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Abstract In recent years, the experimental results about
the ratio of the branching ratios Ry and R, which are
in the semileptonic b — clv; and b — sITI~ decays, have
been observed to deviate from the Standard Model predic-
tion by 1.40, 2.50, 2.40 and 2.20 respectively. Motivated
by these anomalies and by the abundant B* data samples,
we investigate possible New Physics effects of the vector
leptoquark in the semileptonic decay B;‘ dse = VTTig
(V = D, .. J/). which is induced by b — ct ™, at
the quark level. Using the best fit solutions for the new
operator Wilson coefficients and the relevant form fac-
tors which are obtained in the light-front quark model, we
find that (i) the contributions of the vector leptoquark to
dr® /dg*(Bf , . — Vi i) and R} (¢?) to be sig-
nificant; (ii) the two best fit solutions in the vector lepto-
quark are indistinguishable from each other and give similar
amounts of enhancements to these two observables; (iii) both
two cases of the vector leptoquark give nearly same results
as those of the Standard Model for A} B (qz) , P; (qz) and
F Z‘V(qZ). We hope that the numerical results in this work
will be tested in the future high energy experiments.

1 Introduction

The imprints of New Physics (NP) beyond the standard model
(SM) can be tested via both the direct approach and the indi-
rect approach. Though no direct evidences about NP beyond
the SM have been found in the high-energy collider experi-
ments, there are some interesting indirect hints of NP in the
semileptonic B meson decays via both the neutral current pro-
cess b — sIT1~ and charged current process b — clv;. Over
the past few decades, many intriguing hints of NP have been
observed in the form of lepton flavour universality (LFU)
observables for semileptonic B decays and some anomalies
in these decay processes have also been observed, which
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indicate (1 — 30) deviations from the SM predictions. The
SM predictions and the corresponding experimental values
of various lepton nonuniversality (LNU) observables with
their deviations are listed in the Table 1.

Unlike the branching fractions which are largely affected
by the uncertainties that originate from the Cabibbo Kobayashi
Maskawa (CKM) matrix element and the hadronic from fac-
tors, all the observables which are presented in the Table 1
are ratio of the branching fraction and the reliance of these
observables on the CKM matrix element exactly cancels each
other out.

The uncertainties due to the form factors can also be
largely reduced in these ratios, resulting the prediction with
high accuracy. Hence, the clear disagreements between the
experimental measurements and the SM predictions strongly
indicate possible NP. Therefore, the lepton flavor universality
violation (LFUV) will be considered to be the most powerful
tools to probe NP beyond the SM. The observed Rp) and
Rk anomalies, if confirmed by future more precise data,
will be clear signs for NP beyond the SM, and have already
attracted lots of many theoretical studies [24—49]. For arecent
review, the readers are referred to Refs. [S0-52] and relevant
references. In this paper we will pay our attention to the
possible NP solutions with a single vector leptoquark (LQ)
scenario [53]. As discussed in the Ref. [53], the Ry, Rpeo
and the angular observable P! of B — K*u"p™ decay pro-
cess have been addressed by one vector LQ transforming
as (3,3, %) under the SM gauge group. At the same time
those anomalies can also be explained by adding to the SM
one TeV-scale scalar LQ transforming as (3, 1, —%) under
the SM gauge group [54]. After considering the constraints
from both the experimental results of R - anomalies and the
contributions of a vector LQ to the B — D™ i, process,
two best-fit solutions which are denoted as R4 and Rp are
found for the operator coefficients and given in the Ref. [55].
Furthermore, many theoretical works have been done based
about the NP effects of Rpw anomalies on the A, —
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Table 1 List of the measured LNU observables
LNU observables Experimental data SM prediction Deviation
Rkl 2¢1.61Gev? 0.84670 000001 1] 1.003 % 0.0001 [2,3] 250
RK+1,2¢(0.045.1.11Gev? 0.66" 011 +0.03 [4] 0.92 +0.02 [5] 220
R+ 2eq1.1.61Gev? 0.697044 +0.05 [4] 1.00 £ 0.01 [6] 2.40
Rp 0.340 + 0.027 + 0.013 [11-15] 0.299 4 0.003 [7-11] 140
Rp+ 0.295 4 0.011 + 0.008 [11] 0.258 4 0.005 [11,16-19] 2.50
Ry 0.71 4 0.17 4 0.18 [20] [0.28-0.28] [21,22] 20
FP 0.60 + 0.08 & 0.04 [23] 0.441 £ 0.006 [24] (0.46 + 0.04 [25]) 1.80(1.40)

AT [30,56,58-62], By, — D (K ®)ri, [27,28,63,64],
Ep — Ectvr [32,33,57] Bc — nc(J/¥)Tve [65,66],
B* — Pti, [67-69].

In addition to B meson, the B* meson with the vector
ground state of bg system and with quantum number of
n»t1L; = 138; and JP = 17! [70-73] can decay B* —
Vivy(V = D;,d,s’ J /W) which are induced by the b — clv;
transitions at quark level. Therefore, in this case, the corre-
sponding NP effects might also contribute to the semileptonic
B* decays as well. In addition, because the B* meson is an
unstable particle and mpr—mp, < 50MeV < my, so it can-
not decay via strong interaction [74]. The B* meson decay
is mainly dominated by the radiative process B* — By and
the B* semileptonic decay modes B* — VI, which are
considered in this work are very rare. Though there is no
corresponding experimental information about B* due to the
limited center of mass energy, we hope that the running LHC
and upcoming SuperKEKB/Belle-II experiment will make it
possible for the B* weak decays in the future.

Recently, some interesting theoretical research for the B*
weak decays have been done within the SM and the NP sce-
narios [65,75-80]. Motivated by these facts that a vector LQ
can explain the anomalies in the b — c(u)lv;andb — sIT1~
processes , in this work we will pay our attention to the contri-
butions of the vector LQ for B* — VIv(V = D:,d,s’ J/W).
Using the best fit solutions for the Wilson coefficients of
the new operator by the current data of meson decays and
the relevant form factors resulted in the light-front quark
model, we will investigate the contribution of vector LQ
to some ¢> dependent observables, such as the differential
branching fraction d Br") /dg?, the ratio of the branching
fraction R";(L) (g?), the lepton forward-backward asymmetry
AZF B (¢?), the longitudinal polarization fraction of the daugh-
ter meson F:V (¢%) and the lepton spin asymmetry P (g2).

The layout of the paper is as follows. In Sect. 2, we
briefly introduce the SM extended by adding a vector LQ
Us(3, 3,2/3) that generate left handed current with quarks
and leptons and the contribution to the B* — V1, pro-
cesses. Theoretical framework for B* — V1, are presented
in Sect. 3. The helicity amplitudes and all definitions of phys-
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ical observables for the semileptonic B* — Vti, are also
shown in the section. Section 4 is devoted to the numerical
results and discussions about the NP effects of the vector LQ
to some observable. Finally, we will present a brief summary
of our results and main conclusions in Sect. 5.

2 Review of the vector Leptoquark model

We start with the most relevant effective Hamiltonian for the
quark level transition b — ctv; containing both the SM and
the possible NP operators [81-84]

4G
‘%f = _\/ZF Vcb[(l + VL) ﬁVL + VRﬁVR + SLﬁSL

+SrOs;, + TﬁTi| + h.c.,

where G is the Fermi coupling constant, V., is the CKM
matrix element. We note that the NP coupling parameters V ,
VR, Sr, Sk and T characterizing the NP contributions com-
ing from the new vector, scalar and tensor NP operators are
associated with left handed neutrino and these NP coupling
parameters are all zero in the SM. In our paper, we mainly
focus on a study of the vector type interaction with the NP
coupling parameter V. The Fermionic operators Oy, , Oy,
Us,, Us, and O are defined as,

Ov, = (ev"br) (Fvuver). Ovg = (Cyubr) (TLyuvie)
Os, = (¢br) (TrRv: L), Osg = (CbR) (TRV- L) »

Or = (EO’lwa) ('ERquVr L) .

Here, 0,y = i[yu, yv1/2. (b, T, v¢),r = Pr r(b, T, V) are
the chiral quark (Iepton) field with P, g = (1 F y5)/2 as the
projection operators.

One simple way to obtain a new physics contribution to
b — clv; is to use a LQ which couples to the second- and
third-generation fermions.

In the Ref. [53], the SM was extended by a vector SU (2),
triplet LQ generating purely left handed currents with quarks
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and leptons. The vector triplet U3, which transforms under
the SM gauge group (3, 3, %), couples to a leptoquark current
with V — A structure and the coupling can be written as

Ly = 8ij0iyut U, Lj + He., (1)

where i, j = 1, 2,3 are generation indices; the Q;(L;) is
the left handed quark and lepton doublets, respectively. The
74(A = 1, 2, 3) are the Pauli matrices in the SU(2), space.
For simplicity, we take the constraint that couplings g;; are
real and it is defined as the couplings of the O = 2/3 com-
ponent of the triplet U32 f to dr; and I ;- Expending other

SU (2); components U35 l/f and U3_u1/ 3 and with the CKM
matrix V from the left or Pontecorvo Maki Nakagawa Sakata
(PMNS) matrix %/ from the right [85,86], the Lagrangian in
the Eq. (1) can be written as

2/3 _ 5
Luyy = Ug(,/ )[(Vg%)ijuiV“Pij — gijdiy" Prt;]

5/3 -
+ U3(H/ )(ﬁVg)ijuiy“PLﬁj

+US D (V2g%)ijdiy" PLvj + Hee., )
here we will assume that the neutrinos is massless and the
PMNS matrix can be rotated away via field redefinitions.

The semileptonic decay b — ctv, can also be mediated
via exchange of the vector multiplet Uél at tree level. The
resulting effective weak Hamiltonian including the SM con-
tribution and LQ correction can be written as [53]

GrVep
HEff = ﬁc

(14 Vo)eyu(1 = ys)bTy" (1 = ys)ve, (3)

we can find that the vector LQ only generates (V-A) cou-
plings and the corresponding NP coupling parameter from
the vector LQ model can be written as

V2 g (Ve

vV, =
LT 4GV M}

“

The lower limits on the masses of the LQs in the model
independent have been pushed to a TeV scale by the direct
searches about the LQs. In our numerical results, after tak-
ing into account the constraints on the vector LQ mass by
CMS collaboration [87,88], the mass of the vector LQ My is
hypothesized to be 1TeV. It should be noted that in this model
the vector LQ could explain the Ry and Ry simultane-
ously, as shown in Ref. [53]. From the results of X2 fits to
the measured ratios R and acceptable g? spectra done in
Ref. [55], we learn that at 1o we have the following two best
fit solution

0.18 £0.04 Ry

s _
8pe (V8)er _{ —2884+0.04 Rp’ ®)

and for the two best fit solution cases, the coefficients 1+ V.
can be got and rewritten as

1.133 £ 0.030 forRx

—1.135+£0.030 forRp’ ©

1+VL={

although the fit results R4 and Rp are quite different, the
coefficients 1 + V. they induced have nearly same abso-
lute values for two solutions. Currently, it is very hard for
us to differentiate these two solutions, and this is the key
to explaining the phenomenon that NP contributions in R4
and Rp overlap each other in our figure which are shown in
Sect. 4.

3 Theoretical framework for B* — VIy;

From Eq. (3), we can get the amplitude of B* — VI, and it
can be expressed as the product of the hadronic matrix ele-
ment and leptonic current. The square of the matrix element
can be written as the product of leptonic (L, ) and hadronic
(H™V) tensors. So the square amplitude can be written as

_ G2
IM(B* — VIi)|* = 7F|vcb|2LwH'~‘“

G2
= FWVal? D0 Lo mH 1) gmm g (1)

m,m’,n,n’

It should be noted that the polarization vector of the off-
shell particle W*(&*(m)) satisfies the orthonormality and
completeness relations

é*”(m)éﬂ(m/) = 8mm’ (®)
S E )" ) g = 8" ©)
mm’

where g, = diag(+, —, —, —) and m, m’ = +,0, 1 rep-

resent the transverse, longitudinal and time-like polarization
components. So it is noted that L(m, n) = L*Vg, (m)&}(n)
and Hm,n) = H “”é;(m)év(n) are both lorentz invari-
ant and can be evaluated independent in specific reference
frames. For convenience, we will calculate H(m,n) and
L(m,n) in the B* meson rest frame and the virtual W* rest
frame, respectively [79].

3.1 The helicity amplitudes of B* — VI decays

For hadronic part, the helicity amplitudes Hi i geny of
B* — VIv; decays are defined as [80]

Hypyrgeiny @) = (Vv a)IEvu (L — y5)bIB* (p e, hpe))E*H (hyp)

@ Springer
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which can describe the decay of B* meson into a vector V
meson and a virtual W*. Both parent meson B* and daughter
meson V have three helicity states A g«(yy = 0, &, but W* has
four helicity states Ay+ = ¢, 0, &. Then the hadronic matrix
elements (V(py, Ay)|cy, (1 — y5)b|L_?*(pB*, Ap+)) can be
parameterized in terms of various form factors [89,90].

(V(e2, pv)|cyub|B*(e1, pp+))
= (1) [~ Pu V(@) + qu Vala?)]
+ # AAGErAAT]
— (e1-9) &3, V5(q®) + (&5 - @) £1, Vo (g?).
(V(e2, pv)Icysyub|B*(e1, pp+))
= —it napetel [P" A1gH) —¢" Az(qz)]

i - q

- ﬁ??;waﬂslfpaqﬁ A3(q2)
I’I’lB,F — mv
ig1-q
+ ————euapes’ PP Auq?) (10)
mB* — I’I’lv

here we will use sign convention £0123=—1.

In the rest frame of B* meson, we will consider the daugh-
ter vector meson V to move along +z direction. The momenta
of the mesons B*, V and virtual W* are written as

Pg* = (mB*a 07 07 0)7

Pg = (Ev, 0,0, |pl),

q" = (4°,0,0,—Ip), (11)
where ¢° and p are the energy and momentum of the virtual
W*. Besides, ¢ = mp« — Ey = (m%, —m?%,+q*)/(2mp+),
Ipl = AY2(m%., m%,, ¢*)/2mp+, withA(a, b, ¢) = a®+b*+
c? = 2(ab + bc + ca) and ml2 < g% < (mp+ —my)?. The

polarization vectors of the mesons B* and V can be written
as

£ (0) = (0,0,0, 1),

1
—(0, F1, =i, 0);
ﬁ( T )

1
£5(0) = —(Ipl, 0,0, Ey),
my

el () =

1
= —(0,F1, —1,0). 12
ﬁ( Fl.-i.0) 12)

The polarization vectors of W* boson, are conveniently cho-
sen as following

gy (£)

_ 1
g () = —=(¢°,0,0, —|p),

\/(?

1
——(Ipl, 0,0, —¢%,

\/CF

§4(0) =

@ Springer

gh(t) = %(O,:I:l,—i,O), (13)

In the [ — v; center of mass frame (virtual W* rest frame),
the four-momenta of / and v; pair can be expressed as
= (Ey, |pi|sin6;, 0, |py| cos 6;),
ply = (pil, —Ipilsin6;, 0, —|py| cos 6y), (14)
with E; = (¢ +ml)/2\/ L il = (g% — ml)/2\/ ,and
0 is the angle between V andl three-momenta. At the same

time, in this frame, the polarization vectors of W* boson are
written in the form

gh) = (1,0,0,0),

§4(0) = (0,0,0, 1),
Fh(4) = %(0, 1, —i, 0). (15)

In the B* meson rest frame, after contracting above
hadronic matrix elements with the polarization vectors, the
non-vanishing helicity amplitudes can obtained and written
as

m?, mp|p|

m
Hor(q%) = =2 =" 4147 + /> A2(g’ )4 2me Ly 2
vfl vfl
2mp+|p| *
Hiyy(g®) = — B g+ 2 Vv1<q ) —Ja2Va(g®),
\/‘1 vdq
2 2
m%. +3m? — g* (m%y. —m? — g%
Hoo(@® = -2V = A¢H+ %Az(f)
2my 2my
2 2* 2
_ sz [pl . A3(q2) mpx lpr( 2)
my (my. —my)
2 2
Mpe — M mp=|p|
Ho—— (") = o= A1G7) —q?Aa(g®) + Bile 4>,
vq vq
2mp=|p| 2
Hi-—(¢*) = ArgH+ 2 Vv1<q ) =42 Va(g?),
vl] Vvq
m2*+3m _qZ (mZ*_mZ _qZ)
Hiogh = 22—V T A(¢H - LV 44>
2my 2my
2m?%. |pl? mpe|p|
— AP - ——— Vs(gD),
my (myg. —my,) m
3m%. +m? —q? (m%. —m3 +q%)
Hiop(qh) = =BV = A1¢> - —E VT2 a(¢H
2m g 2mp
2mpx| |
+ P 44(@?) — Vs (D).
mB* —mv
3m%, +m? —g* (m%, —m% +q%)
Ho_(¢>) = -2 YV — A(¢H+—E—L " a»
2m3* 2m3*
2mp+|p|?
— o Aala) — IpIVs (@),
Mg« mv
Ipl(m%. +m% — g% 2m%. pl?
Hon(q?) = ——"=—"——Vi(g") + = Va(g?)
Vqcmy va mV(mB —mv)
2 2 2 _
_|P|(m3* my —4q )VS(q2)+ ‘Pl(mg* mv +q )V(,(qz),
2V/q%my 2\/q*my
(M3, — m3) (M3, +m3 — q%)
Hio(g?) = —2 v__ 5 14 Vi(g®)
2\/q*mprmy
2 2 2 2
v4q (m3*+mv*CI) 2
— \%
2mgemy 2(g7)
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mpslpl* 5 mpelpl*Vg? 2

+ V3(@") =~V
Jamy 3(q7) Vot —m) 4(q7)
m = |p|? 2, mpeIpl?

- Vs(g®) + S Vta ?). (16)
Jaomy Vain

Moreover, the leptonic helicity amplitudes #;,, o
L () y* (1 = ys)vg (o) with Ay = A — Ay, After

considering exact expressions of the spinors and polarization
vectors of W* listed in Eq. (15), one can obtain the following
non-vanishing results

h_1 1 = 8(g% —m}),
m? (17)

b, 1|2_8 ~(q* —m}),

with the cases A; = —1/2 and 1/2 are referred to as the
non-flip and flip transitions, respectively.
3.2 Decay distribution and other observables of

B* — Vlydecays

In the presence of NP, the differential angular decay distri-
bution for B* — V1v; decay can be expressed as

d’r G%|Vep|? 1 ;
_ F| bl |P| —(1 - ﬂ)Lﬂlew, (18)
dqg?d cos 6, (2n)3 Sm%* 3 q?
furthermore, we can obtain the differential angular decay
distribution for leptonic helicity state A; = % and A; = —%
d*re=-12 G%:|Vcb| Ip| 1 2(1 2)2
dgq?dcost; — 256m3 mB* q?
<14 Vi | [(1—00391) (H2, +H? )
+(1 +cos ) (H2_ + H2 )
+2sin? 6 (Hg,, + Hj__ + Hozoo)];
d?r =12 G|V, 1 m;
; Fl cb| Ip| 2(1__5)2 2£|1+VL|2
dg2dcos6, 25673 ma, 31
x[sm 01 (H 0+—|— O—I-H2 +H3+0)
+2(Hy 44 — cos 6 Hoyy)*
+2(H,—_ — cos O Hy—_)?
+2(Hi00 — cos 6, Hooo)” | (19)

We can determine the differential decay rate dI"/dg?® by
performing the cos6; integration and summing over the lep-
ton helicity

I’ G2V, pl

el 2(1 =
dg®> 28873m3%, g-(

2
I+ VL

3
[ " F(HE o+ HE _ + Hig)

H(H?, + H?  +H?_ +H?,,

+HZ )+ HY _+ HE (1 + 25 )] (20)

After picking out H,, HY _.H? . and H,, from Eq. (20).

one can get the longitudinal differential decay rate 1" /d g?.
Besides the differential decay branching fractiond Br /dq?,

other interesting observables are also investigated in this

work and they are R5\" (¢2), A, (¢?), Pi(¢?) and F3V (¢?)

dI"(L)(B* — Vi i) /dg?
dIr' D (B* — VU~ vy)/dg?

0 a’r
Apg(q?) = /d O~
(") ( B cos ! dq?d cos )

*(L)(

s (E=e,p) (21)

/ld : d*r dr 2
— CoOSU|—F— —.
0 ldqzd cos 6 dg?
dFM:—l/Z d z—dFM:UZ d 2
Pi(g?) = /dq a3
dr /dq?
drt(B* - vi=9;)/dg*
BV g = LB = Ve vo/dg” (24)
L dr/dq?

and before taking the ratio we integrate the numerator and
denominator over g2 separately to obtain the average values

of these observables (R:k,(L)), (AéB), (P1), and (FI:"V).

4 Numerical results and discussion
4.1 Input parameters

In this section, we shall present the numerical results of the
SM prediction and NP contribution of vector LQ on the afore-
mentioned observables, to see if the effects are large enough
to cause obvious deviations from the SM predictions. Firstly,
we collect all the input parameters relative to the numerical
calculations in the Table 2.

When we evaluate the branching fractions of the B* —
V1v;, in addition to aforementioned input parameters, the
lifetimes of B; d.s.c Are also indispensable. However, there
is no references about theoretical or experimental informa-
tion on these lifetime until now. We impose the fact that the
electromagnetic process B* — By dominates the decays of
B* meson. So in our calculation, we will take the approx-
imation Ii(B*) >~ I'(B* — By). The decay width of
I'(B* — By) in the light front quark model is given by Ref.
[80] and the result is in agreement with the ones obtained
based on different theoretical models [92-97]. And we use
the following results,

Fot(B*T) ~ I'(B*t — BTy) = (349 £ 18) eV,
Lot (B ~ (B — B%) = (116 £ 6) eV,
N (B%) ~ I' (B} — Bly) = (84731 eV,

@ Springer
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Table 2 Input parameters used in our numerical analyses

Parameter Value References
Gr 1.166378 x 107> GeV 2 [91]
mp+ 5.3247 GeV [91]
m g 5.4254 GeV [91]
m g 6.3320 GeV [91]
mp: 2.0068 GeV [91]
mp 2.0103 GeV [91]
mps 2.1122 GeV [91]
myy 3.0969 GeV [91]
me 1.7768 GeV [91]
my, 105.7 MeV [91]
[Vep| (41.0+1.4) x 1073 [91]
Lot(BfY) = (B — Bly) = 497 %) ev. (25)

From Eq. (25), it is clear to find that [ (B*t) =~

3ot (B*0), Mot (B*F) > 466t (B0), Mot (B*) 2 THot(BEH).

Besides, it is universally acknowledged that the form fac-
tors are indispensable input parameters for the branching
fraction. And they are calculated in Refs. [80,98] in the
covariant light-front quark model (CLFQM) [99-101]. We
will use the values evaluated in the CLFQM and the ¢>
dependence of the form factors can be parameterized and
reproduced by three parameters and have the following form

F(0)

27
2 2
l—a-% —i—b(q2 )
M Mo

where F' = V|_¢ and A|_4 listed in Eq. (10), the values of
the parameters F (0), a and b can be found in Table 3. In our
numerical calculations, the 1o level range of the CKM V,,,
is considered.

F(g*) = (26)

4.2 SM prediction for B* — VI,

Employing the framework displayed in Sects. 2 and 3, we
now give the SM predictions for the branching fraction
PB(B* — VIv;) and other interesting observables. And we
present the SM values of above observables in the Table 4.
From the table, it is clear to find that the decay branching frac-
tions are observed to be larger for the lighter lepton modes as
compared to the result at/ = 7, and same phenomenon arises
in Pyand F Z‘V . Especially, for P;, the result for lighter lepton
modes are much larger than the ones of r mode. The forward-
backward asymmetries AIF p for light leptons are negative,
but one of the T mode is positive.

The values of various observables for both B*~ — D*0[y,
and B* — D*t[y; are very close except decay branch-
ing fractions ). One can found that for B* — Vi,
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* *+
processes, the FLD ST 5 i the range 20-25%. And

this implies that the transverse polarization dominate B* —
Vi, decay. It is obviously different from B — V1, decay
that is dominated by the longitudinal polarization state.

The Figs. 1, 2, 3, 4, and 5 present the SM prediction for q2
variation of various observables in the reasonable kinematic
range for B* — VI~ (V = D*, D, J/W).

In these figures, we have compare the distributions of the
each observable and the red (dot dash), blue (solid) and green
(solid) lines indicate the e, « and T mode, respectively. Noted
that for above four decay processes the variation of these
observables are similar to each other, and in order to avoid
repetition we will only illustrate B*~ — D**[~1; in detail,
and the same analyses can be made for the following text.

As seen from the first two-dimensional plots of these fig-
ures, it is easy to distinct the distribution for both lighter
leptons and 7 lepton final state. However, we have observed
the feature that the ¢ mode and n mode overlap completely
except at a large recoil range. One can see that for © mode,
the dI"™ /dg? changes to zero quickly at the largest recoil
range. Besides, the dI"") /dg? for e and u is maximum
when q2 ~ 4 GeV?2, whereas, for tmode, the dI"(L)/dq2
is maximum when ¢?> ~ 8 GeV? and approaches zero at
g2, and g2,.. At the same time, one can find for e mode, at
the largest recoil range, the results of dI"Y /dg? (B —
Di*tev,) and dI''D /dg*(Bf~ — J/We i,) are both
smaller than the result of dI"® /dg?(B*~ — D;"Oe_f)e).
For the forward-backward asymmetry shown in Fig. 2, at zero
recoil qﬁlax = (mps — mv)2, all the App are 0. A% is neg-
ative over the all ¢ region and A’Iﬁ p changes to 0.5 quickly
when ¢? = mi Furthermore, there is a zero-crossing point
when ¢ ~ 0.5 GeV? for ;1 mode and g2 ~ 9 GeV>7 mode,
respectively.

For the lepton polarization fraction P; displayed in Fig. 3,
we observe that all the P, is +1 in the whole q2 region,
besides, the P, changes to -0.3 quickly when q> = mi
The result of the T mode that is quite different from lighter
lepton modes and P; is great increasing with ¢ over the all
g° region. Besides, there is a zero-crossing point when g2 A
5GeV2. From the Fig. 4, one can see that all the F’ LV are great
increasing with ¢ over the entire ¢ range and around 0.335
at zero recoil g2, = (mp+ — my)? for B* — VI~ (V =
D*, D¥, J/W). Especially, for r mode, F LV shows an almost
positive slope over the entire ¢ region. It is clear to find that

A D*O(D*+) .
at gmin for the lighter lepton modes, F; is around 0.22
#t
and F LD s U7 is around 0.17. However, for T mode, when
*0 ¢ x4 *+

at gmin = m2, FP7 P 5 025and F YY) 5 0.23,
respectively.

For the ratio of branching fraction RT,(L) presented in
Fig. 5, it is also increasing with ¢2 over the all ¢> region
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Table 3 The input parameters of the form factors for B* — D*, Es* — D} and Bj — J /¢ transitions within the CLFQM used in our numerical

analysis [80,98]

Aj Ay A3 Ay Vi \%3 V3 \ Vs Ve
F(0) 0.66 0.36 0.07 0.08 0.67 0.36 0.13 0.00 1.17 0.48
B;‘(u) — D* a 1.31 1.32 1.79 1.81 1.30 1.32 1.72 —0.09 1.30 1.29
b 0.42 0.42 1.10 1.15 0.43 0.42 1.01 1.27 0.41 0.40
F(0) 0.65 0.38 0.10 0.09 0.66 0.38 0.15 —0.02 1.19 0.53
B — Dt a 1.42 1.47 1.89 1.88 1.43 1.48 1.79 2.22 1.41 1.35
b 0.64 0.67 1.33 1.36 0.64 0.67 1.20 1.92 0.61 0.56
F(0) 0.55 0.35 0.14 0.15 0.57 0.35 0.21 —0.01 1.19 0.64
Bf — J/y a 2.48 2.65 2.88 2.88 2.48 2.56 2.75 3.58 242 2.32
2.71 2.87 3.88 3.90 2.73 2.88 3.51 6.37 2.54 2.33

Table 4 The SM central values prediction for branching fractions Br,
the lepton polarization fraction (P;), the hadron polarization fraction
(FE‘V ), the forward-backward asymmetry (A{;B) and the ratio of branch-

for comparison

ing ratio (Rf,(L) ) for B* — VIv;decays, and previous bounds are listed

B* — D[~y

B* — D*t[—y

B — Dty

l_?z.‘* — J/VIlTv

£ mode T mode £ mode T mode £ mode T mode £ mode T mode
Br(x107%) 8.42 2.26 25.20 6.76 31.76 8.46 36.43 9.73
Bri(x107%) 2.40 0.69 7.17 2.04 8.77 2.52 8.44 8.44
(A’FB) -0.177 0.086 —0.176 0.086 —0.183 0.080 —-0.167 0.083
(Pr) 1.088 0.135 1.086 0.134 1.079 0.140 1.034 0.118
(F,fV) 0.319 0.233 0.318 0.232 0.307 0.225 0.288 0.209
(RY) R’B*O =0.269 R*L‘,*+ =0.268 RZ;‘* = 0.266 Rj/q, = 0.267
(RYE) R¥L, =0.286 RiL, =0.285 R’;)fH =0.288 ij\,, =0.289
40 40 40 40
% 3 %
«? 30 é’"’ 30}, so 30f
i::: 20 E 20 g 20
3 3 3
'r?; 10 [?f 10 ];ie” 10
0 0 0
0 2 4 6 8 10

Fig. 1 The dI"Y) /dg? as a function of ¢? for B* — VI~ ; in the SM. The red (dot dash ), blue (solid), and green (solid) lines indicate the e,
and T mode, respectively. The corresponding undertint represent the longitudinal differential decay rate dI"* /dq?. And the same in Figs. 2, 3, 4, 5
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@ Springer



524 Page8of 11 Eur. Phys. J. C (2021) 81:524
10 oen 10[emesn 10fememsn 10fzms
G 08 G 08 G 08 % 0.8(
; 0.6 ; 06 ; 0.6 ; 0.6
e 04 S04 S04 5 04
a q q 5
102 ooz 02 402
fa g L) 14 o0 [
[y [y [y [y
-0.2 -02 -02 -02
-04 -04 . -04 -04 .
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
¢ ¢ ¢ ¢
Fig. 3 The lepton polarization fraction P;(¢?) as a function of g2 for B* — VI~ 1y in the SM
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Fig. 4 The hadron polarization fraction F*L‘V (¢?) as a function of ¢2 for B* — VI~ 1y in the SM
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Fig. 5 The ratio of branching ratio RT/

longitudinal observable R’(/L (g%

and the longitudinal observable R;‘,L has a slightly smaller
result than R}, for B* — VI~v.

Then using the limits of the R ) anomalies experimental
measurements to the parameter space of the coupling, we
will present the discussions about the NP contributions of
the vector LQ on the aforementioned observables. We have
considered the uncertainty of NP parameters displayed in
Eq. (5) and V,;, and the mass of LQ is taken as My = 1Tev
when we calculate all the observables for B* — V™.

For simplicity, we only present the predictions for the
observables of B*~ — D*07~ 9, both in SM and vector
LQ scenarios and the results are displayed in Fig. 6. In this
figure, the gray bands represent the SM predictions for vari-
ous observables, whereas the red and green bands represent
the contributions of the vector LQ in R4 and Rp scenar-
ios, respectively. From the figure, one can see that the NP
contribution to "X /dg*(B*~ — D*t~v,) and Rf)(j)) is
prominent and have large deviations from the corresponding
SM prediction. After comparing to the SM prediction, we

@ Springer

(¢%) as a function of g2 for B* — VI~ in the SM and the corresponding undertint represent the

can find that the result of the d ") /dg?(B*~ — D™t~ ;)
is enhanced by about 30% both in R4 and Rp scenarios in
the reasonable ¢ range. From the figure, we can also find
that the another obvious feature that it is hard to differentiate
R4 and Rp scenarios. In order to explain this phenomenon,
from Eq. (3) we have noted that vector LQ contributions only
generates V-A couplings. Though the results R4 and Rp are
quite different, the coefficient I1 4 V7 | has nearly same result
for two scenarios. Different from the contribution of vector
LQto dI"'®) /dg?, the result of Rz%) (¢?) is the rising trend
with the increasing ¢2. The red and green band are overlapped
due to the same reason for R4 and Rp scenarios. Besides,
the deviation of R*D(,ﬁ,) (¢%) from relevant SM prediction is
very significant, especially at zero recoil qrznax. These two
observables have been hoped to detected on the high energy
collider in the future. Especially, the ratio of branching frac-
tion RT,(L) (¢*) will support the NP signal of R p anomalies

once it is detected.
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Fig. 6 The g2 dependence of various observables for the B*~ — D*07~ 1, decay mode in the SM and vector LQ scenarios. The band widths
represent the uncertainties from the decay widths of B*, V., and NP parameters in the vector LQ scenario

Finally, we show the contributions of SM and vector LQ
to Arg(¢?) and P;(¢?%) as well as FLD*O(qz) of B*~ —
D*97 =1, decay. From the Fig. 6, one can find there is one
obvious feature, i.e., the LQ contribution is indistinguishable
from the SM prediction. The every only line in Arg(g?)
and P, (q?) as well as F LD 0 (¢%) dedicates the contributions
coming from either SM prediction or vector LQ scenario.
Since the factor (1 4 V7)? appears both in the numerator
and denominator of the expressions which describe these
observables simultaneously and the NP dependency cancels
in the ratios. One can see that the results of P; and F ,f) 0 are
both great increasing with ¢> and achieve the maximum at
zero recoil ¢2,,.. Besides, the F LD * rises in a straight line
with a slope of about 1. However, A%, descendent tendency
with the increasing of ¢2. As a consequence, all the three
observables are insensitive to the contribution of the vector
LQ scenarios and have nearly same behaviour as that in the
SM. Similar conclusions can be made for B*® — D** ¢,
B — Di*t~ v, and B¥~ — J/ Wt~ i, decay processes
as well.

5 Summary

The deviations of R DEI(K®)> Ry/y and F LD " between the
experimental measurements and relevant SM predictions
imply that NP may appear in the B meson decay processes.

In this paper, motivated by above anomalies as well as the
abundant B* data samples at high-luminosity heavy-flavor
experiments in the future, we have investigated the effect in
the semileptonic B; d.s.c — VT Vg decays whichis induced

by the b — cti, quark level transition as B — D™ 7,
decays in vector LQ model.

In this work, the helicity amplitudes are studied in detail
by using the form factors of B* — V transitions in the
covariant light front quark model. Besides the SM prediction
of different observables such as branching fraction BrL),
ratio (RT,(L)), forward-backward asymmetry (Arpg), lepton
polarization fraction (P;) and hadron polarization fraction
(F Z‘V) are presented in Table 4.

We have also discussed the ¢ distributions of these
observables in SM as well as R4 and Rp cases of the vector
LQ model. Using the best-fit solutions for the NP coupling
parameters from Rp) anomalies in the experimental mea-
surements, the results of those observables for SM and vector
LQ model are displayed in Fig. 6.

It is clear to find that all the dI"®) /dg? and RT,(L) are
both sensitive to the NP effects of the vector LQ and they
have significant deviations from the relevant SM predictions.
Besides, one can see that the red and green band are over-
lapped for R4 and Rp cases due to the coefficient |1 + V|
has nearly same result for two scenarios. In the reasonable
g range, the result of the dI""") /dg? is enhanced by about
30% both in two cases. Furthermore, the deviation of R;(L)
from corresponding SM prediction ia very significant, espe-
cially at zero recoil. So the contributions of vector LQ to this
two observables are prominent and they are hoped to be mea-
sured on high energy collider in the future. Nevertheless, for
Arg(g?), P:(g%) and F} (¢%) we do not see any deviation
from the SM prediction, and the NP effects of the vector LQ
on these three observables are cancelled.

Unlike B meson decays that have been investigated both
experimentally and theoretically in the last few years, B*

@ Springer
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meson is an unstable particle, it can not decay by strong
interaction, decays which has similar quark level transition
are less studied.

In the near future, more data about B* will be obtained by
the running LHC and upcoming SuperKEKB/Belle-II exper-
iment, and we hope the results in this paper will play an
important role in probing the hints of possible NP.
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