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§ 1 . Introduction 
This talk covers results presented in four 

parallel sessions: 
Contributed 

Papers 
A3 —High Energy Hadron 75 

Reactions, High 
Multiplicity 

B7 —Charm Searches and 29 
Related Topics 

BIO—Ultrahigh Energy 18 
Events and Exotic 
Phenomena (Cosmic 
Rays) 

B11 —Nuclear Effects in _58 
High Energy Colli- 180 
sions and Related 
Topics 

It thus has a broader range of topics than the 
title would suggest. As can be seen by the 
number of contributed papers, these fields are 
quite active; in particular, many results were 
contributed on high multiplicity or inclusive 
type studies and on reactions taking place off 
nuclei. 

Although these topics have generally been 
studied for several years now, many of the 
contributions add valuable data at new ener­
gies or for different beam particles, and are 
useful in making compilations and detailed 
fits to the data. Such a multitude of numerical 
results is, however, somewhat difficult to cover 
adequately in a rapporteur talk. Fortunately, 
many of these subjects were covered in detail 
by the mini-rapporteurs in the parallel sessions. 
In any case, with 180 papers, roughly 16% of 
the total contributed to the Conference, I 
cannot possibly cover all the results and I 
apologize to those whose hard work has not 
been adequately covered. 

§ 2 . Two and Three Body Correlations 

Kenney et al. (paper 496) have looked at 
T T " P reactions at several energies in bubble 
chambers, including 30,000 events at 360 GeV/ 
c. They have analyzed the dependence of the 
two-body correlation function 

(i) 

(2) 

(3) 

on multiplicity and incident momentum. 
The 360-GeV/c data are combined with 

results at 18.5, 100, and 200 GeV/c to evaluate 
cluster parameters. Some of the two-body 
correlations for unlike charged particles near 
7 1 = ^ ^ 2 = 0 are shown in Fig. 1, both as a func­
tion of multiplicity and as a function of energy. 
Note that the authors use only > 8 prongs in 
order to avoid diffractive effects. In the 
Berger cluster model 1 

(4) 

where (k}+~ is the numbers of charged par­
ticles per cluster and 8 is the correlation 
length, < j 2 — J i ) r m s - When plotted using the 
scales shown in Fig. 1, the model expects 
straight lines, as observed. Note that unlike 
most experiments, with results at only one 
energy, these authors can use the various 
energies to give a consistency check on the 
method. After checking the consistency, they 
simultaneously fit the dependence on multipli­
city and energy and find that on average there 
are 1.60^0.12 charged particles per cluster 
and a=0.99±0.03. 

With the present high statistics available 
from bubble chamber experiments the same set 
of authors (paper 497) were able to observe 
three-body dynamical correlations. For this 
purpose they use the definition 



Fig. 1. Energy and multiplicity depencence of the 
two body correlation functions for unlike-charge 
pairs produced in T T ~ P reactions at yi=y2=0 
(Kenney et at. paper 496). 

where 

Fig. 2. Dynamical three-body correlation for 7r~p 
reactions at 200 GeV/c as a function of Ay^—y^y^ 
for various intervals of Ay2 = y2 — y& Values for the 
( —) charge combination are shown on the left, 
and for the (—+ —) on the right. The smooth 
curves are from a Monte Carlo simulation which 
includes no explicit short-range correlations (Kenney 
et ah paper 497). 

indeed have only 1.6 charged particles. 
We next consider the results of a high 

statistics ISR experiment carried out in the 
split field magnet at .</ s =52GeY by the 
CCHK collaboration (Drijard et ah paper 
273). To avoid diffractive effects they cut on 
—7 reconstructed tracks, leaving a sample of 
~ 200,000 events. Figure 3 shows the two-
body correlation function, with positive cor­
relations for y2=0 and 2, but a negative cor­
relation out near the kinematic limit, y2= — 4. 
Qualitatively this effect is well fit by various 
cluster models, the results of the independent 
emission of charged clusters being shown in 
the figure. They find a correlation length 
very similar to that of the previous experi­
ment, an average of 1.8 charged particles per 
cluster, and one cluster per unit rapidity. 

Figure 4 shows the change in charge density 
at yx when the trigger particle at y2 of negative 

A smaller three-body correlation would, oi 
course, be expected if the average cluster does 

Note that the effects coming from two-body 
correlations are explicitly removed. Figure 2 
shows the results, both for all three particles 
having negative charge and for the —|—combi­
nation. As expected, they do not observe any 
correlation between three negatively charged 
particles. They do, however, see a significant 
effect near J>I=J>2—J>3—0 for the —|— combina­
tion; this effect is apparently narrower than the 
two-body correlations, with a width of per­
haps ±1 /2 unit of rapidity. The three-body 
correlation observed is considerably smaller 
than found for the two body case: 
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for the slope of the Pomeron trajectory. They 
also obtain an average mass for the clusters of 
1.3 GeV, with an average transverse momen­
tum of (0.65±0.10) GeV/c, comparable to that 
observed for meson resonances in this mass 
region.3 

Other methods have also been used to define 
clusters in attempts to understand multi-par­
ticle reactions. Pless et ah (paper 551) use 
charge distributions to define zones; they find 
that most of the multi-particle events can be 
described as having two leading particles or 
clusters, plus a central isotropically decaying 
fireball. An alternate method finds clusters of 
charged particles using a nearest neighbor 
technique. 4 This latter technique yields a 
pT distribution for clusters of charged particles 
which matches on rather well to the jet cross 
sections found by Bromberg et al.5 at larger 

§3. Second Order (Bose-Einstein) Interference 

A few years ago Kopylov, Podgoretsky and 
Cocconi 6 suggested the use of like-particle 
(e.g., 7t~7z~) correlations to estimate the dimen­
sions and lifetime of emission (not interaction) 
regions. This is similar to a method used over 
the past 20 years by radioastronomers and has 
been used in other fields as well. 

In principle, this technique is of particular 
interest because one can examine the emis-

/ 1 

Fig. 3. Two body correlation function in non-diffractive (nohs>7) pp collisions at V s =52.5 GeV 
for different values of y2. The lines are the predictions of a cluster model with independent 
emission of charged clusters (Drijard et al. paper 273). 

Fig. 4. Associated charge density balance (Drijard 
et al. paper 273). 

charge is replaced by one of positive charge. 
The data show a local compensation of charge, 
much narrower than the associated particle 
density distribution; this allows a partial dis­
crimination between the various models con­
sidered by these authors. 

They have also looked at the distribution 
of transverse momentum compensation, and 
find that unlike charge compensation, pT is 
compensated globally in agreement with both 
their uncorrelated jet model and correlated 
cluster link model. The authors tend to favor 
the latter model which can be used to obtain 2 
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The coefficient X allows for the fact that not all 
of the 7T~ may be able to interfere with one 
another, and the normalization on the left-
hand side neglects possible resonant effects 
in the low-mass n+7z~ system. 

Three sets of bubble chamber data are 
shown in Fig. 6 (Deutschmann et al.7) together 
with fits to eq. 9. The data are well fit by 
this form, with the enhancement being largest 
near qt^qo=0 as expected. These authors 
find that the radius of the emission region is 
independent of the reaction, and also, at least 
for the high-statistics ?r +p data, independent 
of multiplicity, JR=(1.85±0.15)f. They also 
find the lifetime parameter to be c r = ( 1 . 2 ± 
0.3)f. The interference is strongest for the pp 
case with X close to unity, while it is only half 
this value for the higher energy 7 r + and K~ 
beams. 

These values are compared with results 
from other experiments8 in Fig. 7, which in­
cludes several new results presented to this 
Conference. While there is considerable spread 
in the results from the different experiments, 
the radii of Deutschmann et al. appear larger 
than found in most of the previous experi­
ments. They have reanalyzed some of the 
previous data, in particular allowing k to vary 

Fig. 5. Sketch showing two identical pions combing 
from two sources; used to derive eq. 8. 

sion regions for the various classes of events 
such as high — pT events, events having p's, 
or as a function of multiplicity. 

For example, consider the two 7r~'s (KA and 
7rB) coming from points a and /9 in Fig. 5. 
Since we can't tell which source gave which 
7T, we must add the amplitudes: 

Integrating these points over a sphere yields 
the relation 

where 

i 

Fig. 6. Normalized ratio of the numbers of pion pairs of like and unlike charges, fit to eq. 9. 
From ref. 7. 



670 R . DlEBOLD 

Fig. 7. Compilation of results on the source param­
eters obtained from Bose-Einstein in f~ rference fits. 
The circles are from Deutschmann et al. (ref. 7); 
see ref. 8 for the other points. 

rather than fixing it to unity, and find results 
closer to their own than to the values given 
by the original authors. It thus appears that 
the variation from reaction to reaction, or 
energy to energy; shown in the figure more 
likely comes from systematic effects, rather 
than from a true variation of the emission 
region. As additional high statistics results 
become available, it will be of interest to 
analyze all experiments using the same method 
in order to search for true variations. 

§ 4 . Meson Resonance Production 

This subject is closely related to that of 
clusters; indeed some of the clustering effects 
discussed previously must come from resonance 
production. There has been a controversy, 
however, as to whether resonances are a 
dominant or negligible effect in the cluster 
analyses. 

The average number of />°'s per produced 
charged pion pair is shown in Fig. 8, taken 
from a compilation by Kenney et al (paper 
500); they find that at high energy about 12% 
of the produced charged pions come from 
p°-+7t+Tc~. It should be noted that the p° 

signal is difficult to estimate due to the large 
combinatorial background. One might expect 
similar contributions from p ± and from co 
decays; further, the decays of y , K*, N*, and 
so on, will also contribute and thus the frac­
tion of charged pions coming from resonant 
production and decay is probably 3 to 6 times 

Fig. 8. Compilation of the average number of p°'s 
per produced pion pair as a function of energy for 
7 r ± p and pp interactions (Kenney et al. paper 500). 

larger than the 12% from p09s alone. In fact, 
Dao et al. (paper 495) estimate that resonances 
can account for 80% of all charged pions in 
their pp data at 300 GeV/c. This can be com­
pared with a recent estimate9 that (10 to 30)% 
of the pions produced in 16-GeV/c ; r + p interac­
tions are "direct" and do not come from 
resonance decay. 

At Fermilab-SPS energies only a small 
percentage of the p°'s come from diffraction 
dissociation (this process is only 10 or 20% 
of the total cross section and the multiplicity 
is low). Thus, the various estimates of 50 to 
80% of the charged pions coming from re­
sonance production must still be approximate­
ly valid for the high multiplicity events used 
to study clustering in the central region. This 
means that a majority of the so-called clusters 
are in fact old fashioned resonances, in which 
case "clusters" may not be the most ap­
propriate language. 

A compilation of the energy dependence 
for inclusive p°, K*, and K s production is 
shown in Fig. 9 (Kichimi et al., paper 545); 
the figure shows that the inclusive production 
of p\ KJ, and KJ9J all scale together with 
energy, in approximately the ratio 1/0.6/0.3. 
The K*~ rises somewhat faster at lower 
energy and eventually becomes equal to K* + 

above ~ 50 GeV. These authors find that 
approximately two thirds of the K s already 
come from K8*90 and Kf420, similar to the T T * 
case where a large fraction also appears to 
come resonant production and decay. 

Analyses of inclusive pion or kaon data is 
thus not at all straightforward. The contribu­
tions from resonance production and decay 
distort both the x distributions 9 1 0 and pT 
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Fig. 10. The diffractive spectra for kaon diffractive 
dissociation: a) for different multiplicities; b) com­
pared with the total apectrum (Morrison et al 
paper 97). 

states to subtract off the non-diffractive part 
of the J g — 0 states. Using this method they 
obtain a substantial diffractive component, 
even at the higher masses as shown in Fig. 10. 
For example, from their K~p data at 10 and 
16GeV/c they find that at a K* mass of 
2 . 5 G e V ~ l / 2 of the events come from dif­
fractive dissociation. They obtain an in­
tegrated cross section ~ 1 . 2 ^ b ( ~ 5 % of atot) 
each for diffractive K* and diffractive N* 
production. 

§5. Triple Regge Phenomenology 

Although several papers contributed to the 
Conference included triple Regge fits, I will 
have to limit myself to the recent experiment 
of Barnes et ah (paper 1065 and ref. 12) 
on 7T° and -q production by 100-GeV/c T T * 
beams. Not only do they have very high 
statistics, but they also have an interesting 

Fig. 9. Compilation of the inclusive cross sections 
for p°, K s and K* ±(890) production in pp interac­
tions (Kichimi et al. paper 545). 

distributions, 1 1 and can give misleading results 
if not taken into account in analyses such as 
triple Regge or parton fits. The x distortion 
caused by this effect depends on the process; 
one of the largest effects is that coming from p° 
decay contributing to 7 r ± - > 7 r = F . 

We turn now briefly to the production of 
meson systems via diffractive dissociation. 
As is well known, this process gives a strong 
peak in the effective mass distribution near 
threshold. At larger masses the process be­
comes more difficult to identify, but Morrison 
et ah (paper 97) have developed a technique to 
identify the diffractive component using the 
energy dependence of the charge-exchange 

Fig. 11. Outline of triple Regge theory for 7 r " p - + 7 r ° X full inclusive and for neutrals only. 
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new twist to add to the game: using the same term, Pomeron exchange at / = 0 with a ( 0 ) = l . 
apparatus they did two experiments, first For the neutral-only final state they introduce 
for the usual full-inclusive distribution and, the concept of a pseudopole with trajectory at 
secondly, for the zero-prong, neutrals-only t=0 determined by the energy dependence of 
final state. The theoretical models for these the zero-prong cross section (from which they 
two cases are outlined in Fig. 11. For the estimate a value of #(0)=— 0.08zb0.2). For 
full inclusive case one has the usual dominant each case they can then obtain the t depen-

Fig. 12. The x dependence for n p - » 7 r 0 plus neutrals only for different t bins, together with the 
triple Regge fits (ref. 12). 

Fig. 13. The p trajectory and residue function found by fits to the full-inclusive n° data (Barnes 
et al. paper 1065), compared with the p trajectory from the exclusive data (ref. 13). 
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dence of the exchanged trajectory, p(A2) fo 
n\rj) production, using the form 

A sample of the neutral-only inclusive data 
is shown in Fig. 12 together with the fit. 
Note that the shape of the spectrum does in 
fact change with t, as expected in the triple 
Regge model from the variation in a(t) with 
momentum transfer. The results for the T T 0 

full-inclusive case are shown in Fig. 13. The 
p trajectory is in qualitative agreement with 
that obtained 1 3 from the exclusive channel 
^~p ->7r°n , while the p residue shows some 
structure in the neighborhood of ~t=0.5 
GeV 2, the exact nature of the structure de­
pending somewhat on the details of the fit. 

Trajectories from the fits to the neutrals-only 
data are shown in Fig. 14. 

The results of this work can be summarized 
as follows: 
1. There is good qualitative agreement for 

the p* and A2 trajectories obtained from 
the three final states: 
a) exclusive-neutron using energy de­

pendence ; 
b) full-inclusive using spectrum shape; 
c) neutrals-only using a different spectrum 

shape. 
2. There are some systematic uncertainties 

from the value of a(0) used for the 
pseudopole and from the details of the fit 
(such as the x range used). 

3. The trajectories appear to level off for 
momentum transfers > 1.5 GeV 2 at a~ 
—0.6. This latter value can be compared 
with the constituent interchange model 

Fig. 14. The p and A2 trajectories determined by fits to the neutrals-only data (ref. 13). 
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prediction of — 1 . 
4 . The ^-exchange residues show structure 

(or a dip) near — t=0.5 GeV 2, whereas 
the A2 residues are smooth in this region. 
The structre is presumably due to the 
wrong signature nonsense zero at ap=0. 

5. From a detailed examination of their fits, 
the authors conclude that the simple Regge 
theory appears to work over a wider range 
of x for the neutrals-only final state as 
compared to the full-inclusive reactions. 
They suggest that this may be due to the 
weak coupling nature of the neutral final 
state and the corresponding pseudopole. 

§6. Parton Ideas for Leading Particles 

We turn now to a possible connection 
between low and high pT phenomena. There 
has been a great deal of activity in this area 
during the last year or two, especially in ex­
plaining the momentum (or x) distribution of 
fast particles at low pT with parton structure 
functions. The simple idea of fragmentation, 
sketched in Fig. 15a, does not work well; it 
gives too rapid a decrease in cross-section as 
x increases. The trouble is that momentum 
is lost at each of two stages: first, the single 
quark carries off only part of the initial pion 
momentum; and, secondly, it then fragments 
into the leading particle plus other particles 
which compete for momentum. 

There are several ways to fix this; Andersson 
et al.14c have suggested that the quark which 

interacts with the target is a wee quark with 
little momentum, leaving nearly the full energy 
for the fragmenting quark. Data presented to 
this Conference by the Fermilab Single Arm 
Spectrometer Group (Cutts et ah, paper 413), 
however, show that while this prediction 
gives approximately the correct shape for the 
x distribution, it generally does not have the 
correct normalization. 

A more popular scheme is the recombina­
tion model sketched in Fig. 15b; this model 
assumes that the leading quark somehow 
dresses itself, or recombines, with a soft (x2 ~ 
0) quark from the sea. This idea goes back 
several years 1 5 but received renewed interest 
from the observation of Ochs 1 6 that the ratio 
of 7 r + to 7T~ inclusive production by protons 
follows very closely the ratio u(x)/d(x), where 
u and d are the quark structure functions found 
in deep inelastic lepton scattering. This idea 
has also been used successfully by Eisenberg 
et al. (paper 768) to fit the rc+jn~ ratio from 
similar reactions. 

While Ochs neglected the momentum x2 

carried by the quark picked up from the sea, 
Das and Hwa 1 7 developed a model in which 
this x2 distribution is folded in using a some­
what arbitrary recipe. This model has been 
used to estimate the sea-quark distributions 

/ s e a q n a r k B ^ O — * ) * « - 0 1) 

Examples of such fits obtained by Duke and 
Taylor 1 8 are shown in Fig. 16. By fitting 
simultaneously to several particle ratios, they 
obtained both the shape and normalization of 
the sea-quark distributions. Similar fits have 

Fig. 15. Sketches of parton models used to describe 
low-pT leading particles: a) fragmentation; b) re­
combination; c) spectator. 

Fig. 16. Das-Hwa type fits to the ( p - > 7 r + ) / ( p - » 7 r ~ ) 
ratio using several choices for the exponent in eq. 11 
(ref. 18). 
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also been obtained by the Fermilab Single Arm 
Spectrometer Group, Cutts et al. (paper 413), 
as shown in Fig. 17. Again, reasonable fits 
are obtained to the data by adjusting the 
parameters of the sea-quark distributions. 
The exponents in eq. 11 obtained for the sea-
quark distributions from the two Fermilab 
experiments are as follows 

There is good agreement between the two 
analyses, and the results are also in qualitative 
agreement with those obtained from dilepton 
production. 1 9 

Such fits have also been made 2 0 to the ISR 
data of the CHLM collaboration, 2 1 as shown 

Fig. 17. Das-Hwa type fits to the invariant cross 
sections at pT=0.3 GeV/c (D. Cutts et al, paper 
413). 

Fig. 18. Invariant cross sections for the production of particles in pp reactions at V s = 4 5 GeV 
and pT=0.75 GeV, compared with the appropriate quark distributions (dashed lines) and with 
the convoluted distributions (Das-Hwa); from ref. 20. Data from ref. 21. 
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in Fig. 18 for ^ ^ - 0 . 7 5 GeV/c. The dashed 
curves show the appropriate valence-quark 
distributions, and are the results one would 
obtain by neglecting the momentum con­
tribution from the sea-quark. Better agree­
ment with the data is obtained after convolu­
tion with the sea-quark distributions a la Das 
and Hwa. 

In two papers presented to this Conference 
these ideas have been applied to data from 
incident pions and used to calculate the quark 
distributions within the pion: 

Cutts et al. (paper 413) Kenney et al. (paper 498) 
valenceoc(l— x ) 1 , 5 ± 0 ' 6 fix valence distribution to 
nonstrangeseaoc(l— x ) 3 0 ± 0 - 3 various models, e.g., 
strange sea o c ( l — j c ) 0 , 9 ± 0 - 3 Field-Feynman, then 

get sea — ( 1 — *)~ 4 

The valence quark exponent of 1.5 ±0.6 is in 
qualitative agreement with that obtained from 
the lepton pair experiments. 1 9 

These results should be taken with a degree 
of skepticism, however; it's amazing that the 
analysis works so well considering that: 
1. The model is not well-founded on basic 

theoretical principles and is somewhat 
arbitrary (for example, the choice of the 
recombination probability to be x^/x2). 

2. The fits end up with so much momentum 
in the sea that there is none left over for 
gluons (compared with lepton scattering, 
hadron interactions take place over a 
relatively long time scale, and it is suggest­
ed in ref. 18 that the gluons convert their 
momentum into quark pairs during the 
interaction). 

3. For some of these reactions there are 
substantial contributions from resonance 
production and decay which is usually not 
taken into account. 

4. For some reactions triple Regge con­
tributions are important. 

5. Scaling violations and other gluonic effects 
inherent in the parton-quark model may 
mask the true quark distributions. 

The problem of resonant production and 
decay has been particularly stressed by Pokor-
ski and Van Hove. 1 5 The effect of p contribu­
tions to the p - ^ * inclusive spectra has been 
examined by Erne and Sens; 2 0 they find that 
while the effect is not dominant, it could well 
affect detailed quantitative fits such as those 
done to obtain the sea quark distributions. 

The same data have been fit21 for x>0 .7 to 
the triple Regge model; the resulting Regge 
trajectories are shown in Fig. 19. The reac­
tions p - > 7 r + , T T " , K + all give similar values for 
a(t)9 even though somewhat different values 
were expected for the different reactions. 
Perhaps one should simply be pleasantly sur­
prised that the fits gave answers this close, 
since the inclusive production is a sum of not 
only triple Regge type terms, but also parton 
type processes, as well as resonance produc­
tion and decay. 

In spite of the complexity of low pT physics 
the parton concepts do appear to be useful for 
an intuitive grasp of the data. For example, 
we can ask what happens to the n+J7t~ ratio, 
so beautifully explained by Ochs, 1 6 if we now 
require also an additional fast n~. Naively, 
one might have thought the ratio would 
remain invariant under the requirement of 
the extra T T ~ ; however, the first T T ~ uses up the 
only d valence quark in the proton and for 
the second n~ both the quark and anti-quark 
must come from the sea. This requirement 
is similar to that for K~ production, and as 
shown 2 2 by Fig. 20 the 7i+x~/n~7c~ ratio is 

Fig. 19. Effective trajectories from one-term triple-Regge fits to the region x>0.7 (ref. 21). 
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Fig. 20. Cross section ratios from pp interactions 
at </! = 53 GeV (ref. 22). 

indeed in qualitative agreement with the K + / 
K~ ratio. Other situations of this sort can 
also be studied; for example, the n+J7t~ ratio 
has been predicted 2 3 to change dramatically 
for events which contain lepton pairs of high 
effective mass. J n the Drell-Yan model such 
pairs will be made preferentially by uu anni­
hilations which would then leave behind a 
different distribution of quarks available for 
hadron production. 

An alternative, more superficial method for 
estimating the leading particle momentum dis­
tributions is given by the spectator counting 
rules of Brodsky and Gunion. 2 4 The best 
results are obtained if one assumes that one 
of the beam quarks is absorbed on the target, 
and the produced particle is accompanied by 
the minimum number of spectator quarks, as 
shown, for example, in Fig. 15c. Since the 
momentum must be shared with these spec­
tators, one expects for the fast particles 

x(da/dx)oc(l-x)2n spec" 1. (12) 
This is obviously a cruder model then those 
discussed previously. For example, both K+ 

and 7t~ produced from incident protons would 
then be expected to go as (1—x)3, whereas it 
was the ratio of these two reactions which 
was fit so well by Ochs using the difference 
between the u and d quark valence distribu­
tions. 

Fig. 21. Compilation of the exponent a used to 
characterize the dependence of inclusive processes 
at large x ; xda/dx=(l~x)a. The data come from 
the sources listed in ref. 25 and are compared to 
that expected by spectator counting in the quark 
exchange model (ref. 24). 

In Fig. 21 I have compiled some of the 
recent experimental results 2 5 and compared 
them with the predictions of the spectator 
counting model. At best, the model gives a 
rough measure of the difficulty in creating a 
fast particle of a given type. While some 
reactions are described well, others miss by 
one or sometimes two units in the exponent. 
Since the data are typically being fit over a 
range in 1— x of a factor of five, this means 
that the model often gives a fall off which 
disagrees with the data by a factor of 5 to 25, 
The model is particularly unreliable for those 
processes with three or four spectator quarks. 
In some cases one can make excuses based on 
resonant contributions, triple Regge effects, 
helicity flip dominance, etc., but this means 
that the predictive power of the modelis 
limited. 

Some of the worst disagreements with the 
spectator quark counting rules are shown by 
the recent SPS hyperon beam results (Bourquin 
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Fig. 22. Ratio for ^ ' / T T " produced in the forward 
direction by protons (M. Bourquin et al, paper 
777). 

et al, paper 777) such as the E~\iz~ ratio 
shown in Fig. 22. While the previous low-
energy experiments disagree with one another, 
it is clear that this ratio is far from com­
patible with the prediction of the spectator 
model. 

§7. Heavy Stable Particle Surveys 

Here we will discuss the production of 
particles with lifetime sufficiently long to be 
observed in a secondary beam. We begin with 
three experiments which looked in vain for 
particles with mass in the region of 5 GeV. 
While it is always good to look for new effects 
on general principles, these experiments are 
of particular interest in view of the speculation 

by Cahn 2 6 that the new quark in the Y might 
form stable or highly metastable compounds 
with the lightest of the old quarks, yielding 
a relatively stable meson with mass in the 
region 5 GeV. Two Fermilab experiments 
were performed recently with the parameters 
and results outlined in Table I. The Single 
Arm Spectrometer results of Cutts et al. are 
somewhat more sensitive, setting a 90% con­
fidence upper limit roughly 20 times smaller 
than that for Y production. The results of 
Bourquin et al. (paper 777) using the SPS 
charged hyperon beam are also shown in 
Table I. While their cross section limit is 
several orders of magnitude less stringent than 
those of the Fermilab experiments, they are 
able to see down to lifetimes of order 10" 9 

seconds; again, no significant signal was 
observed. 

The beam survey experiment of Bozzoli et al. 
(paper 915 and reported by Giacomelli in 
section A3) also searched for particles with 
lifetimes > 1 0 ~ 8 seconds. They were able to 
set upper limits on the flux of such particles, 
< 1 0 ~ 7 that of pions for new particles with 
M < 1 GeV; at higher masses, 3-10 GeV, the 
limit is of order 10" 1 0 of pion flux. This 
group also measured the flux of light nucleons 
and anti-nucleons. As one tries to make 
more and more nucleons (or antinucleons) 
stick together the cross section falls rapidly, 
the price being a factor of 2,000 per nucleon 
and 6,000 per anti-nucleon. These results 
can be compared with the sticking model 
which predicts 

Gnlod^(o-lov)\ (13) 
The observed d/d ratio is actually found to be 
three times this prediction. 

The last experiment of this type which I 

Table I. Searches for quasi-stable particles of M^5 GeV; upper limits are 90% confidence level. 
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Fig. 23. Particle producton by protons as a function 
of S (M. Bourquin et al, paper 777). 

shall discuss is the survey of charged hyperons 
from 200 GeV interactions shown in Fig. 23. 
Here one pays a price of a factor of 30 in rate 
for each unit of strangeness. Note the rapid 
increase in the anti-baryon to baryon ratio as 
the strangeness increases; for 5 = 2 the ratio is 
already < 1 0 % , leading one to speculate that 

the ratio of anti Q~\Q~ may be close to unity. 

§8. Non-Emulsion Searches for Charm 

In a previous section we considered inclu­
sive production of some of the old meson 
resonances; in a similar vein this section con­
siders the inclusive production of charm re­
sonances by hadron beams. This subject is 
obviously important since inclusive charm 
production gives another dimension to the study 
of dynamics, namely, the production of massive 
quarks or particles which can be compared 
with that of the lighter particles. 

A list of some of the non-emulsion charm 
searches2 7 is given in Table II; in general, I 
have limited myself to experiments well above 
threshold, v / ^ > 1 0 G e V . One must treat 
the cross sections listed in the table with 
caution. In general, the experiments are 
sensitive to only a small fraction of the 4n 
solid angle, and a large extrapolation must 
be made using some theoretical model; dif­
ferent models have been used by the different 
groups. Further, the A dependence assumed 
for production off nuclei is often not men­
tioned and this can lead to an uncertainty of 
a factor of three in the cross section extrapolat­
ed to hydrogen. Also, it is sometimes not 
clear whether the cross section limit being 
quoted is for all D's, or only for a particular 
charge state, or whether the cross section is 

Table II. Non-emulsion searches for inclusive charm production; limits are generally 9 5 % 
confidence level on statistics, but do not include the systematic uncertainties of typically a 
factor of three. 
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per D meson or per pair of D mesons. Thus 
the upper limits quoted generally have syste­
matic uncertainties of a factor of three or 
more. In making the table, I have normalized 
the results to a set of standard branching 
ratios. 2 8 

The experiments range from those with a 
good direct signature, such as searches for 
bumps in the mass spectrum of K + 7 r ~ , to those 
where the signature is rather indirect. Un­
fortunately, those experiments with potentially 
good signatures observe no conclusive evidence 
for charm production by hadron beams; in 
general, the upper limits are in the neighbor­
hood of 10 to 20 jub. The upper limit of 
Lauterbach is only 1 fib, but this result is 
model dependent since it assumes that the 
muons from semi-leptonic D decay have a high 
longitudinal polarization; if this polarization 
information is ignored, the upper limit is of 
order < 1 0 jub. Another of the more indirect 
experiments (Clark et ah, paper 115) looks at 
e/i pairs at the ISR, and claims to see a two 
standard deviation effect after a large back­
ground has been subtracted. 

Recently, two types of experiments have 
observed significant signals. Brown et ah 
(paper 1011) run a proton beam into a large 
hadron calorimeter and observe events with 
single muon production. After correcting for 
the decays in flight of pions and kaons they 
conclude that they are observing a cross-section 
in the region 30-80 fib (under the assumption 
of an i 1 dependence). At the present time 
the most straightforward explanation of the 
single muon events would be the production 
and semileptonic decay of charmed particles. 
However, the cross-section quoted is larger 
than the upper limits set by many of the 
previous experiments. 

The SPS neutrino beam dump experiments 
observed signals consistent with the production 
and fast decay of charmed particles in the 
beam dump, although the three experiments 
disagreed on the size of the effect, with cross 
sections for charm production now quoted from 
40 to 200 jub (under the assumption of an A0 7 

dependence). Again, these cross sections seem 
high when compared with the upper limits 
obtained by the other experiments listed in 
Table II ; the disagreement can be reduced if an 
A1 dependence is assumed, in which case the 

cross sections would fall in the range 10 to 
50 /ub. For comparison, the 28-GeV/c beam 
dump experiment at Brookhaven of Soukas 
et al. (paper 1156) set an upper limit of ~ 1 jub. 

A search for charm was carried out in BEBC 
by looking for prompt single electron (or 
positron) production by 22-GeV/c T T ~ in hyd­
rogen (Calligarich et al., paper 1150). Out of 
25896 interactions they found one unambi­
guous event of this type: 

Fig. 24. Invariant mass distributions from 45-GeV 
nC interactions (Albrecht et al., paper 149) 

two narrow bumps in Fig. 24. The first bump 
is seen in the An+x~ system at a mass of 2085 
MeV, 23 events compared with ~ 1 0 expected. 
The second bump is in the /1K + K~ mass 
spectrum at 2790 MeV; 13 events compared to 
~ 4 expected. These bumps could be inter­
preted as decays of charmed baryons, but 
with ~ 4 standard deviations per bump they 
clearly need confirmation; the authors quote a 
a X B R ~ 1 /tb/nucleon each. 

While bare charm is indeed proving difficult 
to observe in a reliable manner with hadron 
beams, hidden charm in the form of <p and 
<p' has been observed over the years and I 
have nothing qualitatively new to report here. 

where X° is the unobserved system of neutral 
particles (missing mass ~ 1.4 GeV). The pre­
sence of the K° suggests that this could well 
be charm production. The one event cor­
responds to d X B R ^ l jub (10 jLtb for a 10% 
semileptonic branching ratio). 

Albrecht et al. (paper 149) used a Serpukhov 
wire spark chamber spectrometer to look at 
45 GeV nC interactions and have found the 
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well with the value (43±21)% observed pre­
viously at the CERN ISR by Cobb et alP 

§9. Short Lived Particles in Emulsions 

The observation of production and decay 
of charm particles in emulsion should have 
the advantage of a clean signature and of 
relative independence of decay modes. Such 
experiments do depend, however, on possible 
biases and the lifetime; indeed, measurements 
of the lifetimes of charmed particles are also 
of great interest. In a simple, bare emulsion 
experiment one would actually observe the 
superposition of several different lifetimes 
from the different charm particles. In prin­
ciple, this problem is avoided by some of the 
newer experiments which back up the emulsion 
stack with a large spectrometer or bubble 
chamber, both to locate interesting events in 
the emulsion and to separate the different 
charm particles through their decay products. 
Other uncertainties in the lifetime measure­
ments come from possible scanning biases, 
both at very short and very long distances, 
as well as from the estimate of the Lorentz 
factor Y=E/M. 

A list of emulsion experiments is shown in 
Table III. Several of these experiments have 
been presented to this Conference and claim 

Table III. Some emulsion experiments on short-lived particles. 

Fig. 25. The <py mass spectrum produced by a beam 
of 215 GeV/c %~\ the background distribution was 
generated by taking uncorrelated ^'s and fs 
(Holloway et al, paper 440). 

Since the T is discussed in the talk of Leder-
man, I will not discuss it either. The one piece 
of hidden-charm physics that I do want to 
discuss is shown in Fig. 25. The Fermilab 
Chicago-Cyclotron-Magnet Spectrometer was 
used by Holloway et al (paper 440) to observe 
the production of % states by a 215-GeV/c n~ 
beam. They find events with (ft-+ju+/u~ and 
then look for an additional j ray; the cpj 
mass distribution shows a bump of 11 ± 4 
events at 3550 MeV. This is just the mass of 
one of the x states and after correcting for 
their f-ray acceptance they find that (38± 
13)% of the 0 ' s are produced via %(3555) 
production and decay. This number compares 
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to have positive results. In general, these 
positive results are in contradiction to the 
upper limit ~ 1 fib set by the two earlier ex­
periments listed in the table, which were 
unable to find associated pairs in a search of 
the region down-stream of 76,000 primary 
interactions. 

Two new experiments claim to have seen 
short-lived decays, based on the observation 
of single decays. In an experiment performed 
at Serpukhov Bannik et al. (paper 154) have 
observed four events having an electron 
associated with the secondary vertex. While 
Gaisser and Halzen 3 0 have estimated that 
backgrounds in single-decay samples (from 
interactions and decays of non-charm particles) 
are expected at the few to 50% level, Bannik 
et al. claim that the requirement of an electron 
snould result in a very small background. 

Chernyavsky et al. (paper 308) have found 
nine charm candidates out of 1120 primary 
stars produced by 400-GeV/c protons. Al­
though they scan out to 1000 ju these events 
show flight paths of only 12-90 /u. With such 
short flight paths there should be little pro­
bability of background from interactions. 
Their integral distribution of lifetimes is shown 
in Fig. 26. As indicated by the straight line, 
a lifetime in the neighborhood of 2 x l 0 ~ 1 4 

represents the data well; the systematics on 
such a lifetime may be large, however, due to 
possible scanning biases. These authors sug­
gest a reason for the nonobservation of as­
sociated events: perhaps charm production 
proceeds mainly through associated production 

Fig. 26. Integral distribution of the lifetimes of the 
nine short-lived particles observed by Chernyavsky 
et al. (paper 308). The lifetime value shown should 
be considered preliminary due to possible scan 
biases. 

of a charmed meson together with a charmed 
baryon, the meson having a lifetime too short 
to be observed reliably in the emulsion. 
Indeed, for most of these nine events one must 
assume that the observed decays are of 
baryons, rather than mesons, if the mass is 
to be in the neighborhood of 2 GeV. 

Still, this does not explain why the two 
earlier experiments with much higher statistics 
did not observe such events. Although these 
earlier groups emphasized their nonobserva­
tion of associated pairs, in fact they also 
looked at single production and found only a 
few events, consistent with the flat lifetime 
distribution expected from interactions or 
hyperon decays. For example, Bozzoli et al. 
only observed 8 events with decay paths <100 
ju's even though they looked at 15 times as 
many interactions as Chernyavsky et al. 

Fuchi et al. (paper 491) have made a com­
pilation of short-lived particles produced by 
cosmic rays in the energy region 10-20 TeV. 
To reduce backgrounds they accept only 
events having two or more short-lived particles. 
Out of six intereactions, some of them from 
exposures 20 or 30 years ago, they find 20 
candidates. The integral lifetime spectra for 
both charged and neutral candidates are 
shown in Fig. 27. The six neutral short­
lived particles suggest a lifetime in the neigh­
borhood of 0 . 4 x l 0 " 1 2 seconds, while the 14 
charged particles give a lifetime of roughly 3 

Fig. 27. Integral lifetime distributions for short­
lived particles from associated production by 
cosmic rays of 10-20 TeV; solid line shows charged 
plus neutral particles, dashed line for charged, 
dash-dot for neutrals. N o correction has been 
made for scan biases. Compilation by Fuchi 
et al (paper 491). 
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times as long. It is interesting to note that 
Fig. 27 is consistent with the theoretical sug­
gestion 3 1 that the lifetime of the charged D 
meson is longer than that of the neutral. The 
authors estimate that short-lived particles are 
produced every 20-40 events at these energies, 
i.e., a cross section of ~500 //b/nucleon. 

For completeness, Table III also shows 
results obtained from ^-ray and neutrino 
interactions in emulsions. The results of the 
Omega Photon Emulsion Collaboration were 
presented in session B4 by Diambrini-Palazzi. 
So far, they have found two possible candi­
dates, both with rather short flight paths, 
suggesting a lifetime of < 1 0 ~ 1 4 seconds. 
While one event was found in a previous 
neutrino emulsion experiment, the most recent 
experiment (paper 798) has thus far been 
unable to find any candidates in a search of 
31 charged-current interactions. As with the 
T'-ray experiment, this latter neutrino ex­
periment has really only begun the long and 
tedious task of scanning, so additional results 
can be anticipated within the next year or 
two; other emulsion experiments are being 
set up at Fermilab as well. 

I would now like to summarize the present 
inclusive charm situation. Can all of these 
experiments be consistent with one another? 
With enough ad hoc assumptions one could 
probably get consistency between the majority 
of the experiments; however, my guess is that 
at least some of them are wrong or have been 
given a wrong interpretation. One of the 
worst discrepancies is between the old high-
statistics emulsion experiments and the more 
recent beam dump experiments. This has been 
investigated in some detail by Crennell et al32 

who combine the D D production model of 
Halzen and Matsuda 3 3 with the scan criteria of 
the Coremans-Bertrand experiment. They 
conclude that the experiments could be con­
sistent if the average lifetime of the charmed 
particles were either < 0 . 5 x l 0 ~ 3 1 or < 1 0 ~ 1 2 

seconds. This can be compared with the 
theoretical expectations3 1 of 0.5 x 10" 1 2 seconds; 
the theorists claim they would be surprised if 
the lifetime lay outside the range 10~ 1 4 to 
10" 1 1 seconds and this would prejudice one 
against the very fast lifetime possibility. The 
lifetime cannot be much more then 10" 1 2 

seconds, however, or various bubble chamber 

experiments would have been able to detect 
the finite decay length. Since both the emul­
sion experiments and beam dump experiments 
assume the same A dependence, this possible 
systematic error cannot explain the discrepancy 
between the two experiments. If the charm 
particles were produced more diffractively, a 
smaller cross section could produce the ob­
served number of neutrino interactions from the 
beam dump experiments. Much more than 
a factor of 2 or 3 is improbably, however, 
because the neutrino spectrum would then 
disagree with that observed.3 4 Systematic 
errors of a more experimental nature are also 
possible, of course, and are even strongly 
suggested by the fact that neither the emul­
sion experiments nor the beam dump experi­
ments agree well amongst themselves. 

More exotic explanations are also possible, 
although these are perhaps premature. One 
possibility would be that the neutrinos in the 
beam dump experiments originate primarily 
from the decay of some other type of particle, 
such as mesons with one of the new T quarks. 
Another possibility suggested to this Conference 
(Banerjee and Subramanian, paper 437) in­
volves new, relatively-light neutral bosons pro­
duced in pairs with a small cross section and 
long lifetime. 

My own guess is that the charm cross sec­
tion at Fermilab-SPS energies is of order 10 
/^b/nucleon with lifetimes hiding in the sha­
dows near 10" 1 2 seconds. With all of the 
present experimental effort being brought to 
bear on this problem, it should be well un­
derstood by the time of the next Conference. 

§ 1 0 . Centauro Events 

The only way to study interactions above 
V s = 6 0 GeV at present is to use cosmic rays. 

Although these experiments are very difficult, 
they have over the years indicated the trends to 
be expected at higher energies. Rising total 
cross sections, the increase in transverse mo­
mentum, and a rapid increase in average multi­
plicity have all been shown by these experi­
ments. Rather than trying to cover all of 
the results from the cosmic ray experiments, 
I will concentrate instead on one topic, the so-
called Centauro events. 

While such events are not observed at 
present day accelerator energies they are 
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apparently produced relatively frequently, at 
least a few per cent of the total cross section, 
at lab energies of 1,000 TeV. They are charac­
terized by a high multiplicity of strongly inter­
acting particles, roughly 80, but are consistent 
with having no y rays, and thus no 7r°'s, com­
ing from the primary interaction. Five such 
events have been observed by a Brasil-Japan 
collaboration (paper 434) using emulsion 
chambers on Mount Chacaltaya in Bolivia, 
5200 m above sea level. 

These interactions take place in the atmo­
sphere, typically a few hundred meters above 
the apparatus. Only the height of the first 
event could be measured directly; it was 
found to be 50 m above the apparatus and 
gave an average pT of 1.7±0.7 GeV/c. The 
heights of the other events have been calculat­
ed assuming the same average transvrse 
momentum. The characteristics of these events 
are outlined in Table IV. 

Table IV. Characteristics of the Centauro and Mini-
Centaruo events (Brasil-Japan Collaboration, paper 
434). 

It was found that the energy and transverse 
momentum of the secondary particles are ex­
ponential and that the angular distributions 
are consistent with isotropy, making it natural 
to speak of the production of a fireball. They 
have calculated the mass of the fireball using 
two methods, each giving M ^ 2 0 0 GeV. The 
first method uses the average transverse mo­
mentum to deduce the average energy in the 
center of mass to be 2.3 GeV per particle; 
the mass of the fireball is then just calculated 
as the number of particles times this average 
energy. The second method assumes a for­
ward-backward symmetry in the center of 
mass system; the median angle, # w , then cor­
responds to 90° in the center of mass and 
the mass can be simply calculated as 

where E is the total laboratory energy of the 
fireball. This energy is measured in the emul­
sion chambers by allowing the particles from 
the Centauro events to interact in the ap­
paratus, converting about one-fifth of their 
energy to 7r°'s, the j rays of which can be 
measured in the emulsion chambers. They 
then observe a sum of ^-ray energies, Eohs& 
200 to 300 GeV, implying a total energy for 
these events in the neighborhood of 1,000 to 
1,400 TeV, and this result gives a fireball mass 
quite consistent with that obtained by the 
average transverse momentum. 

As shown in Table IV, these authors have 
now also observed 13 events which they call 
mini-Centauro. While these events only have 
~ 15 strongly interacting particles, a somewhat 
low multiplicity, they share with the Centauro 
events the characteristic of having little or no 
j rays from 7r°'s. 

While the Centauro events need confirmation 
from other experimental groups, their presence 
could help to explain some of the other effects 
such as high multiplicity and large average 
transverse momentum seen by the various 
cosmic ray experiments. The colliding beam 
projects being planned for the next few years 
at CERN, Fermilab, and Brookhaven will 
probably have sufficient energy to observe this 
new type of interaction; for example, \ /T = 
800 GeV corresponds to a laboratory energy 
of 340 TeV. With their large cross section 
such events should be relatively easy to see, 
even at the low luminosities which may be 
present during the initial operation of these 
colliding beam systems. Whether or not the 
Centauro events are eventually confirmed, 
they do hold a lesson for us as we seek to 
expand our energy horizons with accelerators: 
we should not simply imagine that nature con­
tinues on in a unimaginative and dull Ins 
fashion; she may in fact have some real sur­
prises up her sleeve, in this case a totally new 
type of strong interaction setting in above 
some high-energy threshold. Judging from 
the high multiplicities observed in extensive 
air showers at even higher cosmic ray energies, 
more than one surprise may be waiting for us. 

§ 1 1 . Interactions Off Nuclei 

There has been considerable work, both 
experimental and theoretical, in this field, 
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Fig. 28. Schematic view of interactions in nuclei. 

particularly in the Soviet Union. Here I will 
mention just a few of the points to give a 
flavor of the physics and to remind those not 
working directly with nuclei of this very active 
sub-culture. 

A simple, naive picture of an interaction 
in a nucleus is shown in Fig. 28. Experiment 
shows that the fast, high-energy stuff acts 
much like the incident beam particle while 
inside the nucleus. In particular, there is 
very little cascading of the sort observed in a 
hadron calorimeter, where the first interaction 
might produce 10 particles, each of which in 
turn interact to produce several more particles, 
and so on, leading to a rapid build up of 
the shower. This is not observed. If we 
define vv to be the number of interactions 
of an incident proton in the nucleus, then the 
average number can be expressed as 

Fig. 29. Charged particle multiplicity ratio (eq. 15) 
at 100 GgV/c as a function of A1/3 (proportional to 
the nuclear radius) and c (eq. 14); from ref. 35. 

side the nucleus. Dimensional arguments 
give for this decay or formation length 

l~pl(M*+P'T)9 (17) 

in which case the forward going high-energy 
stuff tends on average to decay well outside 
the nucleus radius, and to first order these fast 
particles do not depend upon the thickness of 
the nucleus. For the slow particles one ex­
pects a multiplicity roughly proportional to v, 
the number of interactions in the nucleus. 
Equation 16 is not far from the simple mne­
monic, 1/2+ 1/2p, where the first term comes 
from that part of the multiplicity generated 
by the beam, while the second term would cor­
respond to that coming from target fragmenta­
tion. 

Actually the slow recoils from the target 
fragmentation region have a short enough for­
mation length that some cascading in this 
region is possible. Such cascading can give 
particles in kinematic regions which would 
normally be forbidden in reactions off single 
nuclei. Numerous experiments have looked 
at slow backward protons, for example, and a 
whole class of theories has been developed 
to describe such interactions. 3 6 These theories 
go under various names such as coherent tube 
model, cumulative effect, and big hadron 
model. The physical picture in such models 
is different from that shown in Fig. 28; these 

The number of fast charged secondaries com­
ing from nuclear reactions normalized to 
those from hydrogen, 

is plotted in Fig. 29 (ref. 35) as a function of 
both A1/3 (proportional to the nuclear radius) 
and the variable v. As shown by the figure, 
the data lie on the straight line 

when plotted as a function of v, but do not 
show a simple relationship when plotted as a 
function of the nuclear radius. This result 
shows a surprising simplicity of these high 
energy interactions: the high-energy stuff pro­
pagating through the nucleus acts much as the 
beam particle itself, even though ti becomes 
an exicted system which eventually decays out-
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Fig. 30. Compilation of inclusive pseudorapidity dis­
tributions of fast > 0.7) particles in emulsions 
compared with that off single nucleons, and also 
at the different incident laboratory momenta indi­
cated in GeV (Boos et al. paper 307). 

models assume that the interaction takes place 
off v nucleons which act together as a single 
coherent target and thus give a higher s value 
(by a factor of v) than one would normally 
achieve with a hydrogen target. 

Pseudorapidity distributions observed in 
emulsions are shown in Fig. 30. This compi­
lation was taken from the very nice review 
paper of the Alma-Ata et al. collaboration 
(paper 307). While the target fragmentation 
region 0?<1) depends strongly on A9 it is in­
dependent of the beam identity and energy, as 
expected for limiting fragmentation. The 
dependence on A of the target extends well 
into the central region near TJ=39 a relatively 
long-range correlation between the target and 
central regions which is not expected in many 
models. In the beam fragmentation region 
there is a slight loss of particles as A increases. 
The central region grows and the curves move 
out in the beam fragmentation region as more 
phase space becomes available at higher ener­
gies. There is an indication of these distribu­
tions developing a double peak, one from the 
multiplication of slowish particles in the target 
fragmentation region, and the second from 

Fig. 31. Average multiplicity of fast particles from 
inelastic 400-GeV p-emulsion reactions as a func­
tion of the number of associated "heavy" tracks 
(Boos et al. paper 307). 

the usual peak near x=0. 
One advantage of emulsion experiments is 

that they can count the number of heavily 
ionizing tracks, nh9 mainly recoil protons with 
(3<0J. As shown by Fig. 31, the average 
number of fast particles, (ns}9 depends 
strongly on nh9 the data in the figure being 
well represented by the straight line 

(18) 

The intercept of 10.5 is roughly 15% higher 
than the average value (n^y=9 found for 
pp reactions. The dependence of (nsy on nh 

can be compared with Eq. 16, suggesting that 
nh is a measure of v for a given event. 

A relatively clean testing ground for ideas 
about reactions off nuclei is afforded by the 
deuterium nucleus, and many bubble chamber 
experiments have looked at such interactions. 
For example, a recent experiment 3 7 using a 
360-GeV/c n~ beam found the double scat­
tering probability to be (15+2) % in deuterium. 
They further found the ratio of negatively 
charged particles produced in double scattering 
reactions to those from n~p collisions to be 
1.36+.07, a value somewhat larger than, but 
consistent with, predictions based on A G K 
cutting rules or the coherent tube model. 

A recent experiment on the A dependence 
of inclusive neutron production by 400-GeV 
protons has been carried out at Fermilab 
using a calorimeter to detect the forward-
going neutrons. From their lead and beryl­
lium data they obtain the values for a shown 
in Fig. 32, where oooAa. As the neutron 
momentum increases above x=0 .15 , a falls 



Hadron-Hadron Reactions, High Multiplicity 687 

Fig. 32. Values of a calculated from lead/beryllium 
ratios of neutrons produced by 400-GeV protons 
(Whalley et al paper 673). 

below the value of 0.69 for the overall inelastic 
cross section, and fewer high-momentum 
neutrons are produced per interaction form 
lead than from beryllium. A similar effect 
is shown in Fig. 30 for fast charged particles in 
emulsions and has been observed in other 
counter experiments 3 8 as well. An exception 
to this trend is the 0-mrad neutron production 
shown in Fig. 32 where a increases again 
above x = 0 . 6 ; this effect is not observed in the 
corresponding copper data, suggesting that the 
increase of fast neutrons off lead comes from 
coherent electromagnetic production processes 
(one-?- exchange) which would have a Z 2 

dependence. 
Another nuclear effect has been studied 

with an experiment 3 9 using T T * beams on neon § 1 2 - Conclusions 

Fig. 33. Average laboratory longitudinal momentum 
per event carried off by protons produced in 10-
GeV/c ^ Neon collisions, as a function of the 
number of fast particles in the event (ref. 39). 

A summary of some of the more important 
points concerning reactions off nuclei is as 
follows: 

1. Little cascading—long time develop­
ment. 

2. Multiplicity depends on v rather than 
A1/z; the hadronic state blasting it's way 
through the nucleus remembers the nature of 
the incident beam. 

3. KNO scaling approximately valid, al­
though (n)jD changes by ~ 4 0 % depending 
on v as measured by slow protons (nh). 

4. Fast nucleons often blasted out of nu­
cleus; <j?,|)~4 GeV/c per event for 7 r ± Ne at 
10 GeV and n8>S. 

5. vA induced events much like TZA : multi­
plicity distributions, fast protons, slow back­
ward protons etc., are all very similar. 4 0 

6. Many different models can follow the 
data, but with little predictive power. 

at 10 GeV; neglecting the production of K^, 
p and assuming charge symmetry, one can 
estimate the momentum distribution of protons 
including those normally too fast to be identi­
fied in the usual way with ionization measure­
ments. The average longitudinal momentum 
carried off by protons is shown in Fig. 33 as a 
function of the number of fast particles, ns; 
for # s > 8 , the protons carry off on average 
~2GeV/£ per event. Assuming an equal 
amount for the neutrons, this becomes a total 
of 4 GeV/c, a surprisingly large number con­
sidering that the experiment was carried out 
at only 10 GeV/c. 

1. The results of many experiments on 
multiplicities and correlations at different 
energies and with different beam particles have 
been presented to this Conference. With ever-
increasing statistics, detailed effects such as 

three-body dynamic correlations can now be 
observed. 

2. The compensation of charge and trans­
verse momentum has been studied at the ISR 
with high statistics and has been used to dis­
criminate between various cluster models. 

3. Second order (Bose-Einstein) inter­
ference effects have been observed in several 
experiments and interpreted in terms of the 
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dimensions of the emission region. While 
this method holds promise for the study of 
the variation of these dimensions with different 
parameters, the variations thus far observed 
appear to come from differences in the treat­
ment of the data. 

4. Resonance production and decay appear 
to account for the majority of pions and kaons 
coming from high energy interactions, and 
analyses of inclusive distributions must take 
this into account if reliable results are to be 
obtained. 

5. The p and A2 trajectories have been 
obtained from a triple Regge analysis of 
pion charge exchange and rj production, from 
both full-inclusive and neutrals-only final 
states; the results are in good qualitative 
agreement with those obtained from the 
energy dependence of the exclusive reactions. 

6. Parton ideas, particularly as formulated 
by Das and Hwa, appear to be highly success­
ful in describing the x distributions of leading 
nondiffractive particles at low pT. 

7. Charm production by hadron beams con­
tinues to be elusive; experiments with good 
signatures have thus far only been able to set 
upper limits, while more indirect experiments 
such as the SPS neutrino beam dump and the 
Fermilab single muon experiments observe 
signals which in some cases are larger than the 
previously quoted upper limits. 

8. Emulsion experiments looking for short­
lived charmed particles are also contradictory. 
Several experiments claim to have such events, 
but with different lifetimes and in violation 
of upper limits set by previous experiments. 

9. My own guess is that inclusive charm 
production at Fermilab-SPS energies is of 
order 10 /^b/nucleon with lifetimes of order 
10" 1 2 sec, but this will be resolved in the next 
year or two as much experimental effort is 
being devoted to the question. 

10. The cosmic ray experiments continue 
to tantalize the rest of us who are tied to 
accelerator energies; they promise new types 
of strong interactions, Centauro events with 
high multiplicity but no 7r°'s, at the next 
generation of colliding-beam machines. 

11. Interactions off nuclei are being actively 
pursued as a laboratory in which to study the 
space-time development of hadronic matter. 
The strong suppression of cascading inside 

nuclei is of fundamental importance and shows 
the relatively long evolution times involved. 
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