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In the framework of electroweak theory and perturbative quantum chromodynamics, we

examine various exclusive decay channels of W bosons that can be fully or partially

reconstructed. Our findings provide predictions for the partial widths and address some
gaps in previous literature. We also place a strong emphasis on understanding and esti-

mating the associated theoretical uncertainties.
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1. Introduction

Rare hadronic decays of W bosons are discussed as having the potential to offer

a new method for measuring the W boson mass through visible decay products at

future colliders. An example of such a decay is W → J/ψDs with J/ψ → l+l−

and Ds → K+K−π; here J/ψ → l+l− provides the necessary trigger signature.

This decay, along with a wider class of decays W → Qcc + D
(∗)
s where Qcc can be

any quarkonium state such as J/ψ, ηc, ψ
′, χc0, χc1, χc2, hc, has been theoretically

considered in Ref.1

Radiative decays, such as W → Dsγ or W → D∗sγ, have the potential to test the

Standard Model and, probably, uncover new physics beyond the Standard Model,

as they involve the three-boson coupling vertex WWγ.2 Theoretical calculations

for these decays can be found in references.3,4 The aim of these studies was to

determine the feasibility and accuracy of observing these decay modes at current

and future particle accelerators.4
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The above cited works are important and provide valuable insights, however,

they have certain limitations. Our aim is to address these limitations in this note.

The analysis presented in Refs.3,4 does not include decays into vector mesons

W → D∗sγ, and is restricted only to the Light Cone (LC) technique. A compar-

ison with Nonrelativistic Quantum Chromodynamics (NRQCD) would provide a

more comprehensive picture. Ref.1 provides an incomplete analysis by ignoring the

dominant contributions to the decays W → J/ψD
(∗)
s .

Our objective is to fill these gaps. Additionally, we aim to examine the numerical

stability of the calculations, which has not been explored in previous publications.

This involves examining the sensitivity of the results to the choice of input parame-

ters, which can provide a deeper understanding of the reliability of the calculations.

The rest of the paper is organized as follows. In Sec. 2, we explain the technical

details of our calculation. In Sec. 3, we present and discuss the results. Our findings

are briefly summarised in Sec. 4.

2. Calculation

The list of processes considered in our note is:

W → Ds + γ (1)

W → D∗s + γ (2)

W → J/ψ +Ds (3)

W → J/ψ +D∗s (4)

W → ψ(2s) +Ds (5)

W → ψ(2s) +D∗s (6)

W → χc +Ds (7)

W → χc +D∗s (8)

W → Bc +Bs (9)

W → B∗c +Bs (10)

W → Bc +B∗s (11)

W → B∗c +B∗s (12)

The above processes are supposed to be detected via the decay chains

J/ψ → µ+ µ−, ψ′ → µ+µ−, Ds → K+K−π, ψ′ → J/ψ π π, χc → J/ψ γ,

D∗s → Ds π
0, D∗s → Ds γ.

The calculation is based on the standard electroweak theory and perturbative

QCD. The corresponding Feynman diagrams are displayed in Fig. 1. Large energy

release justifies the applicability of perturbative expansion. The relative momentum

of the decay products is large enough to make the final state interaction negligible a

aThis may be not fully true if we accept Light Cone (LC) model for the formation of mesons. See

our further discussion in Sec. 3 on the importance of the small quark momentum region.
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thus validating the QCD factorization. Therefore, the formation of the final state

mesons can be described in terms of color-singlet wave functions. The details of the

relevant technique are explained in Refs.5–9
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Fig. 1: Feynman diagrams describing radiative (upper row) and two-body mesonic

(lower row) decays of W boson.

The structure of the W → D
(∗)
s γ decay amplitudes is

A1 = C ενW tr
{
Wν PD 6εγ

( 6pW− 6ps +mc)

(pW−ps)2−m2
c

}
,

A2 = C ενW tr
{
Wν

(6pc− 6pW +ms)

(pc−pW )2−m2
s

6εγ PD
}
, (13)

A3 = C ενW Gνµλ ε
µ
(γ)

[
gλσ − pλD pσD/m2

W

]
tr
{
Wσ PD

}
/(m2

D −m2
W ),

where C =
√

3 eq gW includes the color factor and the coupling constants;

gW = eVcs/
√

8 sin θW ; and eq = 2/3, −1/3, and 1 for q = c, s, and W . We follow

the argumentation of Ref.4 pointing out that the existence of triangle anomaly does

not play essential roleb.

bIt has been suggested in Ref.10 that the triangle anomaly could produce a huge enhancement of
the decay rates for W → Dsγ, in analogy to the case of π0 → γγ amplitude. However, the present

situation is rather different. A careful inspection shows Ref.4 that the anomaly does not exhibit a
pole but is instead proportional to 1/m2

W .
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The structure of the W → J/ψ +D
(∗)
s decay amplitudes is

A′4 = C ενW
1

(p2 + p3)2
tr
{
Wν PD γµ Pψ γµ

(6pW− 6p4 +mc)

(pW−p4)2−m2
c

}
,

A′5 = C ενW
1

(p2 + p3)2
tr
{
Wν

( 6p1− 6pW +ms)

(p1−pW )2−m2
s

γµ PD γµ Pψ
}
, (14)

where C = 4/3 g2 gW and g is the strong coupling charge. The strong coupling

constant is parametrized as

αs(µ
2) =

4π

b0 ln(µ2/ΛQCD
2)
, (15)

b0 = 11− 2/3 nf , nf is the number of flavours (nf = 3 for the decays into charmed

modes, and nf = 4 for b-flavored modes). The choice of the renormalization scale

is dictated by the gluon virtuality. So, we set µ2 = (p2 + p3)2.

In the expressions (14), εW , εγ and εψ are the W , photon and J/ψ polarization

vectors; pc, ps, pψ and pD are the quark and meson momenta; mc, ms, mψ and mD

the respective masses; Wν=γν (1−γ5) is the standard W boson to quark coupling;

and Gνµλ is the Standard Model three-boson coupling vertex:

Gνµλ = (k1 − k2)µ gνλ + (k2 − k3)ν gλµ + (k3 − k1)λ gµν , (16)

where ki denote the incoming boson 4-momenta. Note that the amplitudes (13) do

also contribute to the decays (3)-(6) through the photon conversion γ∗ → J/ψ. The

amplitude conversion factors read

A′(γ∗ → ψ) = ec
√

3/πRψ(0)/m
3/2
ψ (17)

A′(γ∗ → ψ) = ec fψ/mψ (18)

for the NRQCD and LC schemes, respectively (these schemes will be explained a

bit later), and the polarization vector εγ has to be replaced with εψ. The amplitudes

(13) extended with the γ∗ → J/ψ conversion will be referred to as A′1, A′2, A′3.

The diagrams (13) and (14) constitute two independent gauge invariant sets.

The interference between them is automatically taken into account as we sum the

amplitudes, not the squares (see eqs.(25), (26), (29)-(32)).

When calculating the amplitudes we use spin projector operators onto the pseu-

doscalar (spin-singlet) and vector (spin-triplet) states, which guarantee that the

(cs̄) and (cc̄) states have the intended quantum numbers:

PD = γ5 (6pD +mD)/2m
1/2
D , (19)

PD∗= 6εD (6pD +mD)/2m
1/2
D , (20)

Pψ = 6εψ ( 6pψ +mψ)/2m
1/2
ψ (21)

In a more complicated case when we consider a P -wave meson like χc, we have

to introduce a projector

Pχ = (6pc̄ −mc) 6εS (6pc +mc)/m
3/2
χ (22)
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where the 4-vector εS represents the orientation of the quark pair spin momentum

S, while the orbital momentum L is related to the quark relative momentum q

pc̄ = pχ/2 + q, pc = pχ/2− q, (23)

as is explained in Refs.8,9 The states with definite projections of the spin and

orbital momenta Sz and Lz can be translated into states with definite total angular

momentum Jz (that is, the real mesonic states χc0, χc1, χc2) through Clebsch -

Gordan coefficients.

The amplitudes for other two-body W decays considered here can be constructed

in a similar manner. The calculation of Feynman diagrams is straightforward and

is performed using the algebraic manipulation system FORM.11

The formation of the final state mesons can be described in either of the two

ways. In the NRQCD approach, the momenta of the quarks forming a meson are

strictly connected with the meson momenum as

pc = (mc/mD) pD; ps = (ms/mD) pD, (24)

and the identity mD = mc + ms is strictly observed. The overall probability for

forming a bound state is determined by the only parameter, the radial wave function

of a meson at the origin of the coordinate space RD(0). c

Then, the partial decay widths read

ΓW→Dγ =
1

3

m2
W−m2

D

64π2m3
W

∣∣∣ 3∑
i=1

Ai
∣∣∣2 ∣∣RD(0)

∣∣2, (25)

ΓW→ψD =
1

3

λ1/2(m2
W ,m

2
ψ,m

2
D)

256π3m3
W

∣∣∣ 5∑
i=1

A′i
∣∣∣2∣∣Rψ(0)

∣∣2 ∣∣RD(0)
∣∣2 (26)

In the Light Cone (LC) approach, the quark momenta can vary, so that their

positive light-cone components p+
i = Ei + p||i are given by

p+
c = z p+

D; p+
s = (1− z) p+

D (27)

with 0 < z < 1, and the distribution in z is determined by the meson wave function

Φ(z) (Ref.13). The normalization condition is
∫ 1

0
Φ(z) dz = 1. The overall proba-

bility for forming a meson is determined by the constant fD which is related to the

NRQCD wave function as

|RD(0)|2/4π = (mD/12) f2
D. (28)

cIn view of the small mass of strange quark, we, strictly speaking, go beyond the range of validity.

Probably, this approach had better be called the NRQCD-ispired or NRQCD-motivated approach.
The approach had been nevertheless used in several researches; such as, for example, in calculating

the fragmentation functions c → Ds and c → D∗s (see Ref.20). Having this remark done, we will

hereafter refer to this approach as to NRQCD, for the sake of brevity.



June 28, 2023 0:58 WJD˙LPI˙arXiv

6 A. G. Bagdatova, S. P. Baranov, A. S. Sakharov

In this approach, the partial decay widths read

ΓW→Dγ =
1

3

m2
W−m2

D

64π2m3
W

∣∣∣ 3∑
i=1

Ii
∣∣∣2 mD f

2
D

12
, (29)

ΓW→ψD =
1

3

λ1/2(m2
W ,m

2
ψ,m

2
D)

256π3m3
W

∣∣∣ 5∑
i=1

Ji
∣∣∣2mD f

2
D mψ f

2
ψ

144
, (30)

where

Ii =

∫ 1

0

Ai(z) ΦD(z) dz, (31)

Ji =

∫
A′i(z1, z2) ΦD(z1) Φψ(z2) dz1 dz2 (32)

The radial wave functions of J/ψ, ψ(2s), χc, and Bc mesons were taken from

potential models.14,15 Whenever possible, the values of the wave functions were

checked for consistency with the measured decay widths.16 The radial wave functions

of D
(∗)
s mesons were extracted from the constant fD shown in Ref.;16 the latter is

close to a theoretical result of Ref.17

For B
(∗)
s mesons, we use the value obtained in lattice QCD calculation.18 For

illustrative purposes, we take the pseudoscalar and vector wave functions equal,

though theoretically it is not excluded that they may be slightly different.17,18 We

have eventually

|RJ/ψ(0)|2 = 0.80 GeV 3,

|Rψ(2s)(0)|2 = 0.40 GeV 3,

|R′χ1
(0)|2 = |R′χ2

(0)|2 = 0.075 GeV 5, (33)

|RDs
(0)|2 = |RD∗

s
(0)|2 = 0.137 GeV 3,

|RBc
(0)|2 = |RB∗

c
(0)|2 = 1.993 GeV 3,

|RBs
(0)|2 = |RB∗

s
(0)|2 = 0.314 GeV 3.

The values of R(0) and f are not the major source of theoretical uncertain-

ties, whereas the quark masses and the shapes of Φ(z) are. We will postpone the

discussion of this issue to the next section.

3. Results and discussion

3.1. Radiative decays W → D(∗)
s γ

We start the discussion with showing our results for the radiative decays (1), (2) in

the NRQCD scheme. Fig. 2 illustrates the dependence of the predicted decay widths

on the choice of quark masses. Recall that in the model which we are using, the

masses of the quarks composing a meson must strictly sum up to the meson mass.

The values of mc are plotted in Fig. 2 along the x-axis, and then ms is calculated

as ms = mD −mc or ms = mD∗ −mc.
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Fig. 2: Dependence of the W → Dsγ decay widths on the quark masses in the

NRQCD scheme. The charmed quark mass mc is plotted along the x-axis, the

strange quark mass ms is calculated as ms = mD −mc or ms = mD∗ −mc. Solid

curve, W → γ +Ds; dotted curve, W → γ +Ds
∗.

On the other hand, one can argue that at the W scale one should use the

pole masses rather than constituent masses. Then, with setting mc = 1.27 GeV,

ms = 93.4 MeV16 (and rather unphysical mD = mc +ms), we obtain

Γ(W → Dsγ) = Γ(W → D∗sγ) = 1.79 · 10−9. (34)

The sensitivity of the NRQCD results to the quark masses represents our first

finding.

Now let us turn to the LC scheme. Given the fact that the meson energies are

much larger than their masses, one can apparently use the massless approximation,

as it is done in refs.1,3, 4 However, taking the limit mD → 0 needs some care. The

physical D∗s meson is not massless and may have longitudinal polarization. On the

other hand, if we set the meson massless from the very beginning, we are unable

to define its longitudinal polarization vector, and so, are unable to perform the

relevant calculation. This was probably the reason for not showing the respective

results in.3,4

In our real calculations we attribute some small but finite values to the quark

masses (while keeping the relation mc + ms = mD). By doing this, we obtain a

numerically stable result which is fairly insensitive to the choice of quark masses

and their ratios. Hereafter we will call this the small-mass limit. An important

advantage of using finite (non-zero) masses is that we obtain a numerically stable

result for the longitudinal polarization as well. The latter neither depends on the

quark masses nor on the ratio ms/mc and represents in our opinion a physically

consistent description of real massive Ds mesons. We emphasise that using the strict

identity mD = 0 would lead to loosing an essential contribution.

In the small-mass limit, the decay width for the D∗sγ channel tends to a con-

stant value equal to that for the Dsγ channel. The crucial role of the longitudinal
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polarization is our second finding.

An important part of theoretical uncertainties in the LC scheme comes from

the shape of the wave functions. The decay amplitudes (13) show peaks at z = 0

and z = 1, see Fig. 3. That means that the integral (31) is not dominated by the

central part of the distribution ΦD(z), but rather by its tails. As a consequence,

the functions ΦD(z) which look almost indistinguishable may lead to significantly

different predictions for the decay widths. To illustrate the variability of theoretical

predictions we tried the model parametrizations of the form

ΦD(z) ∝ zac z̄as , (35)

ΦD(z) ∝ zac z̄as exp(−z̄/σ), (36)

where z̄ = 1−z, and the respective results are collected in Table 1. We can conclude

that the overall normalization of the wave function is much less important than its

endpoint behavior. This fact constitutes our third finding.

The difference between NRQCD and LC results streams from the fact that

NRQCD probes the central region z ' mc/mD, while LC probes the endpoint

regions z ' 0 and z ' 1, which have nothing in common. Summing up, the overall

accuracy of theoretical predictions can hardly be made better than within one order

of magnitude.

Table 1: The W → D
(∗)
s γ decay widths calculated for different parametrizations of

the Ds wave functions, eqs. (36), (35).

Channel ac as σ ΓW Br [GeV]

W → D
(∗)
s γ 3.1 1.2 – 7.12·10−9

W → D
(∗)
s γ 1.0 1.0 0.279 1.96·10−8

W → D
(∗)
s γ 1.1 0.9 0.279 1.31·10−8

W → D
(∗)
s γ 0.9 1.1 0.279 3.06·10−8

W → D
(∗)
s γ 1.0 1.0 0.280 1.94·10−8

3.2. Hadronic decays containing J/ψ

Hadronic decays of this kind may proceed both due to strong and electromagnetic

interactions. The electromagnetic contribution is represented by the amplitudes (13)

supplemented with a conversion of the photon into J/ψ or ψ(2S) meson (18). The

strong contribution is represented by the amplitudes (14). Taken solely, the strong

contribution shows almost no dependence on the quark masses. The behavior of the

electromagnetic contribution has been discussed in the previous subsection.
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Fig. 3: Upper panel: behavior of the W → Dsγ decay amplitudes as functions of the

c-quark momentum fraction z in the LC scheme. Dashed and dash-dotted curves

represent different polarization states of the W and the photon.

Lower panel: examples of different parametrizations of the Ds wave function. Dotted

curve, Equ. (36) with ac = 3.1, as = 1.2; dashed curve, Equ. (35) with ac = 0.9,

as = 1.1, σ = 0.279; dash-dotted curve, Equ. (35) with ac = 1.1, as = 0.9, σ = 0.279.

Table 2: Characteristics of the invariant mass distributions for D
(∗)
s + γ states pro-

duced in different W decay modes.

Channel m̄(Dsγ)[GeV ] r.m.s. [GeV] ΓW Br [GeV] ΓW Br [GeV]

NRQCD LC

Ds + γ 80.386 1.042 9.77·10−9 7.12·10−9

D∗s + γ 77.749 1.837 1.86·10−9 7.12·10−9
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Our major discovery concerning these decays is that the electromagnetic con-

tribution is not negligible in comparison with the strong contribution, but even

can take overd. The relative suppression of the strong contribution comes from the

intermediate gluon propagator.

The case when electromagnetic contributions are comparable with or even larger

than strong contributions is rather rare, though not unique. A similar effect is

present in the decays of Z-boson and H-bosons, see discussion in.21–23

Our predictions for the NRQCD scheme are shown in Table 3. Shown there

are the mass central value m̄(ψDs); the dispersion (root of mean square); and the

integral contribution to the W width multiplied by the relevant branching fractions

(ψ′ → J/ψX, χc → J/ψ γ, D∗s → DsX). For the processes including photonic

contributions (four entries in the bottom part of the Table 3) the quark mass setting

was mc = mψ/2=1.55 GeV, ms = mD(∗)−mc. The exact ψ(2S) mass was, however,

taken into account in the amplitude conversion factor (18). For all other cases we

set mc to one half of the quarkonium mass.

The estimations based on the LC scheme are typically much higher than those

based on NRQCD. This is a consequence of the pole in the gluon propagator in (14).

This divergence strongly emphasises the region of small quark momentum fractions

(see Fig. 4) and makes the predictions very sensitive to the endpoint behavior of

the mesons’ wave functions. Using the parametrizations proposed in Ref.1

ΦD(zc) ∝ (zc)
3.1(zs̄)

1.2,

Φψ(zc) ∝ zczc̄ exp{−0.95/(zczc̄)} (37)

with zs̄ = 1−zc and zc̄ = 1−zc we obtain

Γ(W → JψDs) = 3.28·10−11 (38)

Γ(W → JψD∗s) = 3.85·10−11 (39)

In Table 4 we show that the parametrizations of ΦD(z1) and ΦJ/ψ(z2) may lead

to noticeably different predictions for the decay widths. The distribution amplitudes

of D
(∗)
s mesons are taken according to eqs. (35) and (36), and those of the J/ψ meson

are taken in the form

Φψ(z) ∝ zbc z̄bs exp{−(z̄ − 0.5)2/σ2}, (40)

Φψ(z) ∝ zbc z̄bs exp{−0.95/(zz̄)}, (41)

These expressions represent simple low-scale (µ2 ' m2
ψ) parametrizations of

Φ(z), and our calculations reveal large numerical uncertainties already at that scale.

We use these toy parametrizations for illustrative purposes, without evolving them

dThe electromagnetic contribution was completely ignored in Ref.1 At the same time, the authors
introduce color octet contribution, which looks misleading. The color octet production mechanism

is incompatible with the definition of exclusive decay: how would it be possible to change the

quantum numbers (the color) of a cc̄ state without passing them to another (new) particle?
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Table 3: Characteristics of the invariant mass distributions for J/ψ + Ds states

produced in different W decay modes; NRQCD predictions.

Channel m̄(ψ+Ds) [GeV] r.m.s. [GeV] ΓW Br [GeV]

For strong contributions taken solely
J/ψ +Ds 80.35 1.04 9.65·10−12

J/ψ +D∗s 77.73 1.84 9.74·10−12

ψ(2s) +Ds 73.75 2.63 1.68·10−12

ψ(2s) +D∗s 71.40 2.87 1.67·10−12

χc0 +Ds 75.85 2.82 1.96·10−13

χc1 +Ds 75.85 2.82 4.27·10−13

χc2 +Ds 75.85 2.82 8.08·10−14

χc0 +D∗s 73.38 3.09 2.43·10−13

χc1 +D∗s 73.38 3.09 4.25·10−13

χc2 +D∗s 73.38 3.09 8.09·10−14

Strong and photonic contributions taken together including the interference

J/ψ +Ds 2.09·10−11

J/ψ +D∗s 1.24·10−11

ψ(2s) +Ds 5.38·10−12

ψ(2s) +D∗s 3.53·10−12

to a higher scale µ2 ' m2
W , because the goal of our study is not in producing

’exact’ predictions (a task not looking feasible in full sense), but rather in giving an

estimate of the overall uncertainty.

We do expect large corrections from Efremov-Radyushkin-Brodsky-Lepage

(ERBL) evolution which can significantly change the behavior of Φ(z) at z close

to 0. At the same time, the evolution in its turn brings additional uncertainties

connected to the accuracy of the ERBL equation at z ' 0.

We also have to note that the importance of small-z region (which is the region

of zero quark momentum) opens a room for final state interactions. The latter can

hardly be described in a reliable way and make all theoretical predictions even more

uncertain.

3.3. Hadronic decays not containing J/ψ

The channels which do not contain J/ψ meson as an immediate product may still

have it in the final state due to secondary decays: ψ′ → J/ψ π π, χc → J/ψ γ

D∗s → Ds π
0, D∗s → Ds γ. The whole group of the decay modes (3)-(8) ends up

with the J/ψ +Ds combination, but with distorted invariant mass distribution.
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Table 4: The resulting decay widths for W → J/ψDs
(∗) decays calculated using

different parametrizations of mesons’ distribution amplitudes, eqs. (36), (35) or

(41), (40).

Channel ac as σ1 bc bs σ2 ΓW Br [GeV]

J/ψ +Ds 3.1 1.2 – 1.0 1.0 – 3.28·10−11

J/ψ +Ds 1.0 1.0 0.279 1.1 0.9 0.234 6.31·10−11

J/ψ +Ds 1.1 0.9 0.279 1.0 1.0 0.234 5.53·10−11

J/ψ +D∗s 3.1 1.2 – 1.0 1.0 – 3.85·10−11

J/ψ +D∗s 1.0 1.0 0.279 1.1 0.9 0.234 8.44·10−11

J/ψ +D∗s 1.1 0.9 0.279 1.0 1.0 0.234 7.33·10−11

Fig. 5 displays the invariant mass distributions for J/ψDs states produced

through different W decay modes. The contributions (3) and (4) overlap and can-

not be resolved into individual peaks. This makes the experimental analysis more

complicated and would require a multiparametric (probably, double-gaussian) fit to

describe the signal. The other contributions (5)-(8) are separable from the ’main’

peak and can be rejected by simple kinematic constraints.

In Table 5, we show our results for b-flavored modes (9)-(12). The formation of

b-flavored mesons shows somewhat larger probability (because of larger values of

the wave functions), but these modes may be less convenient from the point of view

of meson identification.

Table 5: Characteristics of the invariant mass distributions for Bc +Bs states pro-

duced in different W decay modes.

NRQCD predictions.

m̄(Bc+Bs) [GeV] r.m.s. [GeV] ΓW Br [GeV]

Channel

Bc +Bs 45.49 13.89 5.26·10−12

Bc +B∗s 45.33 13.77 5.73·10−12

B∗c +Bs 45.41 13.78 4.11·10−12

B∗c +B∗s 45.27 13.77 5.55·10−12
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Fig. 4: Upper panel: behavior of the gluon propagator as a function of the c̄-quarks’

momentum fractions z1 and z2 in the LC scheme. The polarization states of the W

and the J/ψ are longitudinal. Note the logarithm scale.

Lower panel: behavior of the convolution of J/ψ and Ds wave functions.

4. Conclusions

We have analyzed several exclusive two-body decays of W and reached the following

conclusions:

– In the NRQCD scheme, the predictions are highly sensitive to the quark mass

definition.

– In the LC scheme, the predictions are primarily impacted by the behavior of the

meson wave function at z = 0 and z = 1, with little significance given to its central
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Fig. 5: The invariant mass distributions for J/ψ +Ds states for different W decay

modes.

Upper panel: processes (3) - (8)

Lower panel: processes (9) - (12).

value. This makes the theoretical predictions less certain than it was previously

believed, because of both poorly known behavior of meson wave functions at the

endpoints and the potentially non-negligible role of final state interactions.

– The longitudinal polarization of vector mesons dominates the respective W

decays, resulting in decay widths equal to those found for pseudoscalar mesons.

Our analysis of the hadronic mode J/ψ+D
(∗)
s shows that the conclusions derived

for the meson-photonic decay modes also hold true. A noteworthy finding is that

the electromagnetic contributions to these decays are substantial, and may even

surpass the strong contributions.

We also revealed that the secondary decays have a notable impact, leading to

overlapping invariant mass distributions for J/ψ,Ds and J/ψ,D∗s modes. To accu-

rately describe the signal, a multiparametric fitting function is required. The mass

distributions for other modes, however, are distinct and separable through kinematic

constraints.
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The W decay modes involving b-flavored mesons exhibit larger branching frac-

tions compared to the c-flavored modes. However, the challenge lies in accurately

identifying the final mesons in these decays.

Our analysis maintains the previous conclusion e that the W decay branching

fractions into J/ψ,D
(∗)
s and D

(∗)
s , γ are still too small to warrant experimental

detection with current sensitivity established at the level 6.5 · 10−4.19 The inclusion

of new important contributions does not change this conclusion.
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