
VOLUME 40) NUMBER 2 PHYSICAL RKVIKW LKTTKRS 9 J&NUARv 1978

&@Present address: Stanford Linear Accelerator Cen-
ter, P. O. Box 4M9, Stanford, Calif. 94805.

J. Diaz et al. , Phys. Rev. Lett. 82, 260 (1974};
J. A. J. Matthews et al. , Phys. Rev. D 8, 2561 {1971),
and references quoted therein.

P. Wagner et al. , Phys. Lett. 58B, 201 (1975).
C. V. Cautis, Ph.D. thesis, Columbia University,

Nevis Laboratory Report No. 221, 1977 (unpublished).
M. Cerrada et al. , CERN Report No. CERN/EP/

PHYS 77-9, 1977 (unpublished).
M. J. Corden, in Proceedings of a conference on

Experimental Meson Spectroscopy, Boston, April
1977, edited by David Garelick (to be published) .

M. J. Emms et al. , Phys. Lett. 58B, 117 (1975),

and 60B, 109 (1975).
VC. Baltay et a/. , Phys. Rev. D (to be published);

M. Kalelkar, Ph.D. thesis, Columbia University, Ne-
vis Laboratory Report No. 207, 1975 (unpublished).

S. Csorna, Ph.D. thesis, Columbia University, Ne-
vis Laboratory Report No. 211, 1976 (unpublished).

9J. D. Hansen et al. , Nucl. Phys. B81, 408 (1974).
S. U. Chung and T. L. Trueman, Phys. Rev, D 11,

6SS (1975).
~~J. Orear, UCRL Report No. UCRJ.-8417, 1958 (un-

published) .
G. C. Fox and A. J. G. Hey, Nucl. Phys. B56, 886

(197').
P. Hoyer et al. , Nucl. Phys. B56, 178 {1973).

Inclusive Production of p in Inelastic Muon-Nucleon Scattering

C. del Papa, &'& D. Dorfan, S. M. Flattd, C. A. Heusch, B. Lieberman, L. Moss,
T. Schalk, and A. Seiden

University of California, Santa Crmz, California 95054

K. Bunnell, M. Duong-van, R. Mozley, A. Odian, F. Villa, and L. C. Wang
Stanford Linear Accelerator Center, Stanford, California 94305

(Received 5 August 1977)

We measured the inclusive production of p mesons in virtual-photon —nucleon colli-
sions. The extracted structure functions are Q independent and approximately equal to
those observed in photoproduction, if one excludes the diffractive (elastic) region where

a large decrease is observed. A significant fraction of the inclusive 7r' distribution re-
sults from the decay of these p 's.

In this Letter, we present first data on the in-
clusive production of p' mesons in deeply inelas-
tic muon-nucleon scattering. This process, usu-
ally interpreted in terms of the exchange of one
virtual photon of four-momentum q (Q' -=—q'),

y„N-p'+. . . ,

is of considerable interest in a number of model
interpretations of this process:

(1) In elastic p' production, this meson is seen
as a faithful probe of the incoming photon's had-
ronic content. ' Does it do similarly as a leading
particle in the beam fragmentation region of the
inelastic process '?

(2) The photoproduction (Q' =0) total cross sec-
tion is known to contain a much larger fraction
of elastic p events than the deeply virtual-photon
interaction. Does this difference extend into in-
clusive nonleading po production'? Are there Q'
trends T

(3) There has long been the question of to what
extent w production in inelastic collisions is "di-
rect" and to what extent due to the decay of heav-

ier mesons ("resonances"). The p' is the most
easily traceable of these "resonances. "

(4) In a simple-minded quark-parton model' for
leading particles, the virtual photon interacting
with one of the valence quarks will lead to easily
predicted p'/w ratios; i.e., there might be a n

(direct) to n (from p' decay) ratio of 1/3 due to
spin factors, in the leading-particle spectrum.
Are such ratios in fact observed''

With these points in mind, we have measured
p' cross sections in muon-nucleon scattering,
where the muon serves as a source of virtual pho-
tons of variable mass. We compare our results
to those measured in photoproduction. The ex-
periment from which our data are taken is de-
scribed in detail by del Papa et aE.' The data
sample contains 7750 events on hydrogen and deu-
terium targets.

Inclusive distributions for the production of a
given type of hadron are typically displayed in
terms of the Feynman scaling variable' xF, de-
fined to be the longitudinal momentum of the had-
ron divided by its maximum possible value, in
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the appropriate center-of-mass system. For the
p', we define a structure function

pQ

E' (x„)= (1)
Sp mex O AX dX F

where xF is the fractional p' momentum along the
virtual-photon direction; P,„*is calculated for
a given m'm mass by assuming that this mass re-
coils against a nucleon; and the cross sections
are integrated over given bins in W and Q' for
the virtual-photon-nucleon system.

In lepton-induced reactions, a related variable
z, ' equal to a hadron's laboratory energy divided

by the energy of the incident virtual photon, pro-
vides an alternative way to display inclusive dis-
tributions. In this variable, we get a distribution
often called a structure function:

(2)
tot p

This function particularly emphasizes the frag-
mentation region of the virtual photon for a target
nucleon of type X (proton or neutron).

To calculate the functions discussed above for
given W and Q' ranges, we chose bands of xF or
r8 pQ and fitted the d i-Pion mass di stributions by a
Breit-Wigner p' signal, plus a smooth background
for all pairs falling into the given band. To ex-
tract FF (xF) and F»F (s~o) directly, all pairs
are weighted by E*/mP, „*or s~o, respectively,
before fitting. The calculated distributions are
equal within statistics for both our proton and our
deuteron experiments; we have therefore summed
all of our data to improve the statistical signifi-
cance of the results. We note that both diffractive
and quark fragmentation models predict that yields
in the photon-fragmentation region should be near-
ly equal for proton and neutron targets. Because
of a lack of particle identification, all particles
other than the trigger muon are assumed to be
pions.

In Fig. 1, we show the mass distributions in
bands of xF, for our full data sample (2.8 «W
«4. 7 GeV, 0.3 «Q' «4. 5 GeV'; (W)=3.5 GeV,
(Q') = 1.0 GeV'). We fitted the mass distribution
for 500 +34«& 1100 MeV by assuming an expo-
nential background shape to which we add a rela-
tivistic P-wave Breit-Wigner form, without a
skewing parameter, centered at mpQ 770 MeV,
and with a width FpQ

-—150 MeV. The nm mass dis-
tribution is binned in 20-MeV bins, and a g val-
ue for the fit is calculated by comparing the pre-
dicted bin population for the fit to the binned data.
Resulting fits are good, yielding typically a y' of
1 per degree of freedom.
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FlG. 1. Mass distributions for 7I.+m in bands of the
fractional longitudinal momentum, xF. Each event is
weighted by E*/wp „*and so the bin populations do not
reflect the true number of events. Curves are the best
fits in terms of an exponential background and a Breit-
%igner form.

To test our procedure, we checked that the dis-
tributions do not change by more than the calcu-
lated errors if (1) bin edges are moved by half a
bin width; (2) a second-order polynomial instead
of an exponential is used to parametrize the back-
ground; (3) fits for a band covering several bins
are compared with the sum of individually extract-
ed p' signals; and (4) exponential fits to s's' and
s s distributions have good y' values.

Figure 2(a) shows the function E (xF) for our
full data sample, as well as the analogous distri-
bution in photoproduction. Our data are only
shown for xF& 0.1, v here we feel we can reliably
extract the p cross section. For backward p"s,
the signal-to-background ratio is small, and
nucleon resonances give reflections (for misident-
ified protons) which distort the p' mass region.

Figure 2(b) gives the strucutre function in
terms of the variable +pO on a linear scale, for
comparison with structure functions' from other
processes. As expected asymptotically, E»~ (sp)
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FIG. 8. Distribution funtion I (xF) for incident vir-
tual photons of various Q . Photoproduction values are
shown at Q =0.
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FIG. 2. (a) Distribution I ~ (xF) for virtual-photon—
nucleon scattering (solid circles) and real-photon—
proton scattering (open circles). (b) Structure func-
tion J»~0(z&o) for full data sample. (c) Analogous
function, I &J„(z„-),for all negative hadrons (solid
squares). Also shown is the contribution of p -decay
n 's to this function (solid circles).

= &E (xq) in the photon-fragmentation region.
The dashed curve shown is a prediction of a spe-
cific parton model' under the assumption that
only nonstrange barks are found in the proton at
our values of Q' and W. Both the shape and the
normalization of the prediction are in reasonable
agreement with the data. Figure '2(c) shows the
analogous structure function calculated from our
data" for negative hadrons, assumed to be pions,
and a measurement of the contribution of & from
p decay to this distribution.

In Fig. 3, the quantity F (xF) is presented as
a function of Q', for three xF bands. Analogous

photoproduction data are again shown.
The structure functions for the p' shown in

Figs. 2 and 3 lead to the following conclusions:
(1) For x& or z~» 0.9, we see strong Q' change

in the distribution. This region is populated al-
most entirely (& 90% for our hydrogen data, where
we use a four-constraint fit to constrain the pP- pP&'& final state explicitly) by the elastic p'
final state, which decreases by almost a factor
of 3 when compared to photoproduction. '

(2) In the inelastic region (0.1 ~xq ~ 0.9), the
inclusive distribution is very flat in xF. Further-
more, we see almost no Q' dependence. Using
our four-constraint fits to the hydrogen data, we
find that this region contains essentially no con-
tribution from the elastic p' final state, and it
does not mirror its Q' dependence. The photopro-
duction distribution is, if anything, a little below
the high-Q distribution.

(3) The pI' contributes a substantial number of
to the structure function for these particles.

For 0.8-z, - 1.0, (70+ 15)Vo of the & come from
p (almost all from elastic p'); for 0.2 ~&„- ~0.4,
(24+ 5)% come from p (mostly inelastic p').
Since the structure function for large ~ for posi-
tive hadrons is about bvice as large a,s for nega-
tive hadrons, "a smaller percentage of these
come from p' decay. If other vector and heavier
pseudoscalar mesons are as copiously produced
as inelastic p"s, they can account for a very sub-
stantial number of the detected pions.
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(4) The p' contribution is large in magnitude:
In terms of the model of Ref. 9, which gives a
reasonable prediction of our measured functions,
there is as much direct production of p' as there
lsof~

Clearly, it would be desirable to have analogous
results from e e annihilation and neutrino scat-
tering to compare with our data: There are par-
ton-model relations between all of these process-
es.
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In a recent publication, McNulty et al. reported a very high pion multiplicity in relatively
low-energy heavy-ion interactions in nuclear emulsion. Using an emulsion stack virtually
identical to theirs we find a pion multiplicity. at least a factor of 30 smaller. %e show
here that the previously reported multiplicity was based on an erroneous identification of
high-energy protons as pions.

In a recent publication, McNulty et al. ' reported
a charged-pion multiplicity of 2.1 pions/interac-
tion (2.8 pions/pion-producing event) in the reac-
tions of 280-100-MeV/nucleon "Ne in Ilford G. 5

nuclear emulsion. Bertsch' has made a theoreti-
cal calculation of the charged-pion multiplicity
expected in nucleus-nucleus collisions based on
an independent-particle model, which includes the
effects of Fermi motion; his model predicts a
pion multiplicity less than 2 jp of that claimed by
McNulty eta/. Thus, if the multiplicity of 2.1
pions/interaction were true, it would represent
strong evidence for the existence of a new cooper-
ative effect in nuclear interactions. We have at-
tempted to verify this result, but find that in the
region we scanned, the stopping pion multiplicity,
at the 95/o confidence level, is less than 0.06 of
that claimed by McNulty eI, al. We shall show in

this Letter that the discrepancy can be resolved
since the results of Ref. 1 were based on a mis-
identification of fast protons as pions.

We are able to check their experimental results
directly since we have on hand a stack of Ilford
0.5 nuclear emulsion which had been exposed to
230-MeV/nucleon '~Ne at the Bevalac. Our stack
consists of fifty pellicles, each pellicle being
12.0 cm ~ 7.0 cm & 670 p,m, As we show below,
our processing was virtually identical to theirs.
That our exposure was at 230 MeV/nucleon, in-
stead of at 280 MeV/nucleon, does not affect our
comparison because, according to McNulty etal. ,
approximately 70% of their pions were produced
below 230 MeV/nucleon.

We checked the results of McNulty et al. by area
scanning for stopping charged pions. On the basis
of the pion production frequency as a function of


