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Hadronic multiparticle production data at high energy show important
evidence for diffractive effects, for cluster formation, and for short—-range
order characteristic of multiperipheral-type models. The apparently scaling
leading proton peak 1> is a striking signal of inelastic diffraction. Domi-
nance of short—range order effects in the central region is suggested by the
plateau in rapidity for single-pion inclusive spectra 2 and, more importantly,
by the energy independence of nbrmalized two—particle inclusive correlations 3)’4).
Cluster formation seems evident. Small average spacing in rapidity and a mean
two—pion invariant mass of < 500 MeV are consequences of relatively large values

5)

observed for <nc >. Clustering is called for more directly by the positive

h
value of correlation moment f2 for P1ap > 50 GeV/c in pp collisions 5).
All three ingredients should be present in a realistic treatment of inclusive

spectra and multiplicity distributions.

Until now, phenomenological approaches have concentrated on only a subset
of the three items mentioned above. In the nova picture 6>, cluster formation
and diffraction are (over) emphasized, with result that correlations in the
central region are predicted to be too large at ISR energies and to grow in

proportion to Vs. Independent pion emission models 7)

are unable to produce
the observed positive correlations. Two-component models for multiplicity
distributions 8) have enjoyed great popularity. In this approach, positive f2
and positive central region correlations arise simply from the addition of
distributions. However, separation into components and the parametrization of
each component is rather arbitrary. There is little predictive power. Inclu—
sive Regge (Mueller) analysis 9) provides important insight, but fails to give
reliable estimates of the scale of energy dependent effects, especially where

Yithresholds"™ are involved. Further, it is clearly unappropriate when non-—

inclusive aspects of multiparticle phenomena must be confronted.

In this note, we report results based on a model which combines the
three ideas listed above. The approach is basically multiperipheral (short—
range order dominated), with hadronic clusters rather than single hadrons
being emitted along the multiperipheral chain. Diffractive effects are
effectively taken into account by an amplitude in which Pomeron exchange is
present. At least qualitative agreement is achieved with data on multiplicity

distributions and on single and two—particle inclusive distributions.

We first define the model and then discuss its predictions using both
a Monte Carlo phase space calculation and analytic evaluation of idealized

limitse.



THE MODEL AND ITS PARAMETERS

a) Multiperipheral cluster model

Figure 1a illustrates the production of clusters, each decaying into
K particles by the exchange of some trajectory (e.g., T exchange). A very
simple realization of this is given by an independent emission model in which

the matrix element M for the emission of n, clusters is given for n, =2

by n e -

Following Hamer 10),11)

s we suppose that the clusters are described by
the statistical bootstrap theory 12 and each decays isotropically in its rest

frame into pions with distribution

D, (¢) =< exp[- §act] )

This implies a linear relation between the mass m, and the number of

decay particles K of the cluster

me =~ -6 Sy w (%)

K is not expected to be fixed. The clusters are surely produced with some
mass spectrum. The results discussed in the paper are not sensitive to this, and
and so we assume K 1is distributed uniformly between 1 and Kmax’ where

KmaX is energy independent and will be varied to fit the data.
1)

a multiperipheral cluster model which, for ™ exchange, has a similar matrix

We note that Hamer and Peierls L have given a theoretical analysis of

element to (1). In fact, it is encouraging that they find an output trajectory

(Pomeron) near' o = 1 for parameters similar to those we find from our fit

to data [see our Eq. (9) later].

b) Final state baryons

In principle, one could calculate the whole final state using a model,
as sketched in a), where the clusters decay into pions, protons and all the
other stable hadrons. However, this would require many different exchanges in
our multiperipheral links and a very detailed specification of their quantum

numbers. Rather, we first simplify to a world containing only pions and nucleons,
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and then use as input to the model the observed nucleon momentum distribution.
After we feed in the known proton-neutron ratio and the confinement of baryons
to small p;, crucial input is the inclusive proton do/dx distribution.
Given this, and assuming that the two final state baryons are produced in-—

dependently, we derive a definite distribution for the invariant mass np of

the remaining pion system. It is to this system that we apply the simple model
described in a) for every my to predict the pion multiplicities and single
and two-~particle inclusive distributions.

Our parameters can be classified as follows : A [in Eq. (1)] and K o

are free and determined from observed multiplicity distributions (Section 2.a)
do/dx,proton and o, are roughly known but have some 20% freedom (Sectlons T.c

and 2.b); the results are insensitive to o, (section 2.b).

¢) x _spectrum for protons

We can divide the contributions to do/dx into the two parts sketched
in Figs. 1b and 1c corresponding to Pomeron and P' contributions. We choose

13)

the currently fashionable model with a non-vanishing triple Pomeron coupling

in which Fig. 1b is represented as
E do gfcs,x,P:)..‘B{ (4)
d_‘P 1-&)

As has been recently pointed out by several authors 13), the rise in the
total cross—~section at ISR energies can be attributed to this term. We choose
a magnitude B consistent with this interpretation. All other contributions
to do/dx are assigned to graph 1c, but we need no detailed triple Regge model.

1)

smooth function of x which we choose to have <[x,> = 0.45. Values between

Rather we take this x distribution from experiment as adding to (4) a
<lxl>-= 0.4 to 0.5 allow similar fits with 10% changes in parameters. For

analytic estimates, we use the rough parametrization

f(:c} = A « B/(l-x) (5)
with A/B=L4O

We note that the two terms in (5) give this picture many of the features
of the "two—component"™ approach 8 . However, the quanfitative results are
.changed because the Pomeron contribution is not a single added term, but rather
an integral which diverges near x = 1. In particular, the Pomeron is associated
with a logarithmically growing multiplicity, in contrast to the fixed multipli-
city of many two—component models. The growing multiplicity appears to be
inevitable for a Pomeron associated with a scaling (in x) peak in f(x,ps)
near x=71. As we will point out in the next Section, there are other important

differences for f and both single and two—particle rapidity distributions.

2’



d) Treatment of charges

In principle one should perhaps assign definite probabilities for iso-—
spins of the exchanged links and produced cluster. Unfortunately, the necessary
analysis in the statistical bootstrap model is not yet available to calculate
the consequent correlated decays of pions of sundry charges. Here we simply
assign charges statistically to.the final pions without regard to the cluster
from which they came. This includes effects from charge conservation (nn+ >'nn_)

but no subtler effects.

PREDICTIONS

a) Multiplicity distributions

The two basic parameters A and KmaX introduced in Section 1.a are

directly determined from the moments f1 and f2 of the multiplicity dis—

tributions. Thus, for a given mass m the mean number of clusters is

B’
<> = ALn () (6)

while the observed particle yield is

54_=<r\,r>=<\<>>\ﬁn.(m"s) (7)

If the clusters are distributed in a Poisson fashion, we can easily show that

fa = € anlae-d> - <Y

= < KK=-2 X\LUn (m)
<>

(8)

f2 is naturally positive in agreement with data 5).

These results are modified by both the integral over mp presented
by the proton distribution, and by energy momentum conservation effects which
spoil the Poisson distribution for clusters produced from a given Mpe These

are all included in our Monte Carlo program. For

A= 07 -
Kmex = & (9)



We find results shown in Figs. 2a and 2b for f1, Yo and Y3 The latter
are defined by

Y, = < (n-<mt>/endt

(10)
Ys a < (n.—<n>)3>/<u>3

and are predicted to be constant if KNO scaling is true 14). It is noteworthy

that our model — for which KNO scaling has no significance - does exhibit it a
as a transient phenomenon over the range 50 — 300 GeV/c, for which it has been

tested.

It is worth notin% here that the contribution of the Pomeron graph 1b

(®)

gives a cross—section o ~ logs, a multiplicity <n>

~logs and an
fé‘P)N(log s)z. The total <n> and f

5 are given by
(¢

<A = adnd )-u- -b-<n>(ﬂ

[ . (11)
o g0 L e LT

(P')/c’ t = G<“P)ﬂ5

using "two—component" language. - Here a+b = 1, a=0
so that at current energies, <n> has a term growing as (1ogs)2 and f2

a (log 8)3 component. As we indicated earlier, these results are quantita-
tively different from those in previous "two-component" treatments. Our model
has the appealing feature that the same parameters A and Kmax control Pomeron
and non—Pomeron terms. As pointed out.by Frazer, Snider and Tan 13) this

gives the asymptotic prediction <n> “>) = %<n>(p'). 1t can be vested experi-—
nentally by looking at multiplicity distribution of pions recoiling off a proton
with, say lxl > 0.9. We expect a distribution with half the mean of the total
sample. We find at the top of the ISR energy range, that the total multiplicity
distribution develops a two-peaked structure corresponding to the two terms —

P!  and Pomeron in the model. Unfortunately, this double peak is smeared into
one when the charged multiplicity distribution is examined. The main test then

remains the x dependence of the multiplicity distribution mentioned above.

b) Momentum transfer distributions

The transverse momentum distribution is determined by the two parameters

15)

o, and o, introduced in Section 1.a. It is well known that (except for

one particle clusters !) the final pion transverse momentum is solely determined

by o, (given o, 1is small, i.e., 04 % 02). We find a nice fit with the

reasonable value 02 = 230 MeV/c. This gives the shape, for small p%, of



f(x,s,p%) integrated over all x. Again the model, in quantitative agreement

with experiment 10% predicts this distribution to be sharper for small x. Note

that 02 not only determines the mean p% of the final m's but also the
mass of the cluster decaying into a given number of pions [Eq. (3)]. An

economy of parameters results.

c) Single particle inclusive distributions

Rapidity distributions at several energies are shown in Fig. 3a where
*
we see scaling and the eventual appearance of a plateau at ISR energies .

The general shape and energy dependence (including rise at y=0 v. energy)

2),16),17) 17)

is in good agreement with data One failing is that experimentally

the ™ distribution is sharper than the nt y distribution [i.e., dc/dy(ﬂ?)
< dc/dy(ﬂf) in the fragmentation region]. This is easily understood in a Regge
analysis, but cannot be reproduced with our present crude handling of charge.
For this reason, we compare theory with the sum of nt ana n distributions.
Figure 3b shows do/dy for various charged pion multiplicities. The sharpening
of the y distribution for increasing multiplicity has been seen at ISR 4) and
NAL 16). A dip develops at y =0 <for the low multiplicities as energy in-—
creases. This is a consequence of the increasing importance of Pomeron ex—

change.

These results can be understood analytically. The rapidity distribution

of m's decaying from a single cluster is 18)

d D = A
W/di T T2 cosW Cn-:&

~ A - (Y- S- (12)
~ g e=e {7 (TG

with 60 ~ 0.9,

Given a plateau in cluster rapidity, an integral over (12) implies a
plateau in 1™ rapidity. Now as each My gives a plateau, it is easy to see

that for the ©P' graph 1c, the integral over m alters nothing. A single

B
Pomeron graph 1b gives a cluster rapidity distribution

*) The energy at which a plateau appears is sensitive to small changes in
parameters. For instance, a 20% increase in <lX'P'l> would destroy
the plateau at ISR energies.



d'c-/d (clustcﬂ oc. 'Q.Oj (E)"P j (15)
3

which peaks at y‘:long. Upon adding the other Pomeron graph, we find a full
plateau also for the net Pomeron contribution. The Monte Carlo program shows
that energy momentum effects do]not spoil this. The Pomeron graphs sum to
give a plateau in y whose height rises like 1log(s) compared with the P!
graphs. Such a plateau is of course not expected in the older two=component
models where the Pomeron graphs only contribute to the edges of the rapidity

plot 19),

d) Two-particle inclusive distributions

Our predictions for

R (ix»jz) = Cladl d}a/dﬂa.dja.

‘d"’/dja. d"f/ijz -1 )

are shown in Figs. 3c and 3d. We see that R 1is energy independent over the
ISR range for vy 0. For a ¥4 that is outside the plateau, R rises with

energy to its 1im§ti§g fgrm as a function of Y1=¥5 only. These features all
%) 44 ),20

agree with data , as does the rough shape and, in particular, the zero

seen for g o, [yzl ~ 3,

Defining, as usual,
Clang) = Ao dr de gy 0y o)

we can show that the contribution of Fig. 1c = the P' graph is

™ (y,, 4o = F owiv-1y>
<K>

x_ A e gy -wa ) (16)
25,0 <e{- ‘e g

with F (Pls

(D)
= Y @y do
o dj
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Note that (16) gives a correlation length ~ 2 units (defined as distance
over which C falls to 1/e of its maximum value). It is an energy independent
function of Iy1—y2l only. The Gaussian form in (16) is valid only for small
|y1—y2l, where neglect of the pion mass implicit in (12) is valid *>. On the
other hand, the exponential form predicated by Mueller analysis 9 is correct
only at large Iy1—y2l. Thus there is no contradiction between the two approa-—

ches.

The correlation function for the Pomeron terms takes the form

(P o
C (:\Mﬂt\ = |/2‘"F(P { ,/z - ‘\j‘.:"'l/&ojs}

F"(?.) i- \—:"_:Sl\ <K (K= exp :'_(34_'3;1 )

* L :
2 Rog S <KY2 8, I W &

This expression shows both short- and long—-range pieces.

The net correlation function has, in addition to (16) and (17) a cross

term

0_(9') c_(W) 1 de®) 0 c\_.g'(m

—" —v N
o* d-()dﬂ" a.“\’) ¥ (18)
. 4k ™ L de®
o™ dy o ® :;Ei;

In some two-~component work 19) dc(‘P 3/dy is assumed to be negligible at y =0,

in which case the above term gives a considerable contribution at y155y2g50.
In our case, because <n(

®)
19)

previously . Combining all effects of the Pomeron graph, (17) and (18), we

1
>::%<n(P )>3 (18) is roughly 0.25 the values suggested

find that our total "long range" contribution to R(0,0) at ISR energies.is

about 0.1, and is even smaller for large |y1—y2

The analytic calculation and Monte Carlo program both indicate that
essentially all the correlation in the central region comes from the short—

range component. The good agreement in Fig. 3a for charged correlations

indicates that the same value <K>~ 4, for pions per cluster decay 21), fits
both f2 and the correlation data.
Data 3) suggest a small constant positive value of R for large |y1—y2|.

The analytic calculation is doubtful there, but the effect is not seen in our

Monte Carlo calculation (cf., Fig. %3d). The small constant value is obtained

*) €. Hamer, private communication.



in two=-component models. It is important to confirm this effect in the data,

and to examine its sensitivity to technical assumptions in the theory.

Tt would be interesting to calculate w m  correlations in our model.
This requires proper calculation of the cluster decay discussed in Section 1.d.
The statistical bootstrap does have low=lying resonances (in particular ﬂ+ﬂ—
resonances p,f... and no W T resonances) and so will predict a larger
correlation for m'm  than - in agreement with experiment 20). This
direct channel calculation is dual to the Mueller approach to correlations,

and it will be valuable to see if it is successful.

We are also examining other more complicated correlation data 22)

reported from the ISR and so far find good agreement.

e) Dispersions

18)

It was pointed out recently that the dispersion of events provides

a good measure of the extent of cluster formation in individual events. We

L
§=2Z 34
'l 2 (19)

S:\-J:Q =1 & >y -3

define

where the sum runs over the £ particles obtained by removing the leading
particle (farthest away in rapidity) from an (4+1) charged particle final
state. Our model, as in all multiperipheral models, predicts a logarithmic
rise in Glh(y). The prediction is shown for two multiplicities in Fig. Z2c.
We calculated 6 from this cluster model, from a simple multiperipheral
production of m's mnot in clusters, and from the nova model at 300 GeV/c.
Both the nova model and the cluster model agree qualitatively with the
experimental dispersions at this energy 23). [The Monte Carlo program indi-—
cates that these models would be distinguishable at 300 GeV/c if true rapidity

pro
out at NAL and ISR energies by, say, the observed plateau in rapidity for low

and not the approximation -log(tan@ j/2) were used.] The nova model is ruled

multiplicities, and so the cluster model is the only viable explanation. At
Piab < 30 GeV/c, where the nova model is particularly successful 6 , our model
and the nova model are very similar. At these energies, we can produce only

one or two clusters, just as in the nova model. As s 1Increases, the number

of clusters grows in our model, rather than remaining fixed at one or two.
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CONCLUSIONS

We have shown reasonable agreement between our model and experiment
for essentially all the important attributes of multiparticle data at small
transverse momenta. We feel this provides strong evidence for the input
clustering and multiperipheral-like matrix element. Our results are much less
sensitive to the treatment of diffraction (Pomeron exchange) and we can only
claim consistency with and not evidence for the particular Pomeron model used.
For instance, one can obtain just as good a fit to the multiplicity distri-
butions with no Pomeron [B::O in Eq. (5)]. The clusters and the integrals
of proton x distributions provide sufficient distortion of the Poisson
form to agree with experiment. Previous two—-component models have perhaps

been misleading in this respect.

Impfovements to the model will come firstly from a better treatment of
low mass mp allowing meaningful calculations below 50 GeV/c. (Note at
incident lab. momentum of 21 GeV/c we only have enough energy to produce one
or two clusters.) Secondly, we must find the proper pion decay for a statis—
tical bootstrap cluster which includes effects of charge and correlations
between different pions. Again we can study pp and KK pair production -
whose cross—sections are sensitive to mass dependence of produced clusters.
Finally, similar models can be made for eN, yN and ete” scattering and

perhaps there too they will be successful.

Having in hand a simple framework which reproduces successfully the
more striking features of NAL and ISR results, allows us to estimate the dyna-
2)

mical significance of other observations 2 , in particular those not inter—

pretable directly by fully inclusive (Mueller) analysis.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

b)

c)

b)

c)

d)

Multiperipheral production of clusters by exchanges

denoted "m" for definiteness.

Pomeron exchange contribution to inclusive proton

production.

Regge exchange contribution to proton production,

typified by P' exchange.

Calculated mean number of negative tracks <n_> in
proton-proton collisions versus lab. momentum. Data

are from Ref. 5).

Multiplicity distribution moments Yo and Y3
[Eq. (10)] for negative tracks. Data points are derived
from Ref. 5)

Central value and standard deviation of dispersion 61
of individual events in rapidity [cf., Ref. 18) and Eq. (19)].

Values are shown for charged multiplicity n,, = 10 and 20.

Single pion inclusive rapidity distribution czleldc/dy

versus for 28.5, 205, 500 and 1500 GeV/c. Theoretical

y
lab
curves are normalized absolutely and summed over all charges.

Data at 100 GeV/c [Ref. 17)] are 1.5x [do/dy(n") + do/dy () ]/o.

Rapidity distribution c;jdon/dy for intervals of charged
pion multiplicity n are given at 500 GeV/c. Shown also for
comparison is the 1500 GeV/c result for the selection

1<ngb>b.

Normalized inclusive charged particle correlation function
R(y1,y2), defined in the text [Ea. (14)], plotted versus Yo
for selections |y1| S 0.25. Preliminary data are from Ref. 4)
at 500 GeV/c while predictions are given at 500 and 1500 GeV/c.
Note the data use the approximation y =~ log(tang /2) but

the Monte Carlo program indicated this has little effect on

distributions.

as c), but for 1.7 <y, < 2.7.
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