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MULTIPLE PRODUCTION AND PROCESSES 
AT ULTRA HIGH EHERGIES 

A. Wroblewski 

I am expected to cover energy region from threshold to superhigh 
energies. I am expected to report on papers submitted to this conference (about 
90 papers with about 800 authors) but also to show progress since last conferences 
in Vienna and Lund. I am also expected to talk not only about interactions with 
nucleous but also with nuclei. It is obviously an impossible task for one hour so 
I have to make a choice of subjects. 

I shall use a following definition: Many body process is one in which we have 
;> 3 particles in the final state (resonances not included). Further it may appear 
that many body processes are found to be quasi-two-body ones as in the example: 

so there will be some overlap between this report and that on quasi-two-body reacti­
on of D . R. 0 . Morrison. 

As an introduction let me show you a slide (Fig. 1), which shows qualitatively 
the amount of information which we have in different regions of energy. 

The most basic information we have is the existence of strong interactions up 
to the energy of the order of 10 1 0 GeV. Gross sections and multiplicity of charged 
particles are fairly well known, as I will show you, up to about 1000 GeV. Much 
less known are the distributions of angles and momenta of secondary particles 
and correlations both of resonant and nonresonant type (i. e. GGLP effect). These 
are well studied only in a limited energy range ( < 30 GeV). Finally, still lower 
energy region is the only one in which we have data complete enough to attempt 
more detailed description of interactions in terms of exchange mechanism and 
models. 
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Fig. 3. Max imum likel ihood fit to interaction length in i ron. 

43 



In my talk I shall present problems roughly in the order in which they are 
placed along the vertical axis. I shall start with cross sections and multiplicities 
and then proceed through more detailed description of interactions to a recent expe­
rimental checks of various models. The last part of my talk will be devoted to in­
teractions with nuclei. 

1. CROSS SECTIONS 

1.1. TOTAL INELASTIC CROSS SECTIONS 

The total inelastic proton-proton cross section was measured 
recently up to go 1000 GeV in two experiments by N. L. Grigorov et al. [1] and 
by L. W. Jones, D . D . Reeder et al. [2, 3, 4 ] . Grigorov et al. used graphite and 
polyethylene targets installed in the «Proton» satellites. 

The instrument used to determine cross sections was calibrated at an accelera­
tor with E = 5 GeV. The p-p inelastic cross section was deduced from the com­
parison of results with the two targets. L. W . Jones, D. D . Reeder et al. installed 
their instruments at Echo Lake, Colorado (elevation 3 230 m). The apparatus con­
sisted of a liquid hydrogen target, an ionization calorimeter for energy determina­
tion and spark chambers to define the direction of the incident particle and the 
number and directions of secondary charged particles produced in the target. 
The results of both groups are shown in Fig. 2. The Grigorov et al. data taken alone 
suggest a very slow logarithmic increase in olppl with energy: 

although the fit to a constant cross section (29 ± 2 mb) is also very good. The Echo 
Lake data contain possible systematic error (contamination of pions in the primary 
beam) but the relative position of points is determined fairly well. The best fit 
to all the data is consistent with a constant a™1 in the region 20 to 1000 GeV. 

The Echo Lake experiment gave also results on the total inelastic cross section 
in ircn. The results shown in Fig. 3 are consistent with a constant mean fre« nath 
of protons in iron 

Fig. 4. 
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The best fit is actually a very slowly rising cross section: 

X¥e = (132.0 =fc 8.6) — (3.5 ± 3.8) l g 1 0 E. 

The data of Grigorov et al. for the total inelastic cross section in carbon shown in 

Fig. 4 indicate more pronounced increase of cr^f1 with energy: 

G. B. Yodh et al. [5] analysed the results of Grigorov et al. and the measure­
ments of primary proton spectra and unaccompanied hadron spectra at different 

atmospheric depths. The authors show that a ^ L i r would increase with energy 
above 30 GeV from 235 mb and reach a saturation value of go 350 mb, somewhere 
between 3000 and 10 4 GeV if the conventional primary proton spectrum ( ~ E * ) 
is used. If, on the other hand, the primary proton spectrum steepens above 2000 GeV 
in accord with Grigorov's recent measurements, aj£îair would rise to a broad ma­
ximum around 2 • 10 3 GeV and then decrease to a plateau value of 280 mb around 
3 . 10 4 GeV. 

It may be noted that a priori the hydrogen and nuclear cross section may 
not show the same energy dependence. However, it was checked by Balashov and 

Korenman [6] using Glauber's model that the increase in a1^1 as suggested by 
Grigorov et al. is compatible with the observed behaviour of o^f 1 . 

W e do not have information on the cross sections of pions and kaons in the 
cosmic ray energy region. I shall only remind you that the measurements at Ser­
pukhov last year gave rather unexpected results that these cross sections do not 
decrease with energy in the region 30 << E < 70 GeV as expected from the extra­
polation of accelerator data at E <Z 30 GeV. There is number of theoretical implica­
tions of these new facts (see excellent review in Ref. 7). 

1.2. STRANGE PARTICLE PRODUCTION B Y PIONS 

The total cross section for strange particle production in np 
and pp interactions increases with energy in the region E << 30 GeV [8, 9, 10 ] . 
In ri~p collisions at 25 GeV/c the production of strange particles account for 
~ 20% of . This increase is due to the rise of oR^ whereas the probability 
of proton becoming a hyperon is small and roughly constant (OYK ^ Imb). New 
results were submitted to this Conference [11, 12, 13 ] . The Dubna group studied 
n-p collisions at 5.1 GeV jc using the 1 meter propane bubble chamber with relati­
vely high conversion probability of v-quanta. The ratio 0 (n P ~* s K + pions) 

o (jt p -> A°K + pions) 

was found to be close to 0.5 independent of multiplicity. For two body reactions 

this ratio ° ( J t p ~ * S K ^ equals about %L and seems to be independent of 

energy up to 16 GeV/c [12, 13] . 
1.3. PRODUCTION OF STRANGE A NT IB A R YO NS 

B Y K + MESONS 

Data reported to this Conference on the production of strange 

antibaryons by K+ mesons [14, 15, 16] revealed several interesting features: 
1. The total cross section for the production of A 0 in K+p interactions in­

creases substantially with energy from 3.8 ± 1.2 \xb at 5.0 GeV/c to 160 ± 30 \ib 
at 12.7 GeV/c. 
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2. The cross section for S + production at 12.7 GeV/c (10 ± 3 \xb) is about 
four times larger than the cross section for 3~~ production at this energy (2.5 =h 
± 1.0 \ib) although the corresponding ratio for a (À°)/a (À 0 ) « 0.4. In K~p 
interactions at 12.6 GeVjc the À / À and E~7H + production ratios are » 2 0 / x . 

The Dubna group [12] found also a significant excess of events of the type 0 
prongs + A 0 + A 0 . It is not possible to explain this excess in terms of secondary 
interactions or H~~ production and absorption in the carbon nuclei. 

1.4. SEARCH FOR Q U A R K S A N D H e s 

There were two contributions to this conference on the fruitless 
search for quarks. Bôhm et al. [66] (Aachen) were looking for fractionally charged 
particles in high energy air showers. Antipow et al. [25] searched for diquarks 
(particles of charge — 4 / 3 ) at Serpukhov. Both groups give fairly low upper limits 
for production cross-section of these particles. But we are not going to be very 
unhappy about there results because instead we have the important discovery of 
antihelium-3 by the Serpukhov group [67] so that the members of antiworld are 
growing in number. 

1.5. TOPOLOGIC CROSS SECTIONS 

The topologic cross sections, i. e. the cross sections for a given 
number of prongs are fairly well known in the energy region below 30 GeV. At hi­
gher energies we have the recent data of L. W . Jones, D . D. Reeder et al. [2, 3, 41 

Fig. 5. pp interactions. 
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which replace less reliable data obtained earlier with the use of emulsions exposed 
to cosmic radiation. Data reported in Ref. [2, 3] are the fraction of events with 
given number of prongs. Assuming a constant inelastic p-p cross section of 29 mb 
one may calculate pp topologic cross section from these data. The results are shown 
in Fig. 5 together with the available data at energies below 30 GeV. One may notice 
a very sharp rise of each topologic cross section near the threshold. Earlier this 
year a striking regularity was found [17] that the topologic cross section for the 
production of k pairs of charged particles is 2 f t ~ 1 times smaller than the cross section 
for the production of one pair of charges at the same c. m. energy per pair. The cos­
mic ray data do not seem to agree with this rule. Unexpectedly, only two-prong 
inelastic cross section is seen to fall down with energy, whereas the cross sections 
for 4, 6, 8, 10 and even 12 prongs are essentially constant in the whole range from 
100 to 1000 GeV. The cross sections for higher multiplicities are still rising with 
energy but it is probable that they also reach a saturation value. Such a behaviour 
would be in agreement with the hypothesis of limiting fragmentation of Benecke, 
Chou, Yen and Yang [18] . 

1.6. E N E R G Y DEPENDENCE OF CROSS SECTIONS 
F O R INELASTIC CHANNELS 

In this section I shall consider reactions with a given set of 
secondary particles in the final state, i. e. np pnnn, Kp pKnnnn etc. without 
taking into account possible intermediate states of short-lived resonances. 
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The cross section for a given inelastic channel rises from zero at the threshold 
to a certain maximum and then decreases with increasing laboratory momentum 
of the primary particle. Such an energy dependence is due to a competition of two 
factors: a dynamical factor | J T | 2 , where T is a transition matrix element, and 
a factor depending on the phase space volume available for secondary particles. 

The cross section for a channel with N particles in the final state may be writ­
ten as 

« - i t I 2 LIPS 
°n — t 1 lav * F L U X 

where | T | a v is the square of the transition matrix element averaged over all dyna­
mical variables but the incoming energy, FLUX is the flux factor equal to PCM * V~s 
and LIPS — the Lorentz Invariant Phase Space volume is proportional to an 
integral 

Now, it seems reasonable to study the energy dependence of cross sections 
normalized to constant flux and phase space volume. It was first done by Muirhead 
and Poppleton [19] for pp annihilations into pions. Their conclusion was that the 
I T | a v for all annihilations falls down approximately as s~~5. 

T. Hofmokl and the author of this report [20] investigated this question for 
40 inelastic channels of up, Kp, pp and interactions. We introduced the quantity 

FLUX 
LIPS 

and showed that available data on cross 
sections may be well fitted by a power law 

a * co p n 
lab' where the values of the exponent, n, in­

crease with the multiplicity of the final 

Fig. 8. Fiff. 9. 
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state. Figs. 6, 7, 8 show the examples 
of the fit for np reactions in the log-log 
scales. The data fit the straight lines 
quite well except for the region very 
near the threshold where the points 
seem to fit better o*-constant lines. 
In other words, very near the threshold 
the cross section g n increases according 
to the phase space volume, as already 
noticed by Bartke and Sosnowski [21 ] . 
Investigation of yp reactions was done 
by Brandt [22] with essentially the 
same results. The reanalysis [23] of 
the data for pp annihilations into 
pions (see Fig. 9) showed that also in 
this case the exponent n depends on 
the multiplicity, contrary to the ori­
ginal conclusion of Muirhead and Pop-
pleton. The average values of the exponent for different reactions are shown in 
Fig. 10. It is seen that for all kinds of reactions the exponent n is increasing with 
multiplicity 

n = c + N — 2, (*) 
where C is between zero and one. Before discussing the results of the next paper 
which is by Hansen, Kittel and Morrison [24] let me spend a little time discussing 
the physical meaning of the relation (*). 

As it is well known, for p[ah c o the Lorentz Invariant Phase Space volume is 
proportional to p j - 2 -where N is the multiplicity. Therefore the observed depen­

dence of the exponent n on multi-

F i g . 10. 

fcig. i l . 

plicity N is caused mainly by this 
dependence of LIPS on the number 
of particles, N. Now, there is the 
physical meaning: with increasing 
Piab the phase space volume is gro­
wing but (since transverse momenta 
are limited) it remains practically 
empty except for very small region. 
When we calculate a*, i. e. average 
I T j 2 over all (empty) phase space 
volume, we find that this quantity 
is rapidly decreasing with the in­
crease in piab- In other words, even 
if a = const we would find a * ~ 
~ p^n w i t h n = C + N — 2, 
C = - 1 . 

What we find in experiment is 
that the values of the exponent are 
larger than those expected for a = 
= const what means that the | T |2 

decreases faster with energy because 
of some physical mechanism. The­
refore it is the sudy of deviations 
of experimental values of n from 
those resulting from LIPS behaviovr 
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Fig. 12. 

Fig. 14. Fig. 15 
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Fig. 16. 

what may help understand physical mechanism of reactions. This line of reaso­
ning was accepted by Hansen, Kittel and Morrison in their paper [24] in which 
they present extensive study of 64 different reactions including those of Y pro­
duction by kaons. 

They introduced the «asymptotic» cross section ga: 
N 2 

^lab 
* LIPS 

in which the asymptotic factor in LIPS, pf^2 was taken into account. Available 
data could be fitted by the power law: 

oA ~ P~nA 
lab 

where the values of the exponent, nA, no longer depend on multiplicity but differ 
for reactions in which different exchange mechanisms dominate in a way similar 
to the one found of two-body reactions 
[26]. The results are presented in 
Figs. 11 — 16. For pion production 
reactions nA » 2 what seems to agree 
with the simple-minded idea that in 
these reactions nonstrange meson ex­
change is expected to dominate with 
some less important contributions from 
pomeron and baryon exchange. For the 
reactions of A production by K~~ me­
sons strange-meson exchange is expec­
ted to dominate and some baryon ex­
change is possible, but pomeron and 
non-strange meson exchange are im­
possible, hence a value of nA » 3 is 
not unreasonable. Finally, the produc­
tion of 2~~ by K~ mesons requires 
baryon exchange, thus nA œ 4 like in 
the case of similar two-body reacti­
ons [26]. Now, one may question the 
word «asymptotic» that the authors of 
Ref. [24] use for oA and nA. In the 
region E < 30 GeV in general many 
mechanisms contribute to many body 
reactions. We believe that diffraction 
dissociation, L e. Pomeron exchange, 
which at present energies accounts for 
only part of a cross section will domi­
nate many reactions at higher energies Fig. 17. 
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and if so, the cross sections for these reactions will become constant, 
independent of incident energy. There is already substantial experimental evi­
dence that in three-, four- and even five body reactions Pomeron exchange, whenever 
possible, plays an important role. I will give you the details later. So one may 
speculate that for all those reactions where Pomeron exchange is not forbidden we 
shall have the asymptotic values: 

n — N — 3 (Hofmokl — Wroblewski parametrization) 
nA — 0 (Hansen — Kittel — Morrison parametrization) 

for the fit in high energy region only, because in the formula 

the exponent will be a decreasing function of energy. 
Two examples are shown in Figs. 17 and 18 where you may see deviations from 

n — const assumption at higher energies. To conclude the section on cross sections 
I should like to comment on a recent experimental check of a simple statistical 
model (/-spin dominance model). In such a model it is assumed that for a given 
number of produced pions, the relative probabilities of different charge configura­
tions depend only on / and I3. Tables of these probabilities have been given by 
Cerulus [27] and Shapiro [28]. Bartke [29] and Bartke and Czyzewski [30] have 
successfully applied such a model to high multiplicity np interactions below 
10 GeV. Firstly they checked the predictions of the model for the cross sections for 
fitted channels and secondly, they used fitted channels to calculate the «true» cross 
sections Ou for the production of k pions (irrespectively of charge) and have repro­
duced the total inelastic cross section afnd = 2g f e » af^. However, with in-
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crease in incoming energy the cross 
sections for fitted channels are fal­
ling down, the percentage of no fit 
events (multiple n° production) is 
increasing and the disagreement 
with the predictions of a simple 
statistical model grows larger. 
Already at 16 GeV/c tTp ag£i and 

o!ne\ differ by about 20%. Let me 
quote few other examples: 

1. Elbert et al. [31] found large 
disagreement with the predictions 
of the statistical model in n° pro­
duction in 25 GeV/c n~~p interactions 
(see Fig. 19). 

2. Bar — Nir et al. [32] found 
very large differences in a c a l c and 
a e x p f o r pp annihilations 
6.99 GéVje. 

3. Budagov et al. [33] mea­
sured cross sections for reactions 
n~p + neutral pions at 5 GeV/c. 
Also in this case experimental values differ considerably from those which may 
be predicted from fitted channels assuming /-spin independence. 

at 

Fig. 19. 

2 . MULTIPLICITY 

2.1 . MULTIPLICITY DISTRIBUTION 

There have been many formulae proposed for the distribution 
of the number of charged prongs in high energy interactions. Some of them are 
listed here: 

1. Brandt [34] has proposed to use the usual Poisson formula 

This formula was used for example by the ABBGGHW Collaboration [35] and by 
the Scandinavian Collaboration [36]. 

2. Wang [37] has proposed two models: 
L 71+TC~ are produced only in pairs («local charge conservation») so the Poisson 

formula governs the distribution of the number of pairs of charged pions produced 
(Wang model I): 

where a is the number of charged particles in the initial state. 
II. The Poisson formula governs the distribution of the number of charged 

pions produced (Wang model II): 
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3. In the multiperipheral model of 
Chew and Pignotti [38] it is assumed that 
the Poisson formula describes the distri­
bution of the number of pions produced 
(irrespective of charge). Using additional 
assumptions, for example that there are 
only 1 = 1 and 1 = 0 exchanges alternating 
along the multiperipheral diagram one can 
obtain the distribution of charged prongs. 
In the following I will show you evidence 
that really no one of these formulae agrees 
with the data. In the paper submitted to 
this Conference Czyzewski and Rybicki [39] 
propose to use a parameter which is the ratio 
of the average multiplicity to the dispersion 
of the distribution of charged prong num­
ber. It is a very good characteristic integral 
measure of deviations of experimental data 
from the predicted distribution. As shown 
in Fig. 20 the experimental data are in 
general inconsistent with the predictions 
of the Poisson distribution. 

Figs. 21 and 22 show the distribution 
of n± for pp interactions studied in Echo 
Lake experiment [ 2 , 3 , 4 ] , Wang model II is 
clearly excluded by the data and also Chew — 
Pignotti model gives rather bad agreement 
since it predicts too few many prong events. 
Wang model I seems to be the best choice. 
Let me mention also the paper of Elbert 
et al. [31] in which various models were 

compared to the experimental data of 25 GeV/c n~~p interactions. 
The authors found that: 
a) Wang model II disagrees with data. 
b) Wang model I gives fairly good fit for pion production but disagrees with 

data on the multiplicity of events with strange particles. 
c) Chew — Pignotti model gives a good fit to the data if 0-prong events are 

excluded. 
To conclude I will show you a slide (Fig. 23) in which I compared new experi­

mental data with the predictions of Wang model I following the idea suggested by 
Czyzewski and Rybicki [39]. It is seen that in general Wang model I does not pass 
the test proposed by these authors. Czyzewski and Rybicki [39] were studying the 
distribution of charged prongs using the following new variables: 

x = ^ 

y=D*P(n±), 
where D = [(n2

±) — < ^ ± ) 2 ] 1 / 2 is the dispersion of the experimental distribution. 
Fig. 24 shows the experimental data in these variables for n~-p7 n+p and pp 

interactions. It is seen that all the data (including 0-prong events) follow the same 
curve which represents the universal distribution of the number of charged prongs. 
This curve can be well àpnroximated bv the following formula 

Fig. 20. Ratio of the average to the disper 
sion of the prong-number distribution 
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Charged tracks 

Fis 21 . VP charged mul t ip l ic i ty distr ibution. 
B (150 events). 

Fis 22 . pp charged mul t ip l ic i ty dis tr ibut ion. 
ë ' (239 events). 

Fig. 23. 
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Fig. 25. pp re charged particles (Jones et al .) . 
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where d is the only parameter to be fitted. The curve shown in Fig. 24 was drawn 
for d = 1.8. Fig. 25 shows the cosmic-ray data for pp interactions [2, 3, 4 ] , This 
curve is the same as in Fig. 24. The formula of Czyzewski and Rybicki gives a good 
fit to all experimental data * . 

2.2 . A V E R A G E M U L T I P L I C I T Y OF C H A R G E D 
P A R T I C L E S 

The average multiplicity of charged particles and its depen­
dence on energy are very important since it may distinguish between various models 
of multiple production. Let me remind you that the models of statistical type 
predict a power dependence 

(n±) = bEa. 

Whereas multiperipheral models [38] favour a logarithmic dependence 

(n±) = C log E + d. 

Fig. 26 shows the results of Jones, Reeder et al. [2, 3, 4 ] for pp interactions 
together with the results of fits to various models. There is a definite preference 
for a logarithmic dependence over the power law suggested by statistical models. 

Fig. 27 shows the same cosmic ray data together with a complete set of data 
at lower energies [39] , It is seen that the logarithmic fit to cosmic data (solid line) 
does not accomodate points below 20 GeV. Dashed line shows the logarithmic fit to 
accelerator data alone [39] . One may comment that the observed slow increase 
of the average multiplicity is connected with the behaviour of pp topologic cross 
sections. As discussed in the previous section topologic cross sections for 4, 6, 8, 10 
and 12 prongs remain practically constant up to 1000 GeV. These cross sections ac­
count for about 75% of the total inelastic cross section. The increase of the average 
multiplicity results from the slow decrease in a^prongs and from the increase of 
cross sections for higher multiplicities. 

We do not have such a good data for np interactions. Fig. 28 shows experimen­
tal results for n~p interactions. Included are the results obtained in emulsions 

* It may be remarked that this formula is a generalization of the Poisson distr ibution 
for noninteger parameter x in which case the factorial has to be replaced by a T-function. 

Fig. 26. Fig. 27. 
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at 60 GeV/c [40, 41 ] and 200 GeV/c [42] . 
Solid line is a hand drawn curve 
through the pp points of Fig. 27. 
Points for n~p interactions lie higher 
than the curve for pp but it is largely 
due to the fact that in pp collisions 
there is less c m . energy available for 
pion production than in np collisions 
at the same E\^. If one accounts for 
the nucléon mass which can not be 
spend for pion production the results 
for pp and w~p are closer to each other 
(Fig. 29). To conclude this section I 
should like to mention new results 
for the average multiplicity in the 
interactions with nuclei. Fig. 30 shows 
the results of Echo Lake experiment 

[2, 3, 4 ] for jD-Garbon interactions together with older data of Dobrotin et al. 
[43] . The average multiplicity is not very much higher than this for proton in­
teractions. 

Dalkhazav et al. [41] studied ^--interactions at 60 GeV/c in emulsion enriched 
in hydrogen as well as in normal one. By comparing results with these two kinds 
of emulsion they found average multiplicity of interactions with different nuclei. 
The results are: 

Fig. 28. % p interactions. 

These results do not include obvious evaporation tracks. 

Fig. 29. Fig. 30. 
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3 . SINGLE PARTICLE DISTRIBUTIONS 

3.1. A N G U L A R D I S T R I B U T I O N S 

Before reporting new results presented to this Conference I 
would like to show you three slides. The first two (Fig. 31 and 32) show angular 
distributions of protons and pions for constant multiplicity (six prong events 
n~~p p3jx""2jt+) and different incoming energy. The third (Fig. 33) shows angular 
distributions for constant energy (60 GeV ^""-interactions [40]) and different 
multiplicities. The figures illustrate well known fact that anistropy of angular 
distribution increases with the increase of the average c. m. energy per particle. 

Cosmic ray physicists use other representations for angular distributions. The 
first one is the distribution of the quantity 

X = log tan 9 i a b = log tan — log ^ c 

F ( 9 l a b ) 
the second is so called Duller — Walker plot of log —: = - 7 5 — r v s * ^ (Giab) is 

1 — t ^ ulab) 
the fraction of particles emitted at angle smaller than 6 ^ ) . All three ways of 
presenting data are compared in Fig. 34. Isotropic c. m. angular distribution corres­
ponds to a Gaussian distribution in X with a = 0.36 and to a straight line of slope 
2 in the Duller — Walker plot. Fig. 35 shows data of Fig. 33 in the X coordinate. 
Fig. 37 shows selected data for highly anisotropic jets. A two-maximum structure 
is visible. 

Let us pass now to the data from Echo Lake [2, 3, 4 ] . Fig. 36 shows the Duller-
Walker plot for energy bin 146—211 GeV. There is a clear two-branch structure 
corresponding to a nonisotropic distribution. The author fit the data to the distri­
bution of the form A + B cos m 8cm- The fit is relatively insensitive to the power of 
cos QCM but M is at least as large as 2. The degree of anisotropy B is well specified: 
B » 0.55 at ~ 185 GeV and 0.7 at ~ 400 GeV. 

Fig. 31 . 
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Fig. 35. Fig. 36.Hydrogen data. 146—211 GeV (192 events). 

7t~60 GeV/c 

Fig. 37. 



Fig. 39, Number of charged tracks. Hydrogen data. 211— 
303 GeV (132) events. 

Fig. 38. Number of charged tracks (192 events at 175 GeV). 



Figs. 38 and 39 show the results from Echo Lake in X coordinate for two energy 
bins. The data shown were recently analyzed by Caneschi et al. [44] who 
showed that the multiperipheral model of Caneschi and Pignotti [45] gives good 
description of the data although the parameters fitted were the same as used 
at 30 GeV. 

3.2. M O M E N T U M D I S T R I B U T I O N S 

Fig. 40 shows the average values of the transverse momentum 
for different multiplicities in 16 GeV/c n^p interactions [35] . Experimental ip±) 
does not agree with the value predicted by LIPS for low multiplicities but for higher 
multiplicities the two values get closer. This is s imply another manifestation of 
already mentioned fact that for small enough {Ecu) per particle the interactions 
are becoming «phase space like». In the paper submitted to this conference O. Ba-
lea et al. [46] propose a new parametrization for (p±>. They introduce a quantity 

where i denotes particular channel with n particles and j — incoming energy; 
p9M is the total c . m. momentum at given energy. 

It appears that Aij is a simple exponential function of — Hmi/EfM where 
liTUi is the sum of masses of secondary particles: 

Tiiis may be a usetul parametrization 
of experimental data (Fig. 41). The di­
stributions of p L and p £ M were stu­
died in many papers submitted to 
this Conference [47, 48, 49, 50, 51, 36] . 
The results are essentially the same as 
those found previously [52, 5 3 ] . The 
distributions are well fitted by for­
mulae: 

where the coefficients a, è, c and d 
depend both on mult ipl ici ty and in­
coming energy. It is interesting that 
formula (**) seems to be still valid 
at ~ 2 • 10 5 GeV [65] . The value of 
(P±) determined at this energy is 
0.60 ± 0.05 GeV/c. The compilat ion 
of (p } > determinations at cosmic ray 

energy given in [65] shows that 
<JPi> loS ^iab- N . N . Biswas et al. [50] 
studied jx^p interactions at 18.5 GeV/c Fig, 

Total multiplicity 

40 . n~~p interactions at 16 GeV/c. 
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and measured about 10 000 negative tracks from 2, 4, 6 and 8 prong events. The 
reactions studied 

n~p - > ji~ - j - anything 

and n+p - > - J X + + anything 

represent, in the terminology of Feynman [54] , «inclusive» processes. The authors 
used Feynman's variables 

W being the maximum possible value of p £ M . Representative results are shown 
in Figs. 42 and 43. The distribution in x for all mult ipl ici ty is well fitted by 
a simple exponential 

with A = 10.3 for x << 0 (backward) and A = 7.0 for x >> 0 (forward). Final ly 
(Fig. 44) the results are compared with pp data [55 ] . The agreement is on ly 
qualitative. Undoubtedly, more extensive studies are needed before we are to 
conclude on the similarity of global features of pp and np interactions. 
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3.3. I N E L A S T I C I T Y 

The results of the Echo Lake experiment [2, 3, 4 ] show that 
inelasticity in pp collisions is ~ 0.4 independent on energy ( ~ 0.7 in /?-carbon 
coll isions). W . N . A k i m o v et al. [56] reports value 0,37 for cosmic ray jets at 
{E) = 250 GeV studied in the cloud chamber with ionization calorimeter. Similar 
results were reported for pp interaction at lower energy [48, 3 6 ] . This new results 
confirm previous conclusions. 

3.4. FOUR-MOMENTUM T R A N S F E R DISTRIBUTIONS 

The experimental ^distribution Dexp (t) results from two fac­
tors: a dynamical factor | T | 2 where T is a transition matrix element and a factor 
depending on the available phase space. It is more instructive to know the 2-de-
pendence of | T | 2 and not the Dexp (t). To get rid of the phase space factor Bia lkow-
ski and Sosnowski [57] introduced the F (t) function defined as 
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Fig. 46. 

where D l i p s is the ^-distribution predicted by the Lorentz invariant Phase Space. 
It follows from the definition that F (t) function represents the dependence of the 
matrix element squared on t after the averaging over all the other variables in 
the available phase space has been carried out. Fig. 45 illustrates the definition 
of F (t) function. In a paper submitted to this conference by Aachen — Berlin — 
Bonn — C E R N — Gracow — Heidelberg — Warsaw Collaboration [58] the F (t) 
distributions were studied for fitted channels of Jt~~p interactions at 16.2 GeV/c* 
The reactions studied were 

For each reaction the F (t) function in the Grange from 0.01 GeV2 to 2 GeV2 

was approximated b y the formula 

Fig. 46 shows the fits to the F (t) distributions for all pion multiplicit ies. 
The curves are normalized to the same area in the + region from 0.05 GeV2, to 
2 GeV2. The shape of all distributions (except for 2 pions in the final state) is very 
similar to the shape of the pidn propagator, also plotted in this figure. The conclu­
sion is that in spite of differences in experimental ^distributions of nucléons pro­
duced in various mul t ipl ic i ty channels at 16.2 GeV/c (Fig. 47) the dynamics of 
these interactions has some common features. At 8 GeV/c [59] F (t) seemed to de­
pend on mul t ip l ic i ty and perhaps with increasing energy becomes identical for all 
channels at a given energy. The Dubna — Zeuthen group [68] studied F (t) and 
F (tf) functions for 6-prong xt~~p interactions at 5 GeV/c. The F (t) function used 
as a transition matrix element gave, in general, a better description of the data 
than F (tr) function though this approximation was checked to be too crude to 
describe the data completely. 
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4 . Resonance production 

There have been many papers submitted to this conference on 
production of resonances in many-body channels [68—75] . Instead of reporting 
individual results I shall try to present some more general conclusions. 

Let me first show you a slide (Fig. 48) which illustrates difficulty in studying 
or even recognizing resonances in many-body channels. The curves were calculated 
for 5 GeV np interaction with the assumed 100% of p° production. In eight-body 
channel the number of combinat ions is so large that the p° peak is barely visible. 
Fig. 49 shows p° production in s ix-body channels at different energies. 

One may try to answer few general questions: 
1. What is the energy dependence for resonance production in many body 

processes. Since we know fairly well (see Section 1.) the energy dependence for 
inelastic channels we may look not for cross sections but for percent of resonances 
in different mult ipl ici t ies . The results for np interactions for which we have most 
complete data are shown in Figs. 50, 51 and 52. The conclusions are not easy to 
draw but perhaps there is a correlation between percentage of resonances and multi­
pl ic i ty and also that at higher energies one may expect less co and A + + but not p 
for which the percentage seems to stay constant or increase with energy. 

Fig. 49. 
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Fig. 50. Percent of CD° in np interactions. 

Fig. 51. Percent of A + + in interactions. 
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Fig. 53 . Percent of pions in resonances in np interactions. 



2. Is the product ion of resonances in channels with neutron the same as wi th 
proton? The answer is relat ively certain: channels wi th neutron have less resonances. 

3. Wha t percent of pions is produced through resonances? The results of compi ­
lation for up interactions are shown In Fig. 53. The points represent of course on ly 
lower l imits because on ly «good» resonances like p, / , co, r), A" 1"^ (seen in every 
experiments) were taken into account and all minor effects like B, A2, A3, higher 
nucléon isobars, were neglected. Also there might be wide resonances produced 
with small cross sect ion, difficult to resolve. 

There seems to be a tendency that for higher mul t ip l ic i ty less pions are pro­
duced through resonances. 

4. Are resonances produced main ly s ingly or in association with one another, 
is the associated product ion of resonances stronger than expected for «statistical» 
coincidence? 

This question is very difficult to answer. The s tudy of associated product ion 
of resonances in 4 -body channels m a y be done b y fitting density of points in a 
triangular mass p lo t . In 6-body channels we need a fit to a density of points in 
three dimensions. This has been done by the Warsaw groups [76] for interactions 
at 8 GeVjc. 

The results are: 

6 b o d y channel n~p -> p5it «Independent 
uncorrelated p 5n 49.0 ± 12 .1% production» 
A + + p ° P ° 1 0 - 5 ± 5 - 4 % 26.6% 
7 b o d y channel n~p p6n 4.3 
uncorrelated p6n 29.7 ± 8 .2% 20.5 
A + + c o ° p ° 7.0 ± 2 . 3 % 6.6 

Obvious ly the data are not accurate enough to draw definite conclusion. 
The data for Kp or pp interactions are still less complete . 

5. Correlations 

5 . 1 . G G L P E F F E C T 

The best known is the angular correlation between pions disco­
vered by Goldhaber et al. [77] — so called G G L P effect. Most often this correlation 
is expressed in terms of the coefficient y which is the ratio of the number of pion 
pairs with 0# >• 90° to the number of pairs with 9^ << 90° , where Qij is the angle, 
in the reaction c . m . system, between two pions. For both pp annihilations and 
np col l is ions the parameter y for l ike pions (yL) was found to be smaller than for 
unlike pions ( y u ) : 

yL <C y-u (LIPS predicts yL = yu) 
The difference yu — yL is found to decrease with increasing pion energy. 

The G G L P effect was studied recently in many papers [60, 51, 6 4 ] . Let me quote 
some results: 

1. No G G L P effect was found in many-prong pp interactions at 13,1 GeV/c 
[ 5 1 ] . The effect is observed to be rather weak in many-prong n+d interactions at 
5.1 GeV/c [ 6 0 ] . 

2. H . Hulubei et al. [64] studied G G L P effect in interactions producing 
strange particles at 4, 7.5, 8 and 20 GeV/c. The authors study the influence of re­
sonances and of the peripheral character of Interactions on angular correlations. 
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3. W . De Baere et al. [61] studied angular correlacions in K+p many-body 
interactions at 5 GeV le The usual GGLP effect for pions (yu > yL) was observed, 
whereas no difference in y was found for K+n+ and K+n— pairs. 

The authors use several model to explain observed correlations. Resonance 
production alone does not explain the GGLP effect since the removal of events 
in the resonance region does not alter the characteristics of the angular correlations. 
Also simple uncorrelated model with experimental single particle distributions 
does not work. The global GGLP effect is best reproduced if in addition to single 
particle distributions and resonances (K* (890), A + + ) , the Bose — Einstein sym-' 
metrization is introduced. 

4. G. Alexander et al. [62] also find that resonances alone do not explain the 
GGLP effect observed in six-prong pp annihilations at 6.94 GeV je. 

I can easily agree with the conclusion of [61 ] that for a more detailed understan­
ding of the GGLP effect a better knowledge of the reaction mechanism is needed, 
in particular outside the resonance region. 

5.2. BCCKLMKZAEJKZ EFFECT [63j 

Since this is too difficult to pronounce I shall simply call it the 
three-pion correlation. Fig. 54 shows the definition of parameters which have been 
used by the Cracow group [63], 

One may use the solid angle Q within the pyramid formed by the directions 
of the three momenta or the angle cC(ab) c between the momentums vector of pion C 
and the bisectrix of the angle between the momenta of two pions A and B. 
The authors introduce a parameter 

r> n (2JT > Q > Jt/2) 
P ~ n (Q < jt/2) 

which is to a certain extent analogous to the parameter y, since the median value 
of Q for isotropic distribution equals Jt/2. 

Fig. 55 shows the values of P for all charge combinations in the channel 
v&p -> pAn+3n—n0 at 8 GeV/c. The greatest difference is observed between the 
Q distributions corresponding to ( ) — (lowest P) and (H 0) — 
highest p. 

Fig. 56 shows the correlation between the ys values (defined in the usual sense 
for the angle <x{ab) c) and the total charge of the AB group (or alternatively the 
total charge of the 3-pion group). 

The nature of these correlations is unfortunately not yet known, since the 
authors did not check whether they are new or only due to the reflection of the 
two-pion correlations (the usual GGLP effect). 

5.3. THE < P l > — p ( l M DEPENDENCE 

There have been many papers submitted to this conference 
in which the dependence of {pT) on p £ M was studied [56, 47, 48, 78, 79 ] . As an 
example I will show you a slide (Fig. 57) with the results from cosmic ray jets at 
average energy ~ 250 GeV [56]. In this experiment all momenta of secondary 
particles (in the backward hemisphere) were measured and the incoming energy 
was determined by a calorimeter. In the lower part of the figure you see the usual 
pT — p £ M plot (Peyrou plot) and in the upper part the average values of pT for 
different intervals of p™1. 
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The (pT) — p £ M dependence was discovered by the Warsaw group [81 ] in 
1963 and soon it was proven [82] that the general shape of this dependence agrees 
with the predictions of LIPS although the experimental values of (pT) are lower 
than those resulting from LIPS. When the predictions from LIPS are corrected 
for the experimental fall-off of transverse momenta good agreement with data 
can be achieved. It is interesting to see that the effect is still observed at such 
high energy. 

5.4. CORRELATIONS BETWEEN MOMENTA 
OF SECONDARY PARTICLES 

Akimov et al. [56] studied the cosmic ray jets of average energy 
~ 250 GeV. For study of correlations they took only those events in which a slow 
(backward) proton was identified. Then they calculated the four momentum tran­
sfer t from the target proton to the group consisting of a slow proton and m pions 
(m = 0, 1, 2 . . . ) from backward hemisphere. The pions were ordered according 
to their laboratory momenta. The results for representative events are shown in 
Fig. 58. The authors claim that the observed correlation between t and m is what 
may be expected from a fireball model also shown in the figure. 

The group from.Georgia [78] studied the correlations between the values of 
longitudinal momentum of pions ordered according to increasing p^. This ordering 
may correspond to a certain extent to positions of particles in the multiperipheral 
ladder. No correlations other than those resulting from statistical distribution were 
found (Fig. 59). 

5.5. THE LONGITUDINAL PHASE SPACE (LPS) 
ANALYSIS OF VAN HOVE 

The best method to test the global correlations between all 
secondary particles of a given event is that proposed by Van Hove [83], He pointed 
out that many dynamic features of high energy interactions can be studied by con­
sidering only longitudinal momenta since the transverse momenta of all secondary 
particles are limited to small values compared to incident momentum. Each event 
can be represented as a point in longitudinal phase space (Fig. 60). The variable 
characterizing each event in the LPS plot is the polar angle co, which is counted 
counter-clockwise from the line qx = 0. Because all transverse momenta of final 
particles remain small at high energy, the single angle co essentially determines 
the complete longitudinal configuration of an event. 

The co distribution of events was studied in many papers submitted to this 
conference [85, 86, 87, 71] . Striking features found were those observed previously 
[88]: occurence of pronounced maxima in the co distribution of events for reactions 
where Pomeron exchange is allowed. 

In order to get more quantitative results, a commonly used parametrization 
for the dependence of cross sections on incident momentum was generalized to the 
following expression 

-S- = C ( 0 » . A a S < ° > . 

The effective exponent n (co) determined in different © intervals was found to be 
close to zero for these regions of the cd plot which correspond to Pomeron exchange 
(Fig. 61). 
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Moreover, it was proved that for these configurations which correspond to 
Pomeron exchange the ratio of a (n+p pn+n0) to a (n+p -> nn+n+) equals 
0.5 (Fig. 62) as it should be for the decay of a pure / = — state [89]. 

For the case of four-body final state the LPS is a cuboctahedron (Fig. 63). 
Fig. 64 shows the distribution of points in different sides of a cuboctahedron toge­
ther with diagrams describing configurations of particles in each side. Kittel, Ratti 
and Van Hove studied the reactions Jt~~p - > 
- > / ? 3 X " " J i + 3 i ~ - and n~~p pn^Tcn^n0 at 11 and 
16 GeV/c. Fig. 64 shows the distribution of 
events in different parts of the LPS. Compari­
son of the 11 and 16 GeV/c distributions shows 
two clear maxima corresponding to the two 
diffraction dissociation processes: 

Ti~p -> (2JX~-:IT+) p; 

n~~p —> nj~ (nj~n^~p). 
Comparison of the 11 and 16 GeV/c distribu­
tions (Fig. 65) shows that the dominance of 
diffraction dissociation becomes more pro­
nounced with increasing energy and that its 
bulk (central part of the maxima) is nearly 
independent of 5 as expected for Pomeron ex­
change. Fig. 66 shows the exponent n in the 
formula a ~ p^ for different parts of the LPS. 

The same authors show also evidence for 
diffraction dissociation processes in 5-body 
reaction 

Cuboctahedron plot 
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Fig. 64. tC~~p -> pnnn at 16 GeV/c. Longitudinal momenta pro­
jected on cuboctahedron faces. 
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and double dissociation process 

n-p (2jr~:n;+) (jt°p). 

For such a process the ratio of cross sections 
for processes wp (jx-jx~n+) (pn°) and 
n~p (jt—Ji—JX+) (n+ri) should be equal 
0.5 [89] . 

J. Ballam et al. [84] used the OPE mo­
del of Wolf to fit distributions of events in 

Fig. 66. Jt p ~> nf ns n~^p. 11 and 16 GeV/c. 

+ 1 

+ 1 
1 

t 

i 
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each sector of the LPS separately. The conclusion is that the OPE model cannot 
account for all the observed features. 

The table 1 shows the comparison of cross sections in each LPS region with 
the corresponding absolute predictions for the studied reactions at 16 GeV/c. 

T a b l e 1 

JI—p - * pit- n+p -*• p 
LPS re­

gion 
OPE (H&) CTexp (u,&) OPE ( l i b ) 

Total 1080 ± 1 2 0 980 1 2 8 0 ± 1 5 0 i 1150 
7 477 ± 5 3 415 490 ± 6 0 419 
2 261 ± 2 9 176 258 ± 3 0 . 170 
6 207 ± 2 3 202 400 ± 1 7 470 
3 128±14 181 8 0 ± 9 80 
4 7 ± 1 6 26 ± 1 3 10 

The cross sections for regions 7 and 2 and those for regions 6 and 3 tend to compen­
sate so that the total cross sections agree with the OPE values. 

6 . COMPARISON WITH MODELS 

I will comment shortly only on various papers submitted to 
this conference in which specific reactions were compared with models. 

6.1. DO UB LE - RE G GE M O D E L 

The following reactions were studied: 
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6.2. MULTI-REGGE MODEL 

The Multi-regge model was applied to the reaction n+n ->-
pji+n~n° at 13 GeV/c [96] . 

6.3. VENEZIANO MODEL 

The following reactions were studied: 
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Fig. 72. Invariant mass distributions tor pn -> A ftup (/ bev/c). 



I wi l l shortly comment on the method in which Pomeron contribution is taken 
into account. The authors of Ref. [104] used a noncoherent sum of amplitudes 
corresponding to the fol lowing diagrams 

whereas in Ref. [105] the authors used a sum of the Bh function and Pomeron 
exchange diagram. Figs. 70, 71 and 72 show examples of the comparison of model 
prediction with experimental data. 

These models were applied only to specific reactions and no correlations bet­
ween secondary particles were studied. However , as shown in a recent paper [106] 
it is a study of correlations which gives a strongest test of any model even if it 
can satisfactorily reproduce single particle distribution. Moreover, as it was poin­
ted out by E . Berger in one of the parallel sessions of this Conference one should 
not be satisfied if some distributions fit the model , but one should try to find 
a specific distribution which would be the strongest test of the model . 

7 . INTERACTIONS WITH NUCLEI 

7.1. COHERENT PRODUCTION ON DEUTERIUM 

I would like to comment shortly on the papers submitted to 
this Conference on the subject of coherent production on deuterium. The reactions 
studied were: 

Fig. 73 shows the total cross section for coherent production on deuterium for 
various incoming particles and energy. 
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The coherent product ion on deuterium is usually described in terms of a graph 

The pion produced in the dissociation of the incoming particle is scattered 
elastically off the deuteron. This results in the formation of a A (1238) b y one of 
the nucléons in the deuteron. The A then subsequently decays in a way which leaves 
an intact deuteron in the final state. This model explains the rf* enhancement at 
about iun + rnA = 2170 MeV. Also other experimental features observed in cohe­
rent production on deuterium are in agreement with this n exchange model . 

7.2. C O H E R E N T P R O D U C T I O N O N H E A V I E R N U C L E I 

Coherent product ion of pions b y K+ mesons in the H L B G 
at 10 GeV/c was studied in [111] . Coherent production of Knn and Knnn systems 
was observed, the latter having the cross section (0.21 ± 0.08 mb) about ten times 
smaller than the former (2.20 ± 0.35 mb). 

The total interaction cross section of Q~~ in nuclear matter was determined 
in the study of K~ coherent interactions in H L B C and Ne — H mixture [112] 
(Fig. 74). The method consisted of measuring the rate for coherent production of 
Q~ on nuclei and using a model which relates these results to Q~~ production on 
protons and deuterons in terms of (T~-nucleon scattering. The result 

° Q - = 21 ± 8mb 

is similar to the value of total Kp or np cross section. If Q enhancement were not 
a resonance but a noninteracting system of K* and n travelling independently 

through the nuclear matter, 
the expected value of Q-nuc-
leon cross section would be 
about twice as large. 

Similar result for A en­
hancement defined as having 
a mass in the region 1.0 — 
1.2 GeV were obtained in [113] . 
In this experiment 15.1 GeV jc 
rc-beam was used to study 
coherent production on vari­
ous nuclei ranging from beryl­
l ium to lead. Fig I 75 shows 

Fig . 75 . V d i s t r ibu t ion of rc+jt—ox-

p roduced b y n~ on A g at 15.1 CeV/c. 
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Fig. 76. Compilation of coherent production on Be, C, Al , Si, Ti, Ag, Ta, Pb at 15.1 GeV/c 
(22 679 events). 

of a0ut on the 
0 of the optical 

typical dajdt distribution obtained in this experiment. Fig. 76 shows the combi­
ned 3JX mass spectrum on all nuclei. The shape of the broad A enhancement 
was practically the same for all nuclei. Fig. 77 shows the result of calculation 
of the A -nucléon cross section. Depen­
dence of the best fit 
parameters a and c 
model is shown in the table 2. The 
result a = 20 -r- 25 mb is similar to 
that obtained in the case of Ç ~ \ Cohe­
rent production of pions in emulsion 
was studied in [41] , using 60 GeV/c 
JE -beam from the Serpukhov acce­
lerator. The Dubna group [41] con­
cluded that coherent production takes 
place mainly on heavy nuclei (Ag, Br). 
This result, however, is preliminary. 

Fig. 77. A dependence of coherent produc­
tion cross section (arbitrary units); 1 < 
< M(n+n-n~) < 1.2 GeV. The curves 
are from an optical model density: p(r) = 

= £o___ . c = CoA1'3, c0 = 1.14/, a = 
1+exp(V) 

= 0.545/, o i n = 25.4 mb, o-Q U t is the curve para­

meter, a = R e f { 0 ) , a (n) = — 0.1, a {3a) = 0. 

Im /(0) 
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7.3. INCOHERENT INTERACTIONS W I T H NUCLEI 

The Saelay — Desy group [114] studied the reaction n~~A 
n°Ar at 8 GeV/c, where A' is the residue of A after a charge exchange process. 

In this experiment both n~~ and n° were detected but nothing concerning A or 
A' was measured. The results for total cross section are presented in Fig. 78. The 
curve was calculated assuming the «one step process». It is assumed that the reaction 
is due to the interaction of a n~~ with a single proton in the nucleus. It must be 
then taken into account that both n~~ and n° can be absorbed in the nuclear 
matter preceding and following the interaction point (shadow effect). Fig. 79 shows 
the results for da/dt together with calculated curves. The reactions JT~~ + C | 2 

Bf + mn° and n~ + Ge —>• N 7 + n~ + n>+ where studied in the Dubna 
propane chamber at 4 GeV/c [116], The cross sections for these reactions were deter­
mined to be < ; 0.12 fi& and < M ± 2.8 respectively. 

8. Summary 

There has been a remarkable progress in collecting data but 
do we analyse it in the best way? If one applies a particular model to a given reac­
tion one is making cuts on masses and four-momentum transfer until finally one 
achieves reasonable agreement with the model. Furthermore, there is a large freedom 
of choosing free parameters to fit the data. Needless to say, different authors are 
using different methods, different cuts etc., so that the conclusions can not be easily 
compared. In my opinion more effort should be put into a unique analysis of data 
(search for correlations!). This is a very delicate problem since it involves the ex­
change of data summary tapes and I 'm not going to offer you an easy solution of it. 
However, this, I think, is what should be done. Let me finish this talk by showing 
my last slide (Fig. 80). Thank you for your attention. 

Fig. 80. 
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DISCUSSION 

R o s e n t a l : 
W h a t can y o u say about co l l ec t ive correlat ions of the fireball type? 
W r o b l e w s k i : 
The o n l y paper submit ted to this session is that of A k i m o v et al . , but there is no discussion 

of the effect wh ich y o u are interested in. 
K i t t e 1: 
1. In the paper b y Hansen, Morr ison and myself a A is cal led «asympto t ic» o n l y because 

it is defined to be ident ical to the experimental cross sect ions at a sympto t i c energies (say above 
20 GeVIc for 3 b o d y ) . W e de not conc lude , as you say, that the cross sect ions should cont inue to 
fall w i th an exponent nj± ^ 2 at higher energies. In fact, among the second order effects w e make 
a s trong statement that the react ion n~~p -> n—pn+n~ has a m u c h flatter decrease wi th energy 
than others (njtf=z 1 ) . W e ascribe that to diffraction d issocia t ion domina t ing this react ion already 
at our energies. So our conc lus ion is in agreement, and not, as you say, in disagreement wi th 
your general observat ion of constant cross sect ions at very h igh energies. 

2 . For the invest igat ion of doub le diffraction dissocia t ion in the react ion 
at—p ~> (pn0) ( r c + j T — x c — ) , (Ra t t i , V a n H o v e and myself) you suggest to look at n~p -> 

(nn+) (jt+ji—ji—) before drawing any conc lus ion . This has, of course, been done , and the ratio is 
in reasonable agreement w i th the expec ted 1 : 2 . W e furthermore calculated the expected cross 
sect ion from elastic scattering and single diffraction dissociat ion (assuming factorisat ion) , in 
agreement w i th the exper imenta l ly observed cross sec t ion . 

3. I s l ight ly doub t the general usefulness of the F (t) funct ion. Since one averages all va­
riables, excep t tPPr over the w h o l e phasespace, one forgets c o m p l e t e l y about the longi tudinal 
momen ta of the pions and their correlat ions w i th each other or the pro ton . The distr ibut ions are 
invest igat ing in themselves, but one must be very careful in drawing conclus ions about the matr ix 
e lement . 

W r o b l e w s k i : 
1. I have argued against the word «asympto t ic» for your exponent nji s ince in your paper 

y o u conc lude c lear ly that for the react ions of pion produc t ion is equal to about 2 . If the Pomeron 
exchange processes domina te m a n y - b o d y react ions at higher energies then y o u wi l l find out that 
your «asympto t i c» exponent is a decreasing funct ion of energy and eventual ly i t decreases to zero. 

2 . There was noth ing in your paper about the compar i son of reactions 
n~~p —> (pjt°)(jx+ji"~3i"~) and K~~~p -> (nJt+) (jt+jtr*~jt~~) so I was not able to quote any figure in 
m y talk. 

M a g 1 i c : 
1. I d o n ' t understand the reasons one is p lo t t ing and invest igat ing angular correlat ions 

between 2 and 3 pions e t c . W e know these pions are the products of mesonic resonances decays . 
Goldhabers ' correlat ions were done before the resonances were d iscovered . T w o pions from the 
p-decay wou ld indeed, on the average, have larger angle than those no t c o m i n g from p (such as 
n+n+). Thus, I consider the angular correlat ions o n l y as a ve ry hard and insensi t ive indirect w a y 
of l o o k i n g for resonances. 

2 . The resonances and their effects on angular correlat ions can be removed o n l y if w e were 
sure w e knew all resonances. I think, however , wi th the resolut ion and statist ics presently avai­
lable , there are more resonances no t d iscovered than d i scovered . Therefore, at present the inter­
ference effects and mass-spectra effects cannot be easi ly separated and are of l imi ted usefulness. 

B i a 1 a s: 
I w o u l d l ike to disagree w i th Professor M a g l i c . The people work ing on G G L P effect k n o w 

that there are resonances and they take them into account in the analysis . It was shown in several 
papers that resonances cannot exp la in the effect . The most s tr iking evidences for this seem to me 

a) observa t ion of the strong G G L P effect in 10-prong u+p interact ions of 8 GeVIc b y the 
K r a k o w g r o u p . T h e y see n o devia t ions of mass dis t r ibut ions and single par t ic le d is r ibut ions 
from phase space, and sti l l there is a dramat ic difference between opening angles of l ike and unl ike 
pion pairs. 
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b) in a recent paper , the C E R N — Rrussel co l l abo ra t ion obse rved n o difference be tween 
the open ing angles of K+n+ and K+n— pairs produced in 6-prong K+p in teract ions at 5 GeVic. 
If resonances p l ay an impor t an t ro le in G G L P effect then, con t ra ry to this obse rva t ion , w e w o u l d 
expec t rather s t rong difference because , as w e all be l i eve , there are n o resonances in the K+n+ 
sys tem whereas the K+nr" sys tem is full of s t rong resonances. 

c) in a recent analys is of 6-prong n+p in teract ions at 8 GeV/c b y the W a r s a w g roup it was 
shown, ve ry c o n v i n c i n g l y to m y o p i n i o n , that the G G L P effect is caused b y interference i m p l i e d 
b y symmet r i za t ion of ident ica l p ions . 

Thus , it appears that , as suggested 10 years ago b y Golhaber et a l . , the symmet r i z a t i on of 
the p ion w a v e funct ion is m a i n l y respons ib le for the effect. 

C z y z e w s k i : 
If Professor Mag l i c is r ight , then G G L P effect is in our case m u c h m o r e sens i t ive test for 

resonance presence than b u m p s in effect ive mass d is t r ibut ions . E v e r y resonance or b u m p w e see in 
our da ta is m u c h less s igni f icant than angular corre la t ions effects. 

C o h e n — T a n n o u d j i : 
I w o u l d l ike t o m e n t i o n that i t is poss ib le and easy to test the assumpt ion of c . m . he l i c i t y 

conserva t ion of P o m e r o n exchange . One has essent ial ly to perform a Trennan — Y a n g test but 
in the h e l i c i t y frame rather than in the Jackson frame. This test is easy to d o ; one can even re-
analyse o ld da ta . It is impor tan t to k n o w if this assumpt ion is true no t o n l y for quas i - two b o d y 
react ions bu t a lso in the case of the p roduc t ion of t w o uncorre la ted packets of par t ic les . 

R o i n i s h v i l i : 
M y c o m m e n t concerns m a n y - b o d y process m o d e l s . I t is rather we l l es tabl ished that: 
a) the ine la s t i c i ty coeff ic ien t is cons tant over a w i d e energy range; 
b) the m u l t i p l i c i t y increases w i t h the energy. It seems to m e that these t w o facts are rather 

d i f f icu l t t o be exp la ined in the frame of the l im i t i ng f ragmentat ion m o d e l . Indeed, in this m o d e l 
the average energy per secondary in the centre of mass sys tem increases as yc. A s a result , the 
ine las t ic i ty coef f ic ien t has t o increase p ropor t i ona l ly to ns. T h e oppos i t e d i f f i cu l ty arises in the 
pure p ion i sa t ion process . Therefore o n l y the proper c o m b i n a t i o n of these t w o processes can exp la in 
bo th of the m e n t i o n e d exper imenta l facts . This is just the s i tuat ion w i t h the mul t iper iphera l 
m o d e l s . 

Y a n g : 
a) T h e m u l t i p l i c i t y can increase l oga r i t hmica l ly in the hypothes is of l i m i t i n g fragmen­

ta t ion . 
b) T h e or ig ina l fo rm of the mul t iper iphera l m o d e l is an e x a m p l e of m o d e l s that satisfy 

the hypothes i s of l i m i t i n g f ragmenta t ion . 
c) I agree w i t h the speaker that ex t r eme ly detai led m o d e l s are p r o b a b l y n o t useful at this 

stage of our k n o w l e d g e , 
G a r e 1 i c k : 
H a v e the f (t) d i s t r ibu t ions , w h i c h are a p p r o x i m a t e l y independent of m u l t i p l i c i t y , been 

c o m p a r e d t o the t d i s t r ibu t ion g i v e n b y \GM(t)2\ where GM (t) is the p ro ton e l ec t romagne t i c form 
factor? 

W r o b l e w s k i : N o . 
P i g n o t t i : 
I agree w i t h Professor Y a n g ' s s ta tement that the mul t iper iphera l m o d e l ( M P M ) is consis tent 

w i t h the hypo thes i s of l i m i t i n g f ragmenta t ion and Ba l i , Steele and I have presented a paper to 
this conference in w h i c h this was po in ted ou t . I w o u l d also l ike to m a k e a remark conce rn ing 
p ion iza t ion , because I be l i eve that this is a phys i ca l l y interest ing p r o b l e m , and that there has 
been confus ion abou t this t e rm. I k n o w of t w o precise def in i t ions of p ion i za t i on , and I am the 
author of nei ther o n e . T h e first one was used b y Cheng and W u in a Phys i ca l R e v i e w Letters 
ar t icle last year , and is the one that I have used in the past . A c c o r d i n g to this def in i t ion there is 
p ion iza t ion if the number of p ions , p roduced w i t h center of mass energy less than an arbi t rary 
f ixed va lue W , tends to a constant as the inc iden t energy goes to in f in i ty , and there is no p ion i ­
zat ion if the number goes to zero . T h e m o d e l of Cheng and W u and the M P M predic t the ex i s tence 
of p ion i za t i on in the sense of Cheng and W u . The m o d e l of Professor Y a n g does no t m a k e predic-
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t ions a b o u t this de f in i t i on of p i o n i z a t i o n * . T h e s e c o n d de f in i t i on of p i o n i z a t i o n is con t a ined in 
a recen t prepr in t en t i t l ed « R e m a r k s a b o u t the H y p o t h e s i s of L i m i t i n g F ragmen ta t i on» b y 
T . T . Chou and C . N . Y a n g . T h i s de f in i t i on is a n a l o g o u s t o the first o n e , bu t ins tead of referring 
t o the n u m b e r of p ions p r o d u c e d , i t refers to the fraction o f the t o t a l n u m b e r of p ions p r o d u c e d 
w i t h i n a l i m i t e d ene rgy range in the cen t re of m a s s . In o ther w o r d s , the de f in i t i on of Cheng and 
W u is d i v i d e d b y the to t a l n u m b e r of p i o n s p r o d u c e d . Because w e agree that this to ta l n u m b e r 
increases w i t h o u t b o u n d w i t h increas ing i n c i d e n t energy , the m o d e l of Cheng and W u and the 
M P M pred i c t a van i sh ing p i o n i z a t i o n in the sense of Chou and Y a n g . L i m i t i n g f r agmenta t ion 
is cons i s ten t w i t h the presence o r absence of p i o n i z a t i o n , bu t favors the absence . In s u m m a r y : 
i t is unfor tuna te that there are n o w t w o de f in i t i ons of p i o n i z a t i o n , and I r e c o m m e n d to m y co l l ea ­
gues t o s p e c i f y in the future w h a t k i n d of p i o n i z a t i o n t h e y refer t o : w h e t h e r Cheng and W u ' s 
or C h o u and Y a n g ' s . A s far as p h y s i c s is c o n c e r n e d , the m o d e l s of Cheng and W u and the M P M 
m a k e s t ronger p red i c t i ons than the m o d e l of l i m i t i n g f r agmen ta t i on . H o w e v e r , w h e n the la t ter 
favors an a l ternat ive , it agrees w i t h the other m o d e l s . 
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