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If preliminary experimental results on the new particles are confirmed (primarily the y7
decay cf the ), and if conventional theoretical prejudices are accepted, it is shown that
Harari’s SU(6) model is the minimal N-quark model (with hidden color) which can accommo-
date these constraints.

1. Introduction

The purpose of this note is to emphasize that if recent experimental results on the
new particles, p(J), ', and ", are confirmed, then there already exist extremely tight
constraints on theoretical models based on conventional quarks with hidden color. Our
conclusion after a systematic search is that Harari’s model [1], containing the standard
“light” quark triplet (u, d, s) together with a “‘heavy” antitriplet (¢, b, r), appears to be
almost the only viable model, and certainly the least unattractive, with fewer than seven
quarks.

In order to be as clear as possible, and to emphasize the reasonableness of our starting
assumptions, we begin by listing the experimental ‘“mezzo-facts” [2] and the theoretical
prejudices we shall accept.
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2. Experimental “mezzo-facts”

1) The existence of the ¢ and ¢’ as very narrow resonances and of the '’ as a broad
resonance (all assumed to have J¥¢ = 1—) [3].
2) The radiative widths of the ¢ and ¢’ are approximately in the ratio

Iyoe:Tyz ~48keV:22keV

(and Iy is roughly similar) [3].

3) The y does not decay to even numbers of pions directly, and the v’ decays predom-
inately to wnn [3]. This strongly suggests that G parity is a good quantum number for
the direct decays and that both y and ' are I = 0 resonances. Up to now, the experimental
facts and most of the inferences are fairly well established.

4) From preliminary data, the p is not seen decaying into two coctet states whose
combined C parity [4] is even,

v does not decay into KK, K*K*, K**K,

but 9 - KK* and this rate is comparable to that of 9 — mp [5]. Although not conclusive
we shall accept this as evidence that the y is an SU(3) singlet.

5) The equally preliminary reports of the decay ' — wn with a branching ratio
of a few percent [5, 6] would seem to imply a coupling whose strength is not too different
from that of v — ynan. The obvious inference is that the ¢’ has an SU(3) octet component
[7]. For us, the SU(3) nature of the ¢ and ¢’ will be the critical assumptions, greatly restricting
available models, but based on very tentative experimental results.

6) Other experimental indications up to now are:

() R = o(eve~ — X)/o(ete — ptu) < 10, at least in the forseeable energy range [3, 51,

(ii) a dearth of monoenergetic y rays from o’ decay [5, 6].

3. Theoretical prejudices

1) The apparent non-observance of large radiative widths and the existence of G
parity conserving decays (plus some reluctance to abandon all of the parton model results)
causes us to reject models where the new particles are manifestations of color (such as
the Han—Nambu model, etc. [8]).

2) “Ordinary” hadrons are based on the conventional Gell-Mann-Zweig “coloured”
quark triplet (i, d, s). The standard charge assignment (?/;, —'/5, —!/3), among many
other predictions, leads uniquely to the 9 :1 :2 prediction for the o : w : ¢ lepton
couplings, in good agreement with experiment.

3) No fractionally charged hadrons exist.

4) Our lack of real theoretical understanding of the extremely narrow widths of the p
and v’ is summarized by “Zweig’s Rule™, for which we have no satisfactory explanation.
However, it leads to the notion that the new particles are built entirely out of new “*heavy”
quarks (with hidden color). Moreover, the dominant decay of ¢’ into ynn suggests that ¢’
contains some of the same heavy quarks as the y [9].
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5) Other possible constraints on the new quarks are:
(@) R=3 ZQf (the 3 is for hidden color). The GMZ quarks contribute 2.

(ii) In building a unified theory for weak and electromagnetic interactions, the
strangeness changing neutral currents should be suppressed at the right level
and the triangle anomalies should cancel [10].
With this experimental and theoretical ““package’, we now discuss the various possibil-
ities. We shall ignore constraints from the weak interactions except to guarantee that
there exists sufficient freedom to suppress strangeness changing neutral currents.

4. SU(4) charm models [11]

Under the usual SU(3), the basic quark representation must reduce as

L~1—->

(A

+1
and the quark-antiquark sector as

4 x

[ =N

= 1541 > 8+3+3+1+1.

Thus, in gq combinations, there is no possibility of producing an § of SU(3) made of
“charmed” quarks alone. An octet ' cannot therefore be accommodated by the simplest
and original charm scheme.

5. SU(5) models

Such models, with two charmed quark singlets, fail for the same reason as SU(4)
models.

6. SU(6) models

There are four possible SU(3) reductions of the basic 6 representation of SU(6):

@ 66

(b)  6-3+1+1+1,
©  6-3+3,

@  6-3+3

Resonance phenomenology rules out the first possibility (a) since we require a basic
quark triplet to construct the usual baryon and meson states.

Possibility (b) is eliminated for the same reason as SU(4) and SU(5): there is no room
for an octet y'. We therefore turn to the two remaining branches.
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Case (¢): 6 > 3+3

Here there is a basic light quark triplet (u, d, s) plus a “‘charmed™ or “heavy” quark
triplet (', d’, s"). The standard SU(3) is generated by the sum of the light and heavy SU(3)
generators. Now consider the charge assignment for these new quarks.

For the light quarks we have the usual Gell-Mann-Nishijima relation,

Y

Q(L) = 13+ 7:

but for the heavy quarks we allow more freedom,

Y H
B =l +f— +y—,
Q 3t+B ) Y 3
where H = +1 for the heavy quarks. What can be said about «, f§, and 7?
(i) If v is to be the SU(3) singlet state, the requirement that it couples to the photon is
Yo £0
which requires

y# 0.

’

The ¢’ and ' must then be the I = 0 and 7 = 1 octet states, respectively [12]. As is
conventionally assumed, the %"’ is wide because it lies above the threshold for producing
mixed quark hadrons (mesons made from one light and one heavy quark).

(ii) In the absence of extra mass factors, we expect the lepton couplings of the new
particles to be in the ratio

Fyoe:T

vorest Dyraes = 697 1 387 1 9%, (13)

Experiment roughly tells us that || ~ |y|, but we shall use the considerably weaker
constraint,

Y2yl < 1Bl < 2lyl,

which allows for symmetry breaking effects up to a factor of four in leptonic widths.

(iii) A strong constraint is provided by demanding integer charges for the mixed
quark hadrons. Moreover, the obvious requirement that isospin eigenstates have a definite
charge implies Q(uu’) = Q(dd") which determines

a= +1.

Similarly demanding Q(ss’) = Q(uu’) would require f = +1. However, we shall not

impose this constraint since the I = 0 states made from strange quarks versus non-strange

quarks could have different charges, an ugly alternative but possible with magic mixing.
With « = +1, integer charges imply:

y—pB = 2mod3 and § = +odd integer.
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(iv) Assuming that R measures the sum of the quark charges squared and is less
than 10 implies:

272+ 2 < 13,

Satisfying all three constraints on f and 7y yields only two solutions:

a) o = +1, f= —1, y = +1 corresponding to the triplet (¥/5, —/5, ¥/3),

b) a = +1, B = —1, y = —2 corresponding to the triplet (—1/5, —*/5, —/3).
For case (a), R—»5and I',: Iy, : T, = 6 : 3 : 9 which is not too bad. For case (b),
R-8and I',: T, : T, =24:3:9 which is not particularly good. In both cases,
the mixed quark states fall into octets and singlets with the unpleasant feature of different
charges for the / = 0 states made from strange quarks versus non-strange quarks. Thus,
neither alternative with the heavy quarks in a 3 is very attractive. We must therefore turn
to the last choice.

Case (d) 6 » 3+3

This model comprises a basic quark triplet (i, d, s) with a heavy anti-triplet (¢, b, r)
in the six dimensional representation of SU(6). It is easily verified that the above constraints
still apply except that § - — f. Consequently again there are only two solutions:

a) a = +1, B = +1, y = +1 corresponding to the anti-triplet (*/5, — /1, %/3),

by a = +1, f = +1, y = —2 corresponding to the anti-triplet (—1/5, —%/;, —1/3).

Both solutions require only an additive quantum number modification to the Gell-
Mann-Nishijima relation. An interesting prediction is that the mixed quark states fall
into 643 for H = +1 and 6+3 for H = —1. The first solution is Harari’s model, [1]
which has R—»5and I',: ', : I',,. =6 :3:9 in gocd agreement with the data. The
second one has R—»8 and I', : Iy, : I, = 24 : 3 : 9, which is nearly excluded by the
data although compatible with our conservative bounds [14].

Thus, Harari’s model is the most acceptable sclution with the fewest number of
quarks. Moreover, using slightly more stringent limits on R or on leptonic widths, and
requiring the 7 = 0 SU(3) eigenstates (mesons made from light plus heavy quarks) to
have a definite charge, allows only his solution. As Harari has shown [1], it has the freedom
to suppress strangeness changing neutral currents [15] (although one new heavy lepton
would be required to cancel the anomalies in a unified theory). While the mass splitting
chain from SU(6) is ad hoc [16] and the more exact “Zweig’s Rule” must be invoked for
the narrow widths, Harari’s minimal solution is the least unattractive mcdel assuming
the listed experimental and theoretical prejudices.

7. SU7) to SU(9)

Models involving SU(N) for N = 7, 8, 9, ..., are clearly possible, yet even these are
fairly well constrained by R < 10 (assuming that R measures the sum of the squares of
the quark charges times three for hidden color). Also, as above, the coefficient of I in
the Gell-Mann-Nishijima relation must be +1 (i.e. all the a's = +1). The only possible
SU(3) decompositions for N = 7 and 8 are 3+3 or §+§ plus 1's. Eliminating the trivial
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cases (the previous SU(6) models plus disjoint singlets) leaves the ones with mixing between
the new 7 = 0 vector mesons. As one example, an SU(3) x SU(4) model is pcssible with
heavy quarks (¢, d’, s, ¢') having charges (*/s, —'/3, —'/3, ?/s), as in the original charm
scheme except that the SU(4) is for heavy quarks alone. The assignments for the new
particles would be as follows:

Wi +d'd +5'5 =3¢ . u'w+d'd =25

u/a/_dlal
Y= == Y E— T, =
J12 J6

NeD

rt

and a new state which couples to the photon,

L uT+dd +sT +E
p' = 5 [17].

This new vector meson could be made heavier than y" since it is the SU(4) singlet. Of
course, models with N > 6 will usually have such new states coupling to the photon.
There are obviously other SU{(#¥) models for N = 7 and 8 (having different mixing and
quark charges) which are consistent with our assumed experimental constraints. For
N =9, the SU(3) decompositions are: 3+3+1+1+1, 3+3+3, 3+6 and the obvious
conjugate possibilities. The first case is similar to N = 7 and 8; the last one leads inexorably
to R > 10. For the case 343+ 3 (and conjugates), there are several possibilities. However,
R < 10 allows only heavy quarks with charges /5 and —1/,, and the SU(3) 1 nature
of y excludes the most symmetric case of three identical triplets all with (3/5, —1/5, —/3).

None of the possibilities for N > 6 seems sufficiently attractive to warrant the increase
in new meson and baryon states. Thus, one is being forced into either accepting Harari’s
model (unless one wants more than six quarks), or rejecting some of our current theoretical
prejudices, or hoping that the data will change. Experiment must confirm or deny Harari’s
model, but one cannot escape the suspicion that one is on the wrong track. If the experi-
mental package is confirmed, theorists are in a tight corner.

One of us (EWC) would like to thank the Rutherford Laboratory for its hospitality.
We would also like to thank Ron King for discussions and Chris Llewellyn Smith for
reading the manuscript.
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