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T family of resonances above threshold
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The coupled-channel method developed previously is applied to the bb system of resonances above the threshold
for Zweig-allowed decays, (2mB). The structure of dR is calculated for representative values of
3M = m(4 'S,)—2m~. Typically the 4 'S, resonance has a complex structure with a total width 10-40 MeV and
dA (peak)- 1—3. This structure has a strong dM dependence which may allow the determination of ms from the
observed structure of dR in the 'F"' region. The contribution of each exclusive channel is shown. Higher bb
resonances are briefly discussed.

A coupled-channel formalism has been devel-
oped by Eichten et al. ' to study heavy —quark-an-
tiquark resonances above the threshold for Zweig-
allowed decays, and has been applied by the same
authors' to the charmonium system of resonances
above charm threshold. In this Addendum to those
works this coupled-channel formalism is applied
to the bb system.

The spectrum of (bb) states before coupling to
decay channels can be calculated using a simple
potential'

v(z) = ——+ z/~'.K
8

The expectation from quantum chromodynamics is
that V(R) should be independent of quark mass for
sufficiently heavy quarks. In particular, p should be
unchanged from the cc system; i.e. , a=2.34
GeV '. The parameter K is used to model the
more complicated true behavior at short distance
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where nz is the number of light flavors (n& = 3) .
Since the mean square radius of a (H) state:is
smaller than the corresponding (cc) state, K~
would be expected to be smaller than Ks (-0.!i2).
As discussed in Ref. 2, fitting the m(T') -m (T) to
the experimental value' (-560 MeV) yields K„,
= 0.483 and m, =5.17 GeV. The resulting spectrum
is shown in Fig. 1.

The low-lying mesons carrying the 5 flavor will
be denoted B =1'S, (bu), B'=1'S,(bd), B*
= 1sS,(bu), and B*'=1 sS, (bd). The systematics
of heavy-light systems are well understood. 4 The
center of gravity (c.o.g. ) of the B mesons may be
determined by the relation

3m(B*)+m (B) 3m(D*) + m(D)= (m, -m, )+

(3)

The hyperfine splitting has the form (J ' — ) A(m„,
where the full dependence on the total angular
momentum (J) and the heavy-quark ma, ss (m„) has
been exhibited. Thus

(4)

m(B') -m(B ) =4.4 MeV,

re(B*') —rrt(B~-) =rrt(B') -m(B-) .
(5a)

(5b)

Denoting the 1Sz(bs) mesons by E' and I;*' for
J='0 and 1, respectively, and using the values
2.14 GeV and 2.03 GeV for the I'* and F masses'
one would expect

3m(Z*)+m(Z) 3m(B~)+m(B) (6a)

and

m(Z*) -trt(Z) = 35 Mev. (6b)

The spectrum of low-lying B and E mesons re-
sulting from the above considerations is shown
in Fig. 2. In order to allow the decays of Y states
into the B and B*mesons above threshold for
those Zweig-allowed decays, the states in the (bb)
sector and the (bu), (bd), and (bs) sectors of the
theory must be coupled. The method of coupling
the two sectors of the Hilbert space was discussed

Since m„and m, are not measured but only inferred
from the (cc) and (bb) resonance they are model
dependent. There is, however, considerable can-
cellation of the model dependence in the mass
difference and mass ratio; it is reasonable to say
m, —m, is known to less than 100 MeV while m, /m,
is known to approximately 10%. Using m, =1.84
GeV' and m(D*) —m(D) =140Me V (Ref. 5) we conclude
that the c.o.g. for the mesons is at 5.30 GeV while
the hyperfine splitting of the B*and B is 50 MeV.

Finally, the B' —B and B*'—B* mass split-
ti.ngs can be estimated following the method em-
ployed by Lane and Weinberg' for the charmed
mesons. The results are'
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FIG. 1. Spectrum of (bb) excitations within the Cornell
potential model with X=0.483, a=2.34 GeV, and m&
= 5.17 GeV. The Y '-Y mass difference was used as an
input. The mass of the B meson shown is 5.26 GeV.

in detail in Secs. III B, III C, and III D of Ref. 1.
It was assumed that the instantaneous interaction
which causes the binding of the qq states is also
responsible for the decays; that is,

III =s
a=1

where p (r) = 4"(r)(A, /2) II(r) is the octet of color
densities of the quark fieM C. In addition to pro-
viding an attractive interaction between bh pairs,
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FIG. 2. Spectrum of 1$-state mesons carrying b fla-
vor. The pseudoscalar mesons are J3 =(bg7), B =(bd),
and E = (bg); an asterisk denotes the associated vector
meson. The radiative transitions 'V p+ P are indicated.

FIG. 3. Sample decay amplitudes I~~(p). I. is the or-
&ital angular momentum and n the radial quantum num-
ber of initial bb state, while l denotes the relative or-
bital angular momentum of the decay products. The
lower scale is nonlinear and shows the total kinetic en-
ergy of the outgoing pair associated with the momentum
on the upper scale.

H, has pair-creation terms in which a bb pair
creates or destroys a light-quark pair. These
are the terms that describe decay.

The resulting decay amplitudes may be ex-
pressed in terms of certain reduced amplitudes.
The n 'L, (bb) state decaying into 1S(bu) meson
(B or B* ) and a 1S(bu) meson (B+ or B*') in a
relative P wave (I =1) is expressible in terms of
reduced amplitudes denoted by I„'~(p) defined from
Eqs. (3.33), (D14), and (D16) appearing in Ref. 1
by simply replacing the c-quark states by 6-quark
states. The results of the numerical calculations
of the decay amplitude I'„~(p) in the T system is
shown in Fig. 3 for n 'S, (bb) states (I =0;
n = 1,2, 3, 4) decaying into a (bu) + (5u) state in a
relative P wave (f =1). Comparing these ampli-
tudes with the corresponding amplitudes in the cc
system (see, e.g. , Ref. 2, Fig. 9), the general
structures are found to be very similar as a func-
tion of momentum. If, however, the decay amp¹
tudes are shown as a function of the total kinetic
energy of the mesons (lower scale in Fig. 3), a
very rapid energy variation is observed. This is
purely a kinematical effect produced by the large
5-quark mass, but has the important consequence
that an exclusive channel may become important
within a few MeV of its threshold.

The decay amplitudes can be used to calculate
AR~ (the contribution to R from the b quark) as
well as the separate contribution of each of the
exclusive channels: B B, B'B', B B*++B* B',
BoB+o+ B~oBo B~-B++ and BgoBgo
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FIG. 5. The effect of a small mass difference between
the charged and neutral B*on the behavior of exclusive
channels.
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FIG. 4. The contribution of the various exclusive
channels and total BRb for ~—=M(4 $f) 2M(B) = 100
MeV.

states above B 13' threshold will appear as reso-
nances in ARb with widths that are determined
from the decay amplitudes above. The general
method is described in detail in Secs. III E, III F,
and III G of Ref. 1. There are no free parameters;
rnb, a, and R'~ are determined in the potential sec-
tor, and m(B) and rn(B*) from the considerations
above. The 4 'S, (bb) state (T"') is expected to be
-100 MeV above B B' threshold. The threshold
region ~b and exclusive channels, are shown in
Fig. 4. We see a complex structure in the region
of the 4S state which results from each exclusive
channel's complex energy dependence. This gen-
eral property was also found in the charm thres-
hold region. The 4 'S, state has a AR (peak) =1.5
and a full width at half maximum (FWHM) approx-
imately 25 MeV. ' The charged and neutral exclu-
sive channels have not been shown separately;
very near threshold even these small mass dif-
ferences can be significant. For example, if the
B* B*' threshold was only 6 MeV lower than the
B*'8*'threshold, the charged-B-to-neutral-B
production ratio wouM be significantly different
from one in this energy region (as shown in Fig. 5).

Because of the uncertainty in the mass difference
mb-rn, the actual position of the c.o.g. of the B-
meson system IEq. (3)] is uncertain. It is there-
fore important to investigate the dependence of the
structure of the 4S resonance on the position of
Zweig-allowed BB threshold. There are some
indications from hadronic production experiments
that the B meson may have been observed with a
mass of 5.30+ 0.02 GeV." This suggests that the
threshold might be closer to the 4S resonance
than 100 MeV.

Denoting ~=—M(4 'S,) —2M(B ) the threshold
behavior ARb has been investigated as a function of ~.
Representative curves are shown in Figs. 6-8 for

h, R

Totol
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FIG. 6. The exclusive channels and total bRb for ddlf
= 20 MeV.

K'Vi'=20, 50, and 70 MeV, respectively. The gen-
eral pattern of the structure of AR in the 4 'S, re-
gion is as follows:

(1) The resonance becomes narrow quite rapidly
as ~goes to zero. For ~s 40MeV the FWHM is
less than experimental resolution of the Cornell Elec-
tron Storage Ring (CESR)" at this energy (-10
MeV) and AR(peak) z 4, (see Fig. 6).

(2) 40mb/86 60 MeV. In this range the 4S re-
sonance is near the opening of the BIT*+B~B
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FIG. 7. The exclusive channels and total 6R& for 234
50 MeV.

exclusive channel and these final states play a
significant role in the structure of AR~. The open-
ing of the new exclusive channel broadens the
structure above the peak in AR, shape is charac-
teristic of this range of AM. The values of ~
(peak) and FWHM vary smoothly from a 4R (peak)
-4 and FWHM-10 MeV at AM =40 MeV to 4R
(peak) - 1.5 and FWHM - 25 MeV at ~ = 60 Mev.
The other characteristic of this range is the ap-
pearance' of a strong signal in 50 MeV photons
from the decays B*-B+y at energies just above
BB*+B*Bthreshold.

(3) 60 MeVs~s90 MeV. In this range the 48
resonance lies roughly midway between the BB*
+ B*B threshold. This produces a much broader
structure -30-40 MeV (FWHM) without a pro-
nounced peak and a b,R, - 1.2 (see Fig. 6).

(4) 90 a~&120 MeV. Similar to the 40&)&I
s60 MeV range as the 4S resonances is near the
opening of the B*B~exclusive channel here. Two
differences, however, are (a) the resonance is
somewhat broader than the corresponding mass in
range (2) [i.e. , ~ -50 MeVJ and has a smaller
hR, at the peak (see Fig. 4 and compare with Fig.
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FIG. 8. The exclusive channels and total ER& for LUlf
=70 MeV.

V), and (b) There should be a signal in 50 MeV
photons that roughly doubles as B*J3*threshold
is crossed.

(5) &M~120 MeV. Since the 3S(b6) state is ob-
served as a narrow state it must be below or very
near (s40 MeV) threshold. Thus ~s250 MeV and
the 4$ state is below the next two-body threshold
(E'Z'). The structure of bR, has a complicated de-
pendence on ~ in this region. The FWHM is ~30
MeV in the whole region and ARs2.

There is preliminary evidence from the CLEO
and Columbia University-Stony Brook (CUSB)
groups", at CESR, of structure in AR in the re-
gion of the expected 4S state. The detailed struc-
ture is not yet measured but the AR (peak) -1-2
and FWHM-15-20 MeV. Within the context of the
coupled-channel calculations presented here this
suggests that the ~ is near 50 or 100 MeV.
These two cases can be distinguished by the vari-
ation of the signal of 50 MeV photon over the en-
ergy range of the resonance.

Finally, some comments on higher S state re-
sonances and the possibility of D-wave states be-
ing directly produced in e e annihilation. The
energy region above threshold over which distinct
resonances wouM be expected to be observed
should be comparable to this region for charm
threshold, i.e. , -700 MeV. Thus both the 5S and
6S resonances should be observable. A signifi-
cant fraction of the decays of the 58 state may be
into E mesons while the 6S will predominantly de-
cay into final states containing one I'-wave state
"excited B"meson and one S-wave state meson
(B or R*). The n 'D, (bb) states are unlikely to be
produced directly in e'e since the tensor forces
mixings in the (bb) system are expected to be
weaker' than in the (cc) and also the mixing in-
duced by the virtual coupling to decay channels
will decrease as 'it must vanish as [m(B*) —m(B) J

approaches zero. These considerations lead to
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the conclusion that no n 'D, (bb) state will appear in
b,R, with a ~R, (peak) &-,'.
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