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ABSTRACT
The cascade-gluon model is used to show that the ok;served
enhancement at 9.5 GeV can be interpreted as due to the produc-
tion, and subsequent cascade decay into 3S1 states, of at least
two and most likely three sets of C=+ bound states of quarks Q
of mass m_ ~5 GeV and charge - 1 e.
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The recent controversy concerning the "high-y anomaly" t has cast doubt
_upon lvhat had been the best evidence for the existence of a heavy quark. 2
Indeed, if the newest neutrino data1 is taken in isolation, it would be natural to
accept the most economical SU(2) x U(1) Weinberg model3 for the weak interac-
tions, with only four quark flavors. However, the small upper limits on parity
violations in atomic physics4 and the apparent existence of a heavy lepton5
obviate the simplest scheme. Both of the preceding experimental observations,
taken in conjunction with available theoretical models, suggest that further
quarks must exist. Therefore, it is a good time for observations directly
indicative of new quark flavors. This we believe is the case for the recent
Columbia-Fermilab-Stony Brook experiment. 6

They report a resonance with a mass of about 9-1/2 GeV produced by proton-
nucleﬁs collisions and observed via its u+u" decay. Their experimental resolu-
tion is 500 MeV, and if the enhancement seen in the u+/f mass spectrum is fit
by a single resonance, its width is about 1.2 GeV. However, the enhancement
is asymmetrical, suggesting that more than one state contributes to the observed
bump.

In this letter, we shall interpret the observations of the Columbia-
Fermilab-Stony Brook group as due to the production of two, and more likely
three, 381 bound states of QQ (to be dubbed T, T', Y" or perhaps "onium"),
where Q is a quark carrying a new flavor quantum number. The lowest several
members of the T family individually have very narrow widths, .But show as a
broad enhancement in the data because their spacing is less than the experi-
mental resolution. After making some further remarks about the QQ parameters
and mass spectrum, we will try to strengthen the QQ bound state interpretation

of the data by calculating the hadronic production cross section in the "gluon
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cascade' model. There are no overall normalization parameters, so we can
make an absolute comparison to the data and we shall find reasonable agree-
ment for XQ=e1ectric charge in units of e=~1/3. The case AQ=2/3 is excluded.

The spectrum expected for bound states of a heavy quark has been elucidated

by Eichten and Gottfried7 using the potential

+ const (1)

We shall simplify our calculation by using only the linear term. Comparisons
to Ref. 7 show that the linear term dominates in the sense that the overall mass
splittings and widths are not greatly affected by the inclusion of the Coulomb
term. Having a purely linear potential allows us to determine how the various
masses, splittings and widths scales as the parameters mQ and AQ change.
For the psions, m, = 1.84 GeVanda=1.94 GeV"l. The parameter a is
chosen to be the same as for psions, on the grounds that it is a parameter of
the force that binds the quarks and not of the quarks themselves. This can be
understood in models. In the string model a2 =9q', with @' - the universal
Regge slope;8 in the MIT bag model, the linear potential arises for large quark
separation from the interplay of the bag pressure and color electrostatic energy
and both terms are quark mass independent. 9 For the mass mQ we use 5.1 GeV,
which will put the third P state (the 3P) just below the threshold for strong decay
into Qq+qQ, where q is a u, d, or s quark, 10 Finally, when needed, we will
use ozg=0° 17 as predicted for the present mass range by the renormalization
group equation. 11

Having stated our parameters, we put the lowest S-state at 9.44 GeV as
suggested by the experiment, and then find S-states at 9.44, 9.86, and 10.20
GeV, and P-states at 9.69, 10.05, and 10.37 GeV.

The hadronic production of T's proceeds 12-13

as diagrammed in Fig. 1.
Only those C=+ intermediate states with appreciable branching ratios into 381

states need be included. This eliminates all states above the threshold for
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strong decay as well as the 1S states, which can decay into 381 states only by

0
. forbidden magnetic transitions. This leaves the 3Pj states. The cross sections

for producing a n 381 T state from a given set of m 3Pj states is

2
8t M ,
o 08 o m,m)x 2 (WF) )
dy 4 eff g
y=0 MmP

where y is the rapidity, T=M12np/s, fg is the gluon (g) distribution function,

f=Tog 0 3)

and

I‘(m‘:3P.—-»gg) I‘(mSP.——n 3SI+'y)
T nm)= D (23+1) l

“ 3
J9=0,2 I1’cotal<m PJ)

(4)

The widths and also some branching ratios that we use are given in Table I.

The widths may be obtained by direct calculation, or by scaling from charmonium

according to the rules I'(P — gg) ag mg/?’ 3._10/3 TP -—-Ty) < }\Q QS/S 8/3 ,
and T'(T — p) « AQ le "2, assuming a linear potential.

The leptonic branching ratios are straightforwardly obtained. The bran-
ching ratios of higher T's into lower T's deserve some comment. First and
importantly, we should note that the summed pp cross section, i.e., the sum
over T states of B(Ti—-uﬁ) . dO'(Ti) /dy, does not depend on these branching
ratios if the potential is linear. This can be shown because the width for decay
into up is the same for all T states. Next, one expects the branching ratio
B(T'— TX) to be less than the corresponding one for psions because the mass
splitting is smaller. The decays T'— TX will be dominantly T'— T+ 27, and
if we use phase space to scale down the width from the y' decay, we get

B(T'— TX) = 36%. However, we favor a smaller estimate, 10-20%, because
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the 27 mass spectrum in y' decays shows a peaking at high dipion mass. Finally,
‘the ratios B(Y" — T or T'+X) are chosen reasonably: phase space suggests that
B(T" — T'X) is small, and B(Y" — TX) is large.

We may now calculate the ¥ production. For N=3,4,5 14 (see Eq. (3)),
we obtain ):B(Ti-» L) d(T/dyIy=0 =0.82, 0.51, 0.30 pb, respectively, to be
compared to the experimental value of 0.34 pb. For N=4, Fig. 2 shows the
three bumps smeared by the 500 MeV experimental resolution, using the cal-
culated heights of the ¥, T', and T" bumps, which are 0.36, 0.12, and 0.03 pb.
The agreement is good, and does indicate we are on the right track to think that
we have QQ bound states produced in this way.

The charge of the quark enters our calculation in both B(T — ufi) and
B(P —T+v). The numerator of each of these is proportional to 7%. Although the
denominator of each also increases somewhat with Aé, nonet}}eless changing to a
quark of charge 2/3 increases our calculated cross section by about a factor
of 8.

In conclusion, gluons seem to us to be the most natural mediators between
the old SU(3) hadrons and the new bound states QQ. 15 Both theory (QCD) and
experiment (deep inelastic electroproduction) have indicated the .neéd for gluons
in the hadronic wave function. In the present calculation, the fact that agree-
ment with experiment came out directly, without forcing or fitting parameters, 16
gives us confidence that photons can be discovered in conjunction with T or J/¢
in hadronic experiments.

As this report of our work was being written, a preprint was received from
J. Ellis, M. Gaillard, D. Nanopoulos, and S. Rudaz, who discuss the inter-
pretation of the T as a QR resonance and production via a Drell-Yan type

mechanism,
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et al. [Phys. Lett. 68B, 96 (1977)] might be embarrassing to the gluon
model because of their quoted ratio o(p)/o(p) = 0.15+0.08 [ where

o@)= o(p+p —p+X)], in contrast to the asymptotic prediction of unity.

We feel it is too early to reach conclusions, because simple kinematics

due to threshold effects can already account for a factor of two in this ratio.

This topic is under investigation.

Table I. Relevant widths (in keV) and

branching ratios, for the process shown

in Fig. 1.

Initial E1 Widths gg Width

State 1S 28 38  for 3P0
1P 12.8 - - 90 -
op 2.5 12.8 - 140
3p 0.18 0.76 13.5 193

B(TY —pu)=3.7% B(T! — TX)=15%
B(T" — pp) =3.0% B(T" — TX)=80%
B(T"— @)= .73%  B(YT" =T X)~0
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Fig. 1. Process of producing the T states in hadronic collisions.
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Fig. 2. Our calculation of 7T, 7', and T'" production smeared by the
experimental resolution and compared to the data of Ref. 6.



