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Abstract: We study the exclusive semileptonic decays Y(1S) — B(:)(v,, where £ = e,u,7. The relevant hadronic

form factors are calculated using the covariant confined quark model developed previously by our group. We pre-
dict the branching fractions B(Y(1S) — B(){¥¢) to be of the order of 10713 and 107" for the case of B and B, re-
spectively. Our predictions agree well with other theoretical calculations. We also consider the effects of possible
new physics in the case of ((1S) — B.7v, and show that the branching fraction of this decay can be enhanced by an

order of magnitude using constraints from the B — D™y, and B, — J/ylvy experimental data.
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I. INTRODUCTION

Low-lying quarkonia systems such as Y(1S) mostly
decay through intermediate gluons or photons produced
by the annihilation of the parent gq pair. As a result,
strong and radiative decays of T(1S) have been widely
studied both theoretically and experimentally. Mean-
while, weak decays of T(15) have attracted less attention.
Owing to the significant progress in the improvement of
collider luminosity over recent years, a large amount of
rare weak decays have been observed. In particular, the
rare semileptonic decay of the charmonium J/y — D¢*v,,
(¢ = e,u), was considered one of the main research topics
at the BESIII experiment [1]. In 2021, BESIII reported a
search for the decay J/y — De*v, based on a sample of
10.1x10° J/y events [2]. The results placed an upper
limit of the branching fraction of B(J/¢ — De*v,+c.c.) <
7.1x107% at the 90% confidence level (CL). Note that
this upper limit was improved by a factor of 170 com-
pared to the previous value [3]. In 2023, using the same
J/y event sample, BESIII searched for the semimuonic
channel for the first time and found an upper limit of
BJ/Yy = Dutv,+c.c)<56x107 at the 90% CL [4].
These upper limits are still considerably larger than
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standard model (SM) predictions, which are of the order
of 107!! [5-9]. Nevertheless, the experimental data im-
plied constraints on several new physics (NP) models that
could enhance the branching fractions to the order of 107
[10]. In light of the extensive search for rare charmonium
decays, it is reasonable to explore similar decays of the
bottomonium Y(15).

The semileptonic decays Y(1S) — B, (v, where ¢ =
e,u, T, have been investigated in several theoretical stud-
ies. However, there are few such studies, and the existing
predictions differ. The first calculation of decays Y(1S) —
B.tv, was performed by Dhir, Verma, and Sharma [7] in
the framework of the Bauer-Stech-Wirbel model. They
obtained  B(T(1S) — Beev,) = (1.70:33) x 107 and
B(Y(1S) - Berv,) = (2.95003) x 107", However, in this
study, the authors only considered the Y(1S) — B. trans-
ition. In 2017, Wang et al. calculated the decays
T(1S) — B{;)(V; using the Bethe-Salpeter method [9]. The
results for the T(1S) — B, case were B(Y(1S) — B.ev,) =
(1.37:033) x 107 and  B(Y(1S) - B.rv,) = (4.177033)
%1071, The results of the two studies above only margin-
ally agree. Considering the ratio of branching fractions,
namely,  R(Y(1S)— B.) = B(Y(1S) > B.17,)/B(T(1S)
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— B.ev,), R(T(1S) — B.) was estimated to be approxim-
ately 0.17+0.01 (Dhir et al.) and 0.30+0.09 (Wang et
al.). The results implied a tension at 1.5 o between the
two studies. Moreover, in 2016, Chang et al. considered
the decays Y(nS)— B.v, (n=1,2,3)based on nonre-
lativistic QCD (NRQCD) [11]. They found R(Y(1S)
— B.) =0.24%0% which agrees with the results by Wang
et al. but disagrees with those by Dhir et al. Therefore, it
is necessary to provide more theoretical predictions for
these decays.

There is another interesting aspect of the
T(1S) — B.£v, decay: at the quark level, it is induced by
the transition b — c¢{v,. For more than a decade, tensions
between experimental data and the SM predictions for the
ratios of the branching fractions Rp=B(B° — Dtv,)/
B(B® — Dev,) and Rp = BB’ — D*1v,.)/B(B° — D*ev,)
could not be eliminated. This is known in the community
as "the Ry puzzle," which hints at a possible violation of
lepton flavor universality (LFU) and has motivated a sig-
nificant search for NP in the semileptonic decays
B® — D¢y, (see, e.g., [12, 13] and references therein).
Thus, the decay Y(1S) — B.{v, is a reasonable candidate
for probing possible NP beyond the SM.

The weak decays of hadrons, such as Y(1S) — B, v,
, are characterized by the interplay of strong and weak in-
teractions. Although the structure of the weak interaction
in semileptonic decays is well established, the strong in-
teraction in the hadronic transitions 1(1S) — B, can only
be calculated using nonperturbative methods. Hadronic
transitions are often parameterized by invariant form
factors. In this study, the hadronic form factors of the
semileptonic decays of T(1S) are calculated in the frame-
work of the covariant confined quark model (CCQM) de-
veloped previously by our group. One of the advantages
of our model is the ability to calculate the form factors in
the entire physical range of momentum transfer without
any extrapolation.

The remainder of the paper is organized as follows. In
Sec. II, we present the relevant theoretical formalism for
the calculation of the semileptonic decays Y(1S)—
Bytv,. In Sec. 111, we briefly introduce the CCQM and
demonstrate the calculation of the hadronic form factors
in our model. Subsequently, we present our numerical
results in Sec. IV and conclude in Sec. V.

II. FORMALISM

In the CCQM, the semileptonic decays Y(15)—
By, are described by the Feynman diagram shown in
Fig. 1. The effective Hamiltonian for the semileptonic de-
cays Y(1S) — B, {v, is given by

Gr _ -
ﬁqu [qO"b} [KO#V[] N (1)

where g =(u,c), Gr is the Fermi constant, V,, is the

Heir(b — qtve) =

T(15)

Fig. 1.
B .

Feynman diagram for semileptonic decays T(1S) —

Cabibbo-Kobayashi-Maskawa matrix element, and O* =
v*(1 —7s) is the weak Dirac matrix with left chirality. The
invariant matrix element of the decays is written as

Gr

%qu(B(,;)|Z]O“b|T(1S))ZO,,W. )

M(T(IS) = B(()fl_/[) =

The squared matrix element can be written as a product
of the hadronic tensor H,, and leptonic tensor L/”:

2_G7%' v 3
IMP = ZEH,, L 3)

The leptonic tensor for the process Wo; g — € V¢
(Wep_ghen = €*ve) is given by [14]

Wotr—shen = € Ve

tr[(pe+m)04p, 0"]  for
L =

tr [(ﬁf —mg)O"p,, 0”] for Wi ghen = € ve
=8(pip), +pip: — e P8 £i8” P Prabyg) .
4)

where the upper/lower sign refers to the two (£7v,)/(¢*v,)
configurations. The sign change is due to the parity viol-
ating part of the leptonic tensors. In our case, we must use
the upper sign in Eq. (4).

The hadronic matrix element in Eq. (2) is often para-
meterized as a linear combination of Lorentz structures
multiplied by scalar functions, namely, invariant form
factors that depend on the momentum transfer squared.
For the V — P transition, we have

(Bioy(p2) |30,b| T(AS )€1, p1)) = € Tya
€ 2 2
= - A VA
e 2[ &uwPqA0(q) + pupyA(q)

+quDvA- (@) +iEmapp" PV ()], )

where g = p1—ps, p = pi1+p2, mi =myqs), my =mg,,, and
€ 1s the polarization vector of T'(15), such that ef -p1 =0.
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The particles are on-shell, ie., pj=mi=mi, and
p3=m;= m%([,). The form factors Ay(q?), A.(¢?), and
V(g?) are calculated later in our model. In terms of the in-

variant form factors, the hadronic tensor reads as

ad’ pdpd’
Hy =10 (e + P2 ) 7, ©)
1

where

VP _
pa

= 8uaP9ANG) + PuPeAs(q
m1+m2[ 8uaPqANG") + PuPaA+(q7)

+ 4P (D) + 8D V(). (7)

Finally, by summing the vector polarizations, we ob-
tain the decay width

ot
(mi-mp)* 8

1
dq2 /dsl gHuvLW’

_ G% [Vl
T (Y(1S) - Bilve) = (2;)3 g 4‘fm3
1

@®)

where my = myqs), My =mp,, and s = (pB(L') +pf)2. The
upper and lower bounds of s, are given by

St =mj+m; — 27:12 [(q2 —m? +m3)(q* +m3)
FA2(g i m)A'(q 7 0)]. ©)

where A(x,y,z7) = x> +y* +7% = 2(xy +yz +zx) is the Kéllén
function.

III. FORM FACTORS IN THE COVARIANT
CONFINED QUARK MODEL

A. CCQM in a nutshell

The CCQM has been used for approximately three
decades as a tool for hadronic calculations. The model
has been introduced in great detail within many studies
by our group, for instance, in Refs. [15—17], and success-
fully employed to explore the various decays of not only
mesons and baryons, but also tetraquarks, pentaquarks,
and other multiquark states [18—27]. In this paper, we
only list the main features of the model for concision and
to focus more on the new results.

The CCQM is based on an effective interaction Lag-
rangian describing the coupling of hadrons to their con-
stituent quarks. The coupling of a meson M(q;g,) to its
constituent quarks ¢, and g, is described by the nonlocal
Lagrangian (see, e.g., Ref. [17])

Lin(x) = guM(x) / dx, / dx, F iy (x, x1,x2)

X q1(x1) Ty ga(x2) + Hee. (10)

Here, g4 is the meson-quark coupling constant, I'y, is the
relevant Dirac matrix (or a string of Dirac matrices)
chosen appropriately to describe the spin quantum num-
bers of the meson field M(x), and the vertex function
Fy(x,x1,x,) characterizes the finite size of the meson. To
satisfy translational invariance, the vertex function must
obey the identity Fy(x+a,x; +a,x; +a) = Fy(x,x,x;) for
any given four-vector a. In what follows, we adopt a spe-
cific form for the vertex function, which satisfies the
above translation invariance relation.

Fuy(x;x1,x) = 6(4)(x_wlxl — Wy X2) D[ (x —Xz)z], (11)

where ®@,, is a correlation function of the two constituent
quarks with masses m; and m,. The variable w; is defined
by w; =m;/(m; +my) such that w;+w, =1. In principle,
the Fourier transform of the correlation function, which
we denote by ®,,(—p?), can be calculated from the solu-
tions of the Bethe-Salpeter equation for the meson bound
states [28].

The authors of Ref. [29] found that, using various
forms for the vertex function, the basic hadron observ-
ables were insensitive to the details of the functional form
of the hadron-quark vertex function. Therefore, we use
this observation as a guiding principle and choose a
simple Gaussian form for the Fourier transform of the
correlation function ®,(—p?). The minus sign is chosen
to emphasize that we are working in Minkowski space.

Oy (—p*) = exp(p*/A})), (12)

where the parameter A, characterizes the size of the
meson. Because p? becomes —p% in Euclidean space, the
form (12) has the appropriate falloff behavior in the Euc-
lidean region. We must reiterate that any choice for @, is
appropriate as long as it falls off sufficiently fast in the
ultraviolet region of Euclidean space to render the Feyn-
man-diagram ultraviolet finite.

Recently, we also considered a more complicated
structure for the vertex functions. In Ref. [30], we intro-
duced the vertex functions as Gaussian multiplying some
polynomial to describe the radial excitations of the char-
monium and bottomonium as follows:

0, (-k) = (1+ Zn:cmm,lssz"’)dbv(—kz),

m=1

where ®y(—k?) = exp(k*/A}). Here, we assumed that the
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different radial excitations cannot pass into each other
through a quark loop. We called this assumption the or-
thogonality condition. This condition allowed us to de-
termine the numerical values of the coefficients c,,,,_; in
the allowed region of p? for a certain quarkonium spec-
trum.

The quark-meson coupling is obtained using the com-
positeness condition [31, 32]

Zy = 1=TI),(m;,) = 0, (13)

where Z,, is the wave function renormalization constant
of the meson M, and II), is the derivative of the meson
mass function.

The meson mass function in Eq. (13) is defined by the
Feynman diagram shown in Fig. 2 and has the following
form:

dk
Qm)*i

Mp(p) = 3¢5 O}, (-K%)

xtr [S(k+wip)y’Sa(k—wap)y’], (14)

y(p) =g {g’”—plv} &g (=K*)

2 24 Y
P (2m)ti (15)
X tr [S 1(k+wip)yuS (k- wzp)yv] ,
where
1 my+ K
S,‘ k = = gi
® my— f—ie m2 —k*—ie (16)

is the quark propagator.

The CCQM has several free parameters, including the
constituent quark masses m,, hadron size parameters Ay,
and a universal cutoff parameter A, which guarantees the
confinement of constituent quarks inside hadrons. These
parameters are obtained by fitting to available experi-
mental data and/or lattice QCD. Once they are fixed, the
CCQM can be used to calculate hadronic quantities in a
straight-forward manner. The parameters relevant to this
study are listed in Table 1.

B. Hadronic matrix element and form factors
In the CCQM, the hadronic matrix element of the
semileptonic decays Y(1S) — B, (v, is given in the dia-
gram in Fig. 1 and is written as

Fig. 2. One-loop self-energy diagram for a meson.

Table 1.  Quark masses, meson size parameters, and in-
frared cutoff parameter (all in GeV).

My/d nyg me mp Ap Ap, Axs) A

0.241 0.428 1.67 5.04 196 273 4.03 0.181

(Bio(p2) |30ub| Y(1S )€1, p1)) = €/ T)F
d*k ~
()
Qmyti
X [=(k +wizp)1Op[—(k + w3 p2)*]

Xtr [So(k+ p2)O,S 1(k+ p1)yaS3(k)ys)

Thw = 3gvas)8p

- @ A ? + (l/A ?
m1+m2[ uaPGANGT) + PuPaA(q)

+quPoA (@) +i8uasp 4’ V(D). (17)

where k is the loop momentum, and w;; = my,/(mg, +my,)
(i,j=1,2,3).

The form factors are then calculated using standard
one-loop calculation techniques (see, e.g., Ref. [33]). The
main steps are as follows. First, the Gaussian form of the
vertex functions in Eq. (12) is substituted into Eq. (17).
Second, the Fock-Schwinger representation is used for
the quark propagator

S (k) = (my+ ) [ dae ™), (18)

0
Third, the integrals are treated over the Fock-
Schwinger parameters 0 < @; < co by introducing an addi-

tional integration, which converts the set of these para-
meters into a simplex:

H/daif(al,...,a,,)
i=1 0

= /dtt”“H/daié (l—Za,) fay,... ta,).  (19)
0 i=1 i=1

Note that Feynman diagrams are calculated in the Eu-
clidean region, where p* = —p%. The vertex functions fall
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off in the Euclidean region; therefore, no ultraviolet di-
vergence appears. To avoid possible thresholds in the
Feynman diagram, we introduce a universal infrared
cutoff, which effectively guarantees the confinement of
quarks within hadrons.

o 1/22

/dt(~~-)—> /dt(~~~). (20)
0

0

Each form factor for the semileptonic transition
T(1S) — B, is finally transformed into three-fold integ-
rals of the general form

1/22 —a

o
F(») = /dtt2 da, /dazf(taq,ta/z). (21)
0 0 0

The expressions for f(tai,ta,) are obtained using our
FORM code. The numerical calculation of the three-fold
integrals is performed using FORTRAN codes with the
help of the NAG library (see appendix).

IV. NUMERICAL RESULTS

Before listing our numerical results, we briefly dis-
cuss the estimation of the theoretical errors in our ap-
proach. We reiterate that all phenomenological quark
models of hadrons are simplified physics pictures; there-
fore, it is difficult to treat the theoretical error rigorously.
The main source of uncertainties originates from the free
parameters listed in Table 1. They are obtained by a least-
squares fit of leptonic and electromagnetic decay con-
stants to experimental data and/or lattice QCD, and the
allowed deviation in the fit is in the range 5%—10%. This
range can be used as a reasonable estimation of the mod-
el's errors. Moreover, the CCQM has been applied to
study a broad range of hadron decay processes, and we
find that our predictions often agree with experimental

data within 10%. Therefore, we estimate the theoretical
error of the predictions in this study to be approximately
10%.

Note that the 10% error arises from the existence of
free parameters in the model, which are determined
through a fit to the experimental data (see Ref. [34]).
These fitted parameters carry their own uncertainties, and
these uncertainties propagate through to the form factors
and decay widths. As a result, the overall error remains
below 10%. The errors associated with the numerical cal-
culation of the multifold integrals are negligible, as we
use a highly reliable subroutine from the NAG library.
This ensures that the precision of the numerical integra-
tion does not contribute significantly to the overall error.
More details on the NAG subroutine are given in the ap-
pendix.

A. Form factors

In Fig. 3, we present the form factors of the Y(1S) —
B transitions in the full range of momentum transfer
0 < ¢* < G2y = (myas)—mg,,)*. Note that in the CCQM,
the form factors are directly calculated in the entire phys-
ical range without the extrapolation typically observed in
lattice QCD and the QCD sum rules. We then parameter-
ize the ¢*> dependence of the form factors using a general
dipole approximation

F(0) 7
F(§) =
@) 1—as+bs*’ s

(22)

2
Mip(1s)

The dipole-approximation parameters for the
T(1S) — B, form factors are displayed in Table 2. We
also list the values of the form factors at zero recoil, i.e.,
at ¢2,.. We compare the form factors at maximum recoil
(¢* = 0) with those of other theoretical studies in Table 3.

B. Branching fractions

We present our results for the branching fractions of
the semileptonic decays Y(1S)— By, (£=e,u,7) in

¢* (GeV?Y)
(color online) Our results for the form factors of the (15) — B (left) and r(1S) — B, (right) transitions.

Fig. 3.

0 2 4 6 8 10

q* (GeV?)
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Table 2. Parameters of the dipole approximation for the ((1S) — B, form factors and the form-factor values at zero recoil g2, .

T(1S)— B T(1S) — B,
Ao Ay A- V Ao Ay A_ Vv
F(0) 0.46 0.013 1.03 0.38 2.54 0.27 2.56 1.23
a 3.93 8.99 5.64 5.63 3.49 491 4.57 4.54
b 341 21.9 8.34 8.37 2.83 7.43 5.93 5.89
F(qrznax) 1.28 0.18 4.78 1.75 3.96 0.50 4.59 2.19
Table 3. Form factors at maximum recoil ¢*> =0 in the CCQM and other theoretical studies. The values in the row labeled BS were
obtained based on the form-factor graphs of Ref. [9] and private communication with its authors.
T(1S)—-B T(1S)— B,
Ap(0) A, (0) A_(0) V(0) Ap(0) A(0) A_(0) V(0)
This study 0.46 0.013 1.03 0.38 2.54 0.27 2.56 1.23
BSW [7] 3.0670:02 0.38+0:96 161309
Ref. [35] 4.99 1.01 1.01
NRQCD [11] 3.46 0.51 1.66
BS [9] 0.20 0.031 0.29 0.15 1.63 0.26 1.28 0.80
Table 4. Branching fractions of the T(15) semileptonic decays in the CCQM, Bethe-Salpeter (BS) approach [9], Bauer-Stech-Wirbel

(BSW) model [7], and NRQCD framework [11].

Channel Unit This study BS [9] BSW [7] NRQCD [11]
T(1S) — Bev, 10-13 5.96 7.83*140
T(S) - Buvy, 10-13 5.95 7.82+140
T(1S) = Brvg 10-13 3.30 5047092
T15) = B Lore L34 137473 170%3 R R
T(S) = By, 10 183 L3703 L6908 SRR N
1AS) = Berr 0! 474 4177438 2907083 13033263763

Table 4. We also show the relevant predictions of other
theoretical studies for comparison. Our predictions agree
well with the Bethe-Salpeter-approach results [9]. Re-
garding the results obtained using the Bauer-Stech-Wir-
bel model [7], the branching fractions for the electron and
muon modes agree with ours; however, that for the tau
mode disagrees. The results obtained in NRQCD [11] for
the branching fractions are larger than those in other stud-
ies, including ours.

It is interesting to consider the ratio Rg,, = B(T(1S) —
Bytv.)[B(Y(1S) = Bytve), (£ =e,u), where a large part
of theoretical and experimental uncertainties cancels.
Note that the key advantage in considering this ratio is
the cancellation of various uncertainties. Specifically, the
hadronic form factors, which describe the Y(1S)— B.
transition and carry theoretical uncertainties, largely can-
cel out. Similarly, uncertainties from radiative correc-
tions, including QCD, QED, and electroweak interac-
tions, also cancel out owing to their similar impacts on
both decay channels in the ratio. Additionally, CKM-mat-

rix-element uncertainties are eliminated, as they affect
both processes identically. These cancellations make the
ratio a particularly clean observable for studying poten-
tial deviations from the SM and probing NP effects.

Egs. (23) and (24) list all available predictions for
R, to date:

g, = B01S) = Bro) _ { 0.64 BS [9] |
B(Y(1S) — Btv) 0.55 This work
(23)
0.30 BS [9]
Ry = B(r(1S) - Baav) _ ) 0.17 BSW [7]
© B(T(1S) — B.Av) 0.24 NRQCD [10]
0.26 This work
(24)
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Our results for the ratios Ry and Rp, agree well with
those in the BS approach. Meanwhile, the result for Rp,
in the BSW model is approximately two times smaller
than the BS and our predictions. Moreover, the NRQCD
prediction for Rp, is very close to ours. Therefore, we
propose that the value Rp, ~ 0.3 is a reliable prediction.

C. Y(1S) — B.tv, beyond the standard model

As already mentioned in the introduction, the
semileptonic decay Y(1S)— B.fv, is induced by the
quark-level transition b — ¢£v, and can be linked with the
RY) anomaly. Therefore, it is interesting to probe the pos-
sible NP effects in the T(1S) semitauonic decay. Based
on the current status of the anomalies, we assume that NP
only affects leptons of the third generation and modify
the effective Hamiltonian for the quark-level transition
b — ct v, as follows:

Heir = 2 V2G Vi [(1+ V)0, + ViOy,], (25)
where the four-fermion operators are written as
Oy, = (&y"PLb) (?VHPLVT) >
Oy, = (¢y"Pgb) (‘TYpPLVr) . (26)

Here, Py z = (1 F7ys5)/2 are the left and right projection op-
erators, and V,p are the complex Wilson coefficients
governing the NP contributions. In the SM, V; = 0.

The invariant matrix element of the semileptonic de-
cay Y(1S) — B.7v, is then written as

4

ReVL
Fig. 4.

|mVR
o
o

-20 -15 -10 -05 00 0.5

GFVcb
V2
+ (Ve = VIX(BLey Y BIT(19))7y,(1 =¥ )v: .

Minp =

{(1 + Vi + VI(Beley bIT(1S)) Ty, (1 =)y

27

Note that the axial hadronic currents do not contrib-
ute to the P — P’ transition. Therefore, assuming that NP
appears in both the B — D and B° — D* transitions, the
case of pure Vi -V, coupling is ruled out. Therefore, the
branching fraction B(Y(1S) — B.7v,) is modified accord-
ing to

B(L(1S) = Brvo)lne = |1+ Vi + Vel B(L(1S) = Betvo)lsm.
(28)

By assuming the dominance of only one NP operator
at a time, the allowed regions for the NP Wilson coeffi-
cients Vy, are obtained using experimental data for the
ratios of branching fractions Rp =0.344+0.026, Rp- =
0.285+0.012 [36], and Ry =0.71+£0.17+0.18 [37], the
upper limit B(B. — 7v) < 10% from the LEP1 data [38],
and the longitudinal polarization fraction of the D*
meson, F?'(B— D*tv,) = 0.43+0.06+£0.03 [39]. The rel-
evant form factors for the transitions B — D™ and
B. — J/y were calculated in Ref. [40]. In Fig. 4, we show
the allowed regions for V; and V; within 20, and in each
region, we find a best-fit value and mark it with an aster-
isk.

We summarize our predictions for the branching frac-
tion B(Y(1S) — B.t7,) and the ratio of branching frac-
tions Rp, in Table 5. The row labeled SM (CCQM) con-
tains our predictions within the SM with the CCQM form
factors. The predicted intervals for the observables in the

-20 -15 -10 -05 0.0 05
ReVR

(color online) Constraints on the complex Wilson coefficients V; and V from the measurements of Rp, Rp+, Ry, and

Ff*(B — D*7v,) within 20 and from the branching fraction 8(B. — 7v;) < 10%. The allowed regions are indicated in light-blue, and the

asterisks indicate the best-fit values.
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Table 5. Observables in the SM and in the presence of NP.

Quantity SM (CCQM) Vi v,
10" x B(T(1S) — B.17) 4.74 4.77,7.07)  (4.74,27.3)
Rp, 0.26 (0.26,0.39)  (0.26, 1.50)

presence of NP are given in correspondence with the 2o
allowed regions of the NP Wilson coefficients depicted in
Fig. 4. Note that the J; NP scenario can enhance the
physical observables by a factor of 6.

Finally, it is worth mentioning the possibility of ex-
perimental observation of the semileptonic decays
T(1S) = By, As noted in Ref. [11], a branching frac-
tion of the order of 107'° of the decays Y(1S) — B.fv, is
almost impossible to achieve at LHCb, CMS, and Belle-
II. Although the accumulated number of Y(1S) samples
at these colliders can be as large as 10'°-10"!, the low re-
construction efficiency (assumed to be several percent)
makes it extremely difficult to observe any significant
signal. Even if NP effects enhance the branching frac-
tions by an order of magnitude (in the case of semitauon-
ic decay), studying these decays experimentally remains a
challenge (see Ref. [11] for more details).

V. SUMMARY

This paper presents a new study of the semileptonic
decays Y(1S) — B {v,, where £ =e,u, 1, inspired by the
recent search for similar rare weak decays of J/y at BE-
SIII. The relevant form factors for the Y(1S) — B, trans-
itions are calculated in the entire momentum transfer
squared region within the framework of the CCQM. Pre-
dictions of the branching fractions and their ratios are re-
ported and compared with those of other theoretical stud-
ies. A good agreement is found with the results of the
Bethe-Salpeter approach. However, our prediction of the
ratio of branching fractions Rp, = B(Y(1S) — By1v,)/
B(Y(1S) — By, disagrees with the Bauer-Stech-Wir-
bel model prediction. We predict Rz, = 0.26 and Rp = 0.55
, which are close to the values Rz =0.30 and and
Rp =0.64 obtained in the Bethe-Salpeter approach. We
also extend the SM effective Hamiltonian for the
b — ctv, transition by including left- and right-handed

four-fermion operators of dimension six. The relevant
Wilson coefficients are obtained based on experimental
data. Using the 20 allowed regions for these coefficients,
we find that the branching fraction of the tau mode and
the ratio Rp, can be enhanced by approximately an order
of magnitude. There have been few theoretical calcula-
tions for T(1S) semileptonic decays to date. Therefore,
this study provides more insights for experimental test-
ing of the SM and the search for NP at future colliders.
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APPENDIX: NAG subroutine d01fcf

For numerical calculations of multifold integrals, we
use the NAG subroutine d0O1fcf.
For instance, in the case of threefold integrals:
external FAO: function supplied by the user (our form
factor)
eps=107": the relative errors acceptable by the user
maxpts=10000000: the maximum number of integ-
rand evaluations
minpts=0: the minimum number of integrand evalu-
ations
lenwrk=500000
wrkstr(500000)
ifail=0
ndim =3: the number of dimensions
finval: contains the best estimate obtained for the in-
tegral
acc: contains the estimated relative error in finval
do 20 £=1,3
a(k)=0.d0
b(k)=1.d0
20 continue
call dOlfcf(ndim,a,b,minpts,maxpts,FA0,eps,acc,len-
wrk,wrkstr,finval,ifail)
AO=finval
acc=10"*,
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