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clear whether we arrive at the same answer. However,
Professor Feynman informs us that his result is meant
to refer to the integral energy loss up to (1 -x)=€/E,
which then agrees with our Eq. (5).

7See, for example, D. R. Yennie, in Brandeis Sum~
mer Institute 1962 Lectuves in Theovetical Physics:
Elementary Particle Physics and Field Theory, edited
by K. W. Ford (Benjamin, New York, 1963), Vol, I.

8E. Fermi, Nuclear Physics (Univ. of Chicago Press,
Chicago, Illinois, 1950); p. 43. More recently see J. D.
Jackson, Classical Electrodynamics (Wiley, New York,
1962), Chap. 15,

°H. A. Dobrotin, in High Enevgy Physics in Cosmic
Ray Study at the Hevceg-Novi School, edited by M. Ni-
kolic (Laboratoire de Physique Corpusculaire, Stras-
bourg-Cronenburg, France, 1970), Chap. III.
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It is shown that present inclusive electroproduction experiments cannot distinguish the
fractionally charged quark model from certain multitriplet models with integral charges,
e.g., the Han-Nambu three-triplet model, which contain additional internal degrees of
freedom and predict new “charmed” hadron states which have not yet been observed.
Both models are shown to predict identical results if no “charmed” states are produced,
and very similar results unless charmed particle production appreciably affects the in~

clusive cross section,

A number of recent studies have attempted to
obtain information on the electric charge of the
basic constituents (partons) of hadrons by analyz-
ing inelastic electron-scattering experiments.?
In particular there have been attempts to distin-
guish® between the Gell-Mann-Zweig (GMZ) quark
model with fractionally charged particles and
other models that use fundamental triplets of in-
tegral charge.*® The purpose of this note is to
point out a basic incompatibility between the par-
ton and multitriplet models and to suggest that
analysis of inclusive experiments does not pro-
vide a useful method for distinguishing between
the fractional-charge quark model and the models
with integral-charge triplets.

Hadron models that avoid third-integral charges
by introducing several triplets with integral
charge also introduce an additional degree of
freedom sometimes called ckarm. This new de-
gree of freedom results in two relevant effects:
(1) The existence of “charmed particle states” is
predicted, but no such particles have yet been ob-
served. The only explanation for the failure to
observe such particles is that present experi-
ments have not yet reached an adequate energy.
(2) The constituents of the normal observed had-
ron states have strong charge-exchange interac-
tions, and their integral charges fluctuate as a
function of time. The instantaneous charge values
are always integral; the values averaged over the
fluctuations are the same as the fractional charg-

es of the GMZ quark model.

The parton model assumes that partons have
well-defined instantaneous properties, including
electric charge, which are “frozen” for the dura-
tion of the collision under consideration. An ex-
periment in this model measures the instantane-
ous parton charge. This parton picture is consis-
tent with multitriplet hadron models only if the
collision is very fast compared to the charge-ex-
change processes that cause charge fluctuations.®
In the specific example presented below, this con-
sistency condition cannot be met unless there is
considerable charmed-particle production. This
hadron model with integral-charge triplets can-
not be distinguished from the Gell-Mann-Zweig
model with fractional charges by any analysis of
inclusive electroproduction experiments below
the threshold for charmed-particle production.

In this hadron model, appreciable production of
charmed particles is a necessary condition for
the validity of the simple parton model.

Consider the 7*, In the conventional quark mod-
el the 7* is composed of a p-type quark and an 7-
type antiquark, i.e.,

[7%) = | pw). (1a)
The electric charges are
Q,=+3%, Q;=+3, Qu+=1 (1b)

In various three-triplet models, such as the
one of Han and Nambu,* there are three different
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types of p quarks which we denote by p,, p,, and
ps; and similar considerations apply for » and

quarks. In this model the 7* wave function is the
symmetric combination

{7{+>=3-1/2|p1ﬁ1 + Pl +Pall3),s (2a)

and the electric charges of the constituents are

Ql’leP2=+17 Qﬁlen'Z:Os (Zb)
Q,=0, @ =+1. (2¢)

The state (2a) is a mixture of components of
two types, one with a charged quark and an un-
charged antiquark, and one with a charged anti-
quark and an uncharged quark. The instantaneous
quark and antiquark charges are always integral.
However, the average quark charge in the wave
function (2a) is +% and the average antiquark
charge is +3, exactly as in the fractional-charge
quark model (1a). The multicomponent wave func-
tion (2a) implies the existence of charge-exchange
interactions that cause the parton charge to fluc-
tuate between integral values in such a way that
the average value is third integral. An attempt
to measure the electric charges of the constitu-
ents of a pion described by the wave function (2a)
may determine either the instantaneous charge or
the average charge.”

An experiment that measures only the average
charge gives the same result as for the fraction-
al-charge wave function (1a). In a space-time
description of the experiment, the parton charge
is measured only if the time scale of the experi-
ment is sufficiently rapid to follow the instantane-
ous charge fluctuations and catch the wave func-
tion (2a) instantaneously in one of its three com-
ponents. This depends on the experimental con-
ditions and the rapidity of the fluctuations.

The following argument suggests that an experi-
ment is “fast enough” only if it is at high enough
energy to produce charmed particles. From three
kinds of p quarks and three kinds of 7# antiquarks,
nine quark-antiquark states can be made with the
isospin and hypercharge of the 7*. Only one such
state is observed as the physical pion. The other
eight must be “charmed states” which have such

a high energy that they have not yet been observed.

The excitation energy of these states is related
by the usual uncertainty-principle argument to the
characteristic time of the flipping of the compo-
nents of the state (2a).

A formal proof of the relation between instan-
taneous-charge measurement and charmed-parti-
cle production follows simply from the transfor-
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mation properties of the wave function (2a) under
an SU(3) group acting in the space of the indices
1, 2, and 3. This group, which we call the “new
SU(3),” is different from the conventional SU(3)
which transforms states between the p, n, and A
labels. The standard treatments of the three-
triplet model put the two SU(3) groups into an
SU(3) ® SU(3) group.

The wave function (2a) is clearly invariant un-
der all transformations in the three-dimensional
space of the indices 1, 2, and 3. It is therefore
a scalar (i.e., a singlet) in the new SU(3). The
other eight pi states constitute an octet in the new
SU(3). This result, shown explicitly for the 7*, is
true for all the observed hadron states in this
three-triplet model. They are all singlets in the
new SU(3) group, which involves transformations
only in this new degree of freedom and does not
affect other properties. The new SU(3) singlet
states in this model are in one-to-one correspon-
dence with the states of the conventional quark
model and can be adjusted to have very similar
properties. The states in other new SU(3) repre-
sentations have no counterpart in the quark model
and remain to be found experimentally.7

We shall now prove that this three-triplet mod-
el cannot be distinguished from the Gell-Mann-
Zweig fractional-charge quark model in process-
es in which the transition matrix element is pro-
portional to the matrix element of the electric~
current operator between the initial and final
states, and in which there is no appreciable pro-
duction of final states that are not singlets in the
new SU(3). This proof applies to any version of
the three-triplet model in which the ordinary ob-
served hadrons are singlets in the new SU(3),
and it does not require the specific form of the
wave function (2a). It applies as well to models
in which each hadron contains a large sea of trip-
let-antitriplet pairs in addition to the “valence
triplets”™—so long as the sea is in a singlet of the
new SU(3). It also includes models® that attempt
to fit some observed resonances with peculiar
properties into other representations of the new
SU(3). So long as the production of these reso-
nances contributes only a small part of the inclu-
sive cross section, the production of states that
are not singlets in the new SU(3) is still negligi-
ble.

The electric charge in this three-triplet model
can be written as the sum of two terms,*% i.e.,

Q=QM+Q% (3a)
where the quark charge QM given by the Gell-
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Mann-Zweig model is
Qp GMZ=+%’ Q" GMZ=Q>\GMZ: (Bb)

and the anomalous contribution QA to the charge
is

1
X )

Q=@ =+%, @,%=-%. (3¢)

The Gell-Mann-Zweig charge @ “™# is indepen-
dent of the indices 1, 2, and 3 depends only on the
ordinary SU(3) variables p, #, and A. The anom-
alous charge @ is independent of the ordinary
SU(3) variables and depends only on the new SU(3)
indices 1, 2, and 3. By inspection, Q™ trans-
forms like a member of an octet under the ordi-
nary SU(3) and like a singlet under the new SU(3),
whereas @” is a singlet under the ordinary SU(3)
and is a pure octet with no singlet component un-
der the new SU(3).

A similar decomposition holds for the electro-
magnetic current

Jy=d, M d A (4a)

The current is defined in the usual way in terms
of triplet Dirac spinors ¥,;, with a=p,n, A and
i=1,2,3. That is,

JpZZai‘ratiQai‘I’ai; (4b)
and thus

Ju szzaiwatiQuGMz‘I’ai’ (4c)

T2 =0 T vu@: M (4d)

Consider an electromagnetic process in which
the cross section for production of any given fi-
nal state F from an initial state A is proportional
to the square of the transition matrix element of
Jy. The total cross section is

Otot :EFCFHFIJHIA”Z, (5)

where C is a proportionality factor.

If A is an ordinary particle which is a singlet
under the new SU(3), transitions to final states
F, that are also singlets can come only from the
singlet part of the current, while transitions to
octet states F'y can come only from the octet part.
Thus,

Oror= 0y + T, (6a)
where

06=20r, Cro | {Fol 7, M AP, (6b)

0y =2, Cr, | (Fsl 7,4 A) . (6c)

Equations (6) show that if only ordinary singlet
particles are produced, oyz=0 and the total cross

section is determined entirely by J CMZ' There is
then no possibility of detecting the difference Q4
between the instantaneous parton charge and the

average charge given by the quark model.®

Values differing from quark-model predictions
can be obtained only when o, is appreciable. A
discrepancy of 10% from a cross section consis-
tent with GMZ quark charges can be obtained on-
ly if charmed particles are produced in at least
10% of the events.

Thus, inclusive experiments whose results
agree with GMZ predictions cannot rule out inte-
gral-charge triplet models if no charmed-parti-
cle production is observed. On the other hand,
if charmed particles are really produced in 10%
of the events, it is probably easier and more con-
vincing to observe them directly than to pin down
a 10% change in the total cross section.

Stimulating discussions with E, A, Paschos and
S. B. Treiman are gratefully acknowledged.

*Work performed under the auspices of the U, S. Atom-
ic Energy Commission.
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TAn instructive analog is a world built of deuterons,

65



VoLuME 28, NUMBER 1

PHYSICAL REVIEW LETTERS

3 JANUARY 1972

in which all low-lying hadron states have zero isospin.
Below the threshold for production of states with nonze-
ro isospin, only the isoscalar component of the electro-
magnetic current would be observed. This isoscalar
probe would not distinguish between proton and neutron.
Low-energy experiments would indicate a deuteron
made of two identical spin—% nucleons, each with charge
%, and peculiar statistics allowing two identical parti-
cles in a symmetric state. Only after the excitation of
the isovector states of the two-nucleon system would it

be clear that there was a hidden degree of freedom and
two kinds of nucleons with integral charges.

8This result is expected, since the three-triplet mod-
el was constructed to give all the Gell-Mann—Zweig
properties of observed particles. Given a set of hadron
states in the conventional quark model, corresponding
hadron states in the three-triplet model can be con-
structed for which the matrix elements of the electro-
magnetic current operator are identical to those of the
quark model.
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Photoproduction of ¢ mesons from hydrogen and carbon was studied at 5.2 GeV by ob-
serving ¢ ~K*K~ decays. The results show that ¢’s are produced diffractively with a
¢-nucleon cross section g, §=9.8%3:3 mb. In addition, 80000 pion pairs were measured

to search for the G-parity—nonconserving decay ¢ —r*r~,

Assuming complete interfer-

ence between p—~7*r" and ¢ —~7*r”, we found an upper limit of ['y-»yp/T s 91=2.7% 107

at the 95% level.

In an experiment performed at the DESY 7.5-
GeV electron synchrotron we studied the produc-
tion of ¢ =K K™ and searched for the decay of ¢
~a*r", both at forward angles, from

Y+ =P+ @+ -
L'KJ'K'

Yy+C~C+o )
L ok

vy+C—~C+o

Ln*w'

For K"K* pairs, measurements were made at the
fixed K 'K* laboratory momentum of p =5.2 GeV
with K,,,,=6.2 GeV. The n*7" pairs were detect-
ed at a fixed laboratory momentum of 6,7 GeV
with K ,,,=7.4 GeV. The object of the experi-
ment was twofold: (1) to provide an accurate de-
termination of the forward production cross sec-
tion of ¢ from hydrogen and carbon for compari-
son with the diffraction model and to extract the
¢@-nucleon cross section o,y from vector-domi-
nance models for comparison with quark-model
predictions?; (2) to search for the decay ¢ -~ n*rn"
and compare it with our measured decay w—~7"7"
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and various theoretical models.?

¢ and w mesons both decay strongly into three
pions. Their 27 decay mode does not conserve
G parity. The order of magnitude expected for
@ — 27 and w —~ 27 decay amplitudes, as compared
with p - 27 decay amplitude, is the fine-structure
constant @. Such a result can be visualized as a
one-photon—exchange mechanism where ¢ (or w)
—vy ~p— 27 with corresponding partial widths
Tyser~10keV, I'y,,,~0.6 keV. Our previously
measured width T, ..,, is a factor of 10 larger
than the simple predicted value. It is of interest
to see if the ¢ — 27 width is also correspondingly
larger.

The K*K~ pairs were detected by a double-arm
magnetic spectrometer which has been described
in a previous publication.® The separation of
K'K" from the background of 77" and e*e” was
accomplished by four large-aperture threshold
Cherenkov counters and two lead-Lucite shower
counters. Protons were rejected by time-of-
flight techniques. The contaminations of 7, p,
and e in the final ¢ ~K*K~ events were <1.5%.
The accidentals were typically 1-2%. The accep-
tance of the apparatus was calculated by the Mon-
te Carlo method, in which multiple scattering
and both two-body and three-body decays of the



