
PHYSICAL RE VIE% 0 VOLURf E 19, 5 UMBER 3 1 FEBRUARY 1979
I

Average charged-particle multiplicities in m' p inclusive reactions at 147 GeV/c

D. Brick, D. Fong, *M. Heller, f A. M. Shapiro, and M, Widgoff
Brown University, Providence, Rhode Island 02912

F. Bruyant
CERN, Geneva 23, Switzerland

D. Bogert and M. Johnson
Fermilab, Batavia, Illinois 60510

R. Burnstein, C. Fu, D. Petersen, ~ M. Robertson, and H. Rubin
Illinois Institute of Technology„Chicogo, Il'linois 60616

R. D. Sard, A. Snydez, ~ and J. Tortora**
University of Illinois, Urbana, Illinois 61801

E. D. Alyea, Jr.
Indiana University, Bloomington, Indiana 47401

C.-Y. Chien, P. Lucasgf A. Pevsner, and R. Zdanis
John Hopkins University, Baltimore, Maryland 21218

F. Barreiro, O. Benary, ~ J. E. Brau, ~ ~ C. E. DeTar, J. Grunhaus, E. S. Hafen,
R. I. Hulsizer, U. Karshon, & & V. Kistiakowsky, A. Levy, A. Napier, I. A. Pless,

J. P. Silverman, T. Stoughton, P. C. Trepagnier, J. Wolfson, *~*and R. K. Yamamoto
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

I-I. O. Cohn
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

P. F. Jacques, T, C. Ou, R. J. Piano, and T. L. Watts
Rutgers University, ¹wBrunswich, ¹wJersey 08903

E. B.Brucker, E. Koller, P, Stamer, and S. Taylor
Stevens Institute of Technology, Hoboken, ¹wJersey 07030

W. M. Bugg, G. Condo, T. Handler, and E. Hart
University of Tennessee, Knoxville, Tennessee 37916

H. Kraybill, D. Ljung, T. Ludlam, and H. D. Taft
Yale University, New Haven, Connecticut 06520

(Received 16 June 1978)

The experimentally determined average charged-particle multiplicities, &n~&, of the systems, X, produced in the
following reactions for 147 GeVjc incident pion momentum age presented as functions of the square of the

invariant mass of X Mx, and of Itl: g p~gf„, X, m p ~pX, m p~ A++X, m p ~(g x+)„0X, and@ p~
AOX. Details of the analysis are discussed. These data can be fit by the expression &nx& =A+8 ln Mx'+ Clt I

and the coefficients obtained for B are equal within their uncertainties. C is significantly different from

zero only for m p ~ xfast X. These results and &n~& data from other inclusive and total-inelastic-reaction

studies are discussed in terms of a simple model which assumes contributions to &nx& from the target-fragmen-

tation, the central, and the beam-fragmentation regions in the case of total-inelastic reactions. For inclusive

reactions, either the beam or target fragmentation is replaced by an exchange-particle-fragmentatiori contribution.

The s, t, and M~~ dependence of the parameters of the model are deduced from triple-Regge considerations.

The data are found to be consistent with the model and values are presented for the parameters.

I. INTRODUCTION

In this paper @re present a, study of the experi-
mentally determined average charged-particle
multiplicities, (nx), of the systems, X, produced

in the following reactions for 14V Gev jc incident
pion momentum: '

n' +P n'f„t +X+,

& +p p+X,
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& +p-6++ +X

& +P -(v's )p+X',
&-+P -A'+X',

(2)

(4)

(&)

These results were obtained with the Fermilab.
hybrid system" and a preliminary paper focusing
on w P +f ) X has already been published

The dependence of (nx) from inclusive hadron-
hadron reactions of the type

II. THEORETICAL AND EXPERIMENTAL BACKGROUND

The various theoretica1 models for multiparticle
production which lead to predictions for the de-
pendence of (nr) on 's in a + 5 —X' have been dis-
cussed by Frazer et al."and Feinberg. " They
include the multiperipheral model and Regge-
Mueller analysis which predict a linear depen-
dence of (nr) ~s' where a& 0. They also include
the old Fermi statistical model and the Belenjki-
Landau hydrodynamic model" which both predict
(sr) o-s '. Subsequently, Garetto et a/. "have
proposed using the Polya-Eggenberger formula for

on various variables has previously been studied
both theoretically and experimentally, ~ ~ and com-
pared with the average total charged-particle
multiplicity in inelastic hadron-hadron reactions

-P

a+b -X. (I)
If (nz) is given as a function of the square of the
invariant mass, Mx', of the system X (which be-
comes in a+b-X just the square of the center-
of-mass energy, s), then curves plotted for both
a +b -e+X and a +b -X are very similar, ' and
approximately independent of the nature of parti-
cles a, b, and c and of the energy of the incident
partic1e in a+b -e+X. However, in our previous
paper' we pointed out that there are small but sig-
nificant systematic differences as a function of
particle type and interpreted these differences in
terms of a simple theoretical model.

ln this study we present our final results for
reactions (1) and (2), and give a complete descrip-
tion of the analysis of these data. We also present
results for reactions (S)-(5) and discuss the aver-
age charged multiplicities for these five inclusive
reactions and all other pertinent data from the
literature in the context of the simple model. We
begin with a brief review of previous theory and
experiment in the second section of this paper.
In the third section we describe our experiment
and data analysis, and our results are presented
in the fourth section. These are discussed in the
context of the model in the fifth section, and sum-
marized in the concluding section.

multiplicity distributions which also predicts
(nz) ~s'~4, and Tow" has pointed out that inclus-
ion of a secondary trajectory in a Regge-MueQer
analysis predicts a term in s ' ' as well as one
in ln 8. Figure 1 shows the data for the reaction

as a function of ln s. It is qualitatively obvious
that these data cannot be fit over the whole range
of + by a simple linear dependence on ln s. It
has been shown that subsets of the data given in
Fig. 1 can be fit by A+Bin s," M A+B (ln s)', '~

A +Bln s + C (ln s)' '~'" A +Bln s + C s ' ' '""
and A8' ~~. '" Over the whole range of 8 only
A+ B(ln s)', A +Bln s + C (ln s)', and A +Bln s
+ C s. '" give fits with reasonable X' values. '~"
The curve shown in Fig. 1 is the fit of A+Bin s
+ C (ln s)' to the data by Albini et al."

Data also exist for
~+ +p,~++

m +P-X',
K++P X

E +P Xo,

P+P X

(9)

(10)

(11)

(12)

(&~)

but for much more limited ranges of s. These
may in general be fit by

(sx) =A+Bin s

as well as any of the other expressions which fit
the data for PP-X."'"""Furthermore the
values obtained for B in expression (14) are all
between 0.9 and 1.4. Vfroblewski" pointed out
that if (n„) were given as a function of "available
energy, "E„where

E~ = Ms —M~ —M~,
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FIG. 1. The average charged-particle multippcitJJ (nx)
as a function of g, for the reaction pp X. The data
are from various sources, as quoted by Albini et al. in
Ref. 14, and the curve shown is the fit to these data of
(az) ~A+8 lns+ C (in)2, osbtained in Bef. 14.
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the data for PP-X and m P-Xwere very similar.
Ammosov et al."extended this approach and ob-
tained a reasonably good simultaneous fit to data
for PP-X, w P X; and K P-Xusing the ex-
pression

(n») =A +& in E, + C(in E,)'. (16)

E =Mx-M~ ~ (16)

They point out that this is equivalent in a standard
exchange picture to the reaction E+&-X, where
E is a virtual exchanged object (Pomeron, Reg-
geon, pion, or any combination of them). They
obtain a roughly universal dependence of (n») on
1nE,' for v P-PX, PP-X, s P-X, 'and PP-PX.
In our previous paper' we have pointed out that
there are significant differences between the data'
for r P-mf„,Xand m P-PX, and for PP-Xand
v P-X even when presented in terms of available
energy. Pajares and Pascual" argue that the
difference between m P-X and PP-X is due to
differences in absorption between pions and pro-
tons. These differences are discussed further in
the fifth section of this paper.

The various models for a+b- c+X also suggest
a dependence of (n») on t, but do not predict a
unique function form." Studies of w P-PX and
pp- pX at 205 GeV/c (Refs. 6, 9) and at the CERN
ISR" do not indicate a significant t dependence in
those reactions. Our previous paper' presented
evidence for a significant t dependence in x p
-m',„,Xbut not in w P-PX. This will be discussed

Turning to inclusive reactions, a+5 e+X, an
analogous situation is observed. A linear depen-
dence of (n») on ln M»' has been predicted by
several theoretical models such as the triple-
Pomeron description' of the high-mass diffrac-
tive region (10& Af»' & s/10 GeV'/c') and the
Amati-Bertocchi-Fubini-Stanghellini- Tonin mul-
tiperipheral model' for |if»' & 20 GeV'/c4. More-
over, the slope of the linear increase of (n») has
been predicted to be independent of s, t (the
four-momentum transfer from a-c), and the
type of the incident particle, and to be identical
to the slope of the linear increase with ln s of the
average total charged multiplicity for a +b X.
These predictions have previously been verified
for the reaction

(17)

at four energies, "' and in v p-pX at 205 GeV/
c." In our previous paper, we reported the same
result for m p-vf„, Xand n p-pXat 147 GeV/
C.

Whitmore and Derrick' have extended the para-
metrization in terms of the available energy,
E„ to a+5 c+Xwhere

further in the fourth section of this paper.
Finally, it should be point out that the linearity

of the dependence of (n») on inM»' (where ~»'
=s for total charged-particle multiplicities) has
been observed not only for hadron-hadron inter-
actions, but also for weak and electromagnetic
processes. " The dependence on lnMX' of the
average charged-particle multiplicities have sim-
Qar slopes and their values at a given Mx' are
also quite close for all three types of interactions.
A universal rate of increase of the multiplicity
with ln s is explained in some quark models'
and a one-dimensional field theoretical model. "
The multiperipheral and Mueller-Regge models'4
also give a universal rate of increase for total
and associated multiplicities in hadronic colli- .

sions but they are not directly applicable to.e'e
annihilation. In the model of Brodsky and Gunion'4

the ln 8 dependence arises from an underlying
gluon-brem strahlung process, and the universal
rate from the assumption that the bremstrahlung
sources are color-triplet fragments of the beam
and target. In the other models, the universality
of the ln s growth arises from the assumption
that the emission of the secondaries is essentially
independent of the nature of the beam and target
particles, leading to a uniform distribution of the
secondaries in longitudinal phase space.

In contrast to a widespread theoretical consen-
sus about the universal asymptotic rate of growth
of the average multiplicity, there are no solid
theoretical predictions, about the dependence of'

the constant term A in Eg. (14) upon the beam and
target type. Such a prediction depends too inti-
mately upon the dynamical details of particle pro-
duction for current elucidation.

III. DATA ANALYSIS

A. General discussion

This experiment consisted of an exposure of
105000 pictures of 147 GeV/c s mesons in the
Fermilab 30-inch bubble-chamber hybrid spec-
trometer. Details of the experimental arrange-
ment and the data reduction in this experiment
have already been published. " Table I gives the
number of events corresponding to the various
samples that will be discussed in this paper. The
topological cross sections have been presented
in a previous paper. ' To obtain the average
charged multiplicities for reactions (1)-(5), it is
necessary to correct the number of usable events
in the various topologies for scanning and pro-
cessing losses by appropriate topology dependent
weights. " These weights depend to some extent
on the reaction type in question and are discussed
in the following paragraphs. An event is defined
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TABLE I. Number of events and total cross sections
for the various samples of this experiment,
x"P at 147 GeV/c.

Sample
Number of

events
Cross section

(mb)

x p ~gf,„X
~pX

6+ X
(n+z") p Dx

—a'X
X(inelastic)

1867
2601
471

1064
238

7218

5.15+0.12
8.01+0.42
1.13+0.16
3.74+ 0.12
1.65+ 0.21

21.00 + 0.32

to be usable if it is in one of two categories: (1}
all tracks are properly measured and fitted, and
their net charge is zero (charge balance); (2)
one or more tracks are not measured or fitted,
but the event is consistent with charge balance
(neither the number of measured and fitted posi-
tive tracks nor the number of measured and
fitted negative tracks is greater than half the
scanner prong count). The third class, charge-
unbalanced events, were not used and consti-
tuted 4.6'%%uo of the total inealstic sample. Within
the uncertainties they were uniformly distributed
among the topologies. There was also a large
sample of events (4253) which were rejected by
the geometry program (GEOMAT). Since these
losses occurred more heavily in the higher mul-
tiplicities (13.6% of all two prongs was rejected
and 49.6'%%uo of all twelve prongs), the events lost
to this category are a possible source of bias
which was studied in a manner relevant to the
particular reaction type.

Another source of bias inherent in the use of.

the topology-dependent weights arises from the
inability to detect very-low-momentum protons
in two-prong inealstic events. The do'/dt vs t
distribution for two-prong inelastic events with
identified protons was fit by e ' for (t( & 0.04
GeV' and the exponential was extrapolated to
t = 0. This extrapolation showed that 60 + 5% of
the events with (t(& 0.04 GeV' were missed.
Therefore, separate topology dependent weights
were used for two-prong events with identified
protons with (t(& 0.04 (GeV'), for those with
identified protons with (t( & 0.04 GeV' and for
those without identified protons. The latter cate-
gory includes both events with protons for which
ionization identification was not possible (P„
& 1.4 GeV/c) and events with a neutron, and con-
stitutes 47% of the two-prong inelastic sample.
These two-prong topology weights were used in
the study of reactions (1) through (5) but only pro-
duced significant differences in the t distributions
for m P-PX.

B. m p~mf„, X

A usable event was included in the sample for
w P- nf„t X if it contained a negative particle with
X~ 0.50.~ This limit corresponds to Mx' & 140
GeV'/c'. The momentum of the fast negative
particle is determined by its deflection in the
bubble-chamber magnet as measured in the down-
stream proportional wire system. ' In order to
determine whether the sample was biased by the
loss of events which failed to be reconstructed in
the bubble chamber (geometry rejects}, a special
measurement of beam track and vertex was made
on a sample of such rejects. The downstream
proportional-wire-chamber (PWC) data were then
used to reconstruct forward going tracks asso-
ciateg with these vertices, and the fraction of
these events which had a fast negative particle
with x ~ 0.5 was determined. %'ithin the uncer-
tainties, this fraction, about 50%, was the same
for the rejected events as for the usable events
at all multiplicities. Therefore, these lost
events do not introduce a bias.

The uncertainty in the momentum measurements
in the downstream PWC system is hp/p =6 x 10'
with p in units of GeV/c, and 18% of the fast
pions had measured momenta greater than the
beam momentum. For such events a calculation
of the invariant mass squared, Mx', gives Mz'
& 0. The uncertainties on Mx' for these events
are very large and increase rapidly as a function
of the measured momentum of the pion. The
average charged multiplicity of these events is
lower than that of the whole sample. If, however,
the Mx'& 0 events are compared with those for
which 0& Mr' & 20 GeV'/c', the average charged
multiplicities are in agreement within uncertain-
ties for the whole range of (t(. This suggests that
most of the observed M~'& 0 events come from
real 0& Mx'& 20 GeV'/c' events, a hypothesis
which is supported by the observation that the
distribution of uncertainties in Mx, for events
with Mx' & 0, is peaked at 12 GeV'/c'. The
method which was used to treat the Mx' & 0 events
was to reduce the magnitude of the momentum of
the charged secondaries by an amourit equal to
tv~ 5 (p(, where coq = 4P~~,„, EP& is the weighting
factor for the ith particle and hp~ is the momen-
tum uncertainty for the particle, and where

(p (
= (g.„,p~(- (p~ ( is the charged particle mo-

mentum imbalance, P& are the momenta of the
outgoing particles, and Pb„ is that of the beam
pion. This correction does not take possible neu-
tral production into consideration, but is designed
to distribute the momentum imbalance according
to the uncertainty of the momentum determina-
tions. The validity of this procedure has been



l80

AVERggE C~&agEg -I'ART Ig ~E Mgl TIP ITIE

I50 y

N I2Q/

~ eo~Z

~ 6og/~
1

&0-

I

50 60
I

100 20 50
X (G q2~C")

"e different.
x for 7t-p

la CroSs SeCtion

gives th
~~t at &47 Geg

' ~ Mx vs

e uncorrected d.
c.

s aded area h
istributlon. M 2

aded area

events d

ln MX~

in the text Thisescribed is contribution is neg

what biased by '"clu»on of
p ns mi»de„tZ.

o some, v,„t,

real r
as Proto

s with

n ~vent
xclusion of

A corn ar.
f

as made
or all z-P X

a e between dist,-

events as d f.
s rlbutjons

«ons for th
e lned above

the cond t
""tswhich al

' "n .I =0.5,„,,. "»tisf;ed

e only effect
or

Th
" dition

tr. . ly insignalas a statjstlcal . c ~aused b th cut

butions for y20
cant change

course th
x 140 GeV 2/&M2(

ln dis-

s& the results h
.

«n higher-M 2

s own ln this a
x»ns

a a without a, cut
p per are given

7"e geomet
tables and fo„3 s were st diede ry re ect

ound to cont
on scannln

t«fled vj su@i
«n more prot, I

& &7 ionisntion~ th
ons (iden

e events. Th.
an the sampl

dependent w-th.
» was not found t

pe of

1 intheunce -
0 etopolo

a colrection f
rta«nties and

actor of y 05, theref( re

w «ghts for
05 was inc

11 topologle t
ded jn

oss of events co t
o take account of

Since the w
„o a«ning protons.

numbers are la
opologles with

arge and the nu b
gh prong

r of usable h.lg

2000—

verified b My onte Carlo teests. It results in g,

o e I„'& 0 events to the 0 & M '

-60 GeV'/~' th
y ese eve t ns have avnt h

th r.
u sons given

—I200-
b

800—

C. x p~pg

A usable event w in the sampl f

tified on the b ange or ionizat' as a
o proton momentu

e proton 1

ionization of
'onlzation is 1.45

o a b am track. ' es
eely'e were t

c . No particles

proton-momentu ' ' corr es

n 1 entification in the mo Kio

no n s are included
fe sam x &140 GeV'/c'~4 may be some-

400—

L I I I
' I:I I A&~i

l2 l4 l6 I8 20 22

FIG. 3.
~x

22 24 26

. 3. Topological cro. 3. ' cross sections, 0 v
w V/c, obtained b

orrec tin h'
ytwod

d d
g g iP

e
lclty events foor topology-

escribed in the te t

th 11ra inclusi~. e react'C lOQ



O. BRICK et ul. 19

multiplicity events for m P-PX is small, these
events cause noticeable fluctuations and do not
adequately represent the true situation. There-
fore, distributions were obtained using two differ-
ent weighting schemes. The first method ignores
the 20-26 prong events entirely and uses the ap-
propriate topology dependent weights for the 16,
and 18 prong events. The second method places
all topologies with 16 or more prongs in a single
category. All differences observed between the
results for the two methods were within one stan-
dard deviation, but the second method smoothed
out fluctuations observed in the results obtained
with the first method. Figure 3 gives the topolog-
ical cross section for ~ P-PX with and without
the smoothed weighting.

D. w p~6++X

30—

20—

I
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C9

Oo 20—
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4

0
C

E
O

o 20
J

E
IQ —

L

l. ( a ) 4 prong events

( b ) 6 prong events

l I

(c) Sprang events

The analysis of the data to obtain the sample
for n P- 6"Xhas been discussed in a previous
publication. ' Summarizing the criteria, events
are included in this sample if they satisfy those
for m P-PX and if there is a m'P system with an
invariant mass, Q i, in the region 1.14&Me,,
& 1.30 GeV/c'. If there is more than one w+p

combination in a given event which satisfies the
latter criterion, the combination for which the
m'+ has the lowest rapidity is taken. Finally, the
momentum transfer from proton to 6", t~z, z„++,
is calculated and events with ~t~e++ l

& 1.0 GeV'
are discarded.

E. w p~(n'+m )poL

The production of p mesons in this experiment
has been discussed in a previous publication,
but the analysis used in this paper was necessari-
ly different since statistics precluded fjtting the
distributions of the m'w invariant mass, M„+„-
from w p- w'w Ã for the various M»' and ltd re-
gions with Breit-signer and polynomial back-
ground terms. Figure 4 gives the n'm invariant
mass distributions for m'm pairs satisfying the
requirement x„+„-& 0.5 for various topologies.
The x„+„-requirement assures that we are in the
kinematic region corresponding to the beam frag-
mentation region and also increases the ratio of
resonance to background. Clear resonance sig-
nals are observed in Fig. 4, even at higher mul-
tiplicity topologies, but there is a non-negligible
amount of background beneath these peaks. Con-
sequently, we have taken all events satisfying
both the requirement x„+~-& 0.5 and 0.5 &&„+,-
&1.0 GeV/c' for the w p-(w'w )pa X sample, and
also present comparisons with data from the
neighboring regions, 0.26 &M„+,- & 0.5 GeV/c'
and 1.0 & M„+,—&1.4 GeV/cs, to elucidate the
effect of the background.

20—

I I I

I (d) lo-l2 prong events

l0—

0 28
I I

0.7 l.24
m ( ~'~ ) ( Geg/c~ )

l

l.72

FIG. 4. Distributions in x'm. invariant mass, Md+~-,
for the reaction m p-~'m X at 147 GeV/c, plotted
separately for different total charged-particle multi-
plicities. Only events having X«+,- &

-0.5 are included.

F. m' p~AOL

The analysis of the data necessary to obtain the
m p-A'X events will be presented in a future
paper. " The events included in this sample were
events that gave three constraint fits (8'le) or
one constraint fits (13%) to Ae hypotheses. Twenty
percent of these events also could be fit by either
the E' or A ' hypotheses and were assigned to the
A' sample on the basis of relative chi squares,

The weights used in determining the cross
sections and average multiplicities include factors
for decay probability, branching ratio, scan ef-
ficiency, and measuring efficiency.

IV. EXPERIMENTAL RESULTS

A. m p~mq», Land m p~pX

The cross sections as functions of- charged-
particle multiplicity for m P- mfgst X and lT P PX
are given in Figs. 5 and 3. The solid curve shows
the topological cross sections for n P-X.' No-
tice that both inclusive distributions are signifi-
cantly narrower than the total topological distri-
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FIG. 7. The parameter b from the exponential fits,
da/dt=ae '~', of Fig. 6(b}-6(f}as a function of Mx .
The solid line is calculated from a fit to these points,
for M&2&20 GeV /c, of the linear relation b = (6.8
+1.0}—(0.029 +0.010}Mx 2.

deviation effect, -0.026 +0.008, but that of &',
-0.027 +0.003, is significant. The shrinkage of
h(b') with the mass of the relevant system is a
well-known effect from lower energies" and it is
interesting to note that this persists up to 147
GeV/c.

The differential cross section as a function of
M»', d&z/dM»', for v P-»~„,X is given in Fig. 2
for all t and in Fig. 10 for various t intervals.
That for v p- pX is given in Fig. 11. The low-
mass diffractive peak seen in the distributions
for (t(& 0.3 GeV', disappears for higher values
of (t(. As has been pointed out previously, the
main contributions to the diffractive peak come
from the two- and four-prong topologies. " There
is a depletion of do'/dM»' for large values of M»'

in» p-pX due to the upper limit of 1.4 GeV/c
on the proton momentum.

Figure 12 shows the average charged multi-
plicity, {n»), for s p-»,„,X as a function of M»'

for various intervals of t. The solid lines give the
result of the best fit of the expression

(n») =A +Bin M»'
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to the data for Mx' & 20 QeV' in each t interval.
Figure 13(a) gives the values obtained for B as a
function of (t(. A fit of the expression

B=D+Z(t( (20)

to these results gave E=0.48+0.21, and the line
corresponding to this fit is shown on Fig. 13(a).
Although this result indicates a weak dependence
of B on (t(, it is also consistent within 2.3 stan-
dard deviations with the absence of a t depen-
dence.

Figure 14 gives {s») for n P-»,„,Xas a func-
tion of (t ( for various M»' intervals. The distri-

FIG. 8. The differential cross section, da/dt', as a
function of t' for x p —pX at 147 GeV/c. (a} shows the
data for aH Mx2, while @}-(fjpresent the data for vari-
ous intervals in Mz . The lines are plots of exponential
fits of the form, da/dt'=ae ~ &, tothe data in each in-
terval.

bution in the proton diffraction region (M»2 & 20
GeV~/c~) is seen to have a t dependence similar
to the higher M»~ intervals; however, {s») is
lower by -2 units for the proton diffraction region
than for the higher Mx' region. The increase of
{n») with (t( for the region M»'& 20 GeV~/c~,
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FIG. 9. The values of the parameter b' from the ex-
ponential fits, dg/dt'=ae ~ &, of Fig. 8(b)-8(f) are
given as a function of Mx~ by the crosses. The solid
line is calculated from a fit to these points for M&~
&20 GeV /c of the linear relation 5' = (6.16 +0.26)
—(0.0267 +0.0028) Mx, The solid circles give equivalent
results from fits of dg/dt=ae '& to the ~"p pX data.
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which is dominated by diffractively produced PP's,
is consistent with the established observations
that do jdt for low-mass ¹'sdecreases faster
with ltl than that for high-mass ¹'sand that the
more massive lP's decay into higher multipli-
cities." The solid lines give the result of the

FIG. 11. The differential cross section, de/dMX~, as
a function of Mzt, for various intervals of ~t (, for
m p pX at 147 GeV/c.
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FIG. 12. The average charged-particle multiplici. ty
(rix)' for 7r p-irz'~& X at 14V GeV/c, plotted as a func-
tion of Mzt &or various intervals in

~
t ( . The solM

lines are plots of the best fits. to the data for Mx~
& SO OeVt/c4 in the respective It I intervals of expres-
sion (19). The dashed lines are plots of two-variable
fits of expression (23), evaluated with

~
t

~ equal to the
mean value for the given interval. '
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FIG. 10. The differential cross section, do/dMz, as
a function of Mzt, for various intervals of I t I, for s p

gg~gX at 147 GeV/c.
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FIG. 13. (a) The values obtained for& from a fit of expression (19) to the data in Fig. I2, as a function of I t l. -The

line gives the results of a fit of expression (20). (b) The values obtained for C from a fit of expression (21) to the data
in Fig. 14, as a function of M~ . The line gives the results of i fit of expression (22). (c) The values obtained for B
from a fit of expression (19) to the data in Fig. 15, as a function of (t(. The line gives the results of a fit of expression
(20). (d) The values obtained for C from a fit of expression (21) to the data in Fig. 16, as a function of Mz . The line
gives the result of a fit of expression (22).

best fit of the expressiori

(s ) =A+ C)f) (21)

to the data, in that particular M~' interval. Figure
13(b) presents C as a function of M»' and it is
seen that there is a significant t dependence which
is the same within the uncertainties for all Mz'
intervals. A fi.t of the expression

(n ) =A+alnM'+C[f[ (28)

was carried out. The values obtained for the co-
efficients are given in Table II and the results cal-
culated from them. are shown by the dashed lines
in Figs. 12 and 14. These results and others given
in this section differ slightly from those in Ref. 3
due partially to subsequent additions to the data
sample and improvements in the analysis, but
also more substantially to changes in binning.

to these results gave .E=0.004 +0.006, and the
line corresponding to this fit is shown in Fig. 13(b).

Since (s») for s p-sf„, X can be fit by a linear
dependence on ln M»' and on

~
t j and since the co-

efficient for the dependence on one variable can be
considered independent of the other, a two-vari-
able fit of the expression

Figure 15 gives the dependence of (n») for s p
-PXon M»'forvarious )f(intervals. As previous-
ly discussed, the data for M»' & 140GeV'/c' may be
subject to some uncertainties and therefore the re-
sults for 20 & M„' & 140GeV'/c'were fit byexpres-
sion (19). The parameters obtained from this fit are
given in Fig. 13(c).as function of (t~ and the solid lines
in Fig. 15 are calculated from them. Again, as
for r P- If„,X, the values obtained for & are the
same within three standard deviations. A fit of
B=D+Ett~ to these values gave E=1.03+0. 58and
the line in Fig. 13(c) shows the result of this fit.

Figure 16 gives the dependence of (n») for v P
-PX on (t~ for various M»' intervals. These data
were fit by (n») A+ C(t( and the values of C ob-
tained are given in Fig. 18(d). The solid lines in
Fig. 16 are calculated from these results. The
results obtained for C are consistent with the ab-
sence of a significant ~f( dependence of (n»).
%hen the values obtained for C are fit by C=D
+EM~', the result obtained is E=-O.OOV +0.010,
indicating no M~'. dependence for C. The'line in
Fig. 13(d) is calculated from this fit. This analy-
sis was also carried out using (f'I as a variable
and the same result was obtained.

Since the coefficients & and Cfor m P Pecan
be considered independent of tf ( and M»', respec-
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FIG. 14. The average charged-particle multiplicity
(a x) for v P-vt~tX at 147 GeV/c, as a function of
)t) for various intervals in Mx'. The solid lines give
the results of the best fits to the. data in the respective
Mz regions of expression {21). The dashed lines are
plots of two variable fits of expression {23), evaluated
with Mz equal to the mean value for the given interval.

tively, the data were fit by '(nx) = A+ BlnMxs
+ C lt l. The parameters obtained in the fit are given
in Table HI and the dashed lines in Figs. 15 and 16
show the results calculated from them. The value
found for C is consistent with zero within 2.5
standard deviations and J3 for I P-PX is seen to
be the same ah B for x p- w,;„Xwithin the uncer-
tainties. These results are in agreement with the
value obtained for B from a fit of expression (19)
to data at 205 GeVjc and with the observation that

FIG. 15. The average charged-particle multiplicity
(a «) for v p-pX at 147 GeV/c, as a function of M xt
for various intervals in ) t) . The solid lines are plots
of the best fits to the data for M &20 Gev /e in the
respective regions of ) t) of expression {19). The dashed
lines are p1ots of two-variable fits of expression {23),
evaluated at the average value of )t) for the given inter-
val.

there is no significant t dependence at that en-
er~,

In order to check the uniqueness of a fit of
(nx) =A +Blnlx' or (nx) A +BinMx'+ C(t( to these
data, other forms suggested in the literature were
also tried. Some'of these results are given in
Tables II and III a,nd it is seen that all of the ex-
pressions used except that with a ln [1/(1+ (t()]
dependence also give acceptable fits to our data

TABLE H. Parameters obtained by fits of the indicated expressions to &ex & data for n' p z fast X at 147 Gev/g for
20 (M ~ 140 GeV /c~ and)t) (2.0 GeV

Expression A X '/ND

A+Bi~ '+e)t)
A +B lnMx 2+C{InMx2)2
A +BJ(/I~

A +a In(Mx'/(1+)t ))
A +B lnMxt+e)t)' '
Z +B inn 2+Ca-&I~I

-2.11+0.55
8.82+ 5.84
1,17+ 0.3.3
0.29+ 0..51

-2.36 + 0.56
-0.04+ 1.84

1.50 +0.14.
-3.83 + 2.89

0.42 + 0.04
1.08 +0.13 .

1.48 +0.14
1.48 +0.14

1.15+0.18
0.67 + 0.35

1.52+ 0.24
-2.15+ 1.74 0.88+ 0.80

1.43
1.19
1.01
4.66
1.39
1.44
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Figure 19 presents the differential cross sec-
tion for m P-4"Xas a function of Mx' for
various ~t( intervals. The cross sections for
four-prong events with no neutral particles (i.e.,
events for which a four-constraint (4C) fit was
possible) are indicated by the shaded areas. As
has been shown in a previous publication, "
these events are mainly quasielastic N*' produc-
tion (with the N*' decaying to w A"). Thus, in
order to study m P-b,"Xwithout w P N*+X,
these events were deleted from the data from
which the (n») presented in Figs. 20 and 21 were

I I I

g) ~00 & Mx & l20 G~V /
8
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~ TI-6=

(f ) 80 & Nl„& IOO Ge V /c 4

l . I I

(h) (20 & Mx & f40 GInV /c4
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FIG. 16. The average charged- particle multipbcity
(n») for» p-pX at 147 GeV/c, as a function of ~t~

for various intervals in Mz . The solid lines are plots
of the best fits to the data in the respective Mz regions
of expression (21). The dashed lines are plots of two=
variable fits of expression (23), evaluated at the aver-
age value of Mx for the given interval.

for (n»).
Figure 17 shows the results obtained for the

Mueller parameter f„"for w P-»~„,X, both as a
function of M»' and of (t~. The line is calculated
from the results of a fit to the data for w P-X of
a quadratic expression in ln s." Unfortunately,
the uncertainties on our data are too large for a
significant fit, but it can be seen that f, increases
with M~' in a manner not inconsistent with such a
dependence.

Figure 18 gives the results for f, for» P-PX
as a function of ~&' and of t. The Mx' dependence
is qualitatively the same as that observed for
PP -PX at several energies. "

calculated. However, the results without the de-
letion of these events were the same, well within
the uncertainties. Figure 20 gives (n») as a func-
tion of M»' and Fig. 21 as a function of ~t). The
dashed lines are calculated from the results of a
fit of (n») A+&.InM»'+C(t~ to these data. The
coefficients which were obtained are given in
Table IV. Although the ~tj dependence is similar
to that for m p-pX, it is only a 1-standard-devia-
tion effect.

C; m p~(w+m )poX

The values obtained for (n») for the p' sample
(X„+„-—~ 0.5 and 0.5 &M +„- & 1.0 GeV/c') as a
function of M»' are given in Fig. 22(a) and those

for the background region(x, +„~0.5 and 0.26~M, &0.5
GeV/c'plus 1.0&M...~1.4GeV/ca) are given in
Fig. 22(b). In a very detailed. analysis of v p
-poX at 15 GeV/c:, ; it has recently been shown
that p' production in the incident w fragmen-
tation region is mainly due to m.exchange. 35

Thus, it is interesting to compare the results
from this experiment which apparently involve
off-shell "w "P-Xwith (n») as a function of s for
» p-X [dashed line in Fig. 22(a)]. The agreement
between the distribution and the curve is striking.

Figure 22(c) shows (n») for resonant production
plus background as a function of (t( and Fig. 22(d),
the equivalent data for the background sample.

TABLE IP. Parameters obtained by fits of the indicated expressions to the &ex& data for
c p p X at 147 GeV/c for I» 2 ~ 20 GeV /c and ~t (

& 1.4 GeV2.

Expression X /ND

~+a InM»'+C[t~
A +B ].~ 2+CgnMg 2)2

A +BMX
A. +»noif»'/(1+~I

~ ))

-0.87 +0.54
7.46 +4.10
2.02 + 0.25

-1.58 ~ 0.53

1.49 + 0.3.4
-2.74 + 2.00

0.43 + 0.03'

1.88 + 0.14

0.64 +0.26
0.54 + 0.24

1;02:
0.71
0.58
2.71
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FIG. 17. The Mueller parameterf&= Q @ —I)) —(s) 2 form P-wt~&X at 147 Gev/c: (a) f2 as a function of Mr2.
The solid line indicates the data for r p-X (Ref. 18); (b)f 2 as a function of It I.

These data have been fit with the expressions
/i+BlnMx' and 4+C(t~, and the resulting para-
meters are given in Table V. The solid lines in
Fig. 22 are calculated from these fits. The fact
that the results for the background sample are
similar to those for the sample comprising re-
sonant production plus background suggests that
the same mechanism, m exchange, is responsible
for both p production and the background, which
is mainly s wave in this mass region.

lO

I I I I

(o) l t l & l.O GeV'

is that the results of fits of the expressions+ B lnMx'
+ C lt ~

to the (s„) distributions over the whole
range of both variables give results which are de-
pendent on how the bins are chosen. Consequent-
ly, we have limited our analysis to A"s produced
in the hemisphere in the target direction and we

D. m p~AOX

The A particles from the reaction m p A X
are produced both in the target fragmentation and
the central regions of rapidity. " However, as can
be seen from the I»' vs (t~ scatterplot given in

Fig. 23, there is a strong correlation between the
values of Mr' and (t ~

except in the target fragmen-
tation region ( lf (

& 1 Gev'). The consequence of
this, together with the small size of the sample,
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FIG. 18. The parameter f t= (s (a —1)) —(a) 2 for
m p px at 147 GeV/c: (a)f 2 as a function of MX2;
(b) f2 as a function of l t I.
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FIG. 19. The differential cross section, dg /dMX f as
a function of M@2 in various regions of I t ~, for 7l p6"X at 147 GeV/c. The shaded areas represent
events with four charged particles and no neutrals (i.e.,
events in which the data satisfied four constraint kine-
matic fits).
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FIG. 20. The average charged-particle multiplicity
(n~) for v p 6"Xat 147 GeV/c, as a function of
M» in various regions of ~t(. The solid lines give the
results of fits of expression (19) to the data. The dashed
lines give the results of two variable fits of expression
(22} to the data, evaluated at the average values of

~
t (

in the given interval. The four-prong, four-constraint
events are not included.

present results only for one-variable fits to the
data for which the sample size is sufficient to
provide bin independent results. Figure 24 gives
the (n») distributions with respect to M»' both for
all events in the target hemisphere ( ~t( & 14 GeV')
and for those in the target-fragmentation region
()t(& l GeV ). The (n») distributions with respect
to t are given for all events with M»' ~ 20 GeV'/c4
and for those with 20 &M»' &140 GeV'/c~. The
parameters obtained in one-dimensional fits to
these distributions are given in Table VI and the
straight lines shown in Fig. 24 are calculated
from these results. The values obtained for the

FIG. 21. The average charged-particle multiplicity,
(n~), for m p 4 "Xat147 GeV/e, as a function of
I t I in various intervals of M» . The solid lines give
the results of fits of expression (21) to the data. The
dashed lines give the results of two-variable fits of ex-
pression (23) to the data, evaluated at the average of
M~~ in the given interval.

parameter B for the two t regions are found to be
in good agreement. Those obtained for the para-
meter C agree within the uncertainties, but only
that for M»' ~ 20 GeV'/c~ is significantly greater
than zero.

Data, were also available for K and A inclusive
reactions, and both of these particle types were
found to be produced only in the central region of
rapidity. 'c This precluded a meaningful (n»)
analysis since the events corresponded to only a
very narrow range of Mx'.

V. DISCUSSION

Our results for m P-mf„, Xand n' P-PXare
consistent with the assumption that (n») =A

+ I3 lnM~' is a good representation of the Mx' depen-
dence of (n») for 20& M»' & 140 GeV'/c4 and that
B is independent of reaction type. Although we

TABLE IV. Parameters obtained by fits of A +B 1nM» t+C)t[ to &n»& data form' p A X
at 147 GeV/c for M» t~ 20 GeVt/c~ aud (t ) & 1.0 GeV~ with and without the four-prong four-
constraint events (m "P 6++m "g ).

X /ND

Without
With

-1.89+ 1.65
-2.01+ 1.84

1.56 + 0.49
1.50+0.54

0.72+ 0.86
0.94 + 0.96

0.99
1.39
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FIG. 22. The average charged multiplicity, (n x), for
~ p- x'x X at 147 GeV/c for x'r combinations with

x...- ~ 0.5. (a) Given as a function of Mx2 for the po

region (0.5 &M, +~- & 1.0 GeV/c~) and {b) for the back-
ground regions (0.26 &M~+~- & 0.5 GeV/c2 and. 1.0
~ M~+~- &1.4 GeV/c2). (c) Given as a function. of I t I for
the p region and (d) for the background region. The
dashed curve in (a) gives the (sz) vs s dependence for
~ P -. X (see Table VIII). The solid curves give the
results of fits of expression (19) to the data in {a) and

(b), and expression {21)to the data in {c)and (d).

were not able to rule out other' functional forms of
the Mz' dependence for reactions (1)-(5)we will
limit ourselves to this form in the subsequent
discussion partially for phenomenological reasons
and partially to permit inclusion of average total-
inelastic charged-particle multiplicities which re-,
quire this fo~m. "'" The values of (nz) at given
M»' are significantly different for reactions (1)
and (2) and we therefore compared their (nz) de-
pendence on available energy, E,. Fi.gure 25,
taken from our previous publication, ' shows this
comparison together with comparisons of pp-X
(Ref. 18) and v P -X (Refs. 18, 36, 3V) and of
v P -PX'(Ref. 8) and PP-PX (Ref. 20) at 205.
GeV/c f Table VII gives the results of fitting these
data with the expression
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(nx) =A'+B'ln E~ /E~oa, (24)

where E„is the value of E, at which one wishes
to eva1uate A'. By choosing E„ in the center of
the region for which data are available, one may
avoid the large uncertainties that occur if A' is
evaluated at E, =1, involving an extrapolation .

from the data region. Table VII also gives the

FIG. 23. The number of x p —Aox events at 147 GeV/
c in each interval of M+2 and ltl.

TABLE V. Parameters obtained by fits of the indicated expressions to (nz) data for w P (s+x )X at 147 GeV/c
forM&2 20 QeV2/g4 and x + .~0.5 in bvo M„+„„regions.

Expression C X /ND

0.5& M & 1.0 GeV/c2 . A +B 1nM~2
z +elf[

0.26&M„+~ &0.5 GeV/c2 A. +B 1nM~2
1.0 &M, „&1.4 GeV/c2 A + C It I

0.57 +0.33
4.97 + 0.12

-0.77 +0.82
4.96 + 0.17

1.08 +0.86

1.41+0.19
0.49 + 0.08

0.50+ 0.10

2.6
1.1
7.9
6.2
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FIG. 24. The average charged multiplicity, (nx),
for m' p A X at 147 GeV/c, as a function of Mx for
(a) I t I

&14 GeV' and (t) I t I
&1 GeV2, and as a function

of I t I for {c)Mx2~ 20 GeV2/c4 and (d) 20 &Mx2
«140 GeV2/c4. The lines give the results of fits of
expression {19)to the data in (a) and (b), and expres-
sion (21) to the data in (c) and (d).

difference ~A' between the results for A' for each
pair of reactions. ~A' is the difference between
the (nx) values at the arrows for each pair of
curves in Fig. 25. These differences are signi-
ficant and display a systematic dependence on the
particles involved. '

Therefore, we have analyzed our results in
terms of a simple model which attempts to isolate
the sources of these differences in (nx). Figures
26(a) and 26(b) indicate schematically the approach
that was taken. For inelastic hadron-hadron re-
actions (a+&- X'), the average charged-particle
multiplicity has contributions from both incoming
particles, n, and n~, which depend on the particle
type but not on 8. There is also a contribution
from the central region, n„which depends only on
the extent of this region in rapidity and not on the
nature of the incoming particles. In the simplest
models this contribution is equal to a universal
constant, the average number of particles per unit

r g 7I P PX ThiS
0 7f p 7T ) X exp

I I I I I I I I

50 IOO

c,' (Gev ' )

20

rapidity times the width in rapidity which is pro-
portional to ln s. Thus, for a +b -X, this model
predicts:

(nx) =n, +Bins +n~. (25)

Analogously, for ++&-+I, there a.re contribu-
tions, no, from the central region which has a
width proportional to ln Mx' and, n» from par-
ticle b. However, in this inclusive reaction the
exchanged particle or trajectory, E„[s Feieg.

FIG. 25. The average charged-particle multiplicity,
(n z), as a function of available energy, E~, for (a)
x p-X (Hefs. 18, 36, 37) and pp -X (Hef. 18); (b)
m p pX and pp pX at 205 GeV/c (Hefs. 8 and 20,
respectively), (c) ~ p-pX and ~ p-7I.&~t X at 147 GeV/
c (this experiment). The solid lines are plotted from
fits to the data of expression (24); the value E 0 in each
plot is shown by the arrow.

TABLE VL Parameters obtained by fits of the indicated expression to (nx} data for w P A X at 147 GeV/c.

Expression

A +B lnMx

~+cltI

Region fit

It I & 1.0GeV; 20«Mx2«140 GeV2/c4

lt I & 14 GeV2 20 «M 2» 140 GeV2/c4
20«Mx «140 GeV2/c4; lt I

& 2.5 GeV2

Mx 2 ~ 20 GeV2/c4; It I
& 2.5 GeV3

-3.10+2.24 2.01+0.52
-3.14+2.05 2.08 +0.47

5.29 + 0.45
5.12 +0.31

0.87 a 0.60
1.17+ 0.21

X /ND

2.0
2.8
1.9
1.8
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TABLE VH. Parameters obtained by fits of the expression A'+B' inE, /E, o to {s») data for the six reactions of Fig.
25. E~p is the central value of Eff in each pair of fits (see arrows in Fig. 25). Thus, A' is equal to the fitted value of
(&») at E,p. &A' is the difference between the A' for each pair of reactions.

Reaction
(X= anything) @.ao

Data
from Ref.

g", +p X
(i)

p+p-X
60 GeV

5.57 + 0.04

5.30 + 0.04

1.25+ 0.06

1.26 + 0.05
0.27 + 0.06

18, 36, 37

g" +p~p +X
(ii) 205 GeV/c

p +p-p+X

m" +p~p +X
(iii) 147 GeV/c

+p~n'g +X

60 GeV

52 GeV

5.67+0.06

5.37+ 0.08

5.28 + 0.04

4.73+ 0.11

1.30 + 0.09

1.23+ 0.12

1.60 + 0.07

1.40 + 0.17

0.30+ 0.10

0.55+0.12

20

this exp

this exp

26(b)] takes the place of incoming particle c in
the total-inelastic reaction [see Fig. 26(a)]. This
contributes n~ to the charged multiplicity, a,

contribution which might be expected to depend on
both the nature of the exchange, its four-momen-
tum transfer, f, and possibly the ratio s/M'.

a) oo

n

-c)

FIG. 26. (a) Diagram for reactions of the type e+b
X, showing contributions to the total multiplicity from

the projectile region, n, , the target region, n&, and the
central region, np. (b) Diagram for reactions of the
type a+b -c+X, where the exchanged entity E„inter-
acts with b to produce X. The multiplicity (n») has
contributions nz, np, and n&, analogous to those
shown in (a). (c) Triple-Regge diagram for a+b- c+X.

Thus, for a+0» +X, this model predicts

&n») =s,, +alnM»'+n, . (26)

In particular, the coefficients B and n~ are the
same as in Eq. (25). There is some arbitrariness
in the separation of no from the fragmentation
regions which is reflected in the choice of scale
for Mx' and s in the loga, rithm. However, com-
parisons between the coefficients are meaningful
if the same scale is always used.

For various rea, sons a precisely linear depen-
dence on ln Mx' is not expected. For one, the
fits of Albini et &l."to total-inelastic multipli-
citites for various incident particles show that
(n») =A +& ln s is a good representation of the
data only over limited regions in s. Especially
in the case of PP-X, data are available over a.

large enough region of s that a simple linear de-
pendence on ln s may be ruled out (see Fig. 1).
This could be accommodated within the model by
a quadratic dependence of n, on ln s or ln Mx'

which, like the linear dependence, is independent
of the nature of the incident particle. It may also
be accommodated in a Mueller-Regge analysis
which takes into account a nonleading Regge traj-
ectory. "

Another reason for not expecting a precisely
linear dependence on ln Mx' is that the term n~
may depend on s/M»'. The Mueller-Regge model
predicts the dependence given by expressions
(25) and (26), but states, in addition, that ns,

is a scaling function of s/M»'. " To the extent that
one trajectory predominates at high s/M„', it is
expected that n~ would be essentially independent
of s/M»' and dependent on f only. However, an
explicit dependence upon s/M»' at low values of
this parameter would produce a departure in
(e») from the linear form A +BinM»' for a fixed s.
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TABLE VIII. Parameters obtained by fits of the expressions A" +B1nM+2/53 or A +B1ns/53 to (nx) data for various
reactions for 20 &M~ &140 GeV /& or 20 &s&140 GeV .

Reaction Momentum (Ge V/c) Reference No. points A"

m'"p ~m'g X
g p~pX

g p z"pX
~ p A++X
x p- (x'm")pDX
r-p- W'X
g+p ~Q++ X
~'p- a'X

pp- z'x
pp -2C

pp ~X
g+p~ X
g "p X
K+p- X
Z-p- X

147
147
205
147
147
147
147
100
100
102
205
303
400
100
102
205
400
100

this exp
this exp
39
this exp
this exp
this exp
this exp

, 40
41
7
20
6
7
40
42
43
42
41
14, 44, 45
14
14, 18, 44,
14, 18
14, 18, 45
]4

6
6
9
3

5

3
7
9
7
3
6
3
5
3
5
19

45 9
12
5
5

4.35 + 0.08
5.28 + 0.08
5.34 + 0.08
5.81~0.35
4.70 a 0.15
4.85 +0.06
4.97 + 0.28
4.98 + Q.25
5.94+ 0.65
4.54+ 0.11
4.75+0.06
5.57 + 0.18
4.86 + 0.24
4.61+ 0.23
4.32 + 0.27
4.22 +0.07
3.52 + 0.40
4.91+ 0.44
4.48 + 0.01
4.87 + 0.05
5.13+0.03
5.03 + 0.02
4.86 + 0.03
4.74+ 0.03

1,65 +0.15
1.63+0.14
1.21+ 0.14
1.73+0.68
1.83 + 0.32
1.08 + 0.09
1.82 + 0.45
0.84 + Q.58
1.27 + 0.95
0.96 +0.17
1.24 + 0.10
1.11+ 0.31
2.03+0.51
0.53 + 0.47
1.61+0.54
1.17+ 0.13
0.83+0.64
1.69+0.69
1.38 +0.03
1.23 + 0.12
1.21+0.05
1.45+ 0.03
1.30+ 0.05
1.38 + 0.05

1.8
0.5
0 4
0.3
1.3
2.6
3.0
0.4
0.2
0.8
1.4
1.3
0.03
2.6
2.2
0.8
0.3
0.5
1.7
1.1
5.0
2.2
1.4
2.2

In Table VIII we give the results of a fit of

(nx) =A" +Bln Mx'/53 (2'I)

to our data for reactions (1) to (5) for 20 (M»'
(140 Gev'/c4. In this table we also present the
results of fits of (2'I) to data for inclusive reac-
tions from the literature and of

(nx& =A" +Bins/53 (28)

to various inelastic processes for the same re-
gion of ~x' or s as our data. It should be noted
that the inclusive (nx) can be fit by other functions
of M& and substantially higher statistics would be
required to permit a unique decision on functional
form. However, the total inelastic (nr& require
an lns dependence, ' '" and therefore we have
chosen this form in order to simultaneously de-
scribe all the reactions in Table VIII over the
given range in Mx' and s. All the values of &
agree within three standard deviations with the
weighted average value, 1.35 +0.09. All the Ã'/
ND are acceptable except that for w'p-X. The
values of & for PP-X and PP -I are consistent
with those obtained by Albini et a/. ' for somewhat
different regions of s.
' Since data are available for some of the inclus-
ive reactions at several values of incoming beam

momentum, it is possible to investigate the de-
pendence of the term, ns, on s/M~'. This ex-
change contribution is given by the following ex-
pressions for m' P-PX and PP-PX, respectively,

ns„= (nx& —n, —n„-,
ns =(nx& —s, —n, .

(28)

(30)

ns, + n~ = (sx& n, —(n, --n~)

=(n„&—1.35lnM '-0.55

n, +I, =(n„& —n =(n ) —1.35lnM„'.
gpss P X {) X (32)

The n, term may be assumed to be Bln Mx' where
B is the slope obtained for the particular reaction
given in Table VIII. This choice, however, suf-
fers from the difficulty that all the M~' dependence
in these fits is lumped in this term. A less biased
approach is to use the values obta. ined for B in the
fits to total-inelastic (nx) reactions (8)-(13), the
weighted average of which is 1.35. n„- and n~

are not known, but their difference may be ob-
tained from PP-X and n P-X and is given in
'7able IX. Thus, the same quantity, n~ +n~, in
this model may be plotted for both reactions. For
n P-PX, this quantity is equal to the following:
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TABLE IX. Terms in the expressions (sz) =sz +B lnMz t+nq and (nz) =n~+B 1ns+sq calculated from the results given
in Table VIII {see text for explanation).

Momentum (Qe V/c)

n~+- n~„=A" (x+p X)-A" (x p X)
ng+-ng- =A" pZ+p X) -A" (K p X)
np -n y

=A" {pp X)-A" (pp X)
n + -np =A" {x+p X')-A" {pp X)

A" (n'p-6" X) -A" (pp -E+'X)
A" (r p Z X)-A"yp Zox)

n -np =Q" {g"p X) -A" (pp X)~"(.-p-pX) -A" {pp-p X)
n „-n~„=A"(x p X)-A."pC p X)

-ng =A" (pp pX) -A"@p 6"X)
A" (~ p pX)-A" {xp-8++X)
A" (pp ~p X) -A" (pp ~6++%')

n~ -n~ = A" (pp- pX) -A" (pp -p'X)
A" {~ p p X) A.i (~-p AoX)

n~ -n~ =A" {pp-pX) -A' (pp-X)
. 0P A" (~ p-pX) -A" (~-p-X)

A" (n'"p pX) -A" (x"p X)
A" (pp-pX) -A" Qp-X)

100
100

205

102
147
205
40G
102, 100

147
102
147
205
205
303
400

-n„- =A" {~-p-~~ X) -A" (x-p-X) 147

nz ( ) -s„-=A"(X p (x'z )+X) -A (x p X)7(+7r")po 147

Result

G.09 +0.03
0.12+0.04

-0.39+0.05
0.64+ 0.03
0.37 +0.36
1.03 +0.78
0.55 +0.03
0.59+0.10
0.29 +0.04
0.22 +0.29
0.57 + 0.17
0.52 + 0.09
1.35+ G.47

-0.36 + 0..45

0.31+0.31
0.06 +0.11&
0.24 + 0.08
0.30 s 0.09
0.26+ 0.06
1.08 + 0.18
0.38 + 0.24~

-0.68 + 0.09

0.18+ 0.07

Weighted average

0.64+ 0.03

0.55 + 0.03

0.54 +0.08

0.09 + 0.26

0.28 + 0,04

(a) These expressions from the two reactions are
given as a function of s /M»' in Fig. 27(a) and are
seen to be consistent with a constant value of
-0.63 +0.03 (y'/ND =2.0). It should be pointed out

overage
j)

X

O

(b)

'(, .
overage——————-() ————

, ~Err n',

AE pg++ "Epp

0
I

5 l5
I

20
S/ Mx

FIG. 27. {a) The quantity (nz) —1.35 lnMX2+6
plotted as a function of g/Mx for pp-pXQ=O) at 102
GeV/c (0), 205 GeV/c (Li), 303 GeV/c (rg), and 400
GeV/c (4), and v p-pX (5 —0.55) at 147 GeV/c (x)
and 205 GeV/c (+). This quantity is equivalent to
sz (s/Mx2, (t) )+s& according to the model discussed in
th8 text, if so=1.35 lnM&t,'(b) the quantity (s&)
—0.31lnMx2-0. 13 {lnMX)2 plotted as a function of s/Mx
for the same reactions. This quantity is equivalent to
nz (s/Mx, (t})+n& if no=0.311nMx +0.13 (lnMz ) .

I

- 0.8
I

-0.6
l

-0,4
(n- nx. -)

I

-0.2 0.0 0.2

FIG. 28. The difference between the multiplicity
associated with a specific particle or exchanged entity
and that associated with the 7t (n, -), as determined
from combinations of reactions listed in Table VIII far
s or M 2=53 GeV2/c4.
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that the (n») at different s and M»' values corre-
spond to data extending over different intervals in
t. Since nE is expected to be a function of t, this
could affect the results in Fig. 2V. However, as
discussed in the previous section, the t dependence
of (n») in those inclusive reactions where it has
been measured is not strong and, consequently,
a significant effect is not expected.

To test whether the apparent constancy of riE
is due to the assumption of a linear dependence
upon ln Mx', we also tried the expression n, =-0.30
lnM»'+0. 18 (lnM»'}', the fit to the data for PP
-X obtained by Albini et al." (see Fig. 1). The
results shown in Fig. 27(b) are consistent with a
constant value ns +@ =1.50+0.04 ()P/ND =1.8).
The difference in the absolute value from the re-
sult obtained above is due to the different conven-
tion for defining no and is unimportant. The re-
sults of both calculations indicate that a function
which approximates the s dependence of total-
inelastic charged multiplicities also accounts for
the Mx' dependence of the inclusive charged mul-
tiplicities within the uncertainties. Thus, over
the region covered, nE does not have a signifi-

. cant s/M»' dependence.
The values for (n») at M»' equal to 53 GeV'/c'

given in Table VIII make it possible to calculate
the difference between various contributions to
the charged-particle multiplicities by subtracting
(n») for the appropriate reactions. For example,
since for s'P-X, ((n)»),+~ =n, + +n, +n~, and for
s p-X, ((n»))„-~=n„+n, +n~, it follows that
((n»)), +~ -((n»))„-~ =n„+ -n, -. This result is
independent of the functional form of the M~', but
does assume that it is the same for all reactions.
Table IX gives the results for a number of such
differences and in the seventeen cases where the
same term difference corresponds to more than
one difference between reactions, the results
agree with the weighted average value within the
uncertainties. From the values in Table IX, it
is possible to calculate relative values for most
of the terms. Choosing n, - =0, one obtains the
values given in Fig. 28. The relative values of
these parameters are shifted, but not by more than
2 standard deviations if one evaluates the differ-
ences at M»' =106 GeV'/c', using the values of B
obtained by the fits to the individual reactions.
However, the pattern is the same.

It is interesting to see if the contributions nE„
have the characteristics to be expected from the
exchange of a virtual particle of the appropriate
quantum number. Since a m -like exchange occurs
in the process m -p one might expect that
n,--nE, and, indeed, we see in Fig. 28 thatEff-PP n

this is true. Furthermore, since a K"-like ex-
change occurs in the process p-A, we expect

that n~+ -nE, which again is observed. How-
ever, although the process p- b'+ has been ob-
served to proceed predominantly by m exchange
at 147 GeV/c, "the nz, term obtained from

Epn, ++
these data is significantly different from n„-. It
agrees with nE „,which could be explained by
p exchange being important in both processes.
This is in agreement with the results of a triple-
Regge analysis of this reaction at 15 GeV/&
which show that the exchange to the pA" vertex
lies between the n 3'nd p trajectories. 4

VI. SUMMARY AND CONCLUSIONS

We have described the analysis of and some of
the results for reactions (1) to (5) at 147 GeV/c.
For all of these reactions, the inclusive average
charged multiplicity was consistent with a linear
dependence on ln Mx', but other functional forms
could also be fit to the data. (n») for v P - vf„, X
had a significant t dependence, and the I;depen-
dence found for m' p-pXwas nonzero by more than
2 standard deviations. A comparison of the data
for m p-p'Xwith those for m p-X indicates that
the average charged multiplicity for off-Inass-
shell "m" P scattering is very similar to that for
on-mass-shell mP scattering.

Our analysis has shown that the average charged
multiplicities are not described by a universal
function of available energy. Thus, we have com-
pared our data and data from the literature with a
simple model which gives (n») as the sum of one
term from each of the incoming particles, one of
which is the exchanged particle. in the case of in-
clusive reactions, and a universal term from the
central region which is a function of s or Mx'.
Other studies have shown that over a limited re-
gion in s, Bins is in satisfactory agreement with
the observed s dependence of the experimental
results, but a quadratic term is needed for pp-X over a wider region. ' '" The values obtained
in this study for B are consistent with the average
value, 1.35 +0.09, for all reactions considered.
In inclusive reactions, the contribution from the
exchanged particle, nE, , would be expected to be
a function of s/M»' and t. A significant f depen-
dence is observed in I' p- mf„&X, but no evidence
for an s/M»' dependence was found.

We have calculated differences between various
contributions to the average multiplicities by
taking the difference between average multiplici-
ties at ~x' or s = 53 *GeV' for different reasons.
This has enabled us to establish the relative mag-
nitudes of the terms contributing to the multi-
plicities as given in Fig. 28. Since a number of
the term differences are ca3.culated from differ-
ences between more than one pair of reactions,



A VERAG E CHARGED-PA RTIC LK I U LTIP LICITIKS IN. . .

the consistency of these results constitutes a
consistency check on the model.

ACKNOWLEDGMENTS

This work was suyported in part by the U. S.
Department of Energy and the National Science

Foundation. We gratefully acknowlege the efforts
on behalf of this experiment by the Fermilab
Neutrino Section and 30-inch bubble-chamber
staffs and the spanning and measuring personnel
of the participating institutions. One of us
(J.E. Brau) would like to thank the John and
Fannie Hertz Foundation for financial support.

*Present address: DESY, Hpmburg, West Germany.
/Present address: New England Nuclear, Billerica,

Massachusetts.
)Present address: Polytechnic Institute of New York,

Brooklyn, New York.
0Present address: Indiana University, Bloomington,

Indiana.
~~present address: Purdue University, West Lafayette,

Indiana.
&Present address: Argonne National Laboratory, Ar-

gonne, Illinois.
*~Present address: Dialog Bystems, Inc. , Belmont,

Massachusetts.
f)Present address: Duke University, Durham, North

Carolina.
f.)On leave of absence from Tel-Aviv University, Tel-

Aviv, Israel.
0 5 Present address: Stanford Linear Accelerator Center,

Stanford, California.
~~[~present address: Tel-Aviv University, Tel-Aviv,

Israel.
~%Present address: The Weizmann Institute of Science,

Rehovot, Israel.
***Present address: Fermilab, Batavia, Illinois.
'D. Fong et al. , Phys. Lett. 53B, 290 (1974).
2D. Fong et a/. , Nucl. Phys. B102, 386 (1976).
3Proportional Hybrid System Consortium, Phys. Rev.

Lett. 37, 736 (197.6) ~

4W. R. Frazer and D. R. Snider, Phys. Lett. 45B, 136
(1973).

~C. F. Chan, Phys. Bev. D 8, 179 {1973).
~S. J. Barish et al. , Phys. Bev. Lett. 31, 1080 {1973).
VJ. P. DeBrion et al. , Phys. Lett. 52B, 477 (1974).
SF. C. Winkelmann et al. , Phys. Rev. Lett. 32, 121

(1974).
9C. F. Chan and F. C. Winkelmann, Phys. Rev. D 10,

3645 (1974).
~OW. R. Frazer et a/. , Rev. Mod. Phys. 44, 284 (1972).
E. L. Feinberg, Phys. Rep. 5C, 240 (1972).

'2M. Garetto et a/. , Nuovo Cimento 38, 38 (1977).
~3D. M. Tow, Phys. Rev. D 7, 3535 (1973).
4E. Albini et al., Nuovo Cimento 32, 101 (1976).

~5J. Whitmore, Phys. Bep. 10C, 273 (1974).
~8J. Whitmore, Phys. Rep. 27C, 187 (1976).
'YW. Thome et a/. , Nucl. Phys. B129, 365 (1977).

V. V. Ammosov et a/. , Nucl. Phys. B58, 77 (1973).

'SA. Wroblewski, High Energy Physics, proceedings
of the Fifteenth International Conference on High
Energy Physics, Kiev, 1970, edited by V. Shelest
(Naukova Dumka, Kiev, U.S.S.B., 1972), p. 42.

20J. Whitmore and M. Derrick, Phys. Lett. 50B, 280
(1974).

~C, Pajares and B. Pascual, Nucl. Phys. B137, 390
{1978).
M. G. Albrow et a/. , Nucl. Phys. B102, 2V5 (1976).

23J. W. Chapman et al. , Phys. Rev. Lett. 36, 124 (1976)
(this paper includes references to previous work);
D. Horn, rapporteur talk, Oxford Conference on Mul-
tiparticle Production, 1975 (unpublished).

24S. J. Brodsky and- J. F. Gunion, Phys. Rev. Lett. 37,
402 (1976)~

A. Casher, J. Kogut, and L. Susskind, Phys. Rev. Lett.
31, 792 (1978).

2~The topology dependent weights, so&, are given by so&

=a~/N~ where 0 ~ is the cross section for the i prong
topology and N; i,s the number of usable events in that
topology.

27Here, as usual, x=2pz/v s where pI is the longitudinal
momentum of the particle in the center-of-mass sys-
tem and Ws is the center-of-mass energy.
D. Brick et al. , Phys. Rev. D 18, 3099 (1978).
D. Fong et al. , Phys. Lett. 60B, 124 (1975).

30Proportional Hybrid System Consortium, report
(unpublished).

'See, for example, J. Bartsch et al. , Phys. Lett. 27B,
336 (1968).

32Particle Data Group, Phys. Lett. 50B, 1 (1974).
"f2= (a(a —1)) —(n) t.
34J. Whitmore et al. , Phys. Rev. D ll, 3124 (1975).
3~F. Barreiro et al. , Phys. Bev. Lett. 40, 595 (1978).

G. A. Akopdjanos. et al. , Nucl. Phys. BV5, 401 (1974).
37E, L. Bex'ger et al. , Nucl. Phys, B77, . 365.(1974).
38C. E. DeTax', Phys. Rev. -D 17, 870 (1978).
39F. C. Winkelmann et' al., Phys. Lett. 48@, 273 {1974).
40J. Erwin et al. , Phys. Hev. Lett. 35, 980 (1975).
+J. Erwin et al ., Phys. Bev. D 16, 553 {1977).
+J. P. DeBriori et al. , Phys. Rev. . I ett. 34, 910 (1975).
43S. J. Barish et a/. , Phys. Bev. D 12, 1260 (1975).
44C. Bromberg et al. , Phys. Bev. D 15, 64 (1977).
45W. W. Morse et al. , Phys. Bev. D 15, 66 (19VV).

F. Barreiro et al. , Phys. Qev. D 17, 681 (1978).


