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1. - FOREWORD

- A short while ago the second anniversary of the first beam-beam
collision observed in the CERN intersecting storage rings was celebrated.
These two years have witnessgd an extremely fruitful activity on this remark-
able and unique instrument. The qualities of the beams have continuously
increased in perfection. A host of very important results have been collected.
They enormously enlarge our knowledge of hadronic processes. It may, of course,
seem somewhat frustrat;ng that, extending the range of energy available for
experimentation by almost two orders of magnitude, none of the many particles,
which could have been protected from human curiosity by high pfoduction
thresholds only, could yet be found. Quarks, monopoleé, intermediate vector
mesons, heavy leptons and heavy photons are 5till challenging so-called pos-—
sibilities. Discoveries at the ISR did not allow so far for the headlines
which such findings would have deserved in a general sense. They, however,
made the headlines at recent scientific conferences and in particular at the
Oxford Conference last April and at the Chicago~Batavia Conference last
Septembér. This is already very much rewarding to all those who pioneered
in this new type of research in particle physics. My r8le as a theorist
discussing recent results puts me in the priviledged but embarrassing position
where I can but describe the imposing work of others 1 . 'Indeed it would be
even unfair to try to present and discuss in a single review- the many interest-
ing results which have been collected during these two years of active research.
I should aécordingly limit this review to what has beeﬂrlearnt during the few
months which have elapsed since the Batavia Conference. Detailed reviews
already exist for previous periods. The étatus of research at the ISR was

2)

s which represent the two 1972 land-

reviewed in great detail at the time of the Oxford Conference and then at

the time of the Batavia Conference‘s)’4)
marks, respectivelyz in this domain of physics. I plan therefore here to
start from such reviews, minimizing dverlap; and to focus on the most recent
results. I will therefore discuss in particular the questions of large trans-
| verse momentum secondaries, total cross-sections, two-body correlations and
finally diffraction phenomena. -At the same time, however, I will have to
mention only extremely briefly the more maturedﬂqueétion of scaling. ‘Efiééﬁce
for scaling and for a central plateau in the rapidity distribution of'éecond-
aries are extremely important steps in our understanding of the high energy
phenomena. They should deserve a large fraction of any comprehensive dis-
cussion of physics at the IBR. Such qﬁéétions have, however, already been

2)’4). Further progress, not already reviewed,

reviewed rather extensively
would be worth reporting in some detail 5). I will, however, be extremely

brief on this gquestion here.



We do not have any actual theory to test against éxperimental
results at ISR energy 6). We nevertheless expect our present theoretical
pictures to be rewarded by some predictive value and it may indeed be said
that none of the recent ISR results came as a complete surprise. Picking
out two examples, it can be said that theoretical models did allow for a
sizeable large transverse momentuﬁ componenf 7) and for rising cross-sections 8).
Nevertheless, it should also be said that none of the theoretical ideas which
such models embody was matured enough that predictions could be made at a
quantitative level opr ever that the observed gqualitative features could be
actually predicted against all others so-called possibilities. The actual
observation of such effects now provides extremely important pleces of inform~
ation for the construction of theoretical models of hadron collisions. The
actual exploration of such effects raises many questions for which the ISR
should be able to give the needed answers. Looking already from the data
collected at present, we can easily foresee several years of exciting activify,

always hoping, of course, for a more violent surprise.

2. = A GLOBAL VIEW OF PROTON-PROTON COLLISIONS AT ISR ENERGY

Proton—protoﬁ collisions are mainly inelasfic: with q‘el/q'tot ~
~ 0.18 3). Many particles, mostly pions, are produced with a mean number of
T~ of the order of 4 to 5. The transverse momentum distribution of the
secondary pions shows the sharp cut-off already found at PS_energies, and eveﬁ
more So. The overwhelming majority of pions is produced at low Pp values,
with an exponential distribution (dﬂ‘/dp%) ~ e_GPT_((GeV/c)_1 units), empi-

rically valid from p;'= 0.2 to pp = 1 GeV/c" 4).

The mean number of pions increases<re1atively_slowly.with increasing
energy and a logérithmic'béhaviouriis not a bad approximation. The mean number
of Tf" produced in pp collisions varies from 0.6 to 4 only between 10 and
1000 GeV incident energy. Other secondaries such as K , and even more so Dy
show a very rapid rise between PS and ISR energies and then a much slower in-
crease with energy. Between 20 and 1000 GeV the mean number of 5 produced

3

per collision rises from 2x10 7 to 0.2. It is, however, already 0.07 at

200 GeV. The Pp distributions are wider for K, and even slightly more so

for p, than they are for W 91,
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Focusing first on low transverse momentum secondaries ’(pT <1 GeV/c),

which represent the overwhelming majority, scaling appears as the prominent pro-

perty 2)’4). 10);

Scaling can be abstracted from different theoretical pictures
as a very general property ©of inclusive distributions. It implies that invariant
distributions, corresponding to specific types of secondaries 1, namely

i
f

independent of energy at large enough energy. We have denoted by pT,'E end

= E(d.CFl/dp;dpL), at fixed p, and x = (2pL/Vs), should become eventually

Py, the transverse momentum, the energy and the longitudinal momentum of the
observed particle, respectively. As usual +s 1is the centre-of-mass energy
and x is referred to as the Feynman scaling variable. In other words, the
inclusive distribution should asymptotically depend on Pr and on the longi-
tudinal centre-of-mass momentum Py, sceled according to the centre-of-mass

energy, but not on ds.

The first results obtained at the ISR, mainly involved particle
2),4)

survey 2). They provided remarkable evidence for such a scaling property
thus tested on a very wide energy scale. With the amount of information now

2>,4),5),

available a clear hierarchy in scaling property emerges.

It is convenient to define three types of secondary particles,
even though any clear distinction is impossible except in very specific regions
of phase space. The first type corresponds to fragments of the incident par-

ticles. They are secondaries which are produced with rapidities 11)
12)

which are
similar to those of the incident particles (within 2 units, say) Such
particles are relatively slow when considered in the rest frame of one of the
incident particles. In terms of x, one may consider pions with 0.6 < lxl < 0.1
as proton fragments, though such a choice is, of course, not binding in terms of
the actual dynamics of the reaction. At PS‘energy, with a total rapidity inter-
val of 4 units, it 1s difficult to point out something which is clearly not in

the fragmentation region. However, as the centre—-of-mass energy increases, the
total rapidity interval'increaSQS as 1ln s to reach typically 8 units at ISR
energies. One may then point out a central region where secondaries are several
units away in rapidity from any of the two incident particles. This is also
referred to as the pionization region. In terms of 'x, it corresponds to the
neighbourhood of x = 0. This is, however, where phase space is the widest for
each secondary and, indeed, where most of the multiplicity is found at ISR

energies.
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Pinally it is convenient to consider separately final particles
which can be almost unambiguously associated with one of the primary particles
after quasi-elastic scettering off the other one. At ISR energy this corres-

ponds to very high energy protons with 1 <x < 0.95.

Such a classification turns out to be convenient but does not
correspond yet To any precise sSeparation between production mechanisms. As
is now well known, a hierarchy pattern in scaling behaviour holds. Pion dis-
tributions alreéady practically scale at PS energy in the fragmentation region.
They still rise, however, by a factor of about 2 at x ® 0 Dbetween PS and ISR
energies, but reach - to a 10% approximation - a limiting behaviour throughout
the ISR energy range 13). As expected from proton fragments, the scaling 1i-~
mits met in the fragmentation region are higher for TT'+ than they are for .
The behaviour at x = 0 approaches, however, a common limit with increasing
energy. Distributions for other secondaries show very similar.trends. Never-
theless the approach to a limiting behaviour is the slowest the highest the
reaction threshold is and, accordingly, the lower the corresponding multiplicity
is. If the 5 distribution in the fragmentation region reaches practically its
limit at ISR energy, the observed rate is much higher than that measured at PS
energy. At the same time the p distribution at x ¥ 0 still rises signifi=-
cantly throughout the ISR energy range. In this review I will not dwell on
these questions and only contrast the behaviour of the T * end T = distri-
butions, on the one hand, to that of the p and 5 distributions on the other
hand, all considered at x = O for fixed pj. Figure 1a shows the T ¥ and
i inclusive distributions at x = 0 different Pp values, as measured by the
Saclay-Strasbourg collaboration. For pions one clearly sees the approach to a
common limiting behaviour (within errprs) whereas centrel distributions at P3
energy are definitely lower and different from each other. For 5 a sustained
rise still exists throughout the ISR range when the proton distribution shows
thé competitive effects attached to the leading particle effect and to the
formation of pp pairs respectively. This is seen in Fig. 1b. One is still
far from any expected asymbtotic behaviour. The same results have been inde-
pendehtly obtained by the British;Scandinavian collaboration which can probe
an appreciable rapidity interval around y = 0 whereas the Saclay-Strasbourg
data presented here are limited to production at 90°. ©One should of course
mention that the existence of a finite limiting value for the pion distribution
is associated with the presence of an extending rapidity plateau when the in-
clusive distribution is presented in terms of rapidity. Observation of such
a phenomenon constitutes an imporitant discovery. The detailed results of the

British~Scandinavian collaboration have, however, already been reviewed 2)’4).
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Such a brief discussion of scaling properties should not be under-
stood as undetermining the iﬁportance of such results. Much to the contrary,
they represent an extremely important step in our urderstanding of hadronic
phenomena. It should further b§ stressed that ISR results ﬁot only provide
13

b

evidence for a scaling limit but also information about the actual approaéh
to this limit, which for particular secondaries is far from being reached at
2000 .GeV. Indeed, if scaling is extremely important, verifying it over and
over again may eventually become dull. Studying with more precision the
approach to scaling remains extremely interesting. The purpose of this review
is, however, to focus on those results which were not already much discussed

at the Batavia Conference and to which we now turn.

%. — LARGE TRANSVERSE MOMENTUM PHENOMENA

The overwhelming majority of secondaries is produced at relatively
low transverse momentum (pT < 1 GeV/c) and, as already mentioned, an expo-
nential behaviour, with a slope of 6 GeV"1 gives a fair fit to the Pp depend-
ence of the pion yield. It was therefore tempting to search for special fea-
tures at large values of Pps beyond the crowd of "commonly" produced hadrons,
in order to probe for yet unknown manifestations of electromagnetic or weak
interactions. This turned out to be a disappointment. What is found instead

is that the pion yield at large (pT > 2 GeV/c, say) is much larger than

Y
expected from the simple extrapolaiion of the exponential behaviour met for
Pp < 1 GeV/c. This is of course also extremely interesting. The importance
of this effect is clearly seen in Fig. 2a, which gives data on T © obtained
by the CERN-Columbia-Rockefeller collaboration at Js = 53 GeV 3)’4)’14). It

15) at two
5)116),17)

is also seen in Fig. 2b which groups togetlier data on charged pions
different energies obtained by the Saclay-Strasbourg cocllaboration
The observed yield is guch above what the naive extrapolation of low P data
would suggest. The observation of such a phenomenon did not come as a complete
surprise. It had been emphasiged'previously that, in view of the results
obtained at SLAC on deep inelastic electron scattering, production of pions

at large transverse momenta should eventually show a much weaker Pp depend—‘
ence (inverse power, say) than what observed at Pp < 1 GeV/c, thus giving
much larger yields than what could be expected from an exponential dependence 7).
Lower bounds could even be calculated from electromagnetic interaction alone.

This led to predict that, at least for < 5 GeV/c, the exponential behaviour

Pp
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found at small pg;, should no longer hold. What is seen in Fig. 2 is a
departure from the initial exponential behaviour which is already very
pronounced at Py = %3 GeV/c ! We are therefore facing an effect which, if
estimated in terms of strength functions, similar to those defined in deep
inelastic scattering, should be labelled as a strong interaction process.

4

It is scaled up by 10 as compared to what one can calculate for an electro-

magnetic interaction. At present this provides too strong a background to
measure with any confidence an actual electron component 17). This may be
considered as a set-back for the original search for new electromagnetic or
weak effects. Evidence for such new hadronic phenomena represents, however,
an important discovery. Its study should be very informative about the proton
structure at extremely small distances. ZPurthermore, as shown by the observed

rates, the ISR appears as an excellent instrument to study it.

At present we are at the first exploratory steps and we have only
somewhat fragmentary information. Important features can, however, already
be ascertained. If the low pT distribution scales at ISR energies, this
appears no longer to be the case beyond 3 GeV/c. This is seen in Fig. 2b.
Figﬁre % gives the integrated rate for 3.2 < pT < 5.2 GeV/c measured in the
Saclay-~Strasbourg experiment (differential cross—section at 900). It prac-
tically increases linearly with s. It should be stressed, however, that
production thresholds for such final states are relatively large and that
scaling, if also holding'eventually, could be belated even more so than for

5 production.

Contrasting with the charge symmetry of the low P component
(Fig. 1a), inclusive distribution at large Py shows a strong charge effect.
Figure 4 gives for instance the yields at fixed Pps observed for positive
and negative particle respectively, by the Saclay-Strasbourg collaboration
at x = 0. The experiment covers the ISR energy range and one sees a lack
of (or belated) scaling appearing with increasing Prp- The positives are
clearly more abundant than the neggtives at large Py with a ratio of the
order of 1.%. This result has independently been obtained by the British-
Scandinavian collaboration 5). This excess of positives is to be associated
with a modification of the relative yields of pion and heavier particles as
pT increases. At low pT (pT <1 GeV/c) one observed mainly pions and
practically as many negative as positive ones, As p, increases (pT > 3 GeV/c),
the pion component could not even keep a leading r8le. This is suggested by

the results shown in Fig. 5 which-displays the power and limitation of present
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spectrometers. At low p, (pé < 1 GeV/c), particles are sorted out by time

o
of flight measurements and pions predominate 2),4)

At large Pp (pT >3 GeV/é)
pions can be separated out by a Cerenkov trigger. At intermediate momentum

1 <py <3 GeV/c, only the distribution of positives (negatives) can be
obtained. The results of the Saclay-Strasbourg experiment shown in Fig. 5

should be soon improved upon by new results from the British-Scandinavian
collaboration. At present extrapolating naively the positive yield beyond

%3 GeV/c and the pion yield below 3 GeV/c one finds an embarrassing mismatch.

It seems that at 3 GeV/c the global positive yield could be several times the
pion yield. The preliminary results of the British-Scandinavian collaboration
would, however, not indicdate that it is that much, but rather give at most

equal weight fto the heavy and pion component, respectively. This a very
challenging question. It seems in any case that at large Py (pT ~ 3 GeV/c,
say) the pions have left the overwhelming supremacy which they show over all
other secondaries at low Py - The Saclay-Strasbourg and British-Scandinavian
results on total positive (negative) are in good agreement (pT < 3 GeV/c)

end show little deviation from scaling with at most a slow rise (Fig. 4).

This should be compared with the behaviour of the ™ ° component 4>’14) at

similar Py and also with the behaviour of the pion component at larger

b 5)

At present one may lookx at these results from different theoretical
view-points and the different over~all pictures which they suggest are extremely
useful at phrasing the questions to be asked now. There is one common feature
though in most theoretical pictures so far proposed and it is that there is
some point-like coupling from which a factorizable inverse power (p%)_n
behaviour eventually follows. It shows up at large enough pp over that
associated with standard "soft" hadronic mechanisms giving typically Gaussian
behaviours. How this is embedded in the reaction amplitude as a whole dis-
tinguishes, however, various schools of thought. This common approach,
centred on a point-like goupling, has been particularly emphasized by Landshoff
and Polkinghorne 18). Constructing.the full amplitude one may, however, empha-
siée the over-all multiperipherél character of the collision, as recently done
by Amati, Caneschi and Testa 19), or its parton aspect, as already described by

Berman, Bjorken and Kogut 7)’20>.

In the first casey, one may hardly consider
a small and a large transverse momentum componént. THere is a smooth transi-
tion across the whole Pp Tange. In the secornd case, one is led to distinguish

more clearly hard parton collisions, .giving large secondaries, from a domi-

P
nant production mechanism with/low Pp sgcondaries. Inclusive data, which

average over all collisions, are at present not sufficient enough to decide even
between two such extreme pictures. Simple correlations should already be extre-

mely helpful, as discussed next.
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The two extrene picyures, which one may thus consider following
either a multiperipheral or a parton prejudice, are graﬁhicaliy depicted in
FPig. 6. Pigure 6a is an over-all multiperipheral amplitude where one of the
central particles (i) happens to have a large transverse momentum, &n unlikely
but possible configuratisn. Constructing a multiperipheral amplitude, one
tries to minimize transverse momenta along the multi-exchange chain. There
is obviously a strong limitation on what can be done when a particular second-
ary is produced with large Pp- However, this being done, configurations
where another secondary produced nearby along the multiperipheral chain
(similar rapidity) and with an opposite value of Pp should be highly
enhanced, as opposed to others where a large momentum transfer is to be found
in several consecutive steps along the chain. This results in two prominent
qualitative features. PFirstly, if a secondary with a large transverse momentum
is observed, one should expect that another secondary, with similar rapidity,
is balancing this particularly large transverse momentum. One also expects a
locél balancing of quantum numbers and therefore a large transverse momentum
proton calls for a large transverse.momentum anti—proton in the opposite

direction. Secondly, and quantum numbers being properly balanced, rela-

p
tively large rapidity gags should be found on either sides of these two se-
condaries (Fig. 6b) in order to minimize the momentum transfer along the chain,
once a system with an invariant mass of the order of Pr is produced. These
gaps should increase as 1n Prpe One therefore expects a decrease of the multi-
plicity at rapidity values similar to those of the observed secondary and
little change from what 6bserved in most collisions waen bonsidering rapidities
much different from those of the observed central secondary with large P -

The dominant amplitude is shown in Fig. €a. One far off-shell particle is
exchanged between two secondaries with large and roughly opposite transverse

momenta and two almost on-shell two-body (multiperipheral) smplitudes are

included on either sides. The propagator imposes a factor (p%)—z in the
21)

inclusive distribution . The remaining part of the amplitude is calculated

using leading Regge behaviour. At large Pq and Vs 1t can then be written
/

as a power of Pn times a function of pT/MS' and of course of y, the rapi-

17)

dity.of the observed secondary. One thus writes

Mo~ () P00 o
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The exponent n 1is left as a free parameter since its actual value depends
on the spins of the relevant particles 22). The function F reaches a 1li-
miting value at infinite energy. Hence the inclusive distribution scales-

for arbitrary large p provided that s is large enough and the more so

T

as pT increases. The approach to scaling may also depend on ¥y 23).
Observation of such an effect outside the wide angle region would be very
interesting. As far as one may know at present, there is not any strong

angular dependence.

Following now a parton picture, the large value of Pm results
from a primary hard parton encounter with wide angle scattering, which is
not negligible for partons. One therefore expects a factorizable inverse
power behaviour, namely (pé)—z. One also has to calculate the inclusive
distribution attached to the showers of secondaries associated with the
scaﬁtered parton. At large P and Js it also depends on a scaled variable
pT/ms together with the rapidity y of the observed particle, only. This
was worked out in detail by Berman, Bjorken and Kogut 5). Summarizing in
both approaches one expects that, once an inverse power of pﬂ is factored
out, the inclusive distribution should depend on y and pT/Vs only, with
an asymptotic scaling for each Prpe

The parton picture 24)

can be used to make more specifie quali-
tative predictions. The key point is that the two hard partons, once
scattered at wide angle, have very little overlap in phase space with the
other parfon constituents. They are therefore expected to decay into partons
which share the momentum of the initial one unevenly. This gives hard and
wee partons, all roughly in the direction defined by the initial scattering
(small transverse momentum in the decay chain). The wee ones only interact
strongly with other‘partons with an over—all balancing of gquantum numbers as
required by conservation laws. The harder ones, however, which are far away
from them in phase space, should not. This is represented graphically in
Fig. 6d. We now make the assumption, which is at the core of the parton
model, that the final actual hadronic state has much overlap in phase space
with the final parton state thus obtained through barton scattering and decay.
We are then led to expect two jets of secondaries spfead in momentum but
relatively well collimated in opposite directions. The larger the momentum
of the initially scattered parton, the larger the momentum of the hardest
actual secondary should be. The larger also should be the over-~all multi-
plicity in the jet or, for wide angle secondaries, the associated multipli-

city at similar rapidity. The hardest sécondary should also show a definite



- 10 -

memory of the quantum numbers cf the initially scattered partons. Since there
are more positive than negative ones, a definite positive excess should result
and, more generally, one should expect an excess of particles over antiparticles.
A large pT proton does not call for a large Pr antiproton in the opposite
direction. This is to be contrasted to the particle-antiparticle symmetry which
one should expect in a multiperipheral picture up, of course, to non-asymptotic
terms. More striking is the associated multiplicity increase at similar rapi-
dities which can be contrasted to the multiplicity decrease expected in a multi-

*
peripheral picture ).

In both extreme pictures one 1s led to expect the pion supremacy,

enforced at low Ppo to gradually disappear with increasing P+ In a multi-

1
peripheral picture what matters is m = (p%a-m2)2 rather than

b
T T
large enough Py all masses are kinematically on the same footing. For

and, for

instance, kaon should not be discriminated against‘pions any longer when P

is large enough. One would then expect as many K~ as K+.‘ In a parton
picture, the particles in each jet should share the available energy unevenly.
In any simple model the heavy particles get larger momenta than the light ones.
If one insists on observing a particle at large P he biases himself in
favour of a heavy secondary even though pions might strongly dominate in the
jet. The charge effects already discussed (Fig. 5) could favour a parton
picture. Even more relevant in that respect 1s the increase of the associated
multiplicity with Pps fecently reported by the Pisa~Stony Brook collaboration

and by the CERN-Columbia-Rockefeller collaboration 25).

Data are still preli-
minary and should not be discussed at great length here. The Pisa-Stony Brook
group sees an increase of the charge muitiplicity at wide angle when the trans-
verse momentum of a required wide angle X' ray is increased. At the same
time the multiplicity at small angle (very fast secondaries) drops. The
forward-backward asymmetry of the central multiplicity, defined with respect

to the direction of the 7§ ray, increases but remains small. The CERN-
Columbia-Rockefeller group finds that the charged multiplicity at 90o highly
increases when requiring a % GeV/c T ° from what measured on the average.
This is not only found in the direction opposite to the M ° (factor 2.5, say)
but also in the direction of the T ° (factor 1.8, say). At the same time
one also finds a strong positive "back to back" correlation between large
transverse momentum T %15, The large transverse momentum particles are not
isolated. Events where they show up have rather large multiplicities asso-

ciated with them and may show a two-jet structure, a point worth exploring

in detail. B

As is well known, once the information is available, both pictures may te
adjusted encugh so as to meet the results. They are useful anyway at
phrasing such guecstions.
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It should be stressed, of course, that the cross-sections asso-
ciated with such configurations are relatively small. Nevertheless we may
well see in this particular way a new type of hadronic phenomena in direct
relation with the scaling behaviour of strength functions observed at SLAC.
Exploration of such processes is just beginning. The yields are such that
they can be thoroughly studied at ISR. Results from the CERN-Munich streamer
chamber, the Saclay-Strasbourg double spectrometer (later associated to the
CERN~Columbia-Rockefeller lead glass detectors) and the British-Scandinavian
collaboration, should bé available in the near future. This should resolve
the present puzzle of the mean constitution of the large transverse momentum
component and provide many new data on correlations and associated multipli-
city results which, as already emphasized, are extremely useful. Later on
the split field magnet facility and, maybe, calorimeter studies, should

permit pushing this analysis much further in detail.

4. — THE RISING TOTAL CROSS-SECTIONS

It is very difficult to measure total cross-sections at the ISR.
It is nect the purpose of this review to emphasize that but rather to comment
26),21) by the CERN-Rome

and the Pisa-Stony Brook collaborations, respectively,28). The first group

on the results presented in two recent preprints

uses the optical theorem and actually measures d</dt. Normalization to
the Coulomb peak is even possible fof the lowest two energy points. The
second group measures directly the number of collisions, being sensitive to
almost all possible configurations of secondaries. The reported results are
shown in Fig. 7a. They demonstrate that total cross-sections at ISR energy
are éignificantly higher than at Serpukhov energy and indicate a definite

rising trend.

That the total cross-section rises is again not a complete surprise.
The limited range of strong interactions allows for a logarithmic rise. ILimits
setvby the Froissart bound and later developments 8 are indeed much above what
is observed. 1ln s increases by a factor 2 across the ISR energy range.
Figure 7a shows, for instance, a casual fit obtained with a 1n2s term.
What should be noticed in any case is that the effect is too big to be blamed
on long-range electromagnetic effects. Semi—classical analogies and search

for J plane simplicity did, however, favour for a long time finite limiting
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values for total cross-sections. This may still be a valid point and this is
illustrated by the other casual fit of the T (1-B(log sA—o)—1) type also
given in Fig. 7a. This is inspired fy th¢ Gribov-Reggeon calculus 8 s Which
associates, to an eventually dominant Regge pole, 1ogarithmically4decreasing
Regge cut corrections. A finite limiting behaviour exists but it is only
slowly approached from below. What the fit given in Fig. T7a shows is that the
ISR energy range would then still correspond to a transition domain where the
cross-section is far below its asymptotic limit of 60 mb or so. In such a
case exchange degeneracy would be strongly violated in the pp case, with

a strong Regge contribution conspiring at producing an almost constant cross-

29)

section at present machine energy .

One may obviously not conclude straightway when the question
of cross-sections rising indefinitely, as opposed to cross-sections rising to
a moderate limiting value, is the challenging queéfion. This mskes it the more
so interesting to study pp and K+p total cross-sections at NAL energies.
The K+p cross-section, with exchange degeneracy as a stronger constraint,
rises first and may already show a definite inflection not seen now with pp

cross-sections, the accuracy of which can hardly be increased.

A rising cross~section implies through dispersion relations a posSi-
tive real part of the forward elastic amplitude. The ratioc of the real to the
imaginary part, negative at present machine energy, should vanish, as it 1is

26)

through an extremely broad maximum and then eventually goes to zero. A recent
30)

indeed found to do in the CERN-Rome experiment y becomes positive, passes

calculation shows a maximum of the order of 0.1 practically reached at

top ISR energy or 2000 GeV. The corresponding fit to the total cross-section
uses an evenfually leading ln2 s term with a coefficient of 0.53 mb. This
is a small value as compared with available bounds 31). It should then be
attributed to a short-range effect. A logarithmic approach to an asymptotic
limit yields a similar general behaviour for the ratio of the real to imaginary

part.

_ What may be worrisome, though, with total cross-sections rising
as fast as 1n2 s, 1is the observed behaviour of the slope parameter of the
elastic differential cross-—section at small Itl. As measured by the Aachen-
CERN~Genova-Harvard-Torino collaboration, it definitely rises between PS
energy and ISR energy (from 10 to 12.5, say), but. its derivative as a function
of 1n s does seem to decrease with increasing energy ?). There is definitely
shrinking of the diffraction peak but the rate of shrinking could decrease
with energy. It is, however, a consequence of s channel unitarity (and

simplicity) that if the total cross-section grows indefinitely the slope of
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32). More precision on ISR data would help.

the diffraction peak has to grow
Results from NAL, soon available, should also indicate which is the actual
trend. While briefly commenting on elastic scattering, one should mention
the clear dip at It[ = 1.2 (GeV/c)2 reported by the Aachen-CERN-Genova-

Harvard-Torino colilaboration, which stands for a neat diffraction minimum.

3)

This was already reported at Batavia and, though a very important point,
will not be further discussed here. Figure 7c¢ summarizes available data on

the slope parameter.

In conclusion, wé have, with rising cross-sections, a new and
extremely important fact. Its interprefation in our present theoretical
framework cannot be considered alone. With more information about the
behaviour of the real part and of the slope parameter, but -~ even more so -
with a detailed comparative study of total cross~sections and elastic scat-
tering in other channels, as possible at NAL, a comprehensive picture should
emerge. As shown by the casual fits-of Fig. 7, it is too easy to meet the
reported rise without having to meet at the same time many other pieces of

data.

5. — TWO-PARTICLE CORRELATIONS

Scaling, which was briefly reviewed, appears as so general a
propefty that much different pictures of particle production have it as a
common property. Indeed, it involves only particle yields averaged over
all possible configurations and it is hard to infer any specific detail of
the production mechanisms from the existence of a scaling limit only. At
the same time, the mean number of particles is so high that we could, at
present, hardly handle a complete description of each inelastic collision,
were it available. We could for a while be simply swamped by the amount of
information. It will in any case fake some time before such a detailed

analysis can actually be done for average and high multiplicity reactions..

As an intermediate step, one may, however, already obtain and
analyze ‘some data about correlations between secondary particles or, more
generally speaking, about the variation of any particular yield with the
parameters (quantum numbers and momentum) defining an observed secondary
particle. A momentum correlation between iwo secondaries involves already

six variables <pL1’ Pro1 Ppyr Ppor @ 4o Js), where (e 1o 1s the angle
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between and Pt Even when limiting ourselves first to such correla-

b
tions, thezl are many different double distributions which can be obtained,
selecting a particular set of variables and fixing the others or avefaging
over them. Presenting even the most salient feature of the data already
gvailable in any comprehensive way would involve much more than this review

25),33)

can accommodate Only one particular facet of correlations will be
discussed here, namely rapidity correlations among two wide angle secondaries,
averaging over transverse momentum distributions. This involves therefore
essentially correlation among pions (charged pions for correlations among
charged particles, charged and neutral pions for correlations among one
charged particle and a ¥ ray...). This choice is motivated by the large
amount of information already collected. It should be stressed though that -
many interesting pieces of data about other types of correlations are
quickly becoming available 25). Limiting anyway ourselves to this type of
analysis, we may compare double differential distributions d20'ij/dy1dy2

to the corresponding single particle distributions d(Tl/dy and dG*de.
Using rapidity y instead of longitudinal momentum Py, is gquite natural
when focusing on wide angle secondaries 11). Indeed for all experimental

results here considered one has to use v instead of y.

Correlations are expected on very general grounds and should
take different aspects whether the two secondaries are in a similar region

of phase space or not 34). In terms of rapidity, one is thus led to dis-

35). A long-range

tinguish between long-range and short—range correlations
effect involves the available rapidity range as a whole Y. On the contrary
a short-range effect involves only a fixed rapidity interval which should
eventually become much smaller than Y with increasing energy. Resonance
formation or, more generally speaking, clustering effects among secondaries
result in positive short-range correlations. In the Mueller approach 36)
Pomeranchon exchange in the pertinent discontinuity of the eight-point
function will give no correlation at large- t}y’ 37). For finite rapidity
differences, still sizeable secondary Regge trajectory contributions result
in correlations. Nevertheless, they are expected to vanish with rapidity
e_< O(P—D(R)Ay, where b(p and O(R stand for the
intercept of the Pomeranchon and leading secondary Regge trajectory, res-

difference A y as

pectively.' Again one finds short range effects with & rapidity range
(exponential decrease) of two units I = ( “p—-NR)~1. The correlation
effect spread over four units of rapidity only 38). Such an exponential

behaviour holds of course only ir. O y 1is large enough. Not up to Ay = 0 !
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We may also phrase the distinction between short and long-range
correlations in a different way, asking what type of information is gained
through the observation of one secondary at rapidity y. This may give in-
formation about the collision process as a whole and in particular the multi--
plicity of the event. It will then provide information about the possible
occurrencé of another secondary particle at any available rapidity. This is
a long-range effect. On the contrary it may practically provide only in-
formation about the probability of finding another secondary particle in a
similar region of phase space or nearby in rapidity. This is then a short-

range effect.

Evidence for the two effects at ISR energies is illustrated by
Figs. 8a and 8b. Both figures correspond to results of the Pisa-Stona Brook

4), one has rapidity distributions attached to

collaboration. In Fig. 8a
different charged multiplicities. They are clearly different, being more
peaked 2%t lower centre-of-mass rapidity for higher values of charge multi-

plicity 39).

Observing a particle at any given rapidity biases one towards
certain multiplicities and hence towards some more likely rapidity distri-
butions for any other perticle to be observed. This implies clearly long-
range correlations. Such an effect is particularly strong for relatively
large rapidities where the different semi-inclusive distributions differ most.
At low rapidity, however, the observation of a secondary-does not distinguish
much (probability wise) between multiplicities ranging over a comfortable

set of values. Short-range effects may therefore show up more clearly by
themselves and this is what 1is seen in Fig. 8b. The two=-particle rapidity
distributions reach their respective maximum-when y1 =¥, and this inde-
pendently of ¥y in the whole range which is covered. This is an obvious
short-range effect, namely, the observation of a particle favours the
observation of a second one at the same rapidity. One should notice, however,
that the shape of the two-particle distribution ghanges gradually with Yq-
The observed correlation does not depend on Ay only (short-range effects

alone). There is also a y, dependence (long-range effect also).

In order to analyze such correlation effects one may use the
actual value of these correlations now measured as a function of rapidity and
energy. The tricky interplay between definite long-range effects and definite
short-range effects.is such that one should urge experimentalists to give at

least separately d_QJJ/dy1dy2, aqt/ay _and dﬂ?a/dy and to avoid the



- 16 -

temptation of summarizing the observed effect through a single correlation

function. Dividing both distributions by
40)

inel ©ne usually defines next

rapidity densities for inelastic events and may "measure® the correlation

through

¢ td ¢ b |
R‘d(%01@> q;wi AW AT ﬂgf — l

AN T (2)

As seen from the data given in Fig. 8b, this ratio takes its highest value
when y, =y, =0 and for each j, (not too large) when Yq = ¥,- This
indicates positive short-range correlations or that the secondaries produced
at wide angle have a tendency to cluster in rapid;ty (or phase space) more
than one could casually conclude from single—partiéle distributions which

only provide an average rapidity density £ = (1/<rinel)/(dﬁf/dy).

We may then vizualize a typical rapidity configuration as drawn

in Fig. 9a. We represent a rapidity distribution with some clustering among

41) but also among low rapidity (wide angle)
particles which we intentionally separate from clear fragments 44). Increasing

proton fragments on either ends

the energy, the available rapidity interval increases. Two extreme possibilities
are then offered in Figss Sb and 9¢c, respectively. With more energy available,
larger clusters of particles could be formed (Fig. 9b).  The multiplicity would
increase‘but, together with it, the density in rapidity found in many configu-
rations. Two-particle correlations at Wide angle would then increase with
energy. Following the other extreme,(Fig. 9c), the cluster size is kept the
same but more clusters can be formed in each event. Produced particles are
-spread over the available rapidity interval and local density fluctuations,
associated with each cluster, are then independent of energy. Furthermore,
R(y1,y2) should be independent of y1 for low enough values of Y4 (y2)

as the local density distribution in rapidity should not depend on rapidity

in the central region (assuming & wide plateau in the rapidity distribution).

Results of the Pisa-Stony Brook collaboration, reported at the

4),33%)

Batavia Conference favour the second picture over the first one. This

is also what one may conclude from the recent results of the CERN-Hamburg-

25)

Vienna collaboration which analyzed charged-neutral ( %’ ray) correla-
!

tions. Data at two different energies, s = 31 and 53 GeV, are shown in

Fig. 10a. Fixing the charged particle rapidity at vy o= 0 and 2.5, res-

pectively, one sees that the two-particle distribution shows a pronounced
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maximum when ¥, = y1 (clearyshort—range effects). Furthermore, the double
distribution, as well as the single one, are not much energy dependent and any
rising behavicur cancels out when.caléulating R 43). As the rapidity of the
charged particle is chosen in the fragmentation region, one sees an important
change in shape and in magnitude of the correlation distribution from that
observed at low centre-of-mass rapidity. Important long-range effects are
obviously present also. One may also notice the energy dependence of the
correlations obsexrved in the fragmentation region as opposed to the scaling
behaviour met in the central region. Figure 10b shows some new resulits from

25),33)

the Pisa-Stony Brookx experimzent They correspond to charged-charged
correlations in the central region. One sees again that the observed corre-
lations have a clear short-range character but that the shape and the magni-
tude of the correlation function change with y in an important way beyond
]yl = 1, thus disclosing an important long-range effect. The very close

relation of the charged-charged and charged-neutral correlations should be

stressed 44). The magnitude of the correlation function ‘is in both cases of

the order of 60-70%. This should be considered as important.

In order to realize this, one may consider the typical positive
short-range correlation assoclated with the formation of a Q meson. It is
only 10% and this has to do with fhe actual rapidity density which is found
(about two for charged particles). Knowing that a second particle should be
within two to three units of rapidity of the first one, as expected from e
decay, does not enhance much expectation based on average density. Associa~
ting all the observed correlations to particle clustefing along a multi-
exchange chain (short-range correlation only), the observed effect would
cgall for mean cluster multiplicities of five 1o seven 45). This is more
than expected in any simple piciture. This puzzle is, however, partly resolved
by the pressnce of important long-range effects which should leave to the
actual short-range clustering effect, clearly seen in Figs. 10a and 130, only

part of the observed effect.

Before we turn to this, we may illustrate once more the interplay
of short-range and long-range effects with recent results from the CERN-Hamburg-

25)

Vienna collaboration shown in FPig. 11. One sees the inclusive T° dis-
tribvutions measured for different numbers of charged pions observed within a
specific (fragmencation) rapidity interval. One sees that the mean number of
TTO in the same interval rises with the numbep of observed Tri: (clear
short-range effect). One sees also that the observation of a particular number
of 1T > nas an important implication for the e rapidity distribution over

the whole range of rapidity {clear long-range effects).
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6. = DIFFRACTIVE EXCITATION

The typical process (described in terms of the most freguent
rapidity distribution in Fig. 9b), which one may consider to describe the
observed short-range correlation effects, is much different from an obvious
diffractive excitation mechanism whereby one proton fragments in a relatively
small number éf secondaries while the other one is merely quasi-elastically
séattered. This a priori results in a rapidity distribution, as shown in
Fig. 9d. The semi-classical description here used is adequate when such a
phase space configuration holds. Diffractive excitation is well known at PS
energy 32)’46). However, the available rapidity range is so small that such
8 clear separation is possible only for reiatively low excitation masses (or
very low multiplicities). Going any further requires a model csalculation.
With increasing energy, it becomes easier to separate gquasi-elastically
scattered protoas off a proton target, which is excited even to a relatively
high mass, from the fragment protons of an excited projectile. Evidence for
such phase space configurations at ISR énergy demonstrates the energy inde-
pendence of such processes, as expected from diffractive phenomena. It is
also possible to determine how such diffractive processes extend in missing

mass and multiplicities.

Figure 12a shows the proton distribution at fixed Pp = 0.8 GeV/c,
observed by the CERN~Holland-Lancaster-Manchester collaboration. It shows a
strong quasi-elastic peak (elastic scattering has been excluded here) which can
safely be labelled as a diffractive excitation effect. There is a clear sepa-
ration between a peax at x > 0.95, corresponding to a quasi-elastically
scattered proton, from a plateau at x < 0.95, -associated with protons from
fragmenting proton projectiles. This forward peak appears as relatively stable
with increasing energy across the whole ISR energy range. This is new from
what was already known at the time of the Batavia Conference 4). Once ‘such
single diffractive'processes (as opposed to diffractive excitation of bvoth
protons, which could also be present, though more difficult to defect) are

demonstrated many guestions arise.

It is very important to know the total cross-section assocliated
with such a production process. Data are, however, available only at relati—-
vely large Py (large lt[) and nothing urges us to continue down to tmin
the exponential t Dbehaviour, with slope %-4 GeV™2 measured by the CERN-
Holland-Lancaster-Manchester collaboration and the Aachen-CERN-Genova-Harvard-

47)

Torino collahboration VOne maj'tentatively say that the cross-—section

-
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attached to single diffractive excitation is as large as total elastic

48) )

scattering It is very difficult to go to lower ltl values at ISR.

This is a guestion for which results at NAL at low [t} should be extremely

useful 49)

It is also interesting to study the missing mass distribution to
the quasi-elastic peak. The approximate scaling behaviour suggests that
aq/dM ~ M“1 near the dip of the x distribution (Fig. 12) where the missing
mass is of the order 10 GeV. In any case the fact that diffractive excitation
extends over such a large range of masses is by itself an important discovery.
This is also found by the Aachen-CERN-~Genova-Harvard-Torino collaboration 47
who further indicates that the multiplicity associated with a quasi-elastically
scattered proton extends to relatively large values. Diffractive excitation,

as thus clearly seen, still involves relatively small multiplicities as compared
to average multiplicity at ISR energies. Nevertheless, the recoil mass is seen
to be sometimes associated to charge multiplicity up to six and even more.
Studying such a process in more detail is very important as it shed light on

proton excitetion much beyond the well-known resonances.

The next point refers to.the rapidity distributions met in such
reactions. One would expect an importént rapidity gap between the quasi-
elastically scattered proton and the fragments of the other one, as implied
by Fig. 9d4. That the actual configuration is indeed such is suggested by
Fig. 12b which shows the pion rate at 90° observed as a function of the proton
momentum. There is an important x region, where the observed proton carries
away a 1ot of energy but yet not enough to be clearly quési—elastically scatter-
ed and for which the measured rate at wide angle does not depend practically on
the proton momentum. For x near enough one, however, when the proton is
obviously quasi-elastically scattered, the yield at 90° drops dramatically, as

expected from a configuration such as that dréwn in Pig. 94.

Diffractive excitation is naturally associated with Pomeranchon
exchange which fgvours by its maximal intercept such a large rapidity gap-
It is then very interesting to compare Pomeranchon proton scattering, as thus
measured, to proton-proton scatteriﬁg measured at the same energy. Is the mean
multiplicity, associated to a missing mass M 1in a clear diffractive event,
similar or much different from that measured in proton-proton collisions at
centre-of-mass energy M ? Are also correlations among the fragment particles
similer or much different from those measured in proton-proton collisions ?
To the extent that the relatively small number of secondaries obtained in high
energy reactions is associated with a leading particle effect, one could expect
mean multiplicities in Pomeranchon proton collisions to be larger than in
proton-proton collisions. This fact is of course alsa related to the presence,
or not, of double Pomeranchon exchange. Studying in detail the recoiling hadronic

system obtained in such quasi-elastic ceollisions is therefore very interesting.
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Single diffractive excitation, a&s now ssen, has important impli-
cations on wide angle correlations. If a cross~section as high as U"el is
attached to rapidity configurations as sketched in Fig. 9d, observing a wide
angle secondary, implies that the corresponding event is nst of a single dif-
fractive type, which contributes zero practically to the mean rapidity distri-
bution at low centre-of-mass rapidity. The probability of observing another
secondary at wide angle 1s therefore enhanced by at least 25% from what expected
from the single particle distribution alone. This is a typical and important
positive long-range correlation effect, which decreases by as much the amount
of correlation to be attributed to actual clustering among wide angle second-
aries 45). Such an effect may not be the only one. The 90" yield observed in
assoclation with a relatively energetic proton (X > 0.5) is typically 20%
below the average value 25), when 1t conversely increases, of course, much
above average when one requires on the contrary a relatively slow proton
(x < 0.5). Thie should be considered also as an important long-range effect,
the observation of a wide angle secondary being a slight but actual bilas against
those reactions with a leading proton. The interplay between long-range and
short-range effects in the correlations of Figs. 102 and 10b is not yet fully
resolved. This should require much attention since the actual amount of
short-renge correlations proper ambng wide angle secondaries is a very import-
ant quantity. In plain words it tells us how the vacuum, once perturbed by

the encounter of two high energy proton, deexcites itself into pions relatively

well separated from obvious proton fragments.

CONCLUSION

Even though this review contains many recent and interesting
results it appears first of all as a status report in an exploration of hadronic
processes at very high energies which is just begihning. We have so far only
fragmentary information but we can already be confident that the ISR is an A
appropriate .instrument to coniinue this research in detail, an endeavour which
is obviously called for. Even if exotic particles do not show up, though we
may still hope they will, one may already foresee several years of extremely

exciting research.
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Such a clear separation is of course not yet .possible at PS energy

with Yp=¥g ™ 4 only.

It is an imbortant guestion looking at Pisa~Stony Brook results that the
rapidity plateau rises much more (30%) across the ISR energy
range than what measured with a spectrometer (Fig. ta). As
already said, this cancels, however, the sharp rise of the
double distribution (60%) also reported, when calculating R.
We take the attitude that it is partly a spurious effect and
that both distributions in effect do not rise very much. This
is, however, a point where the split field magnet analysis
should provide the required cénfidence. No definite conclusion
can be drawn beforc this question is fully resolved. In a pure
fragmentation model the double distribution at Y4 R Io ~ 0
would increase by a factor two or so across the ISR energy range
when the single distribution would not increase appreciably.

See Ref. 4) for a review.

Recent results from the Pisa-Stony Brook Collaboration give very similar

double distributions for v-y at ¥, ~ 0, see Ref. 25).

S. Pokorski and P. Pirild - CERN Preprint TH. 1607 (1972).

—_—

L. Van Hove - Physics Reports 1C, 344 (1971).
G. Goldhaber - Private communication.

This is the estimate arrived at when incluaing a diffractive component
in the analysis of multiplicity distributions.

J.D. Jackson and C. Quigg - NAL Preprint

K. Fia¥kowski.and H.I. Miettinen - Phys.Letters B43, 61 (1973) ;

L. Van Hove = Phys.Letters B43, 65 (1973).

Results from the Rutger's group on the one hand, and the Columbia-
- Stony Brook group on the other hand, should be extremely inte-
resting in that respect. Bubble Chamber results at 100, 200
and %00 GeV/c support a single diffractive cross-section about

equal to. Uel'
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FIGURE CAPTIONS

Figure__1 a) Inclusive pion distributions at x =‘O_ for several P

b) Inclusive proton and anti-proton distributions at x = 0 and

Pp = 0.65 GeV/c.

values.

Figure 2 a) Transverse momentum distribution of TT © produced at 90O at

/
Ns = 53 GeV. The solid line corresponds to the extrapolation

of the low behaviour.

b

T .

b) Large transverse momentum distribution of charged pions pro-
duced at 90° at Js = 44 and 53 GeV, respectively. The solid

line corresponds to the extrapolation of the low results.

Pp

Figure 3 Increase of the integrated rate (3.2 < Pp < 5.2 GeV/c) with

energy for charged pilons produced at 900. The preliminary rate of

)44
increase quoted for F{ °, distribution at large Pp ')") may have

to be reconsidered 14). As also seen by the British-Scandinavian-
collaboration, the global positive (negative) yield at 1 < Py <
< % @eV/c does not change appreciably between Js = %1 and 53

GeV 5).

Pigure 4 Production rate of positive and negative secondaries at 90O for

different large P values 1 < Py < 3 GeV/c over the range of

ISR energy. One notices a slow departure from scaling at large

pT'

Figure 5 Transverse momentum distributions of positives and pions as now
available. Note the mismatch between the distributions for posi-
tives and pions, respectively. The British-Scandinavian results

do not indicate any strong effect.

EEEEEE__Q a) Production amplitude for a large transverse momentum particle
in an over-all multiperipheral framework.
b) Most probable rapidity distribution corresponding to the pro-

duction of a large pT secondary in a multiperipheral process.

c) Parton-parton scattering. The hard partons have been repre-~

serited as valence quarks.

d) The parton configuratiod after an initial hard parton scatter-

ing at wide angle and parton decay.
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EEEEEE__Z a) Compilation of total cross-section resulis using CERN-Brookhaven-
Serpukhov and NAL data and the values measured by the CERN-Rome
and the Pisa-Stony Brook collaborations, respectively. Also
shown are two fits to the rising pp cross-section. The total
cross-section may rise indefinitely or saturate to a limiting
value. The two fits do not include Regge terms which are assumed
to contribute 1 mb at 200 GeV in the second case (exchange dege-—
neracy is, of course, abaﬂdoﬁed there).

* b)  The slope parameter (Serpukhov and ISR data only).

c) The real part to imaginary part ratio R (Fischer and Bourrely).

Figure 8 a) Inclusive rapidity distributions for different charged multi-
plicities.
b) Two particle distributions in the central rapidity region. The
solid curves correspond to the product of the single particle

distributions. The arrow indicates the value of !72 equal to
VAR

Ei%EEE__g a) Rapidity distribution in a typical event. The cluster drawn in
the centre of the rapidity interval corresponds to positive cor-
relations among wide angle secondaries assumed here to obtain,
irrespectively of the fragmentation of the two incident protons.

b) Rapidity distribution at highef energy. Clustering increases
with more secondaries found and in each event in a relatively
limited rapidity interval.

c) Rapidity distribution at higher energy. Clustering does not
increase. The average number of clusters in each event increases.
The single particle inclusive distributions obtained from 9b or
901 averaged over all observed events could still be the same.

The eﬁergy independence of the rapidity distribution in the
proton rest frame jusfifies the limiting fragmentation distri-
butions around y(A) and y(B).

d) Rapidity distribution for single diffractive excitation.

Figure 10 - a) Charged-neutral two-body correlations as a function of rapidity
and energy.
b) Charged-charged two-body correlations as a function of rapidity

and energy.
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Figure 11 Inclusive distributions of ¥ rays corresponding to different

charged multiplicities found in a particular rapidity interval.

Pigure 12 "a) Inclusive proton distribution for high energy proton. Results
| at fixed py = 0.8 GeV/c and different energies are grouped
together. .
b) Associated multiplicity at 90o as a function of the leading
proton momentun. The rate measured at wide angle is shown ‘

together with the inclusive proton distribution.
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