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At a x+ beam momentum of 4.1 GeV/c, in reactions of the type a+ b c+X, limiting
fragmentation of the beam and target particles is observed where abc is exotic, and is not
observed for abc not exotic. Single-particle distributions in several different variables have
been studied for x and m+ mesons. The two-particle distributions and correlation functions
from )he reaction ~++ p 7f +m +X are also presented.

I. INTRODUCTION

There has been much interest in inclusive re-
actions of the type a+b- c+X, where X represents
all other particles produced with c. There is
considerable evidence that the distributions of
certain kinematic quantities of particle c exhibit
limiting behavior at very high energies, "and
there are also theoretical arguments concerning
just how high the energy has to be before "limiting"
becomes discernible. Chan et a/. ' have argued
from duality considerations that, if the combina-
tion abc has quantum numbers that are exotic, the
limiting may in fact show up at relatively low
energies. In this paper, we present data from
m'P interactions at 4.1 GeV/c, corresponding to a
center-of-mass energy of 2.92 GeV. For the in-
clusive reaction

in which abc is m'Pm', which has charge 3, baryon
number 1, and is therefore exotic, it is of interest

to see whether limiting behavior is observed at
this low momentum. Results from previously
published papers4 ' at higher energies are shown

for comparison and for indications of how limiting
is approached. Data for

g' +P m'+ X,
in which abc is not exotic, are also shown for
contrast. In addition, some information is pre-
sented concerning the two-body inclusive inter-
action

The pictures in this experiment were taken with
the Argonne-MURA 30-inch hydrogen bubble cham-
ber. The sample considered here consisted of
22000 events of all topologies, produced by
4.1-6eV/c w' mesons. About half of the sample
was measured on the NIT PEPR (precision en-
coding and pattern recognition) system, and the
rest on semiautomatic precision machines. TVGP

and SQUAW were used for geometrical reconstruc-
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tion andkinematic fitting of the events. No strange-
particle hypotheses were considered; the proba-
bility of the resulting misidentification of a w

meson is estimated to be less than one percent.
However, in the case of positive particles, a
substantial number of events have tracks which
are not unambiguously identified; they could be
either fast proton or m' tracks. This is particu-
larly true for events with zero constraints. After
correction for losses due to scanning and measur-
ing, the data. were normalized to counter measure-
ments of the m'P total cross section. The final
sample represents 1.19 gb/event. A detailed
description of the sample is presented in another
paper. '

In examining the approach to scaling, it is
useful to consider different kinematic regions
separately: the regions of limiting target and
projectile fragmentation, where outgoing particles
have small momenta relative to the target and
projectile particles, respectively, and the inter-
mediate region (the region of pionization). Differ-
ent variables are appropriate to the examination
of limiting behavior in these regions. In particular,
single-particle distributions of the following vari-
ables were studied for the outgoing m and m'

mesons of reactions (1) and (2), and are plotted
in Figs. 1-9:

(i) Pz, (target), the longitudinal momentum in
the target frame (i.e. , the laboratory frame),

(ii} Pz (projectile), the longitudinal momentum
in the projectile frame (i.e. , the rest frame of
the beam particle),

(iii) the Feynman variable x —= 2P)/v s, where
P~ is the longitudinal momentum in the c.m. frame
of the interaction and v s is the total invariant
energy, and

(iv) the rapidity in the c.m. frame y=ln[(E*+Pg)/
(Q'+m„')' '] = —,

' ln[(E*+P ~~)/(E* —P~~)], where m,
is the pion mass, and Q, P~~, and E* are the
transverse momentum, the longitudinal momentum,
and the energy of the outgoing m in the c.m. frame
of the interaction.

Tables of the data of Figs. 1-9 have been de-
posited with the National Auxiliary Publication
Service. '

II. LIMITING FRAGMENTATION

The concept of limiting fragmentation of the
target or projectile as proposed by Benecke et al. '
states that, as target and projectile particles
encounter each other at sufficiently high relative
momentum, the resultant excitation and conse-
quent breakup of the two particles have a definite
limitation and are independent of the relative
momentum. Consequently, the momentum distri-

butions of particle c in the reaction a+ b- c+X
would be expected to be independent of the total
energy in the initial system at very high energies.

These distributions may be expressed in terms
of the Lorentz-invariant differential cross sec-
tion E(d'o/d'P), where E and P are the energy and
momentum, respectively, of particle c. Generally
the data are integrated over the transverse mo-
menta and the quantity (E/o r)(do/dP~) is deter-
mined, where 0 ~, the "asymptotic" x'P total cross
section at infinite energy (taken to be 23.4 mb}, is
inserted for normalization. If this differential
cross section is independent of Ws, the total ener-
gy, in the region of small Pz(target} or small P~
(projectile), limiting fragmentation is said to exist.

Figures 1 and 2 show the Pz(target) and
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FIG. 1. (a) Normalized invariant single-partic?e differ-
ential cross section as a function of the longitudinal com-
ponent of momentum of the m from 7r++p m +X,
evaluated in the target frame fEz (target)]. The histogram
represents the data of this experiment at a beam mo-
mentum of 4.1 GeV/c. The 8 and + points represent
data at 22 GeV/c and 6 GeV/c, respectively (Hef. 4).
(b) Bin-by-bin ratios of the distributions in I'I (target)
for the 7( . The histogram represents the ratio of the
22-GeV/c data to the 4.3.-GeV/c data, and the + points
represent the ratio of the 22-GeV/c data to the 6-GeV/c
data. The error bars are statistical uncertainties.
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Pl(projectile) distributions for w mesons from
reaction (1) at 4.1 GeV/c. For comparison, we
also show the data of Crennell et a/. from Ref. 4,
for v' interactions at 22 GeV/c (v s = 6.5 GeV),
and at 6 GeV/c (Ms=3. 5 GeV). For low values of
P~ the three sets of data indeed coincide, within
experimental uncertainties, in agreement with the
fragmentation picture. In Figs. 1(b) and 2(b) are
plotted point-by-point ratios of the 4.1- and
6-GeV/c distributions to the 22-GeV/c distribution.
In the target frame, the distributions appear to be
independent of s for P~ &-0.3 GeV/c, while in the
projectile frame the region of independence is
P~ &- 1.2 GeV/c.

For a more quantitative indication of the limit-
ing behavior, the distributions have been inte-

grated over the fragmentation regions in PJ.:

At 4.1 GeV/c, for P~ (target) &0.3 GeV/c, the
value of I (v ) is 0.159+0.010; for P~ (projectile)
&1.2 GeV/c, it is 0.123+0.010. These are to be
compared with 0.134+0.007 and 0.108+0.005,
respectively, at 22 GeV/c. '

The experimental data at the above momenta
are also in agreement with those of Beauprd et al. '
at 8 and 16 GeV/c, and of Alston-Garnjost ef al."
at 3.7, 7.0, and 18.5 GeV/c.

The corresponding plots for m' mesons from
reaction (2) are shown in Figs. 3 and 4. Com-
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FIG. 2. (a) Distribution in the longitudinal component
of momentum of the x from 71++p ~ +X, evaluated
in the projectile frame fPL (projectile)]. The histogram
represents the data of this experiment at a beam mo-
mentum of 4.1 GeV/c. The k and + points represent
data at 22 GeV/c and 6 GeV/c, respectively (Ref. 4).
(b) Bin-by-bin ratios of the distributions in Pz (projectile)
for the m . The histogram represents the ratio of the
22-GeV/c data to the 4.1-GeV/c data, and the + points
represent the ratio of the 22-GeV/c data to the 6-GeV/c
data.
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FIG. 3. (a) Distribution in the longitudinal component
of momentum of the x+ from 7I.++p x++ X, evaluatedinthe
target fraine. This histogram represents the data of
this experiment at a beam momentum of 4.1 GeV/e.
The k and + represent data at 22 GeV/c and 6 GeV/e,
respectively (Ref. 4). For PJ (target) & - 1.4 GeV/c,
there is little ambiguity in the identification of the 7I+.

(b) Bin-by-bin ratios of the distributions in Jl (target)
for the n+. The histogram represents the ratio of the
22-GeV/c data to the 4.1-GeV/c data, and the + points
represent the ratio of the 22-GeV/c data to the 6-GeV/c
data.
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parison of the distributions at 4.1, 6, and 22 GeV/c
shows no limiting in either the target or the pro-
jectile frame. This contrasting behavior for
exotic and nonexotic abc combinations is consis-
tent with the ideas of Chan et al. '

III. THE FEYNMAN VARIABLE

The invariant distribution in the Feynman
scaling variable x is plotted in Fig. 5 for the
m particle of reaction (1) at 4.1 GeV/c. Also
plotted for comparison are the data of Ref. 4 for
incident m' mesons of 6 and 22 GeV/c. The
Feynman prediction is that the quantity (2E/o r s )
x(do/dx), a function of s, x, and Q', becomes
independent of s as s-~.

Figure 5 does not agree with this prediction,

I
' I

.~+~~I + IIIW4
g+SW

except in the limiting-fragmentation regions of
large

~ x~ . The behavior in the central region of
the distribution in x shows no approach to scaling
in the interval of s covered. On the other hand,
the distributions for w' mesons from reaction (2),
shown in Fig. 6, are notably independent of s,
except for large positive x. Ferbel" has pointed
out that the invariant cross section, evaluated at
x=0, for various values of incident m' momentum,
is consistent with a P„„&,„, '" dependence. " We
have included our data point at 4.1 GeV/c in a
plot" of

(Fig. 7), where it lies close to the straight line
for m'+P-m +X. Also included in Fig. 7 is our
datapointfor ~++P-~++X. The p»t for t e
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FIG. 4. (a) Distribution in the longitudinal component

of momentum of the ~+ from x++p -x++ X, evaluated
in the projectile frame. The histogram represents the
data of this experiment at a beam momentum of 4.1 GeV/c.
The and + points represent data at 22 GeV/c and 6
GeV/c, respectively (Hef. 4). (b) Bin-by-bin ratios of
the distributions in P~(projectile) for the m+. The histo-
gram represents the ratio of the 22-GeV/c data to the
4.1-GeV/c data, and the + points represent the ratio of
the 22-GeV/c data to the 6-GeV/c data.

FIG. 5. (a) Distribution in the Feynman variable x
for the 7r" from 7t++p 7I."+X. The histogram represents
the data of this experiment at a beam momentum of 4.1
GeV/c. The -8 and + points represent the data at 22
GeV/c, and 6GeV/crespectively (Ref. 4). (b) Bin-by-bin
ratios of the distributions in x for the m . The histogram
represents the ratio of the 22-GeV/c data to the 4.1 GeV/c
data, and the + points represent the ratio of the 22-GeV/c
data to the 6-GeV/c data.
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latter reaction, like that of Fig. 6, displays the
relative constancy of the distribution in x of the
s' from reaction (2) as p ~,„, or s is varied.

l.O .-
4. I GeV/c

IV. THE RAPIDITY y

In addition to the momenta P~ in target and
projectile frames and the Feynman variable x,
another kinematic variable introduced to charac-
terize the longitudinal momentum component of a
particle is the rapidity y. One advantage of the
variable y is that under a Lorentz transformation
in the relative direction of the original particles,
any distribution in y is simply shifted along the
rapidity axis. y also provides a measure of the
correlation among particles: According to the
correlation-length hypothesis, "correlation is

f(Q, y-y ) f» y&y +L
g(Q) for y . +L&y&y -L
k(Q, y —y) for y& y L. —

The first of these regions in the y spectrum is
the target-fragmentation region, the third is the
projectile -fragmentation region. In the central
region a plateau develops, whose length increases
with increasing s.

In interactions at low energies, Y &I, the

0.8—
I l I / I I I I l

limited to particles whose y values are not very
different. That is, two particles i and j in the
interaction are uncorrelated if ~y, —

y~ ~
»L, where

L is the correlation length whose magnitude re-
mains to be specified.

The distribution in y has a total width I'= in(s+, ').
The target and projectile particle rapidities lie
near the two extremes of the distribution, y-
and y . Scaling in y calls for the distribution
to approach the following form"'" as the energy
is increased and Y»2L, :
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FIG. 6. (a) Distribution in the Feynman variable x
for the m+ from m++p —n++ X. The histogram repre-
sents the data of this experiment at a beam momentum of
4.1 GeV/c. The 8 and + points represent the data at
22 GeV/c and 6 GeV/c, respectively (Ref. 4). For
g &- 0, there is little ambiguity in the identification of
the x+. (b) Bin-by-bin ratios of the distributions in x
for the m+. The histogram represents the ratio of the
22-GeV/c data to the 4.1-GeV/c data, and the + points
represent the ratio of the 22-GeV/c data to the 6-GeV/c
data.
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FIG. 7. Normalized invariant single-particle differ-
ential cross section at x =Pg = 0 as a function of
Pj gidcIIg The points represented by circ le s are the
data of this experiment for inclusive production of m

and x+. The other data and the straight lines are from
Ref. 11.
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entire plot is narrower than one correlation length,
so no part of the distribution is limiting and cor-
relation exists among all the particles.

At higher energies, where Y&L, particles with

y values at one end of the spectrum decouple from
particles at the opposite end, and limiting frag-
mentation of target and projectile particles sets
in. As the energy increases further and Y becomes
large compared with 2I, every value of y is

distant from at least one end of the spectrum by
an amount much greater than L. A central pla-
teau should then begin to develop, and as s and
hence Yincrease further, a lengthening of the
plateau is expected to occur.

In Sec. II, we have shown that limiting fragmen-
tation is apparent for reaction (1}at the incoming
momentum of 4.1 GeV/c, v s =2.92 GeV. In Fig.
8(a) are plotted the c.m. rapidity spectra for the
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FIG. 8. (a) Distribution in the rapidity variable y for the m from w +p m +X, evaluated in the over-all center-of-
mass frame. The histogram represents the data of this experiment, the 8 points the corresponding data at 18.5 GeV/c
(Ref. 5), the + the corresponding data at 7 GeV/c (Ref. 6). (b) and (c) show the distributions at the three incoming mo-
menta, plotted vs y-y;„and y-y ~, respectively, to show that the data at 4.1 GeV/c, 7 GeV/c, and 18.5 GeV/c coin-
cide at the extremes of the distributions.
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w from reaction (1) for the 4.1-GeV/c data of
this experiment, the 7.0-GeV/c data of Stone
et al. ,

8 and the 18.5-GeV/c data of Shephard ey al. '
In Figs. 8(b) and 8(c), the distributions in y —y .

and y —y for reaction (1) are shown in order to
demonstrate that the rapidity spectra for the
three sets of data coincide near their extremes,
in the regions of target and projectile fragmenta-
tion, respectively. No plateau has formed at
these energies although a relative flattening of
the peak may be seen at the higher energies. We
therefore may consider the above data to be in an
energy range such that Y is large compared with
I, but not very large compared with 2L, . Abarba-
nel" has estimated L= 2; this is consistent with
these data, as I'at 4.1 GeV/c is 5.7.

If we take p. „.d,„,= 4.1 GeV/c, u s = 2.92 GeV, to
be near the threshold of limiting fragmentation
for reaction (1), then the threshold for the devel-
opment of the expected plateau in the central
region of the y spectrum should be reached by
doubling Y~,. Since s=m~'e, doubling Y corre-
sponds to squaring s, and the plateau might start
to be evident at vs =(2.92)'=8.5 GeV, p,„„4,„,
-=38 GeV/c.

In contrast to the w from reaction (1), the w'

rapidity spectra from reaction (2), shown in Fig. 9,
exhibit no limiting behavior at 4.1 GeV/c. The
threshold for limiting fragmentation has not been

reached at &6=2.92 GeV, for the case of nonexotic
abc.

V. THE TWO-PARTICLE INCLUSIVE

REACTION m'+ p ~ z + g +g

The differential cross section for the reaction

+P )re +my +X

can be written as

1 d'o.

Wdy& 'dQ& dy4dQ4

This function, integrated over all Q, ' and Q4', is
plotted in Fig. 10, where the distributions in y~
are shown for various intervals in y, . The data
here are statistically very limited, as only three
percent of the events in the total sample yielded
two or more negative mesons. Since the m m

system is exotic, any correlations observed in
the variables describing particles c and d should
give information about the multiparticle produc-
tion mechanism rather than about final-state
interactions such as resonances. " The degree of
correlation between particles c and d can be
measured by a correlation function, defined as'
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FIG. 9. Distribution in the rapidity variable y for the
7t+ from n+p a++ X, evaluated in the over-all center-
of-mass frame. The histogram represents the data of
this experiment and the ~ points the corresponding data
at 18.5 GeV/c (Ref. 5).

FIG. 10. The distribution d2o/dy, dy~ for the reaction
T(++p etc + 7t.„+X, plotted as a function of y„ for vari-
ous intervals in y, . The lines bebveen points are drat'
to guide the eye.



PONG, SHAPIRO, AND WIDGOFF

C(y. , Q. ', y„Q, ', s)

=o r 'G —o r '(d'o/dy, dQ, ')(d'o/d y, dQ ~
') .

In terms of the hypothesis of short-range corre-
lations, discussed in Sec. IV in connection with
the single-particle distributions, one mould ex-
pect to have C= 0, for I y, —y~ ~

»I
The function C, integrated over all Q, ' and Q~

'
and plotted against y» for various ranges of y, ,
is shown by the points with error bars in Fig. 11.
I CI is largest for y, and y~ both close to zero;
where Iy, I is large, 1C~ is very small, almost
zero, but this appears to be a reflection of the
smallness of the cross sections for large Iy, 1.
The second term of C predominates throughout
for the data at 4.1 GeV/c and the distribution
d'o/dy, dy~ is not as wide as the single-particle
distributions. To show the separate contributions
of the two terms, the second term alone is also
plotted in Fig. 11. The correlation function for
reaction (3) with 18.5-GeV/c m' mesons' is very
different in form, but again is close to zero for

large
~ y, ~

and has its largest values for y, and

Y» both near zero.
It is interesting to plot a related correlation

function C':

C(y, , y, , s)
(1/o ')(«/dy. )(«/dy, )

G(y. , y. , )
(1/o r )(d o/dy, )(d o/dy, )

which is drawn in Fig. 12. Here C(y, , y~, s) and

G(y, , y~, s) are the previously defined functions
C and G integrated over the transverse momenta.
Near the extremes of

~ y~ I, where 6 =0 while the
single-particle cross sections are not zero,
C' = —1. The function C' at 18.5 GeV/c (Ref. 16)
is similar in form to that at 4.1 GeV/c, with

C4 i + C is 5 over the whole range of y» in each
interval of y, .

These data suggest a production mechanism
that yields pions with low momentum in the center-
of-mass system, ' and indicate that there is
substantial correlation, increasing with incident
momentum, among these pions.
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FIG. 11. The correlation function integrated over Q,
Q (jl j p») 9 as 3 function of y„ for various interval s in pc ~

The x points represent C, while the dots represent only
the second term of C (see text).

0 I 2

yd

FIG. 12. The correlation function C'(y~, y») as a func-
tion of y„ for various intervals in y~.



INCLUSIVE REACTIONS FROM v'P AT 4. 1 GeV/c

VI. CONCLUSIONS ACKNOW( LEDGMENTS

We have found that at the low beam momentum
of 4.I GeV/c, in a reaction of the type a+ 5 - e+A',
limiting fragmentation of beam and target particle
appears where abc is exotic, and does not appear
for abc not exotic. These results are seen in
the single -particle distributions in longitudinal
momentum in beam and target frames and in
the rapidity variable. Limiting behavior has
not been reached over the central range of the
Feynman variable x for reaction (I) at incident
momenta up to about 20 GeV/c; the differential
cross section in x, evaluated at x=0, and com-
pared with data at other beam momenta, is found
to be consistent with a P,„„.~,„, '" dependence.
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