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Abstract Recently, the excess in the measurement of the
branching fractions of B— DWWt b and B, — J /YT,
compared to the standard model expectation hints the exis-
tence of new physics beyond the standard model. Motivated
by these inspiring anomalies, which may imply hints of new
physics, as well as abundant 7" (nS) data samples, in this
work, we perform the analysis of the semileptonic decays
T (nS) - B vi(n = 1,2,3), which is also induced by
b — cl™v; transitions at the quark level, both within the
standard model and beyond. Starting with the most general
effective Hamiltonian relevant for the b — ¢/~ v; transi-
tion, we report the prediction of standard model for various
observables, such as branching ratios, the ratio of branching
fractions, the lepton side forward-backward asymmetries, the
initial hadron and final lepton longitudinal polarization asym-
metries and the convexity parameter, as well as for some new
observable that is similar to lepton non-universality, R g, (g%,
which is related to the processes T (nS) — Bl vi(n =
1,2, 3). These predictions are made using transition form
factors which are calculated in the Bauer Stech Wirbel frame-
work. Using previously obtained significant fits of the new
physics couplings, predictions for the ¢ dependence of dif-
ferent observable within various new physics scenarios are
also presented. Some observable of the decay modes are size-
able and deviate significantly from their corresponding pre-
diction of the standard model, especially in new physics sce-
narios with Sg coupling parameter. We hope that the corre-
sponding investigation in this work will be testified by future
experiments. Additionally, the study of the meson decays will
also enhance the study of b hadron decay processes, as they
provide good complementary environment for searching new
physics signal.
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1 Introduction

The high precision frontier research of heavy flavor physics
is one of the very important goals in contemporary particle
physics. Related decay processes not only involves a pre-
cise test of the Standard Model(SM) but also relates to the
search for new physic (NP) beyond the SM. One approach is
directly compare with experimental results to identify some
important discrepancies, for example, decay constant, parti-
cle mass, and decay rate of a particular physical decay pro-
cess. The another method entails researching different fla-
vor changing weak decay processes to extract the Cabibbo—
Kobayashi-Maskawa (CKM) matrix elements. The precise
experimental measurements and theoretical calculations are
both essential and indispensable in above two methods. His-
torically, experimental measurements and precise theoretical
calculations are often not synchronised. The high precise the-
oretical calculations often provide some reference value for
experimental measurements.

In last few years, the existence of NP that breaks the
universality of lepton flavour in many processes induced
by the b — ¢t~ v, transitions at the quark level has
been implied by the anomalous measurements in bottom
meson B — D™t~ b, B, — J/W ()l v [1-4], By —
D (K ™)1~ 7; [5-9], B* — P(V)I~ ¥ [10-17] and bottom
baryon decays A, — A (p)l~v; [18-27], &y — E 1
[28-30], £2p — $2:.17v;, Xp — X 17y [31-36]. With
the discovery of the upsilon in proton-nucleus collisions at
Femilab [37,38], the study about bottomonium has obtained
remarkable achievement. The upsilon meson 7 (nS) with
(n = 1,2, 3) is the spin-triplet S-wave states of bottomonium
(bound state consisting of bottom quark b and antibottom
quark b). The meson have some common features that they all
lie below the open bottom threshold and they carry the same
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quantum numbers of 79 JP¢ = 0°1=~ [39]. In a close anal-
ogy with the charmonium J/¥, ¢(1 5,2 S) and n.(1S, 25)
which predominantly decay through the strong and electro-
magnetic interactions, the 7" (nS) also occur mainly through
strong, electromagnetic processes. Besides, the coupling
constant for hadronic upsilon decay is smaller than the one
for charmonium decay owing to the quantum chromo dynam-
ics (QCD) asymptotic freedom. Thanks to the significant
process achieved in recent years about the improvement of
luminosity of colliders, a large number of rare weak decays
have been observed. For instance, the decays of 7" (1S) and
J /¥ have been researched widely, both theoretically and
experimentally. And the weak decay channels of them attract
lots of attention [40-53]. Especially, the detailed study about
TY(1S)—> B-M(M = p, DS(.*), 7, K) weak decays with the
perturbative QCD (PQCD) [54-56] approach and the QCD
factorization (QCDF) [57,58] approach are done by research
group of Profs. Sun and Chang. On this basis, they also
further explored Y'(nS) — B.M(M = p, D). 7. K®
weak decays with PQCD and QCDF approach [59-63]. From
the discussion of these references, we know that the 7" (nS)
decays, especially, the 7' (15) is dominated by the annihila-
tion of the bb quark pairs into three gluons and the branch-
ing ratios B(Y (nS),=1.23 — ggg) = (81.7 £0.7,58.8 +
1.2,35.7+2.6)% [39]. Besides, as an essential complement
to 7' (nS) decay modes, the weak decays of 7" (nS) mesons
are very rare generally [40,64], and the weak decays of these
mesons is also allowable within the SM.

Experimentally, there is a large number of 7" (n.S) mesons
at high luminosity dedicated bottomonium factories. So far,
there is over 10® data samples about 7 (n.S) that have been
accumulated by the Belle detector at the KEKB and the
BaBar detector at the PEP-II eTe™ asymmetric energy col-
liders due to their outstanding performance [65]. Further-
more, the ATLAS, CMS and LHCb experiments also col-
lect large number the data samples Y (nS). It is hopefully
expected that much more bb quark pairs will be collected
with great precision at the forthcoming SuperKEKB [66]
and running upgraded LHC. And large amount of data sam-
ples will provide a very good opportunity to search about the
weak decay of 7" (nS) that in some cases may be detectable.
Besides, the small branching ratios about nonleptonic two
body 7' (nS) — B.Ds q4(r, K) make the observation of other
upsilon weak decays more challenge experimentally. Signif-
icantly, all the possible measurements will be affected seri-
ously from the efficiency of reconstruction and assessment
of backgrounds. Furthermore, any discernible evidences of
an anomalous large production rate of single B, meson in
T (nS) decays might be a sign of NP beyond the SM. It is
crucial that the theoretical research about the weak decays of
7 (nS) and the research can also offer a ready reference. It is
reasonable to investigate the similar decay process of the bot-
tomonium in the light of the extensive search and investiga-
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tion of rare charmonium from Refs. [67,68] experimentally
and theoretically [41,44,69-71].

It is well known that the clear hierarchy of the quark-
mixing Cabibbo-Kabayashi-Maskawa (CKM) matrix ele-
ments favors the b — ¢ transition. The existing predictions
about the semileptonic decays Y (1S) — B[ v, investi-
gated in several theoretical studies still differ. In this work,
we will pay our attention to the semileptonic weak decay
process V' (nS) — B.l"v(n = 1,2, 3) which are mediated
by b — c¢l™ v transition at the quark level in SM and various
NP scenarios. Studying the decay modes not only provide an
independent determination of the CKM matrix element V.,
but also confirm the LFUV in Rp_ which have a similar for-
malism to R . It will draw very interesting results to inves-
tigate Rp. on the decay processes 1 (nS) — B.£™v,. The
complexity of the meson structures and the lack of precise
predictions for various form factors may lead to variations
in the prediction of different observables, such as the total
decay rate I, the forward-backward asymmetries A rp, and
SO on.

Studying these decay processes will facilitate signifi-
cant improvements in our understanding of the processes
involved. In this work, using the best fit solution for the
Wilson coefficients of the new operators and the relevant
the result of the form factors, we provide numerical results
and contributions of NP effect on some observables that
have not yet been measured, such as the differential decay
rate dI"/dq?, the ratio of the branching fraction R, (¢?),
the polarization fraction of the initial meson PLT(T)(qZ), the

lepton forward-backward asymmetry AIF B (g%), the lepton
spin asymmetry P;(g2), the convexity parameter Cﬁ, (¢%) and
other interesting observables.

The remainder of this paper is structured as follows: In
Sect. 2, we remind the reader of the theoretical framework
of our calculation, including the corresponding low-energy
effective Hamiltonian, the form factors, and the helicity
amplitudes. We further define various observables expressed
in terms of ¢ and NP coupling parameters for the 1" (nS) —
B.Iv; decays in this section. The numerical results and dis-
cussions about the predictions of observables within the SM
and various NP scenarios are presented in Sect. 3. The sum-
mary of our work is in Sect. 4.

2 Theory framework
2.1 Effective weak Lagrangian

Assuming the NP scale is higher than the electroweak scale,
one can integrate out the possible NP particles as well as the
SM heavy particles such as the 79 W=, the top quark and
the Higgs boson. To account for both the SM and the effect of
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NP, the quark level b — I~ v;(I = 7, |, e) transition occur
through W-exchange and could be described by the effective
Lagrangian at u = O(mp) in a model-independent scheme
[72,73]

4G - i
Letf = ———Vep {(1 + V)l yuvear vy br

V2

+VrIL Yuve Gr v" br + Sclrve GrbrL
+Skr I_R v qrbr + Ty, I_R Ouv VL 4R fodald bL} + h.c.,
(1)

where G  is the Fermi constant, V,;, denotes the CKM matrix
elements and Pz, g = (1 F y5)/2 as the projection operators.
In this work we only consider the NP coupling parameters
Vir.r and Sg g which characterizing the NP contributions
coming from the new vector and scalar interactions. And we
also do not consider the contributions of the right-handed
neutrinos and the tensor operator. After setting all of the NP
couplings to zero, Vi, = Vg = S = Sg = 0, the SM
contribution can be obtained obviously. In addition, we also
assume that NP effects appear in the tau mode only. And
in this section, we list directly the helicity amplitudes and
angular distribution which are shown in following text.

Using the Eq. (1), the transition amplitudes can be written
as the production of the hadronic matrix element and the
leptonic current for the V" (nS) — B.l™ vy

My 15y B.1- 7,
G _ _
=7%@§:QWN&MWMTWWMN%W, )
k

where I is the product of gamma matrices that gives rise to
various Lorentz structure of leptonic and hadronic currents of
Eq. (1). I'*is written as I'* = y*(1 £ ys) and (1 £y5). And
the Ci (1) represents the Wilson coefficient with the values

1 for SM

ViR, SL. g forNP ° 3)

Cr (1) ={

And the square amplitude can be expressed as the product
of leptonic (L) and hadronic (Hy,) tensor

G2 g ,
M) g = =F Ve Y Cij () (L, H™) - (4)
ij

and C;; (1) denotes the product of Wilson coefficients C; and
C;. L, and H,,, are built from the respective product of the
lepton and hadron currents. For convenience, hadronic helic-
ity amplitudes and leptonic helicity amplitudes are generally
calculated in the rest frame of 7" (nS) mesons and the [ — v;
center of mass frame, respectively.

2.2 Form factors and helicity amplitudes

Before calculating the hadronic helicity amplitudes, we use
the following matrix elements of the vector and axial-vector
current for T (nS) — B, transition

2iV (g%

B, cy,b|T (e, =77
(Be(pB)Icyub|T (e, pr)) R

v _p o
Euvpo€ P DPr >

- £-q
(Be(pB)|Eyuysb|T (e, pr)) = 2my Ao(g®) —5qu
q

£-q
+ (mp, +mr)A1(g%) (8u - q—24u>
2 2
€-q My — My,
Ar(g?) ——— 1 I — ,
+ Ax(gq )ch T mr [(pr + PB) o cm]

where V(qz) and Ao,l,z(qz) are the various QCD form fac-
tors for T (nS) — B.lv;. And the sign convention in the
equation gg9123 = —1 and ¢ = pr — pae-

In the rest frame of the 7" (nS) mesons with a daughter
B, meson moving in the position z direction, more detailed
expressions about the momenta and the polarization vectors
of the particles 7" (nS), B, and the virtual W* can be found
in Refs. [10-13].

The matrix elements for the scalar and pseudoscalar cur-
rents can also be obtained by using the equation of motion

id,(cy"b) = [mp — m.1ch
i3, (cytysb) = —[mp + mc]cysb
as
(B:(pB)Ipb|IY (e, pr)) =0,
_ 2my 2
(Bc(pB)Ipysb|T (e, pr)) = —(e - ) ————Aolg"),
mp + me

with the my, . represent the current quark masses evaluated at
the scale u = my,. The hadronic parts in the above decompo-
sition are evaluated by using the explicit for matrix elements,
the hadronic helicity amplitudes H AVL‘R and H>“®  for

_ T,)LW* )vy',)\W*
the Y (nS) — B.lv; are defined as

HYE, (@) = & Qop)(Be(pp)|évu(l = y)bIT e Gr), pr)),
HY% L (@%) = 8 Gope)(Be(pp )y (1 + y5)bIT (eGr). pr)),
HYE, (@) = (Be(ps)IE(l = ys)bIT (G, pr).
H, (@) = (Be(ps)IE (1 + y9)bIT (2(hr), pr),

for simplicity, the notations Ay = 0, =z and Aw» = 0, £, f to
represent the helicity states of the mesons 7" (nS) and boson
W* will be used in this work.

In a more explicit form, based on the above above hadronic
matrix elements with the polarization vectors in the 7" (n.5)
mesons rest frame, the following non-zero helicity ampli-
tudes in the terms of the various form factors have been
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worked out and can be expressed as follows

2mr|pl

Va?

Hoi(q) = HyH(g») = —Hy* (¢%) = ——=—Ao(¢?),

Hoo(g )—HOL(q ) = —Hyk (¢

- 2mr\/47

21p?
—mg +q>)Al(g >+”—Az(q2) ,
my +mp,

[(MT +mp,)(m%

Hiz(q?) = H% (¢ = —HY8 (¢?)
mry|pl
= —(mr +mp)A1(g") F —V(qz),
+mBC
H (a2) = HSL 2_—H 2y _ _ T|P|A 2.
0:(q”) o (@) ()] —— 0(g”)
where |p| = \/A(m3, m%y, g?)/(2my) is the momentum of

the outgoing meson B, and the function A(a, b, c) = a’® +
b* 4+ ¢ — 2(ab + be + ac) and ¢? being the momentum
transfer squared bounded at ml2 < q2 <(myr —m 36)2.

The leptonic helicity amplitudes with the massless right-
handed antineutrinos with A = 1/2 can be defined as

\%

hy s = WGy (LF y5)v(ha)Eu Gaw=).
S _

hyt = 0D F y5)vs (k).

with Aw+ = A; — Ay,. More detail information about the four
momenta of lepton and antineutrino pair in the [ — v; center
of mass frame can be found in the Refs. [10,13,74,75]. After
taking the exact forms of the spinor and polarization vectors,
we obtain following nonvanishing contributions in the / — v;
center of mass frame

2
\% V m
5" 1P = 8(q* — m}), |hf]"| =85 5(¢" —m}),
22 q
S V S
|hlLiR|224_(‘12_”112)7 |h L7R| |hlLiR|
202 2:2

2

=8—"L (>~ m})

oy

and these result exactly have the same expressions as the ones
in semileptonic vector B meson decay process [10, 13].

2.3 Angular decay distribution of 7" (nS) — B[ v; decays

With all of the above ingredients in hands, we then present
the observables considered in our following evaluations. In
the presence of NP, the differential angular decay distribution
for Y (nS) — B.["v; decays can be expressed as (both for
heavy and light leptons)

@ Springer
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dq’dcos6 19273 m 'q”| rel
q~d cos 92m q

x|M(T(nS) — Bl )| ()

Thus, after including the NP contributions, we can obtain
the differential angular distribution for three-body 7" (nS) —
B.I" vy in terms of g2, 0; and helicity amplitudes for a given
helicity state (A; = :i:%)

d’I' (= —3)
dg? d cos
o 2
G%Ip| 2| a1 m?
= 25673m 23 Vab g2

x{|1 + VL P[(1 = cos ) H2

+(1 + cos6))*H7_ + 2sin 6, Hy)|
+IVRIP[(1 = cos 1) H_ + (1 +cos6)>H2

+2sin? 6, Hgy | — 4Re[(1 + VL) V]

«[(1 4 cos )2 Hy _H_ + sin’ 91H020]}, (6)
Iy = %)
dq? d cos 6

N 2
_ Gl 2 o o mi\ mi
= 3 23|qb|q 7 7
256m-m3 q q

x{(11 4 Vi 4 [Ve?)[sin? (H2 | + H2)
+2(Ho; — c0s 6 Hoo)*| — 4Re[(1 + VL) V]
X [ sin’ OH_LHy_ + (Hyp; — cos6; H()())z]

\/(?

+4Re[(1 4+ Vi — VR)(S] — S;})]m—

COSGIH()Q)] +2|SL — SR| HOl }’

l
@)

X [H(;t (H()t

in which, comparing to the B meson semileptonic decays, the
decaying of bottom and anti-bottom quarks in 7" (nS) and
averaging over the spins of initial state 7" (nS) can causes
an additional 2/3. The 6; is the angle between the directions
of the final meson B, and final lepton / three momentum
vector in the dilepton rest frame. From Eq. (7), we find that
the distributions for ;; = —1/2 do not contain the coupling
parameters Sy g which make them totally insensitive to the
NP scalar operators.

The normalized differential decay rate depending only on
g? is then obviously obtained after integrating over the 6; and
summing over the A; = 1/2 and »; = —1/2. The explicit
expressions with the NP coupling parameters can be written
as
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2
dr GZF|qu| 12 o () m}
q2

dq "~ 9673 mT( $) 3 g2

x{(|1+vL|2+|vR|2)[(HE++Hi_+HgO)
ml2 3m?
. 1+— + 2 2Hol] —2Rel(1 + V1) Vg]

2 2
J@r b, s mgy (14 20} + g
2q2 26]2 t

m
+3\/—L2Re|:(1 + VL — VR)(S] — S}‘})i|H6tH0,
q
3 2152
+31SL — SrI*Hg; ®)

where the values of the helicity amplitudes are got from
Sect. 2.2. If we pick out the Hoo, Hor, Hj, from Eq. (8), we
can get the longitudinal decay rate dI""/dq? of the initial
meson 7 (nS). This observable is different from d 1'% /dg>
which is the differential decay width into longitudinally-
polarized final meson D* for the decay process such as
B — D*lv; [76].

There have been a lot of calculations for the differential
decay rates of T (nS) — B.I”v; in the presence of all the
operators which are given in Eq. (1). In this paper, we will
follow the analytical expressions given in Refs. [12,24,33,
77], and consider the other NP sensitive q2— dependent of the
observables which are written as follows:

(i) The differential branching fraction

d#(Y (nS) — Bclv) . ar ©)
dqz - T(nS)dq2

(i) The forward-backward asymmetries parameter for
charged lepton

AlFB(qZ): /Odcoseldz—F
1 dg?d cos 0,

! d*r dr
—/ dcosty————|/—. (10
0 dg+d cos 6, dq

(iii) The convexity parameter

C(gh) =

d? d?
. (11)
dI'/dg? d(cos6))? \ dg?d cos 6
(iv) The lepton-spin asymmetry:

dFk[:—l/Z/qu _ dFA[:l/Z/qu

Pi(q*) = ar/as’

; 12)

where dI'=*1/2 /442 are differential decay rates for
positive and negative helicity of lepton and their detailed
expressions can be got after integrating over cos 6; for
Egs. (6) and (7) respectively.

(v) The lepton non-universality observable

R (g?) = dr'®(r (nS) — B.ti;)/dg?

dIr'D (Y (nS) — Beliy)/dg?’ (13)

in which, on the theoretical side, we define

dI (Y (nS) — B.tvy)/dg?

= %[dF(T(nS) — Beuiy)/dg?

+dI (Y (nS) — Bceﬂe)/dqz]

(vi) The longitudinal and transverse polarizations fraction of
initial meson 7" (nS)

dr*r=0/dq*
W’ and F;(q2)=1 - FZ(‘IZ)«

(14)

FlgH=

Before continuing, it is interesting to note that similar
to the lepton non-universality observable Rp, (g%), we also
define and construct the following observables to probe the
universality of lepton flavor

e Lepton forward and backward fractions

1
x12(¢%) = 5R35<q2>[1 + Abs(gD)]. (15)

e Lepton spin 1/2 and —1/2 fraction

1
x3.4(q%) = Rz, @HI £ Pi(gH] (16)

e Ratios of the longitudinal (transverse) polarization asym-
metries parameters of the initial meson

FL (Y (nS) — Bt 9:)(g?)

Ryr(g”) = — R
fi FI (Y (nS) — Bep=,)(q?)
FX(r(nS) — B.t :)(g?)

Rpr(¢) = —% o (17
Fp (Y (nS) — Bep~vu)(g)

e Ratios of the lepton-spin asymmetry
P(Y (nS) — B.t 1;)(g?)
Rp(g?) = - et (18)

Pi(Y (nS) — Bep™ ) (g?)’

@ Springer
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Note that, the value of CKM matrix elements is canceled to
a large extent, so it has no effect on the calculation of these
observables. Moreover for ¢ integration of above observ-
ables X(qz) shown in Egs. (10)—(17), following Ref. [78], in
this work two ways of integration are considered. One com-
mon method is also called the “normalized integrated” that
these observables (X) are got by integrating the numerator
and denominator over the same ¢ bins separately before
taking the ratio. The other method is the so-called “naively
integrated” which is defined

_ 1 qr%lax 2 2
X=—/2 dg*X () (19)

2 2
Imax Dmin Y dmin

3 Numerical results and discussion

In the previous sections, we have defined various observ-
ables about asymmetries of the spins and angles that can be
extracted from the fully differential distribution of the visible
final-state kinematics in the T (nS) — B.lv; processes. In
order to get a general discussion and ideas about the sensitiv-
ities of the above various observables to the different Wilson
coefficients Cy listed in Eq. (3), in this section we will select
a variety of best fit results inferred from the B — D™ 171,
decay resolutions as the NP benchmark points. We will then
study how these observables are affected by the various NP
scenarios. In this section, we will present our numerical pre-
dictions and results for the aforementioned observables of
T (nS) — B.lv; both within the SM and in various NP
benchmark points in a model independent way. Then we will
examine whether the NP effects are large enough to cause
siginificant deviations from the SM predictions.

3.1 Input parameters

The main stumbling point in the discussion of the weak
interaction processes of hadrons is the theoretical treatment
of hadronic form factors. For other input parameters rele-
vant for our numerical computation, such as the masses of
various particles and the well-known Fermi coupling con-
stant G r, we will take the values of these input parameters
from the Particle Data Group [39]. For the CKM element,
|Vep| = (41.5 £0.5) x 1073 is fitted by CKMFitter Group
in this work [79]. Besides, when we evaluate the branching
fractions of the T"(nS) — B.Iv; decays, the total widths
of 7 (nS) mesons are also very important and indispens-
able. In this work, 7152539 = (54.02 £ 1.25, 31.98 +

2.63, 20.32 &+ 1.85) keV, and it is very clear to find that
pras) _ pres) - pres)

tot tot tot
In addition, it is important that the form factors about

T (nS) — B, processes defined in Sect. 2.2 are indispens-
able input parameters especially when calculate the branch-

@ Springer

Table 1 The input parameters of the form factors of V"(nS) — B,
transition used in this work

Transition Ap(0) A1(0) A2(0) V(0)
T(1S) - B, 0.67 0.70 0.51 1.66
T(2S) - B, 0.65 0.69 0.48 1.44
T(3S) - B, 0.57 0.64 0.29 1.25

ing fraction. They are calculated and discussed in Refs.
[12,59,80,81] within the Bauer Stech Wirbel (BSW) model.
And the results evaluated in the BSW model will be used in
our work and the dependence of the form factors on ¢ can
be explicitly written as

Ap(0)
L—=q?/my o)
A1(0)

1- qz/méc(ﬁ) ,
A2(0)

5 )
B.(11)

V(0)

L=q?/my -

Y (nS)— B,
Ag "I =

Y (nS)— B
A7 B (g =

T1S)—Be, 2
A,y (g7) ~
1—q%/m

VT(I‘!S)—)BC (qZ) ~ , (20)

wherem p, (0%) and m B.(1 +) are the pole masses of the states
of B. with quantum number of /¥ (J and P are the quantum
number of total angular momenta and parity, respectively).
More details on the form factors on the values of these masses
can easily be found in Table of Ref. [80].

The values at zero-momentum transfer are calculated in
Refs. [12] and they are listed in the Table 1.

Similar to the analysis methods used in many work of anal-
ogous processes, such B — D® B* PV), J/¥ —
P(V)and T — P(V) decays, the analysis of form factors
and their uncertainties often involves techniques such as lin-
ear regression to understand potential sources of error in the
input parameters [70,71,82-85].

At the same time, high-luminosity collider experiments
are crucial for precisely measuring particle decay processes.
The related physical experiments require higher luminosity
and precision for the measurement of this particle. However,
the accuracy of theoretical calculations may not be able to
reach the required precision of experiments in the short term.
So, in the subsequent sections about the impact of the NP on
aforementioned various observables, to be conservative, 10%
uncertainties of the hadronic form factors at g> = 0 listed
in Table 1 will be assigned due to the possible corrections
from the high-twist effects and relativistic contributions. In
addition, when calculating the theoretical errors of the decay
branching ratios and their longitudinal components, 10% the
uncertainties of the total width I, "*® and CKM matrix ele-
ments V., are also considered.
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The model independent analyses of the NP effects in
b — ct7v; processes have been done in many previ-
ous works. A global fit on the Wilson coefficients of the
effective low energy Hamiltonian has been made, and the
solutions have also been interpreted in terms of hypotheti-
cal NP mediators [9,10,22,76,77,86-93]. In order to illus-
trate the NP effects on a series of angular distributions in
T (nS) — B.t~ v, decays, we will choose the best-fit val-
ues of Wilson coefficients from resent global analyses in
Refs. [9,10,87] as our NP benchmark points(BMP). These
literatures have taken into account the experimental result
on R(D™), R(J /) and the longitudinal polarization frac-
tions P;(D*) and F LD : reported by BaBar, Belle and LHCb.
In order to study in detail the NP effects of various types
of Wilson coefficients on individual observables, the Wilson
coefficients are classified into three types as follows:

e Case A: we adopt the strategy of switching on one real
NP Wilson coefficient V;, Vg, S; and Sg at one time.
The values are as follows: V; =-2.07, Vg =-0.0434, S}, =
-1.51 and Sk =-1.443. We mark them as BMP1, BMP2,
BMP3 and BMP4, respectively.

e Case B: we adopt the strategy of switching on one com-
plex NP Wilson coefficient Vi, Vg, S; and Sg at one
time. The values are as follows: (Re[Vy], Im[Vy]) =
(—1.233, 1.045), (Re[VR], Im[VR]) = (—0.030, 0.46),
(Re[S], Im[S.]) =(—0.06, 0.31) and (Re[Sr], Im[Sr])
=(—1.35,0.74). We mark them as BMP5, BMP6, BMP7
and BMPS, respectively.

e Case C: we adopt the strategy of switching on two
real Wilson coefficients at one time, and the values
are as follows: (Vr, Vg) = (0.0694, —0.0026), (V1 Sr.)
= (0.0714, —0.0063), (V, Sg) = (0.0724, —0.0086),
(Vgr, S1)=(—0.09,0.1726), (Vg, Sg) =(—0.072,0.154),
and (Sz, Sg) = (—1.04, —0.449). We mark them as
BMP9-BMP14.

Though the available precise experimental measurements
about 7" (nS) — B.lv; have not yet been measured, the
Wilson coefficients appeared in the b — clv; transitions,
especially those relevant to B meson semileptonic decay
processes, have already been comprehensively studied in
many works. For simplicity, only the central values of best-
fit results of the Wilson coefficients are considered as the
benchmark point to qualitatively discuss the impact of the
NP effect on various physical observables.

3.2 SM prediction for " (nS) — B.lv;

Using the transition form factors, the SM theoretical predic-
tions of above various observables with two ways of integra-
tion for Y (nS) — B.lv; decays undergoing b — clv; quark

level transitions where [ is either lighter leptons (e or ) or
heavier 7 lepton have been computed.

These expectation predictions values of many observ-
ables are very accurate. Due to the limitation of page space,
we present the theoretical results (including errors) of var-
ious observables in the SM for the three decay processes
in Table 2, respectively. Many of the observables in these
processes are being effectively calculated for the first time.
These calculations provide an important theoretical founda-
tion for understanding these decay processes and help to test
the correctness of the SM as well as explore NP effects.

From the table, we notice that the results for lighter leptons
(e or u) mode is close for T (nS) — B.lv; whenn =1,2,3
respectively, with two ways of integration. There are three
theoretical error for the the branching fractions and its lon-
gitudinal component and these errors are mainly caused by
the uncertainties of form factor at q2 = 0, total decay widths
I*,Z,;("S) and CKM element V,,, respectively. It is obvious that
the theoretical theoretical error are dominated by the input
parameters of form factor at g> = 0 listed in Table 1. For
other observables, since they are all in the form of ratios, the
uncertainties in the CKM matrix elements and decay widths
do not have any impact on these observables. Although only
the uncertainties in the form factor contribute to the theoret-
ical errors of the observables in the form of ratios, it can be
observed from the table that the errors that introduce to these
observables are not particularly significant.

The central value predictsabout about branching frac-
tions and their longitudinal component (in units of 10710)
for T (nS) — B.lv; to be smaller for the 7 lepton com-
pared to the lighter leptons (e and w). It is noteworthy
that a clear hierarchical relation BX) (Y (1S) — B.li;) <
BLY(r2S) — B.vy) < BP(r(3S) — B.lv;). The rea-
sons that lead to this phenomenon mainly come from two
aspects: (i) the relationship on the total decay width of these

T(15) T(25) T@BS). /o . .
mesons I;,, ' > I, I,,;"; (ii) the relationship on
the mass of these mesons my(15) < mr@s) < mr@3s), can
also lead to the phase spaces of final states increase with the
radial quantum number 7. Similar to results on the branching
fractions, the same phenomenon of relations for heavier lep-
ton T mode and lighter leptons (e or 1) modes also appears in
the lepton-side asymmetry Py, longitudinal polarization frac-
tion of initial meson F LT , x2 andx3 with two ways of integra-
tion. The phenomenon of the central result for heavier lepton
T mode ibeing larger than that for lighter leptons (e of )
modes appears in Arp, C}, X1 and x4 with two ways of inte-
gration in these three decay processes. Besides, the central
results of Cﬁ(e), both P; and x4 only for T mode, x1.2.3, Rii)
and Rp, increase sequentially for V' (nS) — B.lv decays
whenn = 1, 2, 3, respectively with two ways of integration.
In contrast, the central results of C } and F LT for u and e
modes decrease sequentially in the semileptonic decays of

@ Springer
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T (nS)(n = 1, 2, 3), respectively with two ways of integra-
tion. The forward-backward asymmetry AZF g and ratios of
the longitudinal polarization asymmetries parameters R FT

are most peculiar. ( A‘;g))) and (R FT ) increase sequentially in

the semileptonic decays of 7" (nS)(n = 1, 2, 3) with the nor-
malized integrated way. And A7, and R FY decrease sequen-

tially in the semileptonic decays of T (nS)(n = 1, 2, 3) with
the naively integrated way. At the same time, all the results
of C} and AIF p are negative in three decay processes with
two ways of integration. Moreover, due to all the results of
the P; for e mode are 1, which lead to all the results about y4
for e mode are 0 and this is easy to get from Eq. (16).

For the decay branching fraction 5, forward backward
asymmetry Arp, lepton spin asymmetry P; and the lepton
nonuniversality R g. by normalized integration, it is observed
that our results of these observables of 7 (15) — B.lv; decay
process are consistent with calculated results in the Refs.
[12,70,71,82]. This agreement is also expected, as our form
factors also match well. Moreover, relevant research about
other different observables have not been studied in the lit-
erature so far. At the same time, some of these observables
are yet to be identified experimentally. With the continu-
ous improvement and enhancement of high-energy physics
experimental conditions, the future can provide important
experimental information for the research of 7' (15, and offer
more possibilities for precise 7" (1S) measurements.

To better understand these observables, it is useful to study
their g2 behavior. To simplify, we only depict the dependence
of the central values of various observables on qz, without
considering the impact of uncertainties in the input parame-
ters such as form factors, V,; and FZZ,("S). And the impact of
unvertainties for these input parameters have been listed in
Table 2. Within the reasonable kinematic range, the depen-
dence of the decay width and the various observables intro-
duced above on ¢ are shown in Figs. 1,2 and 3. The familiar
observables such as dF/dqz, AZFB (qz) and P, (qz) were also
presented for T (nS) — B, in Ref. [12]. The rest of the
observables are shown in this work for the very first time for
the SM in Figs. 1,2 and 3, and for some extensions of the SM
in the following figures. It’s worth noting that the variation
trend of these observables for three decay processes are simi-
lar to each other. In these figures, in order to better distinguish
the variation tendency of each observable for the final state
being different three generations leptons, the red (dot dash),
blue (solid) and green (solid) lines indicate the e, 1 and t
mode, respectively. It can be clearly observed that for lighter
leptons lighter leptons (14 /e mode) compared to heavier epton
(r mode), the dependence of all the observables on g2 is dis-
tinctly differentiated. However, it is difficult to distinct the
distribution tendency of d1"/dq?, Al.;(g%), C'-(g%), Pi(¢*)
and yx4(g?) for lighter leptons (i, e modes) except in low g2
region. Furthermore, for the same initial states, the values

@ Springer

of Arp (qz), C}(qz) and FZ (qz) for T mode is larger than
those for e(14) mode at a settled point of ¢2. And the opposite
phenomenon appears in dI"/dq?, F LT (¢%) and P;(¢?). Note
that for 2 mode, the dI"") /dg? changes to zero quickly at
the largest recoil range g2 — 0. We can also find that at the
largest recoil range g2 — 0, the values of dI"®) /dg? for
T2S) - Bce v, and T (3S) — B.e v, are both larger
than the dI"") /dg? for T (1S) — Bee™ v, which is below
20. For Y'(1S) — B.l"v; decay, the dI"/dg? of the lighter
lepton modes is maximum when q2 ~ 6.5GeV?2, as well as,
the dI"/dg? of the T mode is maximum when g2 ~ 8GeV?>
and approaches zero at qrzmn and qrznax. The maximum value of
d]“/dq2 for T (nS) — B.l"v;(n = 2, 3) shifts to a higher
g? region. The Arp(g?) is negative for e mode in all ¢2
region, and at zero recoil region q2 = (myr —m BL,)Z, all
the App(q?) is zero. Meanwhile, when ¢ — ¢2. . ALy
changes to 0.5 quickly. There are also a SM zero-crossing
point for A’;’;. The SM zero-crossing point of A’;B (¢?%) for
Y (nS) — B.pu ¥, decays are all in small g2 region with
g* ~ 0.5GeV?. The SM zero-crossing point of A% (g?) for
T(1S) — B.t ¥, decay is ¢ &~ 5.5GeV? and it shifts
to a higer q2 region for Y (nS) — Bl 7 vi(n = 2,3). All
the C % (¢%) are negative in the whole ¢ region. C I’ﬁ(f) =0
at g2, and g2, for Y(nS) — B v(n = 1,2,3). In
the small g2 region C¢ = —1.5 at qﬁlin, and Cﬁ =—-1.25
when g2 ~ 0.4GeV? and it changes to zero quickly when
g% — qglm. Furthermore, the C ﬁ(e) (¢%) greatincreasing with
the ¢2 except in the small ¢ region. The Cr (¢?) is small in
the whole ¢ range, which implies a straight line behavior of
the cos6 distribution.

From Fig. 1, one can also see that the variation trends
of longitudinal and transverse polarization fraction of ini-
tial meson F' LT (qz) and F%ﬂ (qz), present an axial symmetric
distribution in the horizontal direction between each other.
And the corresponding axis of symmetry is the horizontal line
where the vertical axis values is 0.5. All the F LT (g?) are great
decreasing with ¢> over the whole ¢ region, so the oppo-
site phenomenon (increase phenomenon) appears in F}ﬁ (q%)
and this is easy to get from Eq. (14). Note that for the lighter
lepton modes, at qélin the F Z is 1. However, for t mode,
at qiﬁn = m%, FZ(IS) — 0.69 and FZ(ZS’”) — 0.75.
We have observed the feature of F LT and Ff that the e
mode and p mode overlap completely over the entire g2
region. For the lepton spin asymmetry P;(g?), it is clear to
find that all the P, is +1 in the whole ¢> ranges and P,
changes to —0.3 quickly when ¢?> — qlznin. For the heav-
ier lepton mode, P;(g?) is great increasing with ¢2 in the
whole ¢ region and there is a SM zero-crossing point at
g% ~ 3.3GeV? for T(1S) — B.t vy and g2 ~ 3.5GeV?2
for T (25, 3S) > B.t V.

As can be seen from the Fig. 2, which represents the
trend of the observables listed in Egs. (15) and (16). For



345

Page 9 of 18

345

(2025) 85

Eur. Phys. J. C

0

0

200011050
S0 0+ 19F0
e
L0oisLzo
vizozo
o0T8I0
0TS0
0008970

T

I

o0 €80~
Moo 0—
e s610—
08070~
Foe T res0 T ronL€198T 0T

969'T—€19'€—8ETL— -
8L THEebree +00T €Y

§001EPSO
TE5ororro
£100+606°0
210011580
Sr680'T
SoeiTLLo
Toorseso
{01520
oer108°0
500011970
S0000+£00°0
£00010+200°0
2000+86+°0
0680
S00500£°0
L0oisLzo
vizozo
R INN
o0eir0s0
00018970
00rL860
1000+£66°0
LooriLeo-
NoorL6T0—
0610~
09070~
S0E T oot tecy €4TT 0

689'T—H09'€—H0T L= g1 -
Ll THozepces+I8TEY

0100 +STT0
2000:280°0
£000+L8€0
or6LED
00050920
000520
ooTrTo
50001120
S0e08r0

80001 1E7°0
S005Trs0
120015790

S SLO0~

00 2L0°0—
S0r9800~
$00+980°0—
Se0roskorstr 119888
Ofe1reeo 1 IIeEsP166T

0

0

o00stro

00070860

oirozo

H00rLETO

001810

00Tt o

0rsIS0

008810

1

1

oo 800~
oorereo—
oresto-
avorosT0-

£590+006 01001 +SLO°O1
e o | e s 9E9 0T

§500+9050
TE00+86€0
0060
A0059T8'0
0L60'T
noor6TL0
S10076L1°0
foorereo
0ELEE0
50000860
50000+£000
£000/0+00°0
S 0TErE0
00 6LE0
L0 192°0
HOOLLETO
001810
8000Tr10
000+515°0
008870
a00rss60
01660
Loopee0—
H00+6£€°0—
080~
400+ 87T~
o 0rearoroms1+LE0OT
T erh e 6950T

G0 11170
$000+9L00
S0019€€0
000+50€°0
7000+LTT0
$000-0120
3000+612°0
9000+0L1°0
§100:787°0
§000+6E7'0
oS00
0012090
£000+690°0—
100.0+690°0—
fa101810°0—
T 0rS01°0-
TEE0rs0c 0 (£ 0 EEP'E

L87'0—S65°0—09
€0S"0+T0L0+€9:

1+928°L

0

0

00620
oisezo
500075610
908s001°0
E00PELO
0055200
0058150
0066770

T

1
eIy 0
HoorpLe0—
L8 0~
O 0700£°0~
0100190 0+L69°T

9€€°0-TTI'0—6V6'0— -
b 0-+821°0+ep0 1+LOES

§e00+ 15770
AL
§00+L060
416010920
Se00+LOL'T
fooreoo
NS0
2000+2020
£00+0€€°0
S000+€C0
00010+ €000
£0000+100°0
00r9z€0
S0 sET0
5000+61°0
2100+091°0
S0+ €10
8000+9L0°0
$000:815°0
006670
£0007086°0
2000+L860
G00rsee0—
G00r19g0—
EoeLro-
ShoLseo-
ELI0+1900+610+C89T

FEE0—1TI 0~ 1760~ / v
Spe0-+LT1 04950 1+CLES

To0i0+160°0
100071500
£000+6£20
0001810
£000:991°0
50009210
0iroro
9000+601°0
fi00s697°0
o0 0-627°0
E0zost0
CE00rLESD
o rsro0-
00sLro0-
S04 r00°0—
050046900~
L0010 0+ 2600+ CPS 0

me.c.‘.owc.ciwol‘
180°0+0£0°0+Lez 0+ C9C T

()

(g (D)
d

(i)

,.“‘b

(40)

mu\«\
(44y)
(o1-0D g
(gr-0ng

opour 2

apowr 71

apow 1

opouwr 2

opour 7/

apowr 2

opouwr 2

apowr 71

apowr 2

arg < (Sex

arg < (SO

arg < (SHL

[ouueyd la7°g < (Su) g 10J UOTJRIIAIUI JO SAem OM] )M 9pOW 2 pue dpowl 7/ ‘9powt 2 dY} J0j mmm Anpesioarun-uou uoldaf oy pue ¥'€TIX s9[qeAIdsqo Inoj ¢ ( nSMR uosawr [enrut

Jo uonoely uonezirejod [eurpmyuo] ) *ly AnowrwAse urds-uoydsy ayy 45 10308} Krxoauod ayy 44y Anownukse premorq prEMIo A (g suONdel FuIydULIq Ay} 10J SAN[RA NS YL T IIYEL

pringer

As



345 Page 10 of 18

Eur. Phys. J. C (2025) 85:345

40 70 80
= = =
e S 50 % 60
x x x
., 20 . ., 40
Q 43
? % 30 “i‘
2 & 8
g 2 10 g
2 2 2
5 5 5
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 12 14 0 5 10 15
7 @ ¢
1.0 1.0 1.0
0.8 08 08
T 06 T 06 & 08
= = =
£ o4 £ o4 £ os
Q 49 21}
I 02 I 02 I 02
0 » 2
< g S
= 00Ry = 00 = 0.0/
< U < \_/ £
< -0.2 < -0.2 < -02
-04 -04 —04
0 2 4 6 8 10 0 2 4 6 8 10 12 14 0 5 10 15
7 o ¢
0.0fj 0.0f 0.0
< < <
< 05 = -05 Z -05
N S N
& IS L
; 3 g
% -10 » -1.0 » -10
s N (2]
= 4 = 4 = /
< ! LU <l
—15H -15} _15
0 2 4 6 8 10 0 2 4 6 8 10 12 14 0 5 10 5
q ¢ e
1.2 1.2 12
G 10 S 10 G 10
o 08 o 08 o 08
I X X
® g 3
T o6 Sos L os
z 3 3
04 04 04
0.2 0.2 2
0 2 4 6 8 10 0 2 4 6 8 10 12 1 %% 5 10 15
q q
0.8 0.8 0.8

109 (V(15)-Bo 7)) ()
o o o
N S (=]

F29(y(25)B4V)(q?)
o o o o
o N e 2]
FFC9 (y(38)-Bo V))(d?)
=3 <3 o I3
o N B (=]
\ .

00
[ 2 4 6 8 10 o 2 4 6 8 10 12 14 0 5 0 15
@ q ¢
1.0 1.0 1.0
€ € €
F os [ P os
@ P &
N X X
z g 3
= g e
= = = 00
T 00 T 00 [
-05 -05 % 5 10 15
0 2 4 6 8 10 o 2 4 6 8 10 12 14 ,
7 ¢ q

Fig. 1 The ¢ distributions of the observables dI'/dg? Al (q?),

Cl(g?, ;" FF " and Pi(g?) for the decays T (nS) — B.l¥
with n=1 (left column), 2 (middle column), 3 (right column) in the SM.
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The red (dot dash ), blue (solid), and green (solid) lines indicate the e,
and T mode, respectively. The corresponding light colours for dI"/dg?
indicate the longitudinal decay rate d " /dg®. And the same in Fig.2
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the T mode, all of Xl,z,g(cf) increase significantly with q2
throughout the entire ¢ region. However, for lighter lep-
ton modes, X1)2,3(q2) decrease significantly with ¢> when
0 < g < m% and increase siginificantly with ¢> when
m? < g% < g2...One can find that for the same initial states,
when g% — g2, the value of x;(2)(g?) for both lighter lep-
ton modes and T mode are same. Furthermore, for the same
initial states, at a settled point of qz, the values of xj4) for
T mode are larger than those for e(x) mode. Conversely, the
opposite phenomenon occurs in x2(3) (qz).

In Fig. 3, we analyze sequentially the ¢ distributions of
the ratios of branching fraction R( )(qz) and ratios of the
longitudinal (transverse) polarlzatlon asymmetries param-
eters of the initial meson R FLT(T) (q ), as well as, ratios of
the lepton-spin asymmetry R Py (g%). Tt is clear to find that
Rg;)(qz), RF}’ (q2) and RPlr (qz) all increase with q2 over
the whole ¢ region. Furthermore, it is very evident from
the first picture of Fig. 3, in which the SM prediction of
the longitudinal branching fraction ratios Rég, displayed by
the light colour, is larger than the result of RBC for the
T (nS) — Bl processes at a settled point of g2. At the
same time, it is evident that the result of R L) becomes larger
in turn for the decays 7' (1S) — B.lvy, T(ZS) — B lvl,
and T (3S) — B.lv;, respectively, at a settled point of 2.
Conversely, the opposite phenomenon arises in R ET (¢*) and

R Py (¢%). These two observables are also increasing with g2
over the whole g2 region. It should also be noted that R ET

is decreasing with ¢2 over the whole ¢ region, and there is
also no continuous distribution of size relationships for this
observable. Though there is symmetric phenomenon between
F Z and F. 77: , it is obvious from the figure that there is no such
symmetry between R FT and R ET at a settled point of ¢2.

3.3 New physics effects analysis on 7" (nS) — B.tv,

Let us now focus on the impact of the vector and scalar NP
Wilson coefficients on the above mentioned different phys-
ical observables, and examin their discriminatory power for
NP in the semileptonic decays of ' (nS) — B.t~ V;. Ascan
be seen from to the previous analysis, the variation trends
of various observables for the T (nS) — B.t ™V, processes
with n = 1, 2, 3 are similar to each other. In order to avoid
unnecessary repetition of the description, we will take the
T (3S) — B.t v, process as an example for the detailed
analysis on the NP effects.

We will broadly analyze all the available information
about the NP effects on the above mentioned various observ-
ables, following the different NP scenarios presented in
Figs. 4 and 5. The g2 dependency distribution of the observ-
ables dI'/dq*, A%Lg(g?), ChL(g?), F] (¢*), F}(¢*) and
P:(g?), for T (3S) = B.t~ ¥, decay mode, both in the SM

case and including the contribution from different types of
NP scenarios, are presented in Fig. 4. In the figure, we dis-
tinguish the results for both SM and various NP scenarios
using different colors, respectively. The width of each curve is
derived from the theoretical uncertainties of the input param-
eters, which include hadronic form factors. In this work,
we temporarily do not take into account the impact of the
uncertainties of NP coupling parameters on the errors of var-
ious observables. From these figures, we make the following
observations:

e After considering the contribution of various real NP cou-
pling parameters in the case A, it is observed that the dif-
ferential decay rate dI"/dg? exhibits a more pronounced
deviation from the SM prediction when the BMP1, BMP2
and BMP3 scenarios are considered, as opposed to the
situation with the BMP4 scenario. There is a significant
enhancement effect on d I"/dq? after considering the con-
tribution of NP for BMP1, BMP2 and BMP3 scenarios.
A shared characteristic is observed near the zero recoil
point, where the predictions under various NP scenarios
align with those of SM for these observables. Arp (g%
shows a distinct deviation from the prediction of SM
across the entire ¢2 range for the BMP3 and BMP4 sce-
narios. In BMP3 scenario, Arpg (qz) is enhanced relative
to the scalar coupling, while in the BMP4 scenario, it
is decreased throughout the entire g2 region. Besides,
when compared to the zero-crossing point of the SM, the
zero-crossing point of A g (g?) is observed to shifts to a
significant lower ¢ value in the BMP3 scenario due to
the scalar coupling. Conversely, in the BMP4 scenario,
the zero crossing point of Arp(g*) moves to a notably
higher ¢ values as a result of the scalar coupling. No
sizable deviation is observed for Arp (qz) in the pres-
ence of vector coupling in BMP1 scenario. The similar
phenomenon is also found in C} (qz) and F LT (qz). And
the opposite phenomenon that BMP4 caused a significant
enhancement effect for lower ¢ region and BMP3 caused
a significant decrease effect for entire g2 region appears
in Ff (qz) and P; (q2). In addition, after accounting for
the NP contribution of scalar coupling in the BMP4 sce-
nario, F. 77: (¢?) and P; (¢*) no longer exhibit zero crossing
point. In contrast, zero-crossing points are present in the
predictions of the SM as well as in the BMP1,BMP2,
and BMP3 scenarios. So measuring these observables in
the corresponding g2 region will further substantiate the
observed anomalies in b-decays.

e Though the NP coupling parameters are set to the com-
plex in case B, the NP effects on different observables for
these NP scenarios are similar to the prediction results in
Case A. The differential decay rate dI"/dg? is enhanced
with respect to the vector coupling but shows no siz-
able deviation for the scalar coupling over the whole g

@ Springer
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Fig. 2 The q2 distributions of the observables i (qz), X2 (q2), X3 (qz) and x4 (q2) for the decays 7" (nS) — B.lv; in the SM

region. Ay, (¢?) is enhanced compared to the SM predic-
tion for the vector coupling in the BMP6 scenario, but it
is significantly decreased in the BMPS8 scenario over the
whole ¢2 region. Additionally, the zero crossing point of
A%p (¢?) shifts to a significant lower and higher ¢2 value.
For Cy, (g%, FLT(T) (¢%) and P;(g?), different from the
results considering the NP coupling in case A, there is a
slight deviation from the SM prediction in the lower ¢
range for these four observables when considering the NP
contribution in BMP8 scenario. The measurement of this
four observables may do not further endorse existence of
NP beyond the SM in this case. However, measuring these

@ Springer

observables may provide insight into distinguishing the
contribution of the scalar coupling for the Sk parameter
from other types of NP coupling contributions.

From the last column in Fig. 4 in which two real NP cou-
pling parameters are considered at a time in case C. One
can see that the g2 dependence of dI"/dg? is similar to
the case A. In various NP scenarios, except for BMP14
scenario, d I"/dg? is enhanced compared for the SM pre-
diction. Arp (qz) displays a distinctive deviation from
the prediction of SM in the entire ¢ range for BMP13
and BMP14 scenarios in which Sg parameters is con-
sidered. There is a slight deviation from the prediction of
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Fig. 3 The q2 distributions of the observables Rgf)(qz), R FT (qz),
R EY (qz) and Rp, (qz). The corresponding light colours for Rp_ indi-

cate the longitudinal R IL% . Note that the colors in this figures is a different

SM in the lower g2 range for FZ(T) (¢®) and P, (¢?) when
consider the NP contribution for BMP13 and BMP14 sce-
narios in which Sk parameters is considered.

In order to better and further distinguish these different
NP scenarios, we need to continue studying some observ-
ables that are similar to the ratio R, and they are displayed
in Egs. (15), (16) and (17). And the g2 dependence of these
observables is displayed in Fig. 5. Though the NP effectin NP
scenarios which contain Sk coupling parameter contributes
the most to x2(g?), there is no much impact on x»(g?), even
when the uncertainties of the some input parameter have been
taken into account for all three cases. The predicted value
of x3(q?) decreases slightly in the BMP3, BMP4, BMPS
and BMP14 scenarios. And the predictions of x3 (q2) in
the SM and other NP scenarios have overlapped with each
other completely. The same phenomenon also appears in the
Rp, (g%, except for the result of the BMP3 scenario. The
BMP4 scenario can significantly decrease the predicted val-
ues of x1(¢2), x4(¢*), and RFLr (¢%). But the BMP3 scenario
can increase the predicted values of these observables. Fur-
thermore, the BMPS8 scenario in Case B and the BMP14 sce-
nario in Case C can also significantly decrease the predicted
values of above three observables. The opposite change phe-
nomenon occurs in R EY (q2). In addition, there is a zero

crossing point for R T (¢%) when considering NP contribu-
tion of the BMP3 and BMP13 scenarios. In contrast, there are
no zero crossing points in the SM and in other NP scenarios.
There is also a very obvious feature that when g2 tends to
the endpoint g2, the prediction of this observable is a fixed
value both in SM and in all NP scenarios. And when ¢? tends
to the endpoint qrznin, the values of xi 23,4 are all zero. The
measurement of the above observables may further endorse
the existence of NP signals beyond the SM.

from Figs. 1 and 2. The green, blue and red solid lines in this figures
indicate the T (nS) — B.lv;(n = 1, 2, 3) processes, respectively

4 Summary

The most experimentally observed phenomena have been
explained elegantly by SM, and there is no new particle
beyond SM have been discovered thus far. However, there
are some deviations from SM prediction have been observed
in the B hadron decay transitions involving the third gener-
ation of lepton, especially in the b — ctv; process. In this
scenario, it is very important to investigate thoroughly how to
explain these indirect signals of NP. With the sharp increase
inthe 7" (1) data samples at high luminosity dedicated heavy
flavor factories, the bottomonium weak decay, especially
the weak decay of 7' (1S), is interesting for exploring the
underlying mechanism responsible for transition between the
heavy quarks, over-constraining parameters from B decay
processes, and investigating perturbative or non-perturbative
effects. The weak decays of 7 (1S) are also legal in the
SM, though their branching ratios are expected to be tiny
in comparison to the conventional strong and electromag-
netic decays. Motivated by several anomalies R p and Ry
observed in semileptonic B meson decays as well as the
abundant 7" (nS) data sample at high luminosity heavy flavor
experiments in the future, we perform a detail analysis for
the semileptonic 7" (nS) — B.["v; which is also induced
by the b — cti, quark level transition as B — D™ 1,
processes.

Using the form factors of the transition " (nS) — B,
which are calculated in the Bauer-Stech-Wirbel framework,
the SM prediction values of various observables that is in the
form of ratios for the decays 1" (nS) — Bl v; are first calcu-
lated. Then the contribution of NP parameters mainly come
from vector and scalar couplings to different observables rel-
ative to 7 (3S) — B.t~ v are also discussed in various NP
scenarios. The results show that the many observables after
considering the contributions of NP couplings, have signif-
icant deviations from the prediction of the SM. No sizable
deviation is observed for dI"/dq? in the presence of scalar

@ Springer
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coupling in BMP4, BMP8, BMP13 and BMP14 scenarios.
However, significant decrease effect appears in Arp (qz),
C;(qz), FLT(qz) for lower q2 region and in X1,3,4(q2),
Rp, (¢%) and R FT (g?) for entail ¢° region after consider-
ing the NP parameters in BMP4, BMP8 and BMP14 sce-
narios. And significant enhancement effect also appears in
Ff (q%), P:(¢*) and R FT (¢?) in the reasonable kinematic
region in BMP4, BMP8 and BMP14 scenarios. Though it is
clear to find that there is an axial symmetric phenomenon
between ;"% (¢2) and F} "% (¢2) shown in Fig. 4, the
same axial symmetric phenomenon does not occur in the
Rpr (g%) and R FT (¢%) which is displayed in Fig. 5. In this
work, for the various NP scenarios, we only consider the
impact of hadronic form factor uncertainties on the errors
of various observables., while ignoring the errors brough
by the uncertainties of the different NP coupling parameters
So these analysis is merely illustrative. With the continuous
upgrading of the high energy physics experimental facilities
in the future, there may be better improvements in the rele-
vant decay processes.

Unlike B meson decays, which have been extensively
investigated both experimentally and theoretically in the last
few years, research on the 7 (nS) mesons remains very
scarce, especially on the theoretical side. Although some
observables studied above are very sensitive to NP effects
within the NP scenarios, it is difficult to measure them soon
because there are no effective techniques or methods to mea-
sure them directly under current experimental conditions.
Since hadronic decays involving b — ¢ transitions play a sig-
nificate role in heavy flavor physics experiments, this work is
very crucial to research such decay modes. The exploration
of these decays is also beneficial for the study of charmed
hadron decays. The research on the 7' (nS) mesons in this
work would be found to be very important in shedding light
on the nature of NP. The existence of the NP signal that con-
tributes to the heavy flavor sector is expected to be discovered
in the era of precision measurements. Therefore, the study
of semileptonic decays of the 7" (nS) mesons will not only
contribute to a better understanding of heavy flavor physics
but also provide a good environment for the search of NP
signal in the future.
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