics operators, and their standard model
branching fractions are listed in Table 4, which are expected
to be within the reach of LHC experiment.

The B;‘s — (D, Dg)T ™ v, processes proceed through
b = ¢ qliark level transitions, so we use the constrained
values of the new couplings obtained for b — ctv; in order
to calculate the associated observables of these processes.
Similarly we use the allowed parameter space obtained for
b — utv; process to compute the observables associ-
ated with By - — (7, K)T~ V; decay process as they are
mediated by b — u quark level transitions. In the follow-
ing subsections, we discuss the effect of the presence of

@ Springer
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Table 4 Branching fractions of Bj . — Puby, processes in the Stan-
dard Model

Decay processes SM branching fraction

Br(B* — D*u"v,)
Br(B} — D} u"v,)
Br(B* — 7t u~v,)
Br(B —> KTp~v,)

(9.318 4+ 1.901) x 1078
(1.709 + 0.349) x 1077
(1.487 +0.401) x 10~°
(1.618 4 0.437) x 10~°

one Wilson coefficient at a time on various observables of
B} — (D, Dy, 7, K)Tv, decay modes.

4.1 Effect of V} only

Here we consider the case, where the additional contribution
to the SM Lagrangian arising only from Vy, coefficient and
all other new coefficients are set to zero i.e., (S = Sp =
Vg = 0). Using the best-fit values and 1o allowed param-
eter space of V, obtained from the X2 fit of Rpw, Ryy,
Br(B} — ttv) for b — ctv transitions (R, Br(B° —
ntt7D), Br(Bf — ttv) for b — utv transitions), we
then calculate the differential decay rate, LNU observable,
lepton spin asymmetry and forward—backward asymmetry
of B — D¥rv and B¥ — Dftv (B — n¥rv and
B¥ — KT tv)decay processes. In the left panel of Fig. 3, we
show the ¢2 variation of decay rate (top) and R7, observable
(bottom) of B*® — D%ty process and the corresponding
plots for B*® — 7+ tv channel are presented in the right
panel of this figure. Here the blue dashed lines correspond
to the SM prediction and the cyan bands represent the lo
uncertainty, arising due to the errors in CKM matrix ele-
ments, hadronic form factors and the lifetime of B* meson.
The solid black lines are obtained by using the best-fit values
of the left handed vectorial new V, coupling and the orange
bands represent the 1o allowed ranges, which includes the
SM uncertainties as well as the uncertainties due to the new
couplings. From the plots, one can notice significant devia-
tion in the branching ratios and LNU observables from their
corresponding SM predictions due to presence of additional
Vi coefficient. To quantify these deviations, we define the
pull metric at the observable level as

NP SM
Oi — Oi

\/ AONP? L AOSM?

Pull; = (37)

where the index i runs over all observables, (’)iSM and OZNP
denote the values of the observables in SM and NP scenarios
and AOiSM, AO}.\IP are the corresponding 1o uncertainties.
We thus, obtain Pull, gx) = 0.530 (4.0) for B* — D*rv
process and Pullg; R:) = 0.399 (1.239) for B* — mtv
process. The Pull value for R}, and R} are found to be
large as the SM uncertainties cancel out in these observ-

@ Springer

ables, thus providing significantly large pull value. The plots
for BY — D}'tv (Bf — K™tv) process follow the same
form as B*® — D*trv (B*® — 7T tv), and hence, are not
included in this article. The numerical values of these observ-
ables are presented in Table 5. Furthermore, no deviation
has been observed in the forward—backward asymmetry and
lepton-spin asymmetry observables from their SM results,
so we don’t provide the corresponding plots. The values of
g? at which the forward—backward asymmetry vanishes are
provided in Table 7.

4.2 Effect of Vg only

In this scenario, we explore the effect of only Vg coeffi-
cient on the decay rate and angular observables of B* —
(DT, mT)Tv, processes. Using the best-fit values and cor-
responding lo allowed ranges of Vg coefficients associ-
ated with b — (c, u)tv, transitions, we present the plots
for the decay rate (left-top panel), R}, (left-middle) and
forward-backward asymmetry (left-bottom panel) of B* —
D' tv decay modes in Fig. 4. The corresponding plots for
B* — mtrv process are depicted in the right panel of
Fig. 4. Here the solid black lines are obtained by using
the best-fit values of new Vg couplings and the gray bands
by including 1o uncertainties of all input values. Reason-
able deviation in all the observables (except the lepton-
spin asymmetry) from their SM results are found due to
the presence of additional Vg coefficient, with Pull values
Pullp, /gt /aps = 0.429/3.21/3.391 for B* — D v pro-
cess and Pullgy/gs /ap; = 0.368/1.203/1.323 for B* —
mrv. In Table 5, we present the numerical values of decay
rates and all these parameters. Due to the additional contri-
bution from Vj coefficient, we notice deviation in the zero
crossing of the forward—-backward asymmetry towards high
g? and the ¢? values of the zero crossing point are given in
Table 7.

4.3 Effect of Sy, only

In this subsection, we consider the contribution of S; new
coefficient by assuming that all other new Wilson coeffi-
cients have vanishing values. As seen from Figs. 1 and 2,
the S parameters are severely constrained by the current
data. Within the allowed parameter space for Sy, coefficient
presented in Table 3, we show the ¢ variation of lepton-spin
asymmetry (top) and forward—backward asymmetry (bot-
tom) of B* — D%1d (B* — mt1D) process on the left
panel (right panel) of Fig. 5. Here the plots obtained from
the best-fit values (1o range) of Sy, coupling are represented
by dashed black lines (red bands). The numerical values of
these observables are given in Table 6. With the additional
Sp, contribution, the deviation in the branching ratios and
LNU observables from their SM predictions are found to be
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Fig. 3 The ¢ variation of differential decay rates and LNU observ-
ables of B} — D+t v; (left panel) and B) — 77TV, (right panel) in
presence of only V; new coefficient. Here the blue dashed lines repre-

sent the standard model predictions. The black solid lines and the orange
bands are obtained by using the best-fit values and corresponding lo
range of V. coefficient

Table S Predicted numerical
values of differential decay rate,
LNU observables, lepton spin
asymmetry and

Observables

SM Predictions

Values with V.

Values with Vg

Br(B* — Dt 9,)

(2.786 +0.568) x 1078

[2.646, 3.679] x 1078

[2.444,4.019] x 10~8

forward—backward asymmetry R, 0.299 [0.328,0.357] [0.330, 0.358]
of B} ) = DT (D}t~ v, and AP 0.576 0.576 0.576
B}, — mH(K*)Ti; decay Ay —0.054 —0.054 [—0.027, —0.004]
ﬁiiﬁeeii?;f“ ‘t/TRSIC\f,é}%ii?nze Br(BX — D}t 9,) (5.074 £ 1.035) x 1078 [4.818,6.701] x 1078 [4.453,7.320] x 1078
R}, 0.297 [0.326, 0.354] [0.327, 0.356]
AP 0.573 0.573 0.573
AR, —0.053 —0.053 [~ 0.025, —0.003]
Br(B* — nt17 ;) (1.008 £0.272) x 10~° [0.771,1.821] x 10~° (0.767,1.781) x 10~°
R: 0.678 [0.710, 0.965] [0.707, 0.943]
AT 0.781 0.781 [0.780, 0.781]
A%y —0.209 —0.209 [—0.198, —0.127]
Br(B — K*t ;) (1.034 £0.279) x 1070 [0.791, 1.869] x 10~ [0.787, 1.818] x 10~
R% 0.639 [0.670, 0.910] [0.666, 0.885]
AK 0.747 0.747 [0.745, 0.746]
AL —0.207 —0.207 [—0.196, —0.123]

minimal. Though the lepton spin asymmetry and forward—
backward asymmetry observables of B* — D™t channel
provide slight deviation from their SM results, the deviation
is negligible in the B* — 7"t modes. The zero crossing

point of the forward-backward asymmetry of B¥* — DT 1v
process shifted sightly towards the low ¢2 region. The Af;B
vanishing values of ¢ predicted from the best-fit values and
1o range of new Sy, coefficient are presented in Table 7.

@ Springer
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Fig. 4 The ¢ variation of differential decay rate, lepton nonuniver-
saity parameter and forward-backward asymmetry of B — Dtt7v
(left panel) and B(’; — T (right panel) in presence of new Vi coef-

4.4 Effect of Sk only

Here we investigate the observables of B¥ — (DT, 7 ™)d
decay modes by considering the presence of only additional
Sk coefficient. Using the available experimental data on
b — (u, c)Tv transitions, we fit the corresponding Sr coef-
ficients, which is already discussed in section II. In the left
panel of Fig. 6, we present the ¢ variation of decay rate
(top), R}, (second from top), lepton spin asymmetry (third
from top) and forward-backward asymmetry (bottom) of
B* — DTt and the corresponding plots for B¥ — 7t
are shown in the right panel. Here the black dashed lines
(magenta bands) are obtained from the best-fit values (1o
range) of Sk coupling and other input parameters. In this case

@ Springer
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ficient. The black solid lines and the gray bands are obtained by using
the best-fit values and corresponding 1o range of Vg coefficient

also, the deviation in the lepton spin asymmetry and forward—
backward asymmetry observables are comparatively large,
whereas the deviations in the branching ratios and LNU
observables are nominal. The numerical values are presented
in Table 6. From Fig. 6, one can notice that the zero crossing
point of the forward—backward asymmetry deviates signifi-
cantly towards left (low ¢ region) and the corresponding ¢
values of the crossings are shown in Table 7.

5 Summary and conclusion

The rare decay modes of B mesons have been extensively
studied both theoretically and experimentally in order to crit-
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Fig. 5 The ¢? variation of lepton spin asymmetry and forward—backward asymmetry of B; — D*1t7v; (left panel) and B:; — T, (right
panel) in presence of S;, coefficient only. The black dashed lines and the red bands are obtained by using the best-fit values and corresponding 1o

range of Sz, coefficient

Table 6 Predicted numerical
values of differential decay rate,
LNU observables, lepton spin
asymmetry and
forward-backward asymmetry
of Bj ) — DT (DT~ v, and
B; = 7T (KT, decay
processes in presence of Sy g
coefficients

Observables

Values with Sp

Values with Sg

Br(B* - Dt 9,)
R}
AL
D
AFB
Br(B — Dt ;)
R},
AP
Dy
AFB
Br(B* — ntr ;)
R:
AT[
Afp
Br(Bf — KTt ;)
R
AK

K
AFB

[2.193,3.344] x 1078
[0.296, 0.298]
[0.581,0.594]
[—0.066, —0.058]
[3.993, 6.089] x 10~8
[0.293, 0.296]
[0.578,0.591]
[—0.065, —0.056]
[0.736, 1.285] x 10~
[0.678, 0.680]

[0.774, 0.780]
[—0.208, —0.204]
[0.755, 1.320] x 10~
[0.640, 0.642]

[0.738, 0.746]
[—0.207, —0.202]

2.180,3.251] x 1078
0.290, 0.294]
0.604, 0.626]

0.126, —0.096]
3.968,5.916] x 1078
0.287,0.292]

0.601, 0.624]

0.126, —0.095]
0.719,1.250] x 10~°
0.662, 0.663]

0.822, 0.823]

0.254, —0.251]
0.732,1.273] x 10~°
0.619, 0.620]

0.800, 0.802]

[
[
[
[—
[
[
[
[—
[
[
[
(-
[
[
[
[—0.260, —0.256]

ically test the standard model prediction and to look for new
physics beyond it. In this regard, the rare decay channels of
the corresponding vector mesons i.e., the B* decay modes
are essential as they can provide complementary ways to go
beyond the standard model. However, the weak decay chan-
nels of B* vector mesons are not much explored experimen-

tally as they decay dominantly through electromagnetic pro-
cess B* — By.Recently, with the advent of high luminosity
LHCb experiment the sensitivity for the branching fractions
of various rare decay modes is expected to reach the level
~ O(10~%). Thus, the LHCb would be an ideal platform to
explore the rare decay modes of B* mesons.
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Fig. 6 The ¢ variation of differential decay rate, LNU observable,
lepton spin asymmetry and forward—backward asymmetry of B} —
D+t~ 9, (left panel) and Bf — mF7i, (right panel) in presence of

In view of the recently observed anomalies R ¢, Ry, Rf,

involving the charged current b — (c, u)lv transitions, we
have performed a model independent analysis of the semilep-

@ Springer

0.20

0.15

dridg?x 10'®

0.00

SM (10)
— Sr(10)

— Sgr Best-fit

10

15
q° [GeV?]

20 25

0.8

0.6
k< 04
<

0.2

0.0

0.3
0.2

0.1

';:E 0.0
0.1
0.2
-03

5 10 15 20 25
q* [GeV?]
— Sg(10)
2 — Sg Best-fit ]
!
e —— SM
5 10 15 20 25
9% [GeV?]
— Sgr(10)
————— Sgr Best-fit ]

10

15
q° [GeV?]

20 25

Sr coefficient only. The black dashed lines and the magenta bands are
obtained by using the best-fit values and corresponding 1o range of Sg
coefficient

tonic decay process of B* vector meson decaying to a pseu-
doscalar meson P, where P = D, Dy, m, K, along with a
charged lepton and corresponding antineutrino. We consid-
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Table 7 The ¢ values (in

Model B% — Dtv B — mwtv B* — Dgtv B* - Ktv
GeV?) of the zero crossing of d ’ d i : T : ‘
forward—backward asymmetries SM 5.93 6.13 5.96 6.26
of B} . — PtV decay modes
in theJSM and in the presence of Vi only (best-fit) 6.88 6.88 6.92 7.03
individual Vg, Sz g coefficients. (o) [6.56,7.25] [6.28,7.54] [6.59, 7.28] [6.42,7.70]
The presence of additional VL2 S, only (best-fit) 5.75 6.19 5.78 6.33
coefficient don’t change the ¢ (1) [5.66, 5.85] [6.14, 6.23] [5.69, 5.88] [6.28, 6.37]
crossing values of the Agg

Sk only (best-fit) 4.80 5.13 4.82 5.22

(lo) [4.48,5.01] [5.09, 5.17] [4.49,5.03] [5.18,5.26]

ered the generalized effective Lagrangian in the presence
of vector and scalar type new physics operators. Consider-
ing only one new coefficient to be present at a time, and
assuming the new couplings as complex, we constrained
the new parameters associated with b — ctv; processes
by performing x? fit from R pt»> Ryy parameters and the
upper limit on B’ — ttv; branching fraction. The new
couplings of b — utv; processes are constrained by using
experimental data on the branching ratios of B, — tv; and
B — mtv, and R! parameter. Using the best-fit values and
the corresponding 1o ranges of new individual complex Wil-
son coefficients, we computed the branching ratios, forward—
backward asymmetry, lepton spin asymmetry and lepton non-
universality observables of Bj . — DY (D)t v, and
B;!(S) — 7T (K 1)1, decay processes. We have also shown
the values of g2 at which the forward—backward asymmetry
vanishes. The branching fractions and LNU observables of
these decay modes in the presence of additional Vi coef-
ficient have significant deviations from their corresponding
standard model predictions, whereas no deviations have been
found in the lepton spin asymmetry and forward—backward
asymmetry observables. Due to the additional contributions
from Vx new coefficient, profound deviations have observed
in the decay rates, lepton nonuniversality observable and the
forward—backward asymmetry of both B* — (D, )7,
processes. Due to the presence of Vg coupling, the zero cross-
ing of forward—backward asymmetry has shifted towards
high ¢? region for all decay modes. In the presence of S
coefficient, none of the observables are affected and there is
practically no deviation from SM results. Only the lepton-
spin asymmetry and forward-backward asymmetry observ-
ables of B* — D1, show slight deviation due to additional
St coupling. On the other hand, in the presence of Sk cou-
pling, the lepton spin asymmetry and the forward—backward
asymmetry show reasonable deviations from their SM pre-
dictions and the decay rate lepton nonuniversality observ-
ables remain unchanged. The zero crossing of forward—
backward asymmetry of all decay modes in the presence of
Sk coefficient is found to be shifted towards low g2 region.
To conclude, we noticed significant deviations in some of the
observables from their standard model predictions in pres-

ence of new couplings. The observation of these decay modes
of vector B* mesons at LHC experiment will definitely shed
light on the nature of new physics.
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