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conservation in atomic transitions will rule out
all "natural" quark-lepton symmetric SU(2)~
@U(1) gauge models. The SU(2)~ C3SU(2)„I3U(1)
model with four quarks and four leptons appears
to accommodate this and other neutral-current
experiments and may provide interesting insight
into gP and P nonconservation in weak interac-
tions. " A six-quark extension of this model is
possible, if we want to accommodate the y anom-
aly.
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We have measured at Fermilab the production of hadrons at -90' in the c.m. system as
a function of incident proton energy, atomic number A of the production target, and the
transverse momentum p~ of the produced hadron. The A dependence of the production
cross section of the hadrons can be described by a function A (~-Li, where the power o.
rises with pi. Atpi -5 Gev/c, n is -1.1 for n+ and Es+, and -1.8 for p, p, and h . The
energy dependence of the power is also measured.

In an earlier paper' we reported on the atomic-
number (A) dependence of hadron production at
large transverse momentum (pi). Similar data

have also been reported by other groups. '~ These
results were surprising because the A dependence
of the hadron yield, when fitted to a form A &~»,
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showed values of o. in excess of unity at large p~.
This effect has been the subject of considerable
discussion in the recent literature. 4 "

In order to place the effect on a firmer experi-
mental basis, the measurements of Ref. 1, ob-
tained with targets of 0.2 nuclear interaction
length, were repeated with thin targets (0.03 in-
teraction length) of Be, Ti, and W. We have
measured the hadron yields at -90' in the pro-
ton-nucleon c.m. system for incident protons of
200, 300, and 400 GeV energy. At 400 GeV we
have also made measurements with a liquid-deu-
terium target (-0.06 interaction length}.

The apparatus used has been described in detail
in Ref. 1. It consists of a single-arm magnetic
spectrometer which accepts hadrons produced at
a fixed angle of 77 mrad with respect to the inci-
dent proton beam in the Proton East Area at the
Fermi National Accelerator Laboratory. This
fixed angle corresponds, in the p-nucleon c.m.
system, to a production angle of 77', 88, and
97' for 200-, 300-, and 400-GeV incident pro-
tons, respectively. Two Cherenkov counters
identify the detected particles as pions, kaons,
and protons.

To minimize systematic errors, data were
taken at a fixed p~ setting of the spectrometer
with each of the three nuclear targets succes-

Atomic Number

FIG. 1. The invariant cross section for m production
relative to tungsten for various atomic numbers at 400
GeV; (a) z at p~=8.85 GeV/c, (b) x' atp~=8. 85 GeV/c,
(c) w at p~=5.88 GeV/c, (d) x+ at p~=5.88 GeV/c.
The errors are smaller than or equal to the size of the
points.
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FIG. 2. The power n of the A dependence of the in-
variant cross section vs p~ for the production of had-
rons by 400-GeV protons; (a) n.+, (b) x, (c) P+, (d) E
(e) p, and (f) p. Unless indicated otherwise, the errors
are smaller than or equal to the size of the points.

sively placed in the beam. Hence the relative
cross sections depend only on the observed yield
of hadrons relative to the incident-beam intensity
measured by a secondary-emission monitor. The
precision of the relative cross sections was de-
termined by the stability of the monitors which
was better than 3%. For p~~ 5 GeV/c the errors
were usually dominated by statistics. No abso-
lute measurements were required.

Figure 1 shows the cross section relative to W

for n' production, as a function of A, at p~= 3.85
and 5.38 GeV/c for 400-GeV incident protons.
One can see that all the cross sections except hy-
drogen are well represented by a power-law de-
pendence. The result for hydrogen does not lie
on the power™law curve. This is a reflection of
the fact that the & "/v yield ratio for nuclei is
-1.15 and is weakly dependent on p~ while it ris-
es above 2.0 when measured on hydrogen at high

11Pi
We have made a least-squares fit to the invar-

iant cross section using the power law

Edo, (p~, A)/d'p =f,.(p~)A.
~ (~+)

where the index i refers to the outgoing hadron i.
Included in the fits are measurements on D„Be,
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TABLE I. Values of the exponent e;(p~) for production of hadrons by 400-GeV protons.

(GeV/c)

0.77 0.90 + 0.01

1.16 0.94 + 0.01

1.54 0.98 + 0.01

2. 31

3.08

3.85

4.62

1.05 + 0.01

1.09 + 0.01

1.12 + 0.01

1.11 + 0.01

6.91 1.05 + 0.04

5.38 1.13 + 0.01

6.15 1.07 + 0.02

0.91 + 0.01

0.94 + 0.01

0.99 + 0.01

1.05 + 0.01

1.10 + 0.01

1.14 + 0.01

1.15 + 0.01

1.13 + 0.01

1.08 + 0.02

1.09 + 0.07

0.96 + 0.01

0.99 + 0, 01

1.02 + 0.01

1.08 + 0.01

1.12 + 0.01

1.15 + 0.01

1.15 + 0.01

1.15 + 0.02

0, 98 + 0.02

0, 99 + 0.01

1.01 + 0.01

1.07 + 0.01

1,13 + 0, 01

1.19 + 0.01

1.23 + 0.01

1.29 + 0.03

1.11 + 0.10 1.04 + 0, 14

1.12 + 0.04 1.28 + 0.06

1.02 + 0.01

1.07 + 0.01

1.16 + 0.01

1.22 + 0.01

1.28 + 0.01

1.29 + 0.01

1.33 + 0.02

1.32 + 0.05

1.32 + 0.1'2

0.96 + 0.01

1.05 + 0.01

1.12 + 0.01

1.20 + 0.01

1.27 + 0.01

1.34 + 0.03

1.33 + 0.05

1.49 + 0.22

0.98 + 0.02 0, 92 + 0.02

Ti, and W. Inclusion of the deuterium point in
the fit does not change the exponent, but it does
decrease the error. In every case, we find a
satisfactory fit to a power law. We have also
made a fit with the function

Zdo(p ~, A) /d'p = a(p ~)A"'+ b(p~)A + c(p ~)A"'.

l.2 —
o

I.O—

I I

(b)

This form is suggested if the A. dependence is due
to multiple collisions within the nucleus. Reason-
able fits are also obtained with positive values
for a, b, and c. The precision of the data is in-
sufficient to distinguish between the two function-
al forms.

Figure 2 shows the value of the exponent a,.(p~)
as a function of p ~ for the various hadrons, pro-
duced by 400-GeV protons. All of the exponents
rise above unity at large p ~, and tend to show a
saturation for p~&4 GeV/c. The exponents for
pion production may even show a decrease at the
highest values of p~. These values of ct,(p~) are
given in Table I.

Data were taken with 200-, 300-, and 400-GeV
incident protons for p~ values of 0.77, 3.08, and
4.62 GeV/c, respectively. The energy depen-
dence of the exponent n for these three values of
p~ is shown in Fig. 3. While in some cases there
is an energy dependence for low p~, there is no

significant energy dependence at high p&. The
values of o'. ,(p ~) at 300 GeV are in good agree-
ment with our previous measurements, which
were carried out with targets of 0.20 nuclear in-
teraction length.

We wish to thank the staff of the Proton Area of
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FIG. B. The energy dependence of the power a of the
A dependence of the invariant cross section for the pro-
duction of hadrons by protons. The points with open cir-
cles are for p~ = 0.77 GeV/c, with closed circles for p~
=6.08 GeV/c, and open squares for p~ =4.62 GeV/c;
(a) ~', (b) 7r, (c) A', (d) A, (e) p, and (f) p. Unless
indicated otherwise, the errors are smaller than or
equal to the size of the points.
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Chiral Substructure of the Nucleon*
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The representation mixing induced by the spontaneous breaking of chiral symmetry is a
spatially varying phenomenon. A model for this effect predicts the form of the spin-de-
pendent structure functions of deep inelastic lepton scattering and leads to the relation
1 —o.~ (0) = 2[1—o. p(0)].

The Nambu-Goldstone realization of chiral sym-
metry leads naturally' to representation mixing
of quarks and their bound states. In this Letter
we describe this representation mixing in the con-
text of the parton model' and point out how this
phenomenon is probed in polarized electroproduc-
tion experiments. We suggest that the mixing ex-
hibits spatial variation' and that the nucleon con-
sequently possesses Bn interesting chiral sub-
structure. Qur description of this structure is
summarized in predictions of the spin-dependent
structure functions G(x) and a relation between
the A, and p Regge trajectories, 1 —o,„,(0) = 2[1
—o, (o))

Chiral symmetry is spontaneously broken when
some chirally noninvariant triggering field ac-
quires a vacuum expectation value v. This phe-
nomenon leads in quark models to the spontaneous
generation of a quark mass m. In bound-state
models' one anticipates that v, and hence m, will
be spatially dependent quantities, approaching
some asymptotic values in regions far from the
localized bound state. This means that the chiral
representation mixing which results from the
spontaneously generated quark mass will also
vary across the region of the bound state. The
domain in which the mixing is a significant phe-
nomenon is simply that region in which v is ap-
preciably large.

In the tiuark model, the composite field gj is
the triggering field for spontaneous chiral sym-
metry breaking, and the vacuum expectation val-
ue v is a measure of the density of quark-anti-
quark pairs. Phenomenologically, ' this density
is large only for small values of the longitudinal
momentum fraction x. We expect, therefore,
that the effects of chiral representation mixing
should be significant only in the small-x region.

A concrete model for this mixing can be con-
structed if we consider a single valence quark
embedded in a sea of gluons and quark-antiquark
pairs. In the absence of interactions the valence
quark's spin would be a constant of motion and,
in the context of some broken SU(6) symmetry
scheme, the distribution of quark spins would be
completely determined. Interactions with the sea
will, however, transfer the valence quark's spin
to particles in the sea. We assume that these in-
teractions are of short range in rapidity and dis-
cuss them, for simplicity, as if they were local
in x. Our results are thus most reliable for
small x, which, as we have noted, is the only re-
gion where we expect significant mixing to occur.

Let sin'0 denote the probability that the valence
quark's spin is altered' by its interactions with
the sea. If the density of the sea relative to va-
lence guarks is X(x), and if K(x) denotes the prob-
ability of a spin-flip interaction between valence


