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events near the mass of the D° with mean value
of 1.861 GeV/c?. (This is consistent with the
measured value® of 1.8633+0.0009 GeV/c2.) The
observed rms width of about 4 MeV/c? is consist-
ent with the expected experimental resolution.
The background estimate is 1.7 events in a 20-
MeV/c? mass interval centered on the D° mass
based on Monte Carlo studies and the event dis-
tribution in the region 1.70-1.85 GeV/c2. (The
probability of observing 9 events as a result of
this background is ~7X 10™,) This leaves an ex-
cess of 7.3+ 3.0 events above background.

Using the K™ 7*7° acceptance calculated by Mon-
te Carlo and the measured luminosity of the data
sample (1.3 pb™), the product of the cross sec-
tion and branching fraction is calculated to be
0B =1.4+£0.6 nb. As in Ref. 6, we can calculate
the absolute branching fraction of this decay
mode by assuming that the ¥(3.772) is a state of
definite isospin (either 0 or 1) and that its only
substantial decay mode is DD. The absolute
branching fraction is (12+ 6)%, where a + 20% sys-
tematic error is included.

It is also possible to set an upper limit on the
D°~K7° decay since no events are observed
near the D° mass and the acceptance is fairly
good. A 90%-confidence-level upper limit of 6%
is obtained for the absolute branching fraction.
Branching-fraction upper limits (90% confidence

level.) for other Cabibbo-favored decay modes
involving 7%’s are all greater than 25% because of
either poor acceptance or background. The ratio
of the K" 7*m° branching fraction to other pre-
viously measured branching fractions® is larger
than would be expected from the statistical mod-
el.”
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The newly discovered resonance T(9.5) is studied as a bound state of a heavy quark and
its antiquark. From the estimate of the production cross section, it is argued that the
charge of the constituent quark is likely to be — 3.

A striking enhancement named T with the mass of around 9.5 GeV was discovered® in the p*pu~ produc-
tion in proton-nucleus collisions at Fermi National Accelerator Laboratory. This enhancement seems
to consist of at least two resonances. With a two-Gaussian fit the masses are determined to be 9.44
+0.3 GeV and 10.17+0.05 GeV, and their decay widths are consistent with zero. The reported ptu”

76



PHYSICAL REV

VoLUME 40, NUMBER 2

IEW LETTERS 9 JANUARY 1978

production cross sections through these resonances are

do/dy|y-,B=(2.3+0.2 and 0.9+ 0.1) X10™% cm?/nucleon.

where the first and the second figures correspond to
branching ratio for the ¥ p~ decay of the respective

1

m=9.44 and 10.17 GeV, respectively, B is the
resonances, and y is the rapidity in the c.m. frame

of a proton and a nucleon. The above mass spectrum is highly suggestive of charmoniumlike bound
states of a new quark and its antiquark (we shall hereafter call them b and b, respectively, for conven-
ience). If one adopts this point of view, an immediate and important question arises as to the charge
Q, of the b quark, a key quantity in studying, above all, the role of this new quark in gauge theories of

weak and electromagnetic interactions. This Letter

is addressed to this question.

In this Letter, we shall assume the peak at 9.44 GeV, T (9.44), to be the 1°S, state of the bb system?

and consider the following three mechanisms for its

production (see Fig. 1): (I) the Drell-Yan mech-

anism®; (II) a modified Drell-Yan mechanism,* where a quark and an antiquark annihilate into three
gluons, which subsequently produce T (9.44); and (III) 2 mechanism®™ in which two gluons from the pro-
jectile and the target annihilate to produce the 1°P; states (/=0,2), which subsequently decay into

T (9.44) and a photon. We emphasize that despite the

fact that these processes do not exhaust all possi-

ble production mechanisms, they are likely to be present within the framework of the quark-parton
model and quantum chromodynamics and give a lower bound for the production cross section.
The cross sections for the production of T (9.44) through the processes I, II, and III (indicated, below,

by superscripts) may be expressed as

do! 1272T(Y (9.44) ~ ut ™) g
—_— = F X 2
dy ¥=0 ms (x, ) x:m/wfs, ( )
do''|  7?I(1(9.44)~ 3 gluons) _i;
dy 37=0— ms F (x,x) x=m/Vs s (3)
do'|  _ 5 (2J+1)T' (P ; ~ 2 gluons)T'(*P; = 1 (9.44) +y) 1612 mp>+m?
ay ly-o =02 Ftot(apJ) mpS mp® —m?
2/mvs
mp T/x
xJon O /00 =)L = 7 /x), (4)
where
Floew)=35x5 5 DQESL@f &) +a—a), (®)
N=byn q
Fll(e,x")=5x3 2 LlfPE) %6 +q—7], (6)
N=pP,n ¢

and T =mp?/s.

m, mp, @,, and s denote the mass of 1(9.44),

the mass of 1°P, states, the charge of the g quark,
and the square of the total c.m. energy, respec-
tively. In Egs. (5) and (6), a factor § is due to
color and p and n denote proton and neutron. f2(x)
[f7%k)] is the g-quark (antiquark) distribution in
the longitudinal momentum fraction x inside a
proton. For these we use the modified McElha-
ney-Tuan distributions.® As for the gluon distribu-
tion f,(x), assumed to be the same for proton and
neutron, we take the form®*f,(x)=2x"'(W+1)(1
-x)¥. The three cases of interests are (i) N=17,
for which the distribution resembles that of the
quark sea; (ii) N=5, which is obtained from a

naive extension of the quark counting rule®; and
(iii) N = 3, for which gluons are like valence
quarks.

To estimate the various decay widths appearing
in Egs. (2), (3), and (4), we follow the work of
Refs. 2 and 5 and of Appelquist and Politzer.'°
We use a static bb interaction of the form?

V@) == Sam?)r t+r/a?, (7

with a=2.22 GeV~!. The mass m, of the b quark

is determined through the analysis of Ref. 2 to be
4.6 GeV. The value of the strong “fine structure

constant” o at the b-quark mass is related
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FIG. 1. Three mechanisms for the production of
T(9.44) considered in the text.

through the renormalization-group analysis™ to
that at the c-quark mass and found to be a(m,?)
=0.15 with the choice a(m ?)=0.19. The various
decay widths of T(9.44) and 1°P states are esti-
mated in this static potential model for four dif-
ferent values of @, and are listed in Table I.
Some comments are in order. (a) The hadronic
and the u*u” decay widths of the 135, state are
estimated following Refs. 2 and 10. (b) The cas-
cade photon decay down to the 135, state and the
hadronic decay widths of the 1°P; (J=0,2) states
are estimated using 1S and 1P radial wave func-

tions obtained by a variational calculation similar
to that of Ref. 5. The mass spectrum as well as
the radial overlap integral between 1%5, and 1°P,
states are compared with the results of Ref. 2
and found to be in good agreement. We find the
mass of the 1P states to be 9.72 GeV.

Also listed in Table I is the branching ratio B
for the u* .~ decay mode, which is independent
of the potential chosen. Using the result of Ref.
10, we obtain

1 2 _ 3 -1
BR,%)=Q,° <—O(7;1——-m?2)%—+(R +2)Q,,2> (8)
where R=T'(e*e"=y—had)/T'(e*e = 1"1"). This ex-
pression gives an excellent agreement in the case
of Y with R ~ 2.3, the value in the vicinity of the
Y mass. Accordingly, we have chosen R ~5.3 for
the present case.

We are now in a position to examine the charge
@, in the picture adopted here. For processes I
and II, the only quantity that depends on @, is the
branching ratio exhibited in Eq. (8). For process
III, an additional charge dependence resides in
TGP, ~71(9.44)+y)x Q% T(*P;—2 gluons) is in-
dependent of @,. Numerically, process III is
found to dominate over processes I and II in pN
collisions at all energies. In the following, we
shall consider process III only, which gives an
underestimate for the cross section. In other
words, our estimate will be bounded from above
by the expevimental value. In Fig. 2 we plot
[do'! /dy),. B against @, for N=3, 5, and 7,
together with the present experimental data. If
the heavy quark is fractionally charged, Fig. 2
indicates that for N=3 and 5, @,=- 3 is favored.
For N=17, both @,=~3 and £ are allowed. How-
ever, if the T production is similar to that of ¢,°
our estimate through process III would account
for only 35—z of the total production rate, and @,

TABLE 1. List of the various decay widths, in keV, for four different
values of the charge of the heavy quark. The branching ratio for the p*u~

decay mode is also listed.

@p(charge) -1/3 2/3 ~4/3 5/3
(T(9.44)— p*u") 0.74 3.0 12 19
1(7(9.44) —y— hadrons) 3.9 16 63 97
'(T(9.44) — gluons — hadrons) 14 14 14 14
B(Y(9.44)—ptu”) 0.037 0.082 0.12 0.12
r'(13Py— hadrons) 79 79 79 79
r(1®p,— hadrons) 21 21 21 21
0(1°P, — T (9.44) +7) 16 64 260 400
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=2 should be unfavored. Exotic charge assign-
ments, such as @,=-%, 2, etc., seem to be
strongly excluded for any N. We have checked
that these conclusions are insensitive to the vari-
ations (say ~50%) of a,, R, T(1°P ;=T +v), and
I'(1°P; ~ 2 gluons). The inclusion of the hyperfine
splittings of 1°P ; of the same order of magnitude
as in the ¥ case affects the estimated cross sec-
tion by only about 20%.

Before summarizing, we shall make several
comments. (i) The energy dependence of [do'- 11111/
dyly-,B for @,=~3%, the most likely charge as-
signment, is examined. As we mentioned, proc-
ess III dominates over processes I and II for all
energies. At about 2500 GeV, we expect the
cross section to be enhanced by a factor of about
10 compared with that at around 400 GeV (lab).
(ii) For the production of T (9.44) in pp collisions,
in contrast to the pN case, the contribution from
process II exceeds that from process III up to
E 15~ 700 GeV.'? The production cross section
do/dy),-, is estimated to be ~2x10™3* cm? at 400
GeV and ~ 8x10" % cm? at 2400 GeV. (iii) Ine*e”
annihilation, the area under the resonance T (9.44)
in the plot of o(e*e"~T —e*e”) vs Vs is estimated
to be 7.1 nb MeV. (iv) We have examined the sig-
nal-to-noise ratio for u* .~ production through a
resonance consisting of an as yet new quark-anti-
quark pair in the quark mass range 2-5 GeV (cor-
responding to 5~11 GeV for the mass of the reso-
nance). Except for the case with @ ay. =~3, N
=17, and the quark mass above ~4 GeV, (signal/
noise)AM, where AM is an invariant-mass inter-
val, is found to be invariably greater than 0.5
GeV for all charges (-3, £,...) and all N values
(3, 5, and 7) considered. This indicates that ex-
istence of a new quark flavor with the mass of 2—
5 GeV is unlikely.

We summarize our analysis of the newly dis-
covered resonance T (9.44) as follows. T (9.44) is
assumed to be the 1S, state of a new heavy-quark—
antiquark bound system. Three processes (I, II,
and III of Fig. 1) are considered as possible
mechanisms for the production of T (9.44). The
various decay widths involved are estimated us-
ing a static potential and asymptotically free
quantum chromodynamics. Under these assump-
tions, we conclude that, if the heavy quark is
fractionally charged, (i) exotic charge assign-
ments such as — %, 2, etc., are excluded, (ii) a
charge assignment of £ is unlikely unless (a)
process III accounts for nearly all the production
cross section and (b) the power N of the gluon
distribution is =7, and (iii) a charge assignment

B (107*"cm*/nucleon)

|+ Qb =-% N s -
L iy

o) | 1 ! I L L !
o 02 04 06 08 10 12 14 16 1.8

FIG. 2. Plot of [do/dyl,-¢ B for the process II vs
Q,2 for N=3, 5, and 7. The horizontal line represents
the experimental value of Ref. 1.

of — § is consistent with the present data.
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1n y production, the same feature obtains below
E 4 ~ 60 GeV for N=7., For N=5, the sum of the con-
tributions from processes I and II exceeds that from
process III up to about 50 GeV. This may have rele-
vance to the experiment of M. J. Corden et al., Phys.
Lett. 68B, 96 (1977).
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Observed universality among the known quarks and leptons requires that additional
quarks be mixed little, or not at all, with the four conventional quarks, Discrete sym-
metries can result in the latter possibility and give rise to absolutely stable (pseudosca-
lar) hadrons. These particles would produce remarkable 8 decays, x-ray spectra, and

hypernuclei.

The 7(9.4)' is widely presumed to be a 1™~
state associated with a fifth (and perhaps sixth?)
quark. In this Letter I wish to emphasize the
likelihood that additional quarks—unlike the ¢
quark and 7 lepton—may well be radically differ-
ent from the old quarks and leptons. Specifically,
there are general grounds for anticipating that
some of the new hadrons or leptons may be ab-
solutely stable, even against weak decay.

The argument for new stable particles is sim-
ply that universality observed in weak interac-
tions constrains the mixing of any additional
quarks or leptons with the previously known ones
to be rather small.® That there are such small
mixing angles is not precluded: Indeed, it is pos-
sible to argue that small mixing angles may well
result from large mass differences among quarks
and leptons. Nevertheless, an equally attractive
proposal is to prevent mixing entirely by the in-
troduction of discrete symmetries which assign
different values of some new quantum number to
new quarks or leptons and thus forbid their decay
into old quarks or leptons. This argument is
quite general, though it has been advanced earlier

in specific models. An illustrative and interest-
ing example is the SU(3)® U(1) model of Lee and
Weinberg,* which has been studied extensively by
Lee and Shrock.® In this model, there is a dis-
crete symmetry, RU, under which all known
fundamental fermions are even, but for which all
new fermions would be odd. The lightest new fer-
mion would be stable. Whether there would be
stable leptons or hadrons would depend on the
masses of the new fermions.

Throughout the remainder I shall confine my-
self primarily to stable hadron possibility, al-
though it should be clear that some of the consid-
erations apply equally to the stable lepton option.
It is assumed that the stable hadrons would be
pseudoscalars, which are denoted by ® in the fol-
lowing. The new quark is denoted ¢. Since the
d quark appears to be about 4 MeV heavier than
the u quark,® the stable pseudoscalars would be
ug and ugq, with charge zero if e = 2 and charges
+1, if e,=- 4. The unstable pseudoscalar would
B decay into the stable one with a rate determined
by conserved vector current (CVC) in a fashion
entirely analogous to pion 8 decay, with a factor
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