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The quark-pair-creation model is used to compute strong decay widths of bb states above threshold. The result is
compared with the recent data from the Cornell Electron Storage Ring.

L. INTRODUCTION

' Experiments at Fermilab* and DESY? show reso-
nance structures T and T’ which are generally un-
derstood as bb states. T” and T” were found by
recent experiments at Cornell.3™ T” seems to lie
above the strong decay threshold.® This nicely
confirms the original prediction of three narrow
states below threshold.®

In the present paper we study strong decay
widths of bb states above threshold, T*- BB, etc.
We use the quark-pair-creation model (QPCM),’
which is an extension of models by Micu® and by
Carlitz and Kislinger.® In order to compute the
matrix element we must know the wave functions
of the initial and final mesons.

In Sec. I we show potentials which are used to
determine these wave functions. In Sec. III strong
decay rates of c¢ and bb states are calculated. In
Sec. IV comments and discussions are presented.

II. POTENTIALS

We use two nonrelativistic potentials for quark-
onia, which not only explain ¢ and bb spectra
correctly but also the D meson, the ¥ meson, and
even the old light-meson spectra. These two po-
tentials were applied in models II and III, respec-
tively, in our previous paper.!°

Model II was originally proposed in Ref. 11 but
with slightly different parameters. It is defined
as follows:

VR)=V,(R)+ Vyr(R) (model II) , (1)
where
VoR)=V,p+aR,
_ 4 ayR) 121 1
VarR)=~- 3 R a(R)= %5 2m(/R)’ (2)

L=(Ae")™, y,=0.5772, A=0.5 GeV.

Vour@®) = =be™®/¢. (3)
For large R the scalar confining part aR domi-

nates in this potential. In the central region the

behavior is essentially determined by V ,r which
arises from one-gluon exchange with the running
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coupling constant a,. V,y is set to be constant for
R > u/exp(1).
.Model III is obtained from model II by the follow-

ing replacement:
- %%-rd for R<R,.
VoR)~V,(R)= (4)
aR for R=R,.
d=0.506 Gev, «,=0.31,
R,=0.322 fm (model III).

Following Ref. 10 we set the remaining para-
meters

a=0.787 GeV/fm ,
b=1.378 GeV
c=1.20 GevV™
b=0.956 GeV
c=2.05 GeV™?

} for model II , (5)

} for model III.

The reason we use these potentials here is that
they predict correct masses for D and F mesons.
We hope that our models also give an adequate
description for B mesons. A candidate for a B
meson with mass 5.3 GeV is reported,'? which is
close to our prediction by both models II and III.

III. STRONG DECAY RATES

Before we study the processes T (excited) - BB,
etc., we should make sure that our models can
explain the puzzling decay rates $(4028)~DD,
DD*+ D*D, D*D*, etc. Related calculations al-
ready exist in the literature.?®"%

In the QPCM the decay width for the two-body
strong decay between mesons (A —~ BC) is given
by

EgE
W, ke 20 ©

where 7 is a constant which specifies the strength
of the pair creation. The explicit form of M is
shown in the Appendix. The matrix element con-
tains the following spatial overlap integral of the
quark wave functions:

I'=27
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1% )= [ dGyr@s 3, Bp)oa@ - W5 @@ ,
™
where

2m 2m
h,=—"— and h,= <
Mo+ m, Mo+ m,

(my=my,,my) .

The nodes in the wave function of radially exci-
ted states strongly influence the Zweig-rule-al-
lowed decay widths.?* The Cornell group'® 2 has
remarked on this point for ¢ decays. Using the
nonrelativistic QPCM, Le Yaouanc et al.* have
explicitly shown that the puzzling experimental
branching ratio®? of §(4028) (k5° phase-space fac-
tor is removed)

DODP : DOD*0 4 DODHO : DFODHO
=0.2+0.1:4.0£0.8:128+:40. (8)

can be explained if the overlap integral / (|ks|) has
the first node at |kj|=0.686 GeV/c. They used
the harmonic-oscillator wave function for $(4028)
and for D with the same spring constant which
corresponds to the rms radius for the 1S state
R%=5.2 GeV™ and assumed (i) m,=m, and (ii) ¥
(4028) is a pure 3S state.

In models II and III the quark masses m,=0.336
and m,=1.90 GeV are used.’® Therefore, our
value for i, is much smaller than that used by
Le Yaouanc ef al. Since all parameters are fixed
to adjust to the mass spectra in our models we
have no free parameter. Therefore, the overlap
integral I (|EB |) is uniquely determined. Assum-
ing that (4028) is a pure 3S state we get the first
nodes at |k | =0.687 GeV/c (0.715 GeV/c) for
model II (III), which are very close to what we
need. The behavior of I(|k; |) in both models II
and III is found to be very close to that predicted
by Le Yaouanc et al.*® which gives the ratio of

Eq. (8) correctly. The strong decay rates are
calculated in both models and the results are
shown in Table I. The parameter 7 is used to ob-
tain the best fit to the decay widths of ¥(3772),
#(4028), and ¥(4414). We find v =2.2 for both
models. The agreement with the data is reason-
ably good. .

This agreement is very encouraging. In this
calculation we omit decay processes which in-
clude the D, (D meson in the P wave), e.g.,
¥(4414)~DpD. We expect that the mass of D, is
around 2520 MeV and y(4414)~DpD, DD, etc.,
will be kinematically forbidden if the spin-orbit
coupling is not very large. If we add the decay
width of ¥(4414)~DpD to the total width, it is
possible that the agreement with the data can be-
come even better. Thus we conclude that our
models II and III give a satisfactory description
of decay widths of cC states above threshold.

We now try to extend our calculation to the b5
states. The mass spectrum by the model II is
compared with the data from the Cornell Electron
Storage Ring (CESR)®*™ in Fig. 1. The agreement
with the data is excellent. Model III predicts too
large mass splittings, i.e., T” =T =918 MeV and
T” —-T=1192 MeV. Thus model II is favored.

We compute the strong decay rates by using on-
ly model II. The strong decay rates are plotted as
a function of A= (excited bd) — (sum of final meson
mass) in Figs. 2 and 3.

The results depend very sensitively on A.

Since it is impossible to have very precise pre-
diction of A, the unambiguous determination of
the decay width is difficult.

The predicted masses of the B meson in model
II (IIT) are B=5250 (5251), B*=5295 (5307), B,
=5332 (5317) and B*=5368 (5385) (in MeV). m,
=5.25 (5.29) GeV is assumed for model II (IIT) to
estimate the value of A for each process. How-

TABLE I. Strong decay widths of charmonium states predicted by model II and model III.

Model I (MeV) Model IIT (MeV) Experiment (MeV) Reference

Y3779(1D) —~ DD 22.5
Up028(3S) — DD 2.44
—p*D + DD* 29.9
— D*D* 34.8
Total 67.2
Y4414 (4S) — DD 9.31
’ — D*D + DD* 10.0
— D*D* 3.03
— FF 0.76
— F*F + FF* 4.17
— F*F* 0.145
Total 28.5

21.4 235+ 5 22

0.934
40.6
33.0
74.6 52 +10 17

7.26

4.30

8.63

1.17

4.10

0.001

27.5 33 =10 23
66 +15 24
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FIG. 1. The shape of the potential and the energy
levels in model II,
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FIG. 3. Same as Fig. 2, but for Tj).

ever, the following ambiguities remain in this de-
termination. (i) We do not know the absolute mass
of excited bb states. DORIS data and CESR data
are inconsistent with each other by around 20 MeV.
(ii) Our estimation of the mass of the B meson will
probably be correct within 1%, i.e., +50 MeV. In
some cases, a 10-MeV error in A already causes
too much error in the prediction of the strong de-
cay rate.

On the other hand, the curve of the decay rate
as a function of A does not sensitively depend on
models which we use, i.e., model II or model III.
In Figs. 2 and 3 we plot decay widths as a function
of A, i.e., T(excited) —=2B or T(excited) -2 B, (B,
= b5) by using model II. The values of A predicted
by models II and III are shown by arrows in each
figure. y=2.2, which is determined by the char-
monium decay rates, is consistently used for all
resonances.

IV. COMMENTS AND DISCUSSIONS

From Fig. 2 one can see that the total width of
T,sis more than 100 MeV if A=100-150 MeV.
The total width of T” obtained by CESR is I'qm
=19.8+5.5+5 MeV (Ref. 5). This means that T
is just above the threshold and only the BB decay
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mode is allowed. Using this decay width one gets
from Fig. 2, 10sT” -2B<50 MeV. Assuming T
~10.55 GeV, the B meson becomes 5.25 GeV< B
<5.27 GeV. If this argument is correct, the ex-
perimental evidence!? of the meson at 5.300 GeV is
slightly out of this range.

Our model prediction is around 5.25 GeV which
is in this range. Anyway our model prediction of
the value of A will be somewhat overestimated
(by about 80 MeV in model II). Let us assume that
the value of Ais lower than our estimation of
model II by 80 MeV for all T located above thresh-
old. From Figs. 2 and 3 and from direct calcula-
tions one obtains I'(T,s)~20 MeV, I'(T,5)~ 80 MeV,
T'(Tes)~20 MeV, I'(T;5)~20 MeV, and I'(T,p)
~80 MeV. '

All widths are below 100 MeV. This is just ac-
cidental because all of them avoided the large peak
of T*~B*B*. T'(T4s) can be larger than the above
value because the process T,s—~BBp (Bjp is the B
meson in the P state) is kinematically allowed.

We expect the mass (center of gravity) of the B
is around 5830 MeV.

Some comments are necessary here.

(i) Generally speaking, decay widths into BB,
BB*+B*B, B*B* are larger than those into BB,
BB*+B*Bg, BXB*%. This result is caused by the
difference of wave function between the B meson
and the B, meson. The wave function of the B
meson in the momentum space has a larger width
than that of the B meson because of the large re-
duced mass. On the other hand, bb states above
threshold have many nodes. Therefore, the inte-
gral I(IEB |) becomes smaller for the B, meson
than for the B meson due to the larger cancella-
tions in the integral.

(ii) We are not very sure if ¥ is universal. ¥ for
cC may be different from that for 5. In the string
theory ¥2? is probably proportional to the length of
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FIG, 4. Decay process A —B+ C.

the distance between the quark and the antiquark?®
(i.e., length of the string). However, this assump-
tion does not change the value of ¥ very much.
The running coupling constant & for c¢¢ is differ-
ent from that for the bb. Therefore, ¥ for ¢¢ can
be different from that for 55.26 It will be very dif-
ficult to calculate the M, dependence of ¥ theoret-
ically because we are assuming that many gluons
are exchanged during the decay process.

(iii) In our model the peak of the curve of decay
widths for T, and T,, becomes very large. If
the harmonic-oscillator potential is used the pre-
dicted widths become much smaller.?” Since our
potentials give correct scaling behavior of E, ¢
-E,g, etc., as a function of m, we believe that
our potentials are more suitable for the bb
states.
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APPENDIX

The matrix element in Eq. (6) is expressed by (we use the notation of Le Yaouanc et al.)

i, ip Is VS, Sp Ss| [La Sa Ja
M=|i, ip I,

I, 0 I, ]S, 1 Sp] LL Sy J,

S, Se Sc| |1 1 0 |ew,

where i, S, L, and J are isospin, spin, orbital angular momentum (see Fig. 4), and

jll j12 le

jll j12 jxa

Ja1 J22 Jas E[(2j13+ 1)(2j,5+ 1)(2f5, + 1)(2)5,+ 1)p/2 Ja1 Jea Jas Qs

j31 j32 j33

{'} is the 9j symbol,

j31 j32 j33
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LH+)= ()tA £°742d7AuL4(74)

>

3(LA+ 1)]1/2

% J %20 B @F@lai 0 ) oy D+ Sy s, G D[ S

(i

]

A [3(La+ 1)]1/2
3 [2L4+3 T,

L(=)== (l;/)—l; _Lm v a%dy %y, (v 4)

1/2
f q%dq ¥ (q)uc(q)[ @, qu)]LA_l(zh Rra)+sh k]o(qrA)JLA( h k'rA)]< 3L,y 1)

(i)"A 3L 1/2
-ﬁ(ﬂ—’h) 16,

where

> mq
Cme+my,

Me
m +m

- k;

d=

#{q) is the S-state wave function in momentum
space which is given by

- 92\1/2 [ .
u(q)f(;) f ¥y u o(r)jolqr) -
(o]
After the spin summation one gets
Z IMDD l 2= &I+)?,
D | Mpprpep | 2= HIH)?,

3 | Mprpe| 2= 12,

for %S, ~DD, DD*+D*D, D*D*, and
2| Mpp|*= H1(-7,
Z IMDﬁ*+D*B I 2= %ﬂ‘l(_)z ’

2 | Mprps | = I (=)2+ H1(+)?,

for °D,-DD, DD*+D*D, D*D*.

It can easily be checked that, from these equa-
tions, Eq. (3) in Ref. 15 and Eq. (7) in Ref. 14 can
be derived by using the harmonic-oscillator wave
function. We have done this check numerically and
analytically.
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