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We have evaluated the decay modes of the ϒ(4s), ϒ(3d), ϒ(5s), ϒ(6s) states into B B̄, B B̄∗ + c.c.,
B∗ B̄∗, Bs B̄s, Bs B̄∗

s + c.c., B∗
s B̄∗

s using the 3 P0 model to hadronize the bb̄ vector seed, fitting some 
parameters to the data. We observe that the ϒ(4s) state has an abnormally large amount of meson-
meson components in the wave function, while the other states are largely bb̄. We predict branching 
ratios for the different decay channels which can be contrasted with experiment for the case of the 
ϒ(5s) state. While globally the agreement is fair, we call the attention to some disagreement that could 
be a warning for the existence of more elaborate components in the state.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The vector ϒ(nl) states are a good example to test quark models 
with bb̄. The large mass of the b quark makes them excellent non-
relativistic systems and the theoretical predictions [1] agree well 
with experiment, at least for the first states, with discrepancies in 
the mass of only a few MeV. There are many variants of the bb̄
quark model [2–7], producing again similar results for the lowest 
states and larger discrepancies for the higher excited states. A more 
complete view can be obtained from Ref. [8]. In particular, dis-
cussions on non bb̄ configurations for higher excited states are on 
going. More concretely, problems stem from the states which can 
decay into B(∗) B̄(∗) , starting from the ϒ(4s). In Table 1 we show 
predictions for masses of these states and current PDG [9] values. 
We follow here the PDG assignments, but one should be aware 
of the different assignments given in some theoretical works [7,8], 
particularly the 10579 MeV peak, which is associated in Ref. [7] to 
a B B̄ enhancement related to the ϒ(2d) state.

The ϒ(3d) state, reported recently by the Belle collaboration 
with mass 10753 MeV, is close to the quark model predictions 
(see Table 1). Yet, claims that this state could be a tetraquark state 
are made in Ref. [11]. Similarly, the ϒ(5s) state is questioned as a 
pure bb̄ state in base to the π+π−ϒ(n′l′) decay rates, and a mix-
ture of ϒ(5s) plus the lowest 1−− hybrid state [12] is invoked 
in Ref. [13]. The meson-meson components of the charmonium 
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states were studied in detail in Ref. [14], using effective interac-
tions for the hadronization. A similar work is done in Ref. [15]
for the bottomium states, addressing the decay modes of the bb̄
states into B(∗) B̄(∗) . More recently there is some work done on 
the B(∗) B̄(∗)π decay [16]. Closest work would be the ratios pre-
dicted for e+e− → B B̄ , e+e− → B B̄∗ +c.c. and e+e− → B∗ B̄∗ cross 
sections using heavy quark spin symmetry in Refs. [17,18], but, 
as mentioned in Ref. [19], these predictions are in conflict with 
experiment and it was blamed on the proximity of quarkonium 
resonances to thresholds of these channels, suggesting the mixture 
of the ϒ(nl) states with some meson-meson component to solve 
this conflict [19]. In the present work we address these problems 
for the 4s, 3d, 5s, 6s states, for which there are experimental data.

2. Formalism

We follow here the formalism used in Refs. [20,21]. For this we 
use the 3 P0 model to hadronize the bb̄ vector state and generate 
two B(∗) B̄(∗) mesons, as shown in Fig. 1, creating a flavor-scalar 
state with the quantum numbers of the vacuum.

We consider only ūu + d̄d + s̄s since the c̄c, ̄bb components give 
rise to meson-meson states too far away in energy to be relevant 
in the process. If we write the qq̄ matrix, M , with the u, d, s, c
quarks we have

M = (q q̄) =

⎛
⎜⎜⎝

uū ud̄ us̄ ub̄
dū dd̄ ds̄ db̄
sū sd̄ ss̄ sb̄
bū bd̄ bs̄ bb̄

⎞
⎟⎟⎠ , (1)
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Table 1
Predictions of masses for ϒ(nl) and PDG values in MeV.

State Ref. [1] Ref. [6] PDG

4s 10630 10608 10579
3d 10700 10682 10753 [10]
5s 10880 10840 10889
4d 10899
6s 11100 10993

Fig. 1. Hadronization of bb̄.

Fig. 2. Selfenergy diagram of the ϒ accounting for ii′ ≡ B(∗) B̄(∗) intermediate states.

and then, after hadronization we find

bb̄ →
3∑

i=1

b q̄iqi b̄ =
3∑

i=1

M4i Mi4. (2)

If we write M4i Mi4 in terms of the B, B∗ mesons, we find the 
combinations

B−B+ + B̄0 B0 + B̄0
s B0

s ,

B−B∗+ + B̄0 B∗0 + B̄0
s B∗0

s ,

B∗−B+ + B̄∗0 B0 + B̄∗0
s B0

s , (3)

B∗−B∗+ + B̄∗0 B∗0 + B̄∗0
s B∗0

s .

The next step is to see the relationship of the production modes 
of these four combinations P P , P V , V P , V V (P pseudoscalar, V
vector) and for this we use the 3 P0 model [22,23]. The details of 
the angular momentum algebra involved are shown in Ref. [20], 
and relative weights for P P , P V , V P , V V production are obtained 
to which we shall come back below.

The formalism that we follow relies on the use of the vec-
tor propagator which is dressed including the selfenergy due to 
B(∗) B̄(∗) production, as shown in Fig. 2.

The renormalized vector meson propagator is written as

D R = 1

p2 − M2
R − �(p)

, (4)

where the selfenergy �(p) is given by

−i�(p) =
∫

d4q

(2π)4
(−i)V 1 (−i)V 2

i

q2 − m2
Bi

+ iε

× i

(p − q)2 − m2
Bi′ + iε

F 2(q), (5)

and the vertex for ϒBi Bi′ is of the type

V R,Bi Bi′ = A gRi |�q |, (6)

where A is an arbitrary constant to be fitted to the data and gRi

are weights for the different Bi Bi′ states which are evaluated using 
the 3 P0 model in Ref. [20]. Eq. (6) is an effective vertex which 
takes into account the sum over polarizations of the vectors in the 
� loop in Fig. 2. For a given channel Bi Bi′ the selfenergy is then 
given by

�i(p) = i g2
Ri

A2
∫

d4q

(2π)4
�q 2 1

q2 − m2
Bi

+ iε

× 1

(p − q)2 − m2
Bi′ + iε

F 2(q), (7)

where the coefficients gRi are evaluated with the 3 P0 model in 
Ref. [20]. The q0 integration is done analytically and we find

�(p0) = A2
∑

i

g2
Ri

G̃ i(p0), (8)

where

G̃ i(p0) =
∫

dq

(2π)2

w1(�q ) + w2(�q )

w1(�q ) w2(�q )

× �q 4

(p0)2 − [w1(�q ) + w2(�q )]2 + iε
F 2(q), (9)

where wi(�q ) =
√

m2
i + �q 2 and F (�q ) is a form factor that, inspired 

upon the Blatt-Weisskopf barrier penetration factor [24], we take 
of the type of Ref. [20] (p0 = √

s),

F 2(q) = 1 + (R qon)2

1 + (R q)2
, qon = λ1/2(s,m2

1,m2
2)

2
√

s
, (10)

with qon taken zero below threshold, and R a parameter to be 
fitted to data.

In order to have a pole at MR , we define

�′(p) = �(p) − Re�(MR), (11)

which renders �′(p) convergent (�i(p) of Eq. (7) is logarithmically 
divergent) and then we have the ϒ propagator as

D R(p) = 1

p2 − M2
R − �′(p)

. (12)

According to Refs. [20,25] the cross section for e+e− → R →∑
i Bi Bi′ is given by

σ = − f 2
R ImD R(p), (13)

and the individual cross section to each channel by

σi = − f 2
R

Im�i(p)

[p2 − M2
R − Re�′(p)]2 + [Im�(p)]2

. (14)

It is customary to make an expansion of �′ in Eq. (12) around 
the resonance mass as

D R(p)� 1

p2−M2
R −(p2 − M2

R)
∂Re�′(p)

∂ p2

∣∣
p2=M2

R
−iIm�(p)

= Z

p2 − M2
R − i Z Im�(p)

, (15)

with

Z = 1

1 − ∂ Re�′(p)

∂ p2

∣∣
p2=M2

R

, (16)

and then the width of the resonance is given by

	 = − 1

MR
Z Im�(p)

∣∣
p2=M2

R
, (17)

and for each individual channel
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Table 2
g2

Ri
Weights for the different B(∗) B̄(∗) components.

Channels s-wave d-wave

B0 B̄0 1/12 1/12
B+ B− 1/12 1/12
B0 B̄∗0 1/6 1/24
B∗0 B̄0 1/6 1/24
B+ B∗− 1/6 1/24
B∗+ B− 1/6 1/24
B∗0 B̄∗0 7/12 77/120
B∗+ B∗− 7/12 77/120
B0

s B̄0
s 1/12 1/12

B0
s B̄∗0

s 1/6 1/24
B∗0

s B̄0
s 1/6 1/24

B∗0
s B̄∗0

s 7/12 77/120

	i = − 1

MR
Z Im�i(p)

∣∣
p2=M2

R
. (18)

The value of Z provides the strength of the ϒ vector component 
(not to be associated to a probability when there are open chan-
nels [20,26]). We shall see that for the ϒ(4s) state the Z value is 
relatively different from 1, indicating the importance of the weight 
of the Bi Bi′ channels in the state. If Z is close to 1 we can make a 
series expansion of Z in Eq. (16)

Z � 1 + ∂ Re�′(p)

∂ p2

∣∣∣
p2=M2

R

= 1 +
∑

i

∂ Re�′
i(p)

∂ p2

∣∣∣
p2=M2

R

, (19)

such that each individual value

Pi = −∂ Re�′
i(p)

∂ p2

∣∣∣
p2=M2

R

(20)

can be interpreted as the weight of each meson-meson component 
in the ϒ wave function (see Ref. [26] for the precise interpretation 
of this quantity, that gives an idea of the weight of each compo-
nent but cannot be identified with a probability).

The values of the couplings gRi , obtained from the 3 P0 model 
in Refs. [20,21], are shown in Table 2.

The weights 2
12 : 8

12 : 14
12 : 1

12 : 4
12 : 7

12 for B B̄ : B B̄∗ + c.c. : B∗ B̄∗ :
Bs B̄s : B∗

s B̄s + c.c. : B∗
s B̄∗

s of Table 2 for the s-wave states are in 
agreement with those quoted in Ref. [7] (see also formulae in 
Ref. [15]). The first three ratios are also given in Ref. [27] in base 
to heavy quark symmetry. For d-wave we made some approxima-
tions in Ref. [20]. Indeed, in Eq. (A8) of Ref. [20] the possible values 
of an internal angular momentum are l = 1, 3, but assuming dom-
inance of the lowest angular momentum, since the radial matrix 
elements involve jl(qr), l = 3 is neglected. Also the coupling in-
volves Y3μ(q̂) rather than Y1μ(q̂) as implicit in Eq. (6). In this case 
we have some differences with respect to Refs. [7,15].

3. Results

The strategy is to fit the parameters A, R to the shape of the 
e+e− → ϒ(4s) → B B̄ cross section, Eq. (14). The parameter f R is 
irrelevant for the shape. We also fine tune the value of MR around 
the nominal value of the PDG. Then we take the same value of R , 
which gives a range of the momentum distribution of the internal 
meson-meson components, and the parameter A will be adjusted 
to the width of each of the other states.

3.1. ϒ(4s) state

In Fig. 3, we show the data of Ref. [28] for e+e− → ϒ(4s) →
B B̄ . The data are for Rb = 3s

4πα2 σ . We observe that it is possible 
to find good fits to the data with different sets of parameters. We 
Fig. 3. The e+e− → ϒ(4s) → B B̄ cross section and our fits to the data from BaBar 
[28]. Rb = 3sσ/4πα2.

Table 3
Values of − ∂ �i

∂ p2

∣∣∣
p2=M2

R

for the different channels and the value of Z for ϒ(4s) state.

Set 1 Set 2

B0 B̄0 −0.021 + 0.232i 0.008 + 0.386i
B+ B− −0.024 + 0.234i 0.004 + 0.389i
B0 B̄∗0 + c.c. 0.080 + 0.002i 0.208 + 0.005i
B+ B∗− + c.c. 0.080 + 0.002i 0.209 + 0.005i
B∗0 B̄∗0 0.069 + 0.001i 0.185 + 0.002i
B∗+ B∗− 0.069 + 0.001i 0.185 + 0.002i
B0

s B̄0
s 0.005 0.014

B0
s B̄∗0

s + c.c. 0.015 0.041
B∗

s B̄∗
s 0.021 0.057

Total 0.295 + 0.472i 0.912 + 0.788i

Z 0.772 0.523

show the results with two significative ones that lead to the pa-
rameters

Set 1: f R = 1.05 × 10−3, MR = 10579 MeV,

A = 118, R = 0.007 MeV−1; (21)

Set 2: f R = 1.3 × 10−3, MR = 10579 MeV,

A = 141.4, R = 0.005 MeV−1. (22)

At this point it is relevant to make a comment concerning the 
values obtained for R . We can intuitively think that these values 
would give us an idea of the size of the components. They cor-
respond to about 1 fm and 1.38 fm, for set 1, and set 2, which 
we could consider too large. Actually, this should be attributed to 
the B(∗) B̄(∗) cloud, not to the seed of the bb̄ quarks. Then two 
comments are in order: the first one is that when dealing with 
hadron components of composite states, it was found in Ref. [29]
that the sizes are bigger than expected, and components around 
1 fm are not negligible. The other comment is that one should 
not be so strict in associating R to a size. Eq. (10) has been used 
as a regulator in the integral of Eq. (7), which reduces the inte-
grand in two powers of q. Yet, we need an extra regulator, which 
is the substraction of Eq. (11), to finally render the selfenergy fi-
nite.

In Table 3 we show the values of − ∂ �i
∂ p2

∣∣∣
p2=M2

R

for each channel 

and the value of Z . We can see that the results for the meson-
meson weights and the final Z value are different for the two sets, 
and we must necessarily accept this as uncertainties in our ap-
proach. Yet, the message is clear that in that state the strength 
of the meson-meson components is very large. The width of the 
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Table 4
Branching ratios for ϒ(4s) decay.

Channel BR|Theo. BR|Exp.

B0 B̄0 48.8% (48.6 ± 0.6)%
B+ B− 51.2% (51.4 ± 0.6)%

Table 5
Values of − ∂ �i

∂ p2

∣∣∣
p2=M2

R

for the different channels and the value of Z for ϒ(3d) state.

Set 1 Set 2

B0 B̄0 −0.005 + 0.005i −0.005 + 0.005i
B+ B− −0.005 + 0.005i −0.005 + 0.005i
B0 B̄∗0 + c.c. −0.003 + 0.004i −0.003 + 0.004i
B+ B∗− + c.c. −0.003 + 0.004i −0.003 + 0.004i
B∗0 B̄∗0 −0.017 + 0.028i −0.017 + 0.030i
B∗+ B∗− −0.017 + 0.028i −0.017 + 0.030i
B0

s B̄0
s −0.0002 + 0.002i −0.0001 + 0.002i

B0
s B̄∗0

s + c.c. 0.0002 0.0003
B∗

s B̄∗
s 0.001 0.001

Total −0.050 + 0.076i −0.049 + 0.081i

Z 1.053 1.052

state is 	 = 20.5 ± 2.5 MeV [9], quite large compared to that of the 
other ϒ states in spite of the limited phase space for the only open 
channel B B̄ . This feature is what demands a large value of A that 
translates into a large fraction of the meson-meson components in 
the ϒ wave function. From Fig. 3, we obtain 	 ∼ 20 MeV, similar 
to the value quoted in the PDG [9], and a value around 22 MeV
using Eq. (17). More important than these numbers is that we fit 
the B B̄ data from BaBar [28]. We can use Eqs. (17) and (18) to get 
branching ratios and we obtain the results shown in Table 4. The 
branching ratios obtained are the same for the two sets of parame-
ters. The good width is a consequence of the fit, and the branching 
ratios, in agreement with experiment, are a consequence of the 
different phase space for B+B− and B0 B̄0, due to their different 
masses.

3.2. ϒ(3d) state

We take the PDG mass 10752.7 MeV and fit the width of 	 =
35.5 MeV and obtain the only free parameter

Sets 1 and 2: A = 11,

which gives rise to a width of 35.8 MeV (set 1) and 35.7 MeV (set 
2). With this input we look at the weights for the different chan-
nels and we find the results of Table 5. Interestingly, we find now 
that the value of Z is very close to 1 and the weight of the meson-
meson components very small. It is interesting to note that the 
results are remarkably similar when using set 1 or set 2 of param-
eters, which makes the results more solid. We could be surprised 
that Z is bigger than 1 and the individual meson-meson weights 
for the open channels are complex and have negative real part. 
This is a consequence of the fact that these weights cannot be in-
terpreted as probabilities. Indeed, as discussed in Refs. [20,26], the 
individual meson-meson weights correspond to the integral of the 
wave function squared with a certain phase prescription (not mod-
ulus squared), which for the open channels is complex. Even then, 
this magnitude measures the strength of the meson-meson com-
ponents and the message from these results is that this strength is 
small and the ϒ remains largely as the original bb̄ component.

Similarly, in Table 6 we show the branching ratios obtained for 
each channel, for which there are no experimental data. It is re-
markable the large strength for B∗ B̄∗ production in spite of its 
smaller phase space relative to B B̄ or B B̄∗ + c.c. We also note that 
the results with set 1 and set 2 are practically identical for the 
two sets of parameters of Eqs. (21) (22). This is the only case of a 
Table 6
Branching ratios of ϒ(3d) decaying to 
different channels.

Channel BR|Theo.

B B̄ 21.3%
B B̄∗ + c.c. 14.3%
B∗ B̄∗ 64.1%
Bs B̄s 0.3%

Table 7
Values of − ∂ �i

∂ p2

∣∣∣
p2=M2

R

for the different channels and the 
value of Z for ϒ(5s) state.

Set 1 Set 2

B0 B̄0 −0.003 + 0.002i same
B+ B− −0.003 + 0.002i
B0 B̄∗0 + c.c. −0.009 + 0.006i
B+ B∗− + c.c. −0.009 + 0.006i
B∗0 B̄∗0 −0.012 + 0.010i
B∗+ B∗− −0.012 + 0.010i
B0

s B̄0
s −0.001 + 0.001i

B0
s B̄∗0

s + c.c. −0.003 + 0.004i

B∗
s B̄∗

s −0.002 + 0.005i

Total −0.053 + 0.044i

Z 1.056

Table 8
Branching ratios for different channels for ϒ(5s).

Channel BR|Theo. BR|Exp.

B B̄ 8.6% (5.5 ± 1)%
B B̄∗ + c.c. 27.8% (13.7 ± 1.6)%
B∗ B̄∗ 37.8% (38.1 ± 3.4)%
Bs B̄s 1.4% (5 ± 5) × 10−3

Bs B̄∗
s + c.c. 3.3% (1.35 ± 0.32)%

B∗
s B̄∗

s 2.3% (17.6 ± 2.7)%

Total 81.2% 81.25%

d-state that we analyze. We already mentioned that for this case 
we neglect an l = 3 contribution. Although we gave qualitative ar-
guments on why we think this contribution is relatively small, we 
should be aware of some extra uncertainties compared to the s-
wave cases. Further measurements of the branching ratios deduced 
in Table 6 will further clarity this issue.

3.3. ϒ(5s) state

We take the nominal PDG mass MR = 10889.9 MeV and fit A to 
get the width of 41.4 MeV, which is the 81.25% of the ϒ(5s) width 
51 MeV. The value 81.25% is the sum of the experimental branch-
ing ratios of ϒ(5s) decaying to the different B(∗) B̄(∗) channels. We 
obtain

Sets 1 and 2: A = 5.64.

The weights of the meson-meson components and the value of Z
are shown in Table 7. Once again we find that Z is very close to 1
and the weights of the meson-meson components are very small. 
Sets 1 and 2 give rise to indistinguishable results. In Table 8 we 
show the branching ratios that we obtain for the different channels 
and in this case we can compare with the experimental values. 
Once again there is no difference using set 1 and set 2. Globally, 
the branching ratios obtained agree in a fair way with experiment. 
We confirm the small B B̄ branching fraction, in spite of the largest 
phase space, and the dominance of the B∗ B̄∗ channel. We also find 
the branching rations for Bs B̄s and Bs B̄∗

s + c.c. channels small like 
in the experiment. The only large discrepancy is in the B∗

s B̄∗
s chan-

nel, where our results are notably smaller than the experimental 
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Table 9
Values of − ∂ �i

∂ p2

∣∣∣
p2=M2

R

for the different channels and the 
value of Z for ϒ(6s) state.

Set 1 Set 2

B0 B̄0 −0.004 + 0.001i same
B+ B− −0.004 + 0.001i
B0 B̄∗0 + c.c. −0.011 + 0.004i
B+ B∗− + c.c. −0.011 + 0.004i
B∗0 B̄∗0 −0.015 + 0.007i
B∗+ B∗− −0.015 + 0.007i
B0

s B̄0
s −0.001 + 0.001i

B0
s B̄∗0

s + c.c. −0.004 + 0.003i

B∗
s B̄∗

s −0.005 + 0.005i
Total −0.069 + 0.035i

Z 1.075

Table 10
Branching ratios for different chan-
nels for ϒ(6s).

Channel BR|Theo.

B B̄ 9.0%
B B̄∗ + c.c. 30.7%
B∗ B̄∗ 44.7%
Bs B̄s 2.1%
Bs B̄∗

s + c.c. 6.2%
B∗

s B̄∗
s 7.3%

value. This large experimental result is not easy to understand. By 
analogy to the experimental values for B B̄∗ + c.c. and B∗ B̄∗ , us-
ing the ratio of these branching ratios (38.1/13.2) and multiplying 
this value by the experimental branching ratio of Bs B̄∗

s + c.c., we 
should expect a value for the branching ratio of B∗

s B̄∗
s smaller than 

4% because of the reduced phase space.

3.4. ϒ(6s) state

We take again the PDG mass of MR = 10992.9+10.0
−3.1 MeV and 

the width of 49+9
−15 MeV and make a fit to the width, assuming 

that all of it comes from the Bi B̄i′ decay channels (there is no 
information on these decay channels in the PDG). We obtain

Sets 1 and 2: A = 4.58.

The weights of the different components and the value of Z are 
shown in Table 9. Once again we see that the value of Z is very 
close to 1 and the weight of the meson-meson components very 
small. Sets 1 and 2 give the same results. In Table 10 we show 
the branching ratios assuming that the width is exhausted by 
the Bi Bi′ channels. Again there is no difference between sets 1 
and 2. We should nevertheless mention that the proximity of the 
B̄ B1(5721)(1+) threshold at 11000 MeV to the mass of this reso-
nance could have some effect on the selfenergy �. However, if the 
channel is closed for decay it can affect Re� but not the individual 
Im�i for the open channels needed in the evaluation of the indi-
vidual decay rates that we have calculated. This, of course, is the 
consequence of neglecting the B1(5721) width of about 30 MeV, 
and, in principle, a favored coupling of s-wave to the 1−− bb̄ state. 
So, some uncertainties from this source could be expected. It will 
be interesting to compare our results with data when they become 
available.

3.5. Discussion

After we have shown the results, we can say something about 
the possible mixing of s-d components. Since what matters is the 
final quantum numbers of the meson, 1−− , there can be mixing of 
bb̄ s-wave and bb̄ d-wave components, through the intermediate 
B(∗) B̄(∗) states, which, as we have seen, couple to both configu-
rations. After the results obtained, given the small meson-meson 
components of the 3d, 5s, 6s, we can also conclude that the mixing 
would be small, and, concerning the B(∗) B̄(∗) meson cloud, these 
states are largely bb̄ states. This small mixing has also been re-
ported in previous work on cc̄ states [14,30]. We could have an 
exception with the 4s state, since we showed that the coupling to 
the B∗ B̄∗ components is so large. This could give rise to also a rel-
evant mixing with other components. Actually, the singularity of 
this state has been widely discussed in some works [7,15,30,31], 
where the peak at 10580 MeV is associated to a threshold phe-
nomenon due to the opening of the B B̄ channel and enhanced by 
the nearby ϒ(2d) state, and not to the 4s bb̄ state. The 4s state 
would then be associated to a peak at 10735 MeV in the e+e−
cross section. There is hence a coincidence with our approach in 
the fact that the state at 10586 MeV has a small bb̄ component 
and the peak contains large meson-meson components. In our pic-
ture, as we see in Table 3, the largest weights correspond to the 
closed B B̄∗ + c.c. components.

We should mention that the situation around the peaks and 
possible states in the region of 10600-10700 MeV is a bit con-
fusing. Apart from the states reported in Table 1, a state around 
10684 MeV was claimed by CLEO Collaboration [32] and was as-
sociated to a bb̄g state [33]. For our evaluations here we followed 
the standard PDG classification.

4. Conclusions

We have studied the B B̄ , B B̄∗ + c.c., B∗ B̄∗ , Bs B̄s , Bs B̄∗
s + c.c., 

B∗
s B̄∗

s decay modes of the ϒ(4s), ϒ(3d), ϒ(5s), ϒ(6s) states of the 
PDG using the 3 P0 model to produce two mesons from the original 
bb̄ vector state. We observed interesting things. The first one is 
that the ϒ(4s) state has an abnormally large width that has as a 
consequence that the state contains a relatively large admixture of 
meson-meson components in its wave function. It is one exception 
to the general rule for vector mesons which are largely qq̄ states 
[34]. On the other hand, the other three states studied had very 
small meson-meson components and the states remain largely in 
the original bb̄ seed.

We could only test predictions on branching ratios for the 
ϒ(4s) and ϒ(5s) states. In the first case only the B B̄ channel is 
open and the branching ratios for B+B− and B0 B̄0 are determined 
by phase space in agreement with experiment. The other case is 
the ϒ(5s) where there are data on the branching ratios. The agree-
ment is qualitatively good, with the notable exception of the B∗

s B̄∗
s

channel, and also a factor of two discrepancy in the relative rates 
of the B B̄∗ + c.c. and B∗ B̄∗ channels. It would be interesting to 
see if these discrepancies are a warning that more elaborate com-
ponents for this state, as suggested in Ref. [13], are at work.

The predictions made for branching ratios for the ϒ(3d) and 
ϒ(6s) states should serve as a motivation to measure these mag-
nitudes that will help in advancing our understanding of these 
bottomium states.
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