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1, ELASTIC SCATTERING AND TOTAL CROSS-SECTIONS
1.1 Proton-proton elastic scattering

As you know, the pp elastic differential cross-
section depends a priori on two variables, for in-
stance the energy and the scattering angle. However,
up to one year ago the experimentalists working in
high-energy pp scattering were accustomed to present-
ing their data as a function of a single variable.

Such a variable thus contained both an energy and an
angle dependence, and it was chosen in such a way that
data at many angles and energies were distributed
along a single simple pattern. This procedure is
justified by the idea that in this way the single vari-
able -- if it exists -- on which the interaction de-
pends will be naturally indicated by the data. The
most popular example of this is Orear's plot of s do/dR
Versus p 1) (s = c.m. total energy squared, p =

= p sin 6 = transverse momentum). Several other pre-
sentations of the data have recently been proposedz'u).

The most successful approach was made by Krisch3) s
who was able to display all data available up to about
one year ago in the fashion shown in Fig. 1. Krisch
interpreted the existence of three '"slopes' separated
by 'breaks" in this picture as evidence for the exist-
ence of structure within the proton. Much discussion
on the significance of these structures has recently
been continued in the literatures) . However, in order
to obtain this presentation use was made of an ideal
cross-section do+/dt for distinguishable protons; it
is this "true" cross-section which, in the idea of
Krisch, is likely to show a simple pattern. The func-
tion needed to derive such a "true" cross-section de-
pends on the unknown cross-section itself

do(8) = do*(8) + do*(n—8)

do*(8) = £(8) dofe)

do+(6]

fe) =
do*(6) + do*(n-8)

(0 = c.m. scattering angle), and therefore the con-

struction of dg'/dt from the experimental data is
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Fig. 1 Plot of do%/dt versus szf (8 = proton velocity in the
c.m., p, = p sin 6 = transverse momentum) for all high-energy
proton-proton elastic scattering data (Ref. 3). For references
on the experimental data and for further discussions on this
presentation, see Ref, 3.
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arbitrary and made ad hoc in view of obtaining the
simple pattern. While do/dt is symmetrical with re-
spect to 90°, do'/dt is a decreasing function of 6
through 90°.

was not able to accommodate on the exponentials of

However, the function chosen by Krisch

Fig. 1 the data from several precise angular dis-
tributions between 40° and 90° and from 8 to 12 GeV/c,
measured at CERN last year, to better than a factor of
two or sos).
tify do+/dt with the differential cross-section for
np elastic scattering (n and p are indeed distinguish-

able). This would imply at & = 90° do(np) = 1/2

Also in Krisch's approach one would iden-

do(pp), whilst at this angle there is a clear indi-
cation for do(np) =~ do(pp) (see Section 1.1).

As a matter of fact, if one abandons the search
for a special presentation, one can notice several
interesting features in the data. An example of
this situation is seen in Fig. 2, which contains some
of the recent CERN data, presented as do/dt versus p, .
Some data from other groups are also included. The
curves at each energy end at 6 = 90°. With increas-
ing energy, a wider and wider p, interval is explored,
and some new structure appears to be brought in. At

8 = 90°, the distributions at different energies end
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Fig. 2

Proton-proton elastic scattering differential cross-sections do/dt as

functions of P, (Ref. 6). The curves joining the experimental points are hand-

drawn to guide the eye.

For references on the experimental data, see Ref. 6.
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The
main structure is a shoulder at p, v 1 GeV/c that be-

at different positions along such a structure.

comes more and more prominent with increasing energy.

In Fig. 3 all the new CERN data7) are presented
versus |t|, together with some previously existing
data. The large |t| data at all energies were taken
with a double-arm spectrometer; the data at |t| &
< 6 (GeV/c)* at 19.2 GeV/c were taken with a single-
arm high-precision spectrometer.

The main structure which develops with increasing
energy is at |t] v 1 (GeV/c)?. One may also note a
tendency of do/dt to become almost energy independent
from |t| = 0 over a wider and wider |t| interval with
increasing energy. This picture may indicate the exis-
tence of some "saturated" energy-independent (non-
shrinking) cross-sections at infinite energy. As we
heard from Dr. Chan's talka), some recent theoretical
modelsg) can naturally explain such a picture, includ-
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ing the increase of structure in the data with in-
creasing energy'®"12). Another model, however13),

which is in good qualitative agreement with these
data,

section at fixed

predicts that the decrease of the cross-
|t| with increasing energy will

continue up to infinite energy.

Looking at Fig. 3, one can also understand how one
may find "breaks" in cross-sections. In a hypotheti-
cal experiment at fixed large 6, for example 6 = 90°,
one would find a break at about 8 GeV/c, since the
waving structure has some variation of phase at 90°

at about this energy.

The experiment by Akerlof et al. at Argonnez),
where the first striking example of breaks in do/dt
was found, was in fact done precisely in these con~-
ditions. The results from this experiment are shown
in Fig. 4. It is clear that since these data came
before most of the precise high-energy data shown in

J. ALLABY et al.

pp > pp
10% REFERENCE MOMENTUM (GeV/c)
O PALEVSKY et al.  (1967) 1.70
107 3 A CLYDE (1966) 3.0, 5.0, 7.0, 7.06
\\ 169 GeV/c v ANKENBRANDT (1966) 3.0, 4.0
) v FOLEY et al. (193) 19.6
107 ¥\ FOLEY et al. (1965) 19.84
o AR 3. x HARTING et al. (1965) 8.5, 12.4
cCERL AR + OREAR et al. (1966) 8.0, 12.0
3 m ALLABY et al. (I) (1968) 7.1, 8.1, 9.2, 10.1, 11.1, 12.1
3] ALLABY et al. (1967) 14.25, 16.9, 19.3, 21.3
Q 10®  ALLABY et al. (1I) ) 19.2
)
§ 10-30 |
-
E -31
= 10
©
10'32 L
10-33 I
107}
. 213
el 80 g5
0 2 4 6 8 10 12 1 16 18
11 (G eV/e)?]
Fig. 3 Proton-proton elastic scattering differential cross-sections as functions of |t| (Ref. 6).

The curves joining the experimental points are hand-drawn to guide the eye.
sections for fixed c.m, angle are indicated for 60°, 80°, and 90°.

mental data, see Refs. 6 and 7.

The loci of cross-—
For references on the experi-
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Fig. 4 Plot of do/dt versus Pé.m. for proton-proton elastic

scattering at 90° in the centre-of-mass system (Ref. 2). The
lines drawn are straight line fits to the low-energy and the
high-energy data. Data from the experiment by Akerlof et al.
are added to some data from other experiments, as quoted in
Ref. 2.

Figs. 2 and 3, it was very natural at that time to
place great emphasis on the significance of this
break.
1.2 Total and elastic differential neutron-proton
cross-sections
A Michigan-Princeton-Stanford group working at
Berkeley and at BNL and a Karlsruhe group working
at CERN have presented new data on neutron-proton
total cross-sections and differential elastic cross-
sections. These groups used neutron beams and a

transmission technique.

In Fig. 5 the total cross-section results of the
Karlsruhe group at 4.3, 6.5,and 10.0 GeV/c lh), and
of the Michigan-Princeton group at 14.6, 17.8, 21.6,
and 27.0 GeV/c 15)[which we shall call o(np) ] are com-
pared with data obtained from total pd and pp cross-
section measurementsls_ls)[which we shall call o(pn)].
The total proton-proton cross-section is also shown as
a full lipe.

At momenta between 5 and 20 GeV/c, o4 (pn) is con-
sistently higher than Ot(np), whilst ot(pp) lies be-

tween the two. These differences (of the order of
at most 5%) can be easily accounted for by systematic
errors in the experiments. In particular, the point
at 3.0 GeV/c by Bugg et al.le) has recently been
measured at BNL using the same techniquelg). The

result is about 2.5 mb lower than that by Bugg et al.

All these data are averages over a rather wide and
not too well-known energy interval, due to the Fermi
motion of the neutron for ot(pn) and to the wide neu-
tron beam spectrum in ot(np). This fact introduces
some uncertainty when making a comparison with ot(pp).
In such a situation, one can make the statement that
above 5 GeV/c, o, (np) [or ot(pn)] is equal to o, (pp)
to a few per cent.

The Michigan-Stanford-Princeton group has also
measured angular distributions for elastic np cross-
section up to |t| ~1 (GeV/c)?, at several energies
from § to 30 GeV/c 2%)

tial np cross-section at (23.4 * 2) GeV/c is shown in

As an example, the differen-

Fig. 6 and compared with pp data at 24.6 GeV/c by
Foley et a1.21). The situation at the other energies
is practically the same. One concludes that up to

the highest available energies the forward diffraction
peak for neutron-proton scattering is very similar to

the peak in pp scattering. Preliminary data by the

Karlsruhe groupzz) at momenta between 4 and 15 GeV/c

also support this conclusion.
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Fig. 5 Compilation of high-energy data on neutron-proton total

cross—sections [data obtained indirectly from 0. (pd) and Ot(pp)
are shown with open symbols, Refs. 16~18, Cross-sections meas-
ured directly by means of a neutron beam are shown with black
symbols]. The full lime is a smooth curve through the existing
pp total cross-section data.
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Fig. 6 The np elastic scattering differential cross-section

(Ref. 20) for neutron momenta between 21.4 and 25.4 GeV/c (full
points). The pp data at 24.6 GeV/c by Foley et al. (Ref. 21) are
shown for comparison.

Away from the diffraction peak and through the
90° region, data are available up to about 7 GeV/c.
These data (Fig. 7) have been measured at the Lawrence
Radiation Laboratory by the Stanford-Princeton-
Michigan group“). The cross-sections at 4.6 GeV/c
and higher energies look rather symmetrical with re-
spect to 90°. The full curves are polynomial fits to
the large-angle points. From these fits one can de-
duce the 90° cross-section. The conclusion of the
authors is that

do(n
D ey = 1,

Even if the

quoted error on this ratio may look somewhat optimis-

as an average between 4 and 7 GeV/c.

tic, there is a clear indication that at 90° do(np)~

v do(pp). This is what one would obtain if at 90°
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Fig. 7 The np elastic scattering differential cross-sections
from 3.0 to 6.8 GeV/c, as functions of the cosine of the neutron
c.m. scattering angle (Ref. 23). The full lines are polynomial
fits to the large-angle data.

the nucleon-nucleon interaction is spin independent.
Such a result implies that at 90° the isospin zero
cross-section is approximately three times as large
as the isospin one (pp) cross—section“). This re-
sult is also in contrast with the speculation by Wu
and Yangzs) that at high energies and at 6 = 90°
do(pp) = 2 do(np).

1.3 Neutron total cross-sections on nuclei

New data from the Karlsruhe groupzs) and from the
Michigan-Princeton-Stanford group”) on high-energy
total neutron cross-sections on several nuclei are
shown in Fig. 8. Although the CERN data are at an
average momentum of 10 GeV/c and the BNL data are at
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Fig. 8 Comparison of the n-nuclel total cross-section data at

% 10 GeV/c by the Karlsruhe group (Ref. 26)(Engler et al., open
points) with the ~ 27 GeV/e data by the Michigan-Princeton-
Stanford group (Ref. 27)(Jones et al., open points)., The full
lines are hand-fits to the data. However, Engler et al. reYort
that their data are well fitted by the formula oy = 27(1.3A /2

- 0.5)? fm?, which is the same formula that also fits the e~-
nuclei total cross-section data, after substituting 1.2 for the
1.3 numerical factor.

~ 27 GeV/c, the difference between the data is too
large to be due to the difference in incoming beam mo-

mentum.

Since we know that ot(np) z:ot(pp) (Section 1.1)
one would also expect that ot(n Nucleus) = ct(p Nu-
cleus). This consideration would favour the Karlsruhe
data, since it agrees very well with previous CERN
results on total proton-nuclei cross-sections at
v 20 Gev/e *Y.

be brought into better agreement with the Michigan-

However, the proton-nuclei data can

Princeton-Stanford data if one assumes ) that an im-
portant real part is present in the proton-nucleus
Also,
some older data by Pantuev and Khachaturyanzg)

(strong interaction) scattering amplitude.
on neu-
tron total cross-sections on copper and lead at 8.3
GeV/c agree better with the Michigan-Princeton-Stanford
data.
sibly clarify the situation.

It appears that only new measurements can pos-

1.4 Antiproton-proton and antiproton-neutron

elastic scattering

New data on pp elastic scattering at 8 and 16 GeV/c
and [t] X 1 (GeV/c)? have been presented at this Con-
ference by the BNL-Carnegie Mellon group3°). In this
experiment, the forward-scattered particle is momen-
tum-analysed with a high resolution magnet spectro-

meter with wire spark chambers. The results are shown
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Fig. 9 Differential cross-sections for pp elastic scattering
at 8 and 16 GeV/c (Ref. 30). The full curve on both plots shows
the behaviour of the 8 GeV/c data.

in Fig. 9. One observes that the forward peak ends at
|t| ~ 0.6 (GeV/c)?, and that a shoulder develops at
t|'s. A line drawn through the 8 GeV/c data,

and reproduced on the 16 GeV/c graph, helps to note

larger

that the forward peak continues expanding with in-
creasing energy even at such high energies, and that
the cross-section at the shoulder decreases slowly
with increasing energy (not more than a factor of 2
when going from 8 to 16 GeV/c).

The Cornell-BNL group, using two magnet spectro-
meters with optical spark chambers, measured the pp

differential cross-section data at 5.8 and 9.7 GeV/c
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Fig. 10 Differential cross-section for pp elastic scattering

at v 5.8 and v 9.7 GeV/c (Refs. 31 and 32). Full squares are
representative points from Ref. 33, and open squares are rep-
resentative points from Ref. 34, The pp cross-sections at

n 7 and v 10 GeV/c are also shown for comparison.

over a |t| range from v 0.5 to v 5.5 (GeV/c)? “’32)_

These data are shown in Fig. 10, together with some
existing data at comparable energies and smaller

33,34
angles ).

The structure at |t| ~ 0.6(GeV/c)? is again seen
clearly, whilst an additional shoulder may be present
at |t} ~ 2-3 (GeV/c)?, possibly followed by a drop in
the cross-section at |t]| 2 4 (GeV/c)?.

In Fig. 10 the pp differential cross-section at
~ 7 and v 10 GeV/e is also plotted for comparison.
One observes that the forward peak in pp is sensibly
steeper than in pp [with slopes of ~ 10-12 (GeV/c)_zj.
The secondary structure seems to become less pronounced
for pp with increasing energy, whilst it definitely be-
haves in the opposite sense in the pp case.

At |t] 21 (GeV/c)? the pp cross-section is always
below the pp one, but the general behaviour of the
two cross-sections is more or less the same. However,

it is possible that the indications mentioned above

for some structure in the pp case at |t] 2 2 (GeV/c)?
are due to statistical fluctuations.

At this Conference, a paper by Berryhill and
Cliness) has been presented which allows a comparison
of pp and pn elastic scattering above 1 GeV/c at
ft|] 1 (GeV/c)2. The data are shown in Fig. 11. In
order to reduce the relative systematic errors, both
reactions were measured on the same film from an ex-
posure of a deuterium bubble chamber to antiprotons.
One sees that the peak-bump structure in the pp dif-
ferential cross-section is present even at such a low
energy, and that pn is very similar to pp. However,
the forward peak in pn is steeper than in pp, and the
two cross-sections cross twice. pn is larger than
pp at very small |t| and at |t| 2 0.4 (GeV/c)2.

In a Regge-pole model the existence of such dif-
ferences would imply that I = 1 exchanges, such as o
or A, give appreciable contributions, since the
I =0 terms such as P, P', w are symmetrical in the
two reactions. This may be of some interest, because
current Regge-pole models of forward nucleon-nucleon

)

are strongly coupled to the nucleon-nucleon system.

sc:a’c‘celring36 assume that only the I = 0 trajectories

On the other hand, the energy is very low, and it is
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Fig. 11 The pp (full circles) and pn (open circles) differ-

ential cross-sections at 1.4 GeV/c (Ref. 35).
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possible that there are other interpretations of these
data.

1.5 Pion-nucleon elastic scattering

The differential cross-sections for 7 p and ﬂ+p
elastic scattering are known to be rather similar at
high energies and in the forward region, showing the
usual forward peak, followed by a structure at [t| =
~ 0.6 (GeV/c)?.

a broad maximum at 2-3 GeV/c incident momentum, which
37,38)

This structure is a dip followed by

quickly dies into a smooth shoulder at 4-6 GeV/c
New 7 p dataal’az) from ~ 6 to v 14 GeV/c by the
Cornell-BNL group are shown in Fig. 12.
data one sees that the structure at [t]| = 0.6 GeV/c

From these

becomes smoother and smoother with increasing energy,
while a second minimum is present at |t| ~ 3 GeV/c,

which seems to be rather energy independent.

At large |t] the cross-section drops very fast
with energy. At |t} ~ 2 (GeV/c)? it drops like
>+ and at [t] v 2.4 (GeV/c)? like ~ s 32).
At [t] X 2 (GeV/c)? the energy dependence becomes very

’\JS-

weak. One may notice a tendency for the cross-section
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Fig. 12 Differential cross-section for 7 p scattering be-

tween v 6 and v 13.5 incident momentum, and for 0.6 (GeV/c)?
5 lt] X 6 (Gev/c)* (Refs. 31 and 32).
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Fig. 13 Full 7 p angular distributions at ~ 6, ~ 8, and & 10
GeV/c incident momentum®2). The rough shape of the cross-

sections at |t| X 0.8 (GeV/c)? is shown as a full line. To
allow a clear presentation, the data at v 8 GeV/c for |t! X5
(GeV/c)? are not shown, and are replaced by a broken line.

to approach a "'saturated" energy-independent cross-
section, over a range of |t| that becomes wider and
wider with increasing energy. As observed in Section
1.1, indication of a similar phenomenon was noticeable

also in the case of pp elastic scattering.

The new Cornell-BNL data provide us with an almost
complete angular distribution for « p scattering at
The backward peaks
are about 10* times smaller in cross-section than are
At 10 GeV/c there is a clear indi-

% 10 GeV/c, as shown in Fig. 13.

the forward ones.

cation for some structure also in the backward peak.

Such backward peaks are a very general, although
not absolutely general, property of the two-body or
quasi-two~-body hadron collisions at high energiesas).
Consequently, we shall discuss the backward data in
further detail.

The backward 7p data by the BNL-Carnegic Mellon'")
group and by the Cornell-BNL groupul) are shown in
Fig. 14, plotted versus u on an expanded scale. As
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Fig. 14 Backward m p scattering data from Refs. 40 and 41.

a whole, the data at each emergy for |u| X 1 (GeV/c)?
are consistent with pure exponentials in u with slopes
of w4 (GeV/c) ", For |u| & 1 (GeV/c)?, a secondary
shoulder develops in the 10 GeV/c Cornell-BNL data.

Although separate data from each experiment show
a clear energy dependence of the cross-section [such
as piéb, as an average between 8 and 16 GeV/c, ac-
cording to Anderson et al.“°)], the combined data

may give the impression that the cross-section at
is rather constant above 10 GeV/c. When al-

lowing for some possible relative normalization error,

u=u
max
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Fig. 15  Backward 1T+p differential cross—-section between "V 6

and v 14 GeV/c (Ref. 41).

one may perhaps accommodate the energy dependence
that is predicted by the baryon-exchange model.

The Cornell-BNL group has also extended its measure-
ments to backward ﬂ+p scattering. The results at 5.9,
9.9, and 13.7 GeV/c *1) are shown in Fig. 15. The
sharp dip at u ~ -0.15 (GeV/c)? is the most striking
feature of the data. The 10 and 13.7 GeV/c data do
not contain any indication for a reduction of this
phenomenon with increasing energy. The slope of the
peak shrinks from ~ 13 (GeV/c) ™ to ~ 18 (GeV/c)_2
when going from 6 to 14 GeV/c.

Such impressive features of backward np scattering,
including the striking difference between 7 and ",
are currently explained in the Regge-pole model by
assuming that the backward scattering is dominated by
baryon exchanges in the u channel. Using the A and
the Nu trajectories only, Barger and Clinekz) obtain
a rather good fit to the combined 7 and 7" data of
the Cornell-BNL group. The fit in the n+p case is

shown in Fig. 16. In this model the dip is due to a

V.BARGER and D.CLINE
fit to backward ' p —eT*p data

ay=-0.38+0.88u
100 ap= 0.20 +0.85u —
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CHE
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é 10
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1+ .
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LA S —
10-2 | I 13.7 GeVic _
10-3 -
1 1 1 i 1 1 .
0 04 08 12 16 20 2
Il (Gevie )
Fig. 16  Regge-pole model fits to backward T+p scattering data,

by Barger and Cline (Ref., 42). The indicated and 0y trajec—
tories are as obtained in the fit to both 7"p and 7*p data.
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zero in the Ny exchange amplitude at oy = -1/2. At
the dip, where the isospin 1/2 exchange amplitude is
zero, the model predicts 1/9 for the ratio of the ﬂ+p
and 7 p cross-sections, which is very near to the ex-

perimental value of ~ 1/7. However, a similar dip at

a, = -3/2 in the © p case does not appear, which is
somewhat disappointing. The trajectories obtained in
the fit, as quoted in Fig. 16, go nicely through the

existing isobars in the Chew~-Frautschi plot.

A similar Regge-pole model, but allowing for an
important contribution by the NY trajectory, has been
proposed by Contogouris et al.*®). The rather weak
energy-dependence of the backward m p cross-section
above 10 GeV/c, as noticed before, might create some

problems for all such Regge-pole models.

Diffraction-type models have also recently been
proposed to interpret the main features of backward

)
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Fig. 17  Combined ﬂ+p backward elastic scattering data by the
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Fig. 18  Preliminary results by Antopolsky et al. (Ref. 48) on

backward (-0.95 < cos 8% < -1) T™n elastic scattering. Accord-
ing to charge symmetry, the points should lie inside the band
within the full lines. Such lines have been drawn to enclose
the region covered by the existing m'p scattering data.

The peak-dip structure in backward ﬂ+p scatter-
ing develops at surprisingly low energy. This is
seen in Fig. 17, which shows data at 2.85, 3.30, and
3.55 GeV/c from a Saclay-CERN experiment*S), and
data at 5.2 and 7.0 GeV/c from a CERN experiment“e).

One observes a strong energy-dependence of the
cross-section all over the backward region (such as
v s™7), but the peak-dip structure is practically the
same down to 2.85 GeV/c.
observe that the formulas by which Barger and Cline

It is also interesting to

fit the high-energy data, as shown previously, pre-
dict such a behaviour rather we11h7).

Aiming to check charge symmetry, Antopolsky et
al.ue) at Dubna have measured m n scattering at the
backward direction and at several energies between
1.5 and 3.8 GeV/c. They used an optical spark chamber:
system surrounding a deuterium target. Preliminary
data from this experiment are shown in Fig. 18. The
full lines enclose the region covered by the existing
n+p scattering data.

1.6 Kaon-proton elastic scattering

At |t] $ 1.2 (GeV/c)?, K'p and K'p differential
cross-sections are known to show (as usual) forward
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Fig. 19 Cornell-BNL data (Refs. 31 and 32) on elastic K p

scattering; the 5.49 GeV/c by Mott et al. (Ref. 49) are also
included. The v 6 GeV/c data are plotted after multiplying
by 100, and the v 10 GeV/c data after multiplying by 10. The
full 1line shows the qualitative behaviour of the 10 GeV/c
data, after multiplying by 100.
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Fig. 20 K p elastic scattering differential cross-sections

in the backward region between 1.2 and 2.44 GeV/c (Ref. 50).
The full curves are best fit curves using a superposition of
the known s—channel resonances.

peaks, the K p one being somewhat steeper3k). New
K p data by the Cornell-BNL group at ~ 6, » 10, and
~ 13.5 GeV/c 1,32) Data at

5.49 GeV/c by Mott et al.“e) are also included.

are shown in Fig. 19.

In order to allow a better presentation, the 10
GeV/c points in Fig. 19 are multiplied by ten, and
the 6 GeV/c points by one hundred. The full line
represents the 10 GeV/c cross-section multiplied by
one hundred, to allow comparison with the 6 GeV/c
data.
|t] & 1 (GeV/c)? expands with increasing energy. For
1 (GeV/c)? X |t| £ 2 (GeV/c)? there is appreciable
the rather narrow structure pre-

Thus one can observe that the forward peak at

energy dependence;
sent in the 6 GeV/c data is washed down to a change
in slope at 10 GeV/c. At |t| R 2 GeV/c, the cross-
section appears to drop fast with increasing energy.

At the backward direction, the K p differential
cross-section drops extremely quickly with increasing
energy. This is very different from backward n and
7 scattering, as we have seen in Section 1.4, and
also from backward K+p scattering which has a back-

ward peak, as we shall see in a moment.
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Fig. 21 K+p elastic scattering differential cross-sections

in the backward region, between 1.40 and 2.45 GeV/c (Ref. 52).
The full lines are hand-~drawn curves through the data.
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Figure 20 shows data from a BNL-Rochester counter
50)
. At these

energies the contribution from s-channel resonances

experiment with wire spark chambers

is enough to explain the cross-section (as shown in

The situation

1),

ticular, the backward dip is similar in both cases.

the figure by the continuous curves).
is not very different from the 7 p case’ in par-
However, whilst at higher energies a backward peak

develops in 7 p, the K p cross-section continues to
drop quickly with energy. In the baryon exchange mod-
el of the backward cross-sections, this fact is natur-
ally explained if one assumes that there is no strange-

ness +1 baryon.

New data by the BNL-Rochester group have been
presented at this Conference, also on backward K+p

)

scattering52 . These data are shown in Fig. Z21. In
general they are rather flat, but with a trend to peak
backwards with increasing energy. The curves shown
are calculated from an energy-dependent phase-shift

fit to all the available K+p data.

The CERN group of Baker et al. has also measured

backward K+p elastic scattering at 5.2 and 7 GeV/c “61

W F BAKER etal
K'p~e K p,backwards
52 GeVic

—e—i
1 i
doldu pb/(Gevic)?

i | |
-10 -05 0

u(Gevic)?

Fig. 22  Backward K+p data by Baker et al. (Ref. 46). The full
line shows the forward differential cross—section [slope V5
(GeV/c)™?7 divided by 1000 and plotted at |u] = |t].
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Fig. 23  Energy behaviour of the u = 0 X p and K+p elastic

scattering cross-section (data from Refs. 50, 52, 54 and 55).

The 5.2 GeV/c data show a clear backward peak, as
shown in Fig. 22. The existence of such a peak has
been interpretedsg’sa) as being due to some S = -1
The full line in
Fig. 22 represents the forward cross-section divided
by one thousand and plotted at |u| = [t|. One ob-
serves that the slopes of both peaks [ 5 (GeV/c)?]

are practically identical.

baryon exchange in the u-chamnel.

The backward peak drops fast with increasing en-
ergy. This is seen in Fig. 23 which shows the energy
dependence of do/du (u = 0) for both K+p and K p scat-
D§t§2§t 7 GeV/c or below come from the BNL-

>
fore, and from a CERN-Saclay experiment at 3.55
GeV/cSH). The two upper limits, 0.18 ub at 8 and
0.08 ub at 16 GeV/c, for the average backward cross-

tering.

5
Rochester and CERN experimentsks) discussed be-

section have been measured by the BNL-Carnegie Mellon
group at BNLSS). The rate of decrease for the K&p
case is v s_k, consistent with the interpretation of
these backward peaks as being due to the exchange of

the low-lying strange baryon trajectories. Without
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any connection to possible theoretical models, one
may observe that the u = 0, K p cross-section be-

low 2.5 GeV/c decreases roughly as s °.

In Fig. 24 the qualitative features of the back-
ward ﬂip and K+p scattering are compared. The K&p
cross-section at 7 GeV/c is of the same magnitude as
the T p cross-sections, but it is dropping faster
with increasing energy. One sees that if ome forgets
the dip in w+p (1), all slopes are very similar.

1.7 Backward m + p>p +p

Although the n + p + £ + p reaction should not
be quoted below the "elastic scattering and total
cross-sections™ heading, I would like to mention it

before leaving the argument of the backward peaks,

because the Carnegie Mellon-BNL group has reported on

an interesting peak in the backward region of this

reaction®®). This group measured the momentum of the

forward recoil proton with the wire spark chamber
spectrometer, and separated the p p final state by a

missing-mass technique.

These data at 8 and 16 GeV/c are shown in Fig. 25,
and compared with backward 7 p elastic scattering data
and with the angular distribution for the background
near the p mass in the missing-mass distribution. One
sees that at 8 GeV/c the p p differential cross-section
is steeper than at 16 GeV/c, and that the background
is not to be suspected of being responsible for such

a difference.
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Fig. 24 Comparative behaviour of the K+p (at v 7 GeV/e), ﬂ+p

(at v 10 GeV/c), and 7 p (at ™~ 10 GeV/c) differential cross-sec-

tions in the backward region.
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Backward angular distribution for the reaction 7~ + p
at 8 and 16 GeV/c (Ref. 56). The angular distri-

butions for T elastic scattering and for the reaction 1~ + p

+ X~ + p, with the X~ mass outside and near the
("background"), are also shown for comparison.

0~ mass peak
All slopes are

very similar, except for the p™p reaction at 8 GeV/c.

The exchange of the A trajectory should dominate

this reaction, as in the n p case. At first sight one

could consequently be brought to believe that these

two reactions should be very similar at these energies.

However, this is not necessarily so, because there are

new complications in this reaction -- in particular
the fact that the p has a spin.

Data on the backward differential cross-sections

(showing backward peaks) for the reactions m + p -
Al +pand 1 +p~A, +p at 16 GeV/c were also ob-

tained in this experiment.

1.8 Coherent nd elastic scattering

A few papers on coherent pion elastic scattering

on deuterium have been presented at this Conference.

In Fig. 26 is shown the angular distribution for 7 d
coherent scattering at [t| § 1 (GeV/c)? at 3.75 GeV/c,
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as measured by a Minnesota-Iowa group in a spark cham-
ber and counter experiment57). Tt is worth noticing
how the picture greatly resembles some of the forward
peaks and secondary bumps previously reviewed in
hadron-hadron scattering. Some recent theoretical mod-
els seem to have taken this similarity very seriously

)

[see, for example, Harrington and Pagnamenta5 , and

Chou and Yanglo]].

The data are compared to the Glauber theory of
scattering on deuterons, in which the secondary shoul-
der is attributed to the double scattering term pre-
dominating on the single scattering one, and the dip
to the interference of these two termsse’sg). The
full curve is the prediction of the Glauber formula
when taking the pion-nucleon scattering amplitudes to
have the form (for both 7 p and 7 p scattering, with

appropriate values for the parameters)

COHERENT rrd SCATTERING AT 375 GeVic
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Fig. 26 Differential cross-section for m d coherent elastic

scattering at 3.75 GeV/ec (Ref. 57). The full curve represents
the Glauber formula prediction, after assuming spin-independent
pion-nucleon scattering amplitudes with a constant phase.

£y= (14 o) K ere
4y

(oN = total pion-nucleon cross-section, A = slope of
the diffraction peak, k = centre-of-mass momentum).
The fraction of the real part Oy Was taken to be con-
stant with |t| and to be equal to the forward value.
From the agreement between the main features of the
data and of the calculated curve, one may conclude that
the Glauber double-scattering mechanism is at work.

The results of a bubble chamber experiment by
Hsiung et al.eo) on 'd coherent scattering at 3.65
GeV/c are in good agreement with those of Chase et al.
However, the theoretically predicted curve is rather
different in the region of the dip and even at larger
{t|. From what one can read in the submitted papers,
the only difference between these two calculations is
that they make use of different wave functions for the
deuteron.

When analysing their data, Hsiung et al. made an
attempt to measure the real part of the pion-nucleon
scattering amplitude away from t = 0 (where it is
known from the Coulomb interference measurements), by
the amount of filling of the interference dipGl). In
fact for o =0, the cross-section drops to zero at the
minimm, and for oy # 0 the dip is progressively filled
in.

Although such an approach is interesting, it seems
that one needs some more theoretical work before one
can say if this can be done with a good level of con-
fidence. In fact, the basic problem of proving that
the Glauber formula is a suitable approximation to the
cross-section is still open. The effects of choosing
a particular deuterium wave function, and of including

spin effects, need some more careful investigationez).

One way to check Glauber's theory is to do an ex-
periment at an energy such that the pion-nucleon scat-
tering amplitudes are known from phase-shift analysis,
to calculate the deuteron cross-section with the
Glauber formula, and then see whether it is able to
reproduce the data.

Such an attitude has been taken by a CERN-Trieste
group working at CERN, who performed an experiment of
1 d coherent scattering at 900 MeV/c 63) . Results
from this experiment are shown in Fig. 27. As one can
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see, the picture is very much the same as before.
The full curve shows the results of a calculation by

64)

Alberi and Bertocchi®*’ which includes spin dependence

but not the effect of Fermi motion. Indeed, owing to
the resonances lying nearby, it turns out that it is
very difficult to take the internal motion of the nu-
cleon into account properly. Consequently, one can-
not rely very much on the results of the calculation,
and the problem of checking Glauber's formula is left

open.
2. CHARGE EXCHANGE

2.1 7 p charge exchange

At this Conference, results {rom several measure-
ments have been presented on backward 7 p charge ex-
change at high energies.
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Fig. 27 Differential cross-section for 7 d coherent scattering

at 900 MeV/c (Ref. 63). The full curve shows the prediction by
the Glauber formula by making use of the measured pion-nucleon
phase shifts. The spin dependence of the amplitudes is taken
into account.
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Fig. 28 Preliminary data for backward (-0.95 < cos p* < ~1)
T"p charge exchange, by Antopolsky et al. (Ref. 65). The full
lines give the qualitative behaviour of the backward 7 p and
m*p cross-sections.

In Fig. 28 are shown preliminary data on this re-

65
action by Antopolsky et al. ).
a deuterium target in which data on backward v n scat-

?)

at several momenta between 1.5 and 3.8 GeV/c.

In the same run with
tering were takenu , charge-exchange data were taken
No indi-
cation is seen in these data of the strong dip at v 2
GeV/c laboratory momentum, which is observed as a func-
tion of momentum in both 7 p and 7'p 180° differential
It should be

observed, however, that in this experiment the Fermi

cross-sections (full curves in Fig. 28).

motion produces a strong spread in c.m. energy.
Figure 29 shows preliminary results of an optical
spark chamber experiment on backward charge exchange

Quali-

tatively, the most evident feature is the dip at

performed at Argonne by a Minnesota groupss).

un -0.2 (GeV/c)?. This is very near to that predict-
ed by Barger and Cline in their baryon exchange mod-
el57), In the framework of this model the data favour
a negative value for the ratio of the pole residue of
the A and the N, trajectories. ‘

Also, preliminary data at 4, 6, 8, and 11 GeV/c
have been presented by the Orsay-Saclay group working
at CERN'").
peak, and at 4 GeV/c are in excellent agreement with
The 6 GeV/c

These data cover only the very backward

the Argonne data, as shown in Fig. 29.
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Fig. 29 Preliminary results by the Minnesota experiment (Ref.

66) on T p charge exchange in the backward region at 3, 4, and
5 GeV/c. The full and broken curves show predictions (Ref. 67)
by the Barger and Cline Regge-pole model for the two indicated
signs for the ratios of the pole residues of the A and N, tra-
jectories. Preliminary data at 4 GeV/c by the Orsay-Saclay
group (Ref. 68) are also shown.

data from this experiment are shown in Fig. 30, to-
gether with the prediction by Barger and Cline67).
At this energy the data and the theoretical predic-
tion disagree rather clearly.

An extensive study of the 7 p charge-exchange re-
action has been made in a spark chamber experiment by
a Brown University-Harvard-Padova-Rehovoth-MIT col-

69
laboration ). The result of this experiment 1s ex-

pressed by giving the coefficients of the Legendre poly-

nomials expansion of the angular distributions, and
their errors at many energies between 1.4 and 4 GeV/c.
An example of such results is shown in Fig. 31. The

dotted curves show the error limits associated with
the fits.

Forward cross-section data by Sonderegger et
70)
al.

at comparable energies are also plotted in this figure

and backward preliminary data by Chase et al.ss)
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Fig. 30 Preliminary results by Schneider et al. (Ref. 68) on

backward 17 + p > 7% + n at 6 GeV/c.
and Cline predictions, as in Fig. 29.

The curves are the Barger

for comparison. There is a rather strong discrepancy

at the backward direction.

2.2 K'n charge exchange

A couple of bubble chamber experiments on the
charge-exchange reaction K + n -+ K° + p [at 3 GeV/c
by the CERN-Bruxelles-Munich collaboration71), and
at 5.5 GeV/c by Cline et a1.72)] have been performed,
aimed mainly at checking the validity of the Regge-
pole and SU(3) sum rules by Barger and Cline73). The
results for the total cross-section are shown in Fig.
Due to
the steep energy dependence of the cross-section,
the sum rule that was badly violated at 2.3 GeV/c
seems to be satisfied at 5.5 GeV/c.

32, together with the sum-rule predictions.

Such a steep

energy dependence of the total cross-section does not
S . 74 . .

fit with Morrison's scheme on the relationship be-

tween exchanged particles in a reaction (p and A; in
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" 3.84 GeV/c (BHPRM collaboration, Ref. 69).

Unfolded full angular distribution (full line) for m p charge exchange at
The dotted lines show the error limits

as obtained in the fitting procedure. The 3.67 GeV/c forward data by Sonderegger et
al. (Ref. 70) and the 4 GeV/c backward data by Chase et al. (Ref. 66) are also shown

for comparison.
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Fig. 32 K" + n > RY + p total cross-section at 2.3, 3.0, and
5.5 GeV/c (Refs. 75, 71, and 72, respectively). The broken
curve represents the sum rule prediction (Ref. 73), as calcu-
lated by Cline et al. (Ref. 72). The full lines show the
errors associated to the prediction.

this case) and the decrease of total cross-sections

with increasing energy.

3. POLARIZATION EFFECTS

3.1 Polarization parameter in forward
elastic scattering

It is known76) that appreciable polarization, of
the order of 5%, exists in pp elastic scattering at
[t] £ 0.7 (GeV/c)? up to 12 GeV/c incident momentum.
New data at 5.15 GeV/c from a hodoscope counter ex-
periment on a polarized target by a Chicago-Argonne
group77) extended the explored |t| interval to about
1.8 (GeV/c)?. These data are shown in Fig. 33, to-
gether with some older data by Grannis et al.78).
The most interesting feature of the data is the in-
crease of the polarization to values of v 20% at
[t| > 0.6 (GeV/c)?. Whilst this behaviour is easily
fitted by the optical model of Durand and Lipesll),
it cannot be reproduced by the P + P' + w Regge-pole
model of Rarita et a1.36).
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It is interesting to observe that indications for
a similar behaviour for the polarization -- a first
positive broad maximm at |t| § 0.7 (GeV/c)? followed
by a possible second broad maximum -- are found by a
CERN-Holland group in an antiproton scattering ex-

periment on a polarized target, at energies of about

2-3 GeV/c 79).  Part of these data are shown in

Fig. 34. The fitted curves are obtained in an optical

N.E. BOOTH et al.
POLARIZATION PARAMETER IN pp SCATTERING

o 515GeVic this experiment

o 4BLGeWIc Grannis et al. -
Durand & Lipes

Rarita et al.

04

03

o

]
o/ 1 \‘i\ !

S
.
~—

-01

20

Ml (Gevic)?

Fig. 33 The pp

Argonne group (Ref. 77).
4,84 GeV/c are in good agreement with these data.

normalization problem (Ref. 37) seems to exist on comparing with
the 6 GeV/c data by Borghini et al. (Ref. 76 and Fig. 35). The
theoretical curves are predictions by the models of Durand and
Lipes, and Rarita et al. (Refs. 11 and 36, respectively). '

Data by Grannis et al. (Ref. 78) at
However, some

polarization data at 5.15 GeV/c by the Chicago-

model, in which the structure in the polarization is
closely bound to the structure in the differential

cross-section.

CERN—HOLLAND
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H
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Fig. 34 Differential elastic cross-sections and polarizations
The full curves are fitted to

at 1.73 and 2.13 GeV/c (Ref, 79).
the data. The model used is the Frahn and Venter (Ref. 80) model,

modified to be applicable to the (spin Yy-spin %) case-

CERN - ORSAY -PISA
POLARIZATION PARAMETER IN pp SCATTERING
14 GeVic
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¢ This experiment
o Borghinietal., 60 GeVic
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Rarita et al. L
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.02 ] L L 1 1 1 l ] ] ] ] i
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Fig. 35 Preliminary results for the polarization parameter in pp scattering at 14 GeV/c (Ref. 81).
Data by Borghini et al. (Ref. 76) at 6.0 GeV/c are alsc shown for comparison.
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Preliminary polarization data at 14 GeV/c for pp
scattering have been presented by the CERN-Orsay-Pisa
group 81
data by Borghini et a1.76) at 6 GeV/c and to the pre-
dictions by the Regge-pole model of Rarita et a1.36)
The data show that the dicrease of the
ly. However, these data do not show any increase of

Py at |t| > 0.6 GeV/c, as found at 5.15 GeV/c by Booth
77)

). These data are compared to the previous

in Fig. 35.

. . . - . 37 .
polarization with increasing energy - continues smooth-

et al.

The Chicago-Argonne group has also measured the
polarization parameter for ﬂ+p and 7 p at 5.15 GeV/c
up to |t| v 1.8 (GeV/c)? 2), The P+ P' +u Regge-
pole model by Rarita et al.36)
qualitative agreement with the structures in P, at
[t| X 0.7 (GeV/c)? which are seen in Fig. 36.

gives predictions in

Preliminary data on P, at the highest energy avail-
able up to now (14 GeV/c) for n+p scattering at |t| 2
~1 (GeV/c)? has been reported by the CERN-Orsay-Pisa
groupal). These data are shown in Fig. 37, together
with previous data by Borghini et a1.76) at lower ener-
gies. The polarization has qualitatively the same be-
haviour as at lower energies, with an absolute value
which decreases rather slowly with increasing energy.

CERN-0ORSAY-PISA
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Fig., 36 Polarization parameter in th scattering at

5.15 GeV/c (Ref, 82).

The same group has also reported preliminary data
on the polarization in K+p scattering at 14 GeV/c.
Although the statistical accuracy is still very poor,
there is a clear indication for Py being positive at

POLARIZATION PARAMETER IN m*p SCATTERING

140 GeVic
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Fig. 37 Preliminary results for the polarization parameter in m'p scattering at

14 GeV/c (full points) (Ref. 81).

lower energies are also shown for comparison.

m*p and 77p data by Borghini et al. (Ref. 76) at

The curve represents the theoretical

prediction of Rarita et al. (Ref. 36) for P, in T p scattering at 14 GeV/c.
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[t| < 0.7 (GeV/c)?.
energies of the order of 3 GeV/c, the polarization is

In the same |t| region and at

known to be positive also for K p scatteringea).
3.2 Polarization in backward peaks

If polarization exists in the forward peaks, one
can naively expect it to be present also in the back-
ward peaks. Very preliminary data from the Chicago-
Argonne groupaq) (shown in Fig. 38) on backward ﬂ+p
scattering on a polarized target at 2.75 GeV/c indeed
give evidence for a strong peak in the polarization at
u~n -0.1 (GeV/c)?,
ferential cross-section.

in the region of the dip in the dif-

Polarization effects in back-

10
09—
PRELIMINARY DATA
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06—
Po
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R.JESTERLING et al.
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03+
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~02 —r——
-05 'OL - JZ '.1 0.0 o
u(?eV/C)2
Fig. 38 Very preliminary data by the Cﬁfcago-Argonne group

(Ref. 84) on the polarization in backward T*p scattering at
2.75 GeV/c. .
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Fig. 39 Differential cross-sections for the associated pro-
duction reaction ™ + p > K” + A in the backward region (Ref.
87), between 4 and 12 GeV/c incoming momentum.

ward mp scattering at these energies have been discus-
sed, for example, by Barger and Cline, and by Dar
and Kozlowsky®s), and at somewhat higher energies by
Contogouris et al.*?) and by Barger®).

A beautiful example of polarization in a backward
peak is also provided by associated production m + p
> K+ A,
between 4 and 12 GeV/c are presented in Fig. 39. These
data have been measured at CERN by the CERN-ETH-
Imperial College group, using optical spark chambers

Backward differential cross-section data

in a magnetic field®7). One notices some flattening
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in the distributions at u = Uax? and an indication of
a dip or a change in slope at (u-u )1 (GeV/c)?,
in the 4 and 6 GeV/c data.

) —3.k
decreases like v s

The cross-section at
U= Unax

The results for the polarization at 4 and 6 GeV/c,
as measured from the A decay, are shown in Fig. 40.

The polarization (which is bound to be zero at

=u
u max

increases very rapidly at about maximum positive value,

in the backward direction) away from u = Wnax

and remains sensibly constant up to u - Woax ™ 0.4
(GeV/c)2.
decrease.

At larger u - Upax?

Py shows a tendency to
Barger reportedes) that the baryon exchange model
of Barger and Cline can easily interpret these data.
In this reaction the baryon exchanged in the u-channel
must have isospin 1. Making use of linear Za and 26
trajectories [ the strange baryon trajectories associat-
ed to the I and to the Y¥(1385)] in an approach very
similar to that used for elastic wp scattering,

CERN - ETH- IMPERIAL COLLEGE
n°p — KA
A POLARIZATION IN THE BACKWARD PEAK

+ 4 GeVic

§ U:O ’
A ....n..‘l ! I ! i ] }
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AL Liud 1 | 1 1 1 1 )

|
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Fig. 40 Polarization in backward associated production, at 4
and 6 GeV/c (Ref. 87).

V.BARGER AND O.CLINE
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Fig. 41 Predicted polarization in backward m + p > K® + A,
in the Zoc and Z(S exchange model by Barger and Cline (Ref. 86).

Barger and Cline were able to fit preliminary differ-
ential cross-section data from this experiment, and
to predict the polarization, as shown in Fig. 41. This
prediction is almost identical to that actually found
in the experiment. Polarization effects in backward
associated production have also been discussed by

?)

8
Hogaasen

4, INELASTIC TWO-BODY COLLISIONS IN pp REACTIONS

8.1 p+p—+p+N(1518) and p + p + p + N*(1688)

1t was shown by Anderson et al. at BNL89) that
the total cross-section for excitation of the two
I = 1/2 isobars N*(1518) and N*(1688) in the reaction
p+p-+p+ N*is rather constant above 10 GeV/c.
This peculiar behaviour is similar to that of elastic
scattering. This fact is commonly explained by observ-
ing that these reactions, as the elastic scattering
one, can proceed without any change of internal quan-
tum numbers ~- except spin and parity -- from the

original to the produced particles.

In the forward region, however, the differential
cross-section for excitation of such isobars is ap-
preciably different from pp elastic scattering, show-
ing peaks with slopeseg’go) of a5 (GeV/c) ™2, which
In ad-

dition, production of the N*(1518) seems to be sup-

is about half the slope of the elastic peak.

pressed in the very forward direction. Data have re-
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cently become available on the large-angle behaviour

of such cross-sections.

The differential cross-section for p +p -
+p + N*(1518) up to a centre-of-mass angle 6 ~ 90°,
as measured in two counter missing-mass experiments by
Ankenbrandt et al. at Berkeleyel) and by Allaby et al.
at CERNSZ), are shown in Fig. 42. The most forward
The be-
haviour of the pp elastic scattering cross-sections at

peaks are not indicated in the figure.

n4,n 7, and v 19 GeV/e is also shown for comparison.

It is seen that at 4 GeV/c the isobar cross-section
is much flatter than pp, at 7 GeV/c it is almost as
steep, and that at 19 GeV/c and at large |t| it is sen-
At 8 ~ 90° and below 7 GeV/c,
the pN* cross-section has comparable magnitude to or

sibly parallel to pp.

is slightly larger than the pp, whilst at 19 GeV/c it

04 e
= PP—PN*(1512)
¥ \_\\.\
- \\4 o LGeVc
108 \\\'//;(é::l,l,c e:gs?‘c « 5Gevic Ankenbrandt et al
R R R ¢ elastic + 6GeVic © -
- \ 5\/19 GeVic elastic o 7GeVIe
C % 19.2GeVic Allaby et al
1025
T0E
B
e r
85
100k
0L
0%
103;
j
0 ; ‘ i I
0 1 2 3 4 5 6
It] {Gevic)*
Fig, 42 Differential cross-section for the reaction -
PP

- pN*(1518) at 4, 5, 6, 7 (Ref, 91), and 19.2 (Ref, 92) GeV/c,
and at large t‘ 7 0.5 (GeV/c)Q} momentum transfers. The
behaviour of the 4, ~» 7, and ~ 19 GeV/c pp elastic scatter-
ing cross—-section is also shown for comparison.

is definitely smaller than the pp cross-section by al-
most an order of magnitude.

One may find some indication in this picture for
the isobar differential cross-sections to tend to some
energy-independent do/dt, as appears to be the case for

pp and mp elastic scattering.

In Fig. 43,
N*(1688) excitation are presented. This figure is

data from the same experiments for

impressively similar to the previous one.

A hint about the understanding of such phenomena
can be found, for example, in the multiple scattering
model by Frautschi and Margolisg3’9u), and in an ex-
tension of the Chou and Yang modello) to diffractive
5)
on diffraction dissociation processes by Feinberg and
Pomeranchuk, and by Good and Walkergs).

. . . 9 . . .
isobar excitation” ™/, as well as in the original papers

0 PP—~PN* (1688)
SN 4 GeVic elastic
r \\'\' 7 GeVic elastic
5 \\ 19GeVic elastic ¢ 4GeVic
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e o oelc }Ankenbrc\ndtetal.
C s 7 GeVlc
- <19.2GeVlc  Allaby et al.
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Fig. 43 Differential cross-section for the reaction pp -

> pN%(1688) at 4, 5, 6, 7 (Ref., 91), and 19.2 (Ref. 92) GeV/c,
and at large “tl 3 0.5 (GeV/c)2J momentum transfers. The
behaviour of the v 4, ~ 7, and % 19 GeV/c pp elastic scatter~
ing cross-section is also shown for comparison.
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4.2 p + p > p + N¥(1400)

A very interesting result concerning the reaction
p + p~p + N*(1400) has been reported by a BNL bubble
chamber group from an experiment at 28.5 GeV/c *7) .
The missing-mass M spectra for the reactionp + p +
p+ XM’ when XM decays into one or three charged prongs,
is shown in Fig. 44a (2 prong + 4 prong, upper histo-
gram). Acut at |[t| = 0.06 (GeV/c)? is applied in
order to avoid scanning biases.

The over-all spectrum is extremely similar to that
obtained (after integration over angle) by Anderson et
al. in a missing-mass counter experiment at 30 GeV/c 89).
The Anderson et al. data are shown as a full curve in
Fig. 44a.

show that the broad peak ranging from M~ 1.3 to

The bubble chamber experiment is able to

M~ 1.8 GeV comes mostly from the twe-prong final
state (XM + one charged prong).

Ellis et al.’”) studied the Xy * one-prong sample
separately (Fig. 44b) in the small |t| - range, |t] <
0.12 (GeV/c)?, since the cross-section for excitation
of the N*(1400) is known to be very strongly peaked
in the forward direction%) . By studying the missing-
mass m in the decay XM + one charged prong + X they
were able to separate the XM > + 1 cases from the
rest. These events are shown as a shadowed histogram
at the bottom of Fig. 44b,

a broad peak centred at M~ 1400 MeV.

In this sample one notices

Finally, Ellis et al. compared the ratio of events
in the region around M = 1400 MeV, in the T sample
and in the full two-prong sample. If the isospin of
the isobar is 1/2, one expects the T decay to be
twice as frequent as the n’p one. This is consistent
with the data if almost all the two-prong sample is
assuned to be mp plus mn. If I = 3/2, the 1°p de-
cay should be predominant by a factor of two over the
T decay and this is inconsistent with the data. The
authors conclude that in the missing-mass peak seen in

89590,596) at small mo-

high-energy counter experiments
mentum transfers, for M ~ 1400 MeV, there was indeed

excitation of an I = 1/2 nucleon resonance.

By inspection of the 71 spectrum at [t] > 0.12
(GeV/c)? (Fig. 44c), one sees that the N*(1400) exci-
tation is strongly reduced, whilst on the other hand
excitation of some other isobar of higher mass [pos-
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Fig. 44 Missing-mass M spectra for the reaction p + p + p + X,
at 28.5 GeV/c (Ref. 97). The very forward region [!t! < 0.06
{GeV/c)*] where scanning losses would be important is excluded.
(a) The upper histogram comprises all two and four charged prong
(¥y + one charged prong and Xy > three charged prong) events.
The shadowed histogram comprises only the four-prong events.

The integrated counter data by Anderson et al. at 30 GeV/c (Ref.
89) are also shown for comparison. (b),(¢) Iwo-prong (¥y + one
prong)events only (shadowed histogram: only Xy > 7*n events),
at ftl < 0.12 and at Itf > 0.12 (GeV/e)?, respectively. (d),(e)
four-prong (X, + three prongs) only, at ltI < 0.12 and at ltl >
0.12 (GeV/c)?. The mtn sample is shown as a broken line histo-
gram in (d).
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Fig. 45  Forward {0.99 < cos O% < 1) differential cross-section
for the reaction p + p *d + 7% as a function of the incident

momentum Py, and of the total c.m. energy (Ec.m.’ upper scale)

(Ref. 104). Experimental points from other works are from Refs.
103, 107. The dashed curves are calculated according to the
model of Yao (Ref. 106). The upper and lower bounds correspond
to the lack of knowledge on the pion charge-exchange cross-sec—
tion.

sibly the N*(1512) ] has increased. These different
mechanisms are therefore probably responsible for the
distorted 1400 spectra observed in counter experi-

98)
ments .

The comnections of such a 1400 MeV isobar with the
99) .

Py, Roper resonance are not very clear. Inspection
of the X > three charged prong (prm ) at 0.06 < |t] <
< 0.12 (GeV/c)? and at |t] > 0.12 (GeV/c)? (full his-
tograms in Figs. 44c and 44d) shows an enhancement at
a mass of ~ 1450 MeV, which is washed down quickly
with increasing |t

. The mass of this object is near-
er to that found for the P;; resonance in phase-shift
analyses’®) (v 1470 MeV). Tt is possibly an T = 1/2
state, since evidence for a pﬂ+ﬁ_ enhancement at a
mass M v 1470 MeV coherently produced by protons on
neon -- an isospin zero nucleus -- has been reported
at this Conferenceloo). However, its origin as a
ﬂ—ﬂ+p resonance, a mA resonance, or neither of these,

01)

. . . 1
is under discussion .

+
A3p+p+d+a
A most typical (one might even say the only true)
inelastic two-body pp reaction isp+p=+d + T

. . 102) . + 103)
This reaction or the inverse onem +d->p+p

Intermediate and High - Energy Collisions~Experimental 1

have been studied rather extensively at momenta of
~ 3.5 GeV/c and below.
this Conference on the energy behaviour of the for-

ward*) cross-section between 3.4 and 12.3 GeV/c by
Anderson et al.lo“)

Data have been presented at

, and on the differential cross-
section in the forward angular region at 21.1 GeV/c
by Allaby et al.los).

Anderson et al.'®*) used a magnet spectrometer
and time-of-flight system to separate the backward~
emitted deuterons. Their results are shown in
Fig. 45 together with experimental points from other
works!935197) | A theoretical treatment by Yao'°®), in
the framework of the one-pion exchange model, predicts
the forward cross-section to be essentially proportion-
al to backward ﬂ+p scattering. Intuitively, one can
understand this by thinking that the zero-angle reac-
tion can proceed by a proton emitting a m in the for-
ward direction, and recoiling backwards as a neutron
bound to the other proton in the deuteron. As a matter
of fact there is also a pion backward charge-exchange
diagram contributing to the reaction. Disregarding
this contribution, and allowing for the known experi-
mental uncertainties in the np data, what Yao's theory
predicts 1s that thep + p~d + " cross-section
would lie in between the broken lines shown in Fig. 45.
It is seen that the data are much smoother than the
predicted curve, but nevertheless resemble it. In
particular there is an indication for a structure at

N 6 GeV/c laboratory momentum.

Allaby et al.los) separated the p + p > d + T re-
action by a missing-mass technique, in an accurate
measurement of the momentum spectrum of deuterons emit-
ted at small laboratory angles (12.5 to 60 mrad) from
a hydrogen target hit by 21.1 GeV/c protons. Their
missing-mass spectrum at 40 mrad is shown in Fig. 46.
The peak at the highest momentum is associated to a
recoiling pion, and the other structures at lower mo-
menta to a recoiling p+ {also the differential cross-
section for the reactionp + p+d + p+ was in fact
measured in this experiment), and possibly to recoil-
ing A,, A,, ... . The angular distribution as obtain-
ed from such measurements at several angles is shown

*} Forward and backward directions, although kinematically
distinguishable, are physically equivalent in this reac-
tion.
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Fig. 46 Deuteron momentum spectrum obtained in the experiment

of Allaby et al. (Ref. 105) at a laboratory amgle of 40 mrad.
The broken line indicates the hand-drawn fit to the smooth conti-

nuum used to extract the two-body differential cross-sections.
The insert shows the spectrum after subtraction of this continuum.

in Fig. 47. It is well fitted by an exponential in
-p, /b
D, e p,/

value (v 220 MeV/c), very similar to that exhibited

, with a constant b of a rather universal

by the data at much lower energy.

5. INELASTIC TWO-BODY COLLISIONS IN MESON-NUCLEON
SCATTERING

5.1 K scattering

The following empirical rules are known to be
approximately valid for all inelastic quasi-two-body

hadron reactions at high energies.

a) The total cross-sections decrease to a first ap-
proximation as an inverse power of the incident mo-

mentum py

0 ~ —n
t "~ Prap *
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Fig. 47 A comparison by Allaby et al. (Ref. 105) between their

data on the p + p > d + " reaction at 21.1 GeV/c and the data by
Heinz et al. (Ref. 102) at 3.62 GeV/c. The data of Dekkers et
al. (Ref. 103) on the inverse reaction n* + d + p + p are also
displayed.

The exponent n varies from reaction to reaction. An
empirical rule has been proposed connecting the values
of n to the nature of the particle which is supposed

u)'

the experimental evidence for the validity of this
108)

to be exchanged in the reaction’ A discussion of

rule can be found elsewhere

b) There is a forward peak, where roughly do/dt ~
e_Mtl . The slope A does not change much with energy.
For reactions in which the width of the produced par-
ticles is large enough to make the forward momentum

transfer, t vary appreciably from event to event,

min’
spurious changes in shape at small |t| are avoided if

(t-tmin| is calculated for each indi-
vidual event, and the angular distributions are pre-

09).

the variable t' =

sented as functions of t' ! For these reactions

do/dt' ~ At
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Fig. 48 Effective mass distributions and slope of the dif-

ferential cross-sections for several n'p inelastic two-body
reactions at 8 GeV/c (Ref. 110). For each irndicated reactionm,
the top part of the figure shows the effective mass distri-
bution of the system considered (as indicated on the hori-
zontal axis): the bottom part of the figure shows the varia-
tion with the effective mass, M, of the coefficient A in the
expression: do/dt' = K exp (At') fitted to the data up to

t' = 0.4 (GeV/c)?.

c) The slope A of the forward peaks seems to be a
decreasing function of the mass of the produced par-
ticles. Furthermore, strong evidence for an extremely
interesting empirical rule has been presented at this
Conference by the Aachen-Berlin-CERN-London (I.C.)-
Vienna Collaboration. It appears that the exponential
t-dependence of the differential cross-section and

the dependence of the slope on the mass of the pro-
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Fig. 49  Angular distributions for the reaction K + p »

K**(890)p at 3.0, 3.5, 5.0, and 8.25 GeV/c (Ref. 111). The
curves are the prediction of the one-particle (17) exchange
model with absorption, for two different choices of the rele-
vant parameters.

duced systems are valid irrespectively of whether the
produced system is in a resonant state or not“o).

An example of such a situation is shown in Fig.
48, which contains data from a 10 GeV/c 7 Tun on hy-
drogenuo) . One sees that when the mass M of the pro-~
duced systems sweeps through the isobar or the meson
masses, the slope Aof the differential cross-section
continues to decrease smoothly.

Also, the statistical accuracy of the experiments
has improved to the extent that it is now possible to
study some finer details of the differential cross-
sections. Besides this, the energy at which many data
are taken is sufficiently high (5-10 GeV/c) for one to
believe that one is looking at phenomena which will no

longer change quickly with energy.

A very interesting "detail' is that most cross-
sections behave in a peculiar way at small |t| (or
t'), typically |t]| £ 0.2 (GeV/c)?. As a first example
of this, data by the Bruxelles-CERN group on the re-
action K" + p > K**(890)p ) at 3.0, 3.5, 5.0, and
8.25 GeV/c are shown in Fig. 49.
structure consists of a flattening or even a dip at
t' = 0.

In this case the
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Fig. 50 Differential cross—sections at t' < 0.2 (GeV/c)? for
K*(890) and K*(1420) excitation in K~ + p - K*N reactions at
10 GeV/c (Ref. 112).

In Fig. 50 the differential cross-sections at
t' < 0.2 (GeV/c)? for K*(890) and K*(1420) production

in the reaction K~ + p » K"+ Nat 10 GeV/c are shown.

These data were contributed to this Conference by the
ABCL(I.C.) Collaboration''?), As in the previous
figure, forward dips are observed in K*~(890) and
K*_(l420) production. On the other hand, one sees
that the charge-exchange reactions K~ + p ~ K*° + n
have a forward peak.

Traditionally, these differences are understood
in the sense that the above no-charge-exchange reac-
tions are dominated by w exchange, and the charge-ex-
change reactions are dominated by pion exchange.

The evidence for many w or K initiated charge-ex-
change two-body inelastic reactions to be dominated
by m exchange (at least up to ~ 5 GeV/c) is rather

. . 113 .
convincing However, this model does not work

any more for the K + p > K*“(890)+ n reaction at 10
GeV/c 112) . The evidence for vector-meson exchange to
be dominating in K* + p - K*(890) + p is based on the
angular decay distributions'!*). On the other hand,
this model -~ one vector meson exchange plus absorp-
tion -- does not fit at all the angilar distributions
above a few GeV/c.
given by the calculated curves shown in Fig. 49.

An example of such a situation is

Some experiments of K*(890) coherent production on

15-117)

. . 1
deuterium are in progress , and these could pos-

sibly help in clarifying this situation. The w ex-
change should be the dominant contribution to this re-
action, since the exchange amplitude must have I = 0.
From these results one may possibly work out how much
of the production on protons is actually due to w ex-

change.

The complete K™ (890) and K*(1420) differential
cross-section data from Ref. 112 are shown in Fig. 51.
Whilst in general all cross-sections are very similar,
with slopes of n 5 (GeV/c) 2, at t' < 0.5 (GeV/c)?
there is a difference in the K* (890) and K °(890)
cross-sections that is not noticed in the K*(1420)

case.
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Fig. 51 Differential cross-sections for the reactions K + p-
K* + p, K~ + p + K*® + n for K*(890) and K*(1400) at 10 GeV/c
(data from Ref. 112).
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5.2 m scattering

Structures at t' § 0.2 (GeV/c)? exist also in re-
actions involving non-strange mesons. This is seen,
for example, in Fig. 52, which shows preliminary data
by the Bari-Bologna-Florence-Orsay Collaborationlla)
at 5.1 GeV/c, and by the Bari-Bologna-Florence Col-

1aboration119) at 9 GeV/c.

BARI-BOLOGNA-FLORENCE-ORSAY COLLABORATION

m*n—=Xp atb, GeVic

dN
dt
103 o 103 =
= mn—-p’p E TN —-Wp
e L
;e ‘
0 e 102
e F E
C (X »
C ¢ C

oF

——i

——
(o o
-
o
——
T
—

0'E 10 f ##ﬁf
- r
r r
L |
1 { 1 1 1 { S
0 o 02 0 01 02030405
It} (GeVic)?
BARI-BOLOGNA-FLORENCE COLLABORATION
mp— Xp at 9 GeVic
dN
dt ™'n—-po'p Tn—1%
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Fig. 52 Differential cross-sections for the indicated reactions,

from a deuterium bubble chamber experiment at twe energies of the
Orsay-Bari-Bologna-Florence Collaboration (Ref. 118), and the
Bari-Bologna-Florence Collaboration (Ref. 119).
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The forward dips in all cross-sections distinguish
these charge-exchange reactions from those for excita-
tion of K*''s, previously discussed. It is also inter-
esting to observe that whilst all dips are very similar
to each other, 7 exchange is not allowed in Tt -
w+ p. The 9 GeV/c T+ n+ p® + p cross-section does
not show any forward dip. However, the statistical

errors at this energy are very large. In addition, an

0)

o® + n at 11.2 GeV/c shows evidence for a forward dip.

. 12 . . -
experiment on the charge-symmetric reaction m + p~

The ABC collaboration has submitted data with good

. . + 0 (£ ++
statistics for the reactions n + p - p°(f%) + &4  at
8 GeV/c 121), as shown in Fig. 53. In the insert one
sees that the forward peaks are now back. The situa-
tion looks rather complicated. An attempt at finding
some rule connecting such forward structures to the

type of exchange is made in Ref. 121.

If one feels confused from the behaviour of such
charge-exchange cross-sections in the very forward
region, one may on the other hand be pleased to ob-
serve that the picture in Fig. 53 resembles very much
as a whole what we have been seeing in elastic had-
ron-hadron scattering with a first peak and some sec-

ondary structures. This is not the only example of

ABC COLLABORATION
T p—ep®(£% 4** at 8Gevic
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Fig. 53 Differential cross-sections for the reaction - P~

p%(£%) + A** at 8 GeV/c (Ref. 121). The insert shows the small
t' region in detail.
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Fig. 54 Differential cross-section for the reaction Sl P
ot + p at 8 GeV/c (Ref. 121). The insert shows the small t'
region in detail.

such a situation. It appears, in fact, that when
good data are available, secondary structures appear
in the inelastic two-body cross-sections which are
similar to those found in elastic hadron scattering.

To illustrate this point even further, data by
the Aachen-Berlin-CERN group are shown in Fig. 54 on
the reaction 7 + P p+ +p at 8§ GeV/c 121). There
is again a forward dip, over a t' interval of ~ 0.05
(GeV/c)?, consistent with what we saw in the pre-
viously considered no-charge-exchange reaction. The
most impressive feature is, however, the structure
at t' » 0.5 (GeV/c)? and the broad bump at larger t'

values.

Finally, another example of such a situation is
given by the results of an experiment on P+ D>
0+ p by a Berkeley-Riverside grouplzz), as shown
in Fig. 55. Qualitatively, this cross-section is
very similar to the previous one. In terms of Regge
poles these data constitute a beautiful example of a
reaction dominated by p exchange.

The 1 + P p+ + p cross-section shown in Fig.
54 is compared to the m p, pp, and pp cross-section
data at similar energies in Fig. 56. The presenta-
tion probably exaggerates the importance of the bump
in the p+p cross-section. In any case, it appears
that all structures develop at comparable t values.
This is likely to be true for many -- if not all --
effective two-body reactions. These facts are likely
to be interpreted in the framework of several models.
The simplest one will be the most welcome.

5.3 Strangeness-exchange scattering

The peculiar behaviour of structures is also pres-

ent in strangeness-exchange reactions. A reaction

G. GIDAL et al.
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Fig. 55 Differential cross-section for the reaction ™ + p =
1 + A (Ref. 122). Data at five momenta between 2.95 and
4.08 GeV/c have been averaged.
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Fig. 56 Comparative behaviour of the pp, pp, T p, and g p 6 GeVic
o* + p cross-sections at 8-10 GeV/c laboratory momentum. L
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which behaves in a simple way, however, is the m p b RELATIVE DETECTION EFFICIENCY .
ciated production in the forward region. Figure 0.5 L ' — L I S
associated p g & 0. o 02 03 04 05 06 07 08 09

57 shows the final data by the Pisa-Orsay spark cham- It (GeVic)?
ber experiment, in which the differential cross-section Fig. 57 Differential cross—sections for the reaction T + p >
K+ A (or I% at |t| £ 1 (GeV/c)? (Ref. 123). The theoretical

at |t| & 1 (GeV/c)? between 6 and 11.2 GeV/c was meas-  curves are fitted to the data and have been calculated in the
123) R . X . model by Reeder and Sarma (Ref. 124).
ured . The data are nicely fitted in a reggeized

K* exchange modell2*).

o0 CARNEGIE MELLON - BNL

The Carnegie Mellon-BNL group has submitted to E
this Conference preliminary data on 8 and 16 GeV/c { See «Kp—e 15’ 8 GeVic
differential cross-sections for the reactions K + p- V"i\} AKp—TT 16 GeVic
1 N o K'p—e- y*(1385) 8 Gevc

7ozt and Ko+ p o+ YT (1385) 128). The forward
peaks, as seen in Fig. 58, show approximately the same

g
ey

hi & K p—s-1"y}"(1385) 16 GeVic

. . -
energy dependence in both reactions, but the ©m T

do/dt mb/(Gevic)?

slopes are much steeper. This is consistent with the
10-2

T

empirical rule discussed in Section 5.1c above.

The SABRE bubble chamber group has studied the
reaction K + n -+ 7 + an isospin-zero hyperon,at 3
GeV/c 126). Their results for A, Y;(1405), Ys(1520), L S Y NP

T
——
;

* o 01 02 03 04 05
and Y,(1820) are shown in Fig. 59. In terms of ex- 111 (GeVieY
change, the forward peak in these reactions should be Fig. 58 Forward differential cross-sections for the reactions

* K +p>7"+Itand K” + p > 1 + Y%
due to K exchange, and the backward ones to baryon (et 125). P 17(1385) at 8 and 16 GeV/c
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SABRE COLLABORATION
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Fig., 59 Differential cross-sections for four I = 0 hyperon

production reactions in K™ + n» 7 + Y at 3.0 GeV/c.

exchange. As far as quantum mubers are concerned,

all reactions are very similar. However, the results
are rather different {rom one reaction to another.
Whilst one can see an indication that the forward peak
decreases regularly with increasing hyperon mass, the
backward peak in the n"A and 77Y5(1405) is just ab-
sent. It is not easy to understand this effect in the

framework of the baryon exchange model.

Surprising features are also present in the reac-
tions 1" +p+K + Y'(1385) and 1" +n+K° + Y ¥(1385)

(which are two isospin projections of the same

MA_ABOLINS et al.

wp~KHY* 138s)
and
KoY F(13g5)

«2 GeVk 3 GeVic 4 GeVic

150+ + - b
P 100~ = L
8 g1 i L

C ot e s

0 P ] o ] .
| = i
1 0 11 0 - 0 |
cos O*
Fig. 60 Y§(1385) production angular distributions in the re-

actions T + p>K¥ + ¥ or 7t + n > K0 + Y¥ at v 2, v 3,
and v 4 GeVfe (Ref. 127). Data at several momenta, with rela-
tive differences of the order of 107 about the quoted values,
have been combined.

teaction), that have been studied by a Berkeley group

127)
group  “.
present up to 4 GeV/c. There is no known existing

One sees in Fig. 60 that a forward peak is

doubly charged K" whose exchange could give rise to

such a peak. One may argue that the energy at which
this experiment was performed is not high enough for
the reaction to be dominated by exchange processes in
the crossed channels. Also the statistical errors are
large. As a matter of fact, the data are consistent

with the forward peak decreasing with increasing energy.
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DISCUSSION

KRISCH: The CERN group has suggested that the break
observed in the 90° cross-section is not evidence for
the existence of several regions in the proton-proton
interaction, but is an accident caused in some way
by the more complicated diffraction wiggles that they

claim to see in angular distributions.

I completely disagree with this suggestion for

two Teasons.

I first object on the grounds of aesthetics. In
my opinion if you replace a simple model that fits
the data well with a more complex model that fits the

data less well, you have made little progress.

My second objection is on the grounds of kinema-
tics. The 90° cross-section shows the break most
clearly. I believe that this is because 90° is a
special symmetry point: the effects of particle iden-
On the

other hand, in the angular distribution near 90° the

tity, whatever they are, are always the same.

effects of particle identity are changing rapidly.
This and the interference of the different regions

complicate angular distributions.

However, if you take these effects into account
in some way the breaks still show themselves clearly.
An excellent fit to the data, including the recent
CERN data, was shown in the session chaired by
Dr. Mannelli.

CHEW: If the energy dependence of backward K p elas-
tic scattering really has the power behaviour v s™!7,

at least two qualitative conclusions can be drawn:

1) the leading Regge cuts are unimportant because
they would lead to a higher power;
11) the leading Regge pole coupled to K+p has J = -4

at u = 0. With a "normal" slope, one would expect

to see resonances on this trajectory beginning at
u=m?"~4 GeV? ormn 2 GeV.

MARSHALL-LIBBY: The exponential dependence on mass
for the differential cross-section for two-body pro-
duction reactions discussed by Dr. Bellettini was
fitted and interpreted and published in Phys. Rev.
in early 1968 by S. Miyashita and L. Marshall-Libby,
using a modification of the drop model of N. Byers
and C.N. Yang. We put into the eikonal expression
the measured AB elastic scattering amplitude and
searched for a fit to the differential production
cross-section for AB + CD, thus finding the CD elas-
The radius of the CD in-
teraction is related to this amplitude.

tic scattering amplitude.
These radii
decrease as the mass and excitation of C and D in-
crease. This general statement describes strange and
non-strange baryons, and anti-baryons, and mesons.

The radii approach constant values above 30 GeV.

BURKHARDT:

of the direct neutron-proton measurements in checking

I should like to stress the importance

the validity of the Glauber formula at high energies.
It seems that,

moving singularities in the J-plane such as Regge

if the scattering is dominated by

poles, the usual elastic Glauber shadow correction
should vanish and leave only a contribution from the
third double spectral function due to inelastic in-
termediate states -- this should be about 1/3 the

size. The data just presented show the np cross-
sections about 5 mb less than those inferred from

the Glauber formula, which supports this view. In

view of the increasing use of these ideas, it is im-
portant to check these results, both experimentally

and theoretically.
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MANY-BODY PROCESSES

O. Czyzewski

Institute of Nuclear Research, Cracow

1. INTRODUCTION

At the beginning I should define what I mean when
referring to many-body processes; in the present
This subject of

many-body collisions is essentially new at this Con-

context many means three or more.
ference. Problems of characteristics of pion produc-
tion were often discussed, but never were there so
many papers on this subject -- about 90, in fact --
submitted to one conference. 1 believe there are two
strongly correlated reasons for this increase in
interest: first there is the dramatic growth of the
amount of experimental data, relevant to the study
of many-body processes, with good statistics in many
individual channels. The second reason, also impor-
tant, is the increased interest in this subject among
theorists. It is correlated with the revival of the
multiperipheral model by the introduction of Regge
poles; this model helps in systematizing the data

and maybe to understand them.

2. GENERAL PROPERTIES OF MANY-BODY PROCESSES

The general behaviour of particles produced in
high-energy hadron collisions is very well visible on
the plot from the paper of the Aachen-Berlin-Bonn-CERN-
Cracow-Heidelberg-Warsaw Collaborationt) (Fig. 1).

This plot presents,for each kind of particle produced
in a given chammel of 16 GeV/c 7 p interactions, a
vector corresponding to an average value of the c.m.
momentum. Its components are (pl) and (pi). One sees

very well that:
a) (p,) is essentially independent of multiplicity,

b) (pi) depends strongly on multiplicity, being

larger for smaller multiplicity,

9) (pi) of protons is negative, (pi) of pions is,

in general, positive; the largest absolute values

of (pi) for w's are attained by negative pions (pri-

mary pions are negative).

It can be seen that the proton behaves differently
from all other particles; even with higher multi-
plicities it retains part of its primary momentum --
it is a "leading particle'. Now for the pion, this
feature is less obvious, since the leading pion is
hidden among many other pions. It would be expected
that one can better see the leading meson in the case
of Kp interaction. This problem was studied by the
Aachen-Berlin-CERN-London-Vienna Collaboration.
Figure 2 presents the longitudinal momentum versus
p, distribution for protons, n mesons, and K~ mesons,
produced in K p interactions at 10 GeV/c incident
momentun?) .  Behaviour of kaons is very similar to
the behaviour of protons -- they are leading mesons.
The peripheral behaviour of the proton becomes less

pronounced when we look at higher multiplicities --

T p INTERACTIONS AT 16 GeV/c
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Fig. 1 Average c.m. momentum vectors composed of the average
c.m. longitudinal momentum ( p-) and the average transverse
momentum (p ) for protons and different pions in the reactions
Tp>p+nT, The circle line is the kinematic limit!),
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K'p INTERACTIONS AT 10 GeV/c
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Fig. 2 Peyrou plots_(g,_ versus pf) for particles produced in
the reaction Kp + pK 71~ at 10 GeV/c 2).

this is to a large extent due to the influence of

kinematics and phase-space factors. Figure 3 presents

distributions of four-momentum transfers to nucleons

for p3m and p6ém channels of 16 GeV/c 1 p interactions!)

They look very different, but their t' distributions
[t' = [t-t . |, where t . is the threshold value of
t for the production of the given mass of pion sys-
tem (Fig. 4)] are similar; also F(t) functionsal
obtained by dividing the experimental t-distribution
by the phase-space t-distribution, are similar.

Even for very high multiplicity (eight-prong events
at 8 GeV/c T incoming momentum), the F(t) function
looks similar to elastic scattering*) (Fig. 5).
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Fig. 4 Definition of t' and of F(t). For two-body reactions
A+ B~ C+D, Ph.Sp.(t) = const. and F(t) " Expt(t).

The meaning of this seems to be the following:
the part of the matrix element responsible for the
behaviour of leading particles, is similar for dif-
ferent multiplicities.
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Fig. 5 F(t) functions for eight-prong 7r+p reactions at 8 GeV/c *).

Essentially all the properties of many-body
processes, like the smallness of p,, presence of
leading nucleons, small inelasticity of the collision
(fraction of energy transferred into pion production
v 0.5) are well known from the study of cosmic-ray
interactions [see, for example, a paper by Perkins®) ].

It seems that we have not learned much from the
study of accelerator data, but these data are much
more accurate than cosmic-ray data and therefore
allowed us to make a detailed comparison with model
predictions, thus we can maybe learn something about

the dynamics of strong interactions.
3. MULTIPERIPHERAL REGGEIZED MODEL

For about a year we have had in our hands a
model which allows us to compare experimental results
in a quantitative way with a theory which is moderate-
1y simple -- namely the multiperipheral Reggeized
model (MRM)®). The main features of this model can

be seen by drawing simple Feynman diagrams:

T

In parallel with the accumulation of data on reson-
ances produced in high-energy collisions and on the
data on two-body processes, there is an increasing
amount of reliable experimental information on many-
body processes. The MRM permits one to analyse them
in a way similar to the amnalysis of two-body reac-
tions; there are several papers on this subject sub-
mitted to the Conference.

3.1 Three-body reactions

MRM-type analysis of three-body processes is
often difficult because an important part of the
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cross-section of the three-particle final state,
for example pﬂ+ﬂ°, corresponds to quasi two-body

processes.
There are three solutions to this problem:

a) one can choose for the analysis a channel without
resonances in the final state.
to believe that the description is correct even for

very small energies of pairs of particles;

b) one can exclude resonances from the experimental
data;

¢) one can include resonance amplitudes in the
calculation.

An example of the type (a) is the K'w’p final
state, observed by a Berkeley group (Alexander et
al.)?) in the study of K+p interactions at 9 GeV/c.
They analyse the experiment in terms of three double
Regge graphs.

Kt Kkt Kkt k¥« w°
P w® K*
w® + w4+ —xt
Wo P P
p p p p p p

The agreement with data is very good, as shown in
Fig. 6, which contains all the t-distributions and
effective mass distributions of the channel in ques-

tion.
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Fig. 6 t distributions and effective mass distributions for

the reaction K*p > K'w'p at 9 GeV/c 7); continuous lines give

Regge fits.

In such a case one has
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Fig. 7 c.m. angular distributions for K*~ A++ and 1 for

the reaction K p * K Attn at 4.25 Gev/c ®

Another reaction without obvious further reson-
ances in the combinations of two out of three parti-
studied at
4.25 GeV/c incident momentum by Yost et al.®).

. - *. = 4+t
cles is the process Kp~ K "n A

Figure 7 presents the c.m. angular distribution of
* o

K ,A++ The shape of those distributions

suggests that this reaction can be described by the

double-peripheral graph; the analysis of decay dis-

and T .

tributions of K and ™" suggested that the dominant

graph is:
K K*~
w
e
Y
0 ATt

The second type of analysis was applied to the
reaction 7 p > pr p° at 25 GeV/c by Lips and Zweig
(Wisconsin)®).
plot of t

is visible.

Figure 8 presents a three-dimensional
versus t . _, where strong correlation
This type of correlation is expected
for the MRM description of the reaction in question
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in terms of a graph:

T T
p

pO
p

P P

An analogous analysis was applied to the reac-
tions pp + pnm or pA' m at 28.5 GeV/c by a Brook-
haven group (Ellis et al.)1°). The authors used a
Reggeized pion exchange and Pomeranchuk exchange;
Figure 9 presents an excellent fit to the t-distri-
bution of ™" and p for the second of the above-
mentioned reactions. Similar results as to the
validity of MRM are obtained by the Scandinavian
Collaboration (Bgggild et al.)ll) in the study of
four-prong pp interactions at 19 GeV/c.

There are, however, cases when the final state
is dominated by resonances in such a way that one
has to do drastic cuts on the effective masses of
pairs of particles in order to apply a simple MRM
calculation. The way out of this difficulty is to
consider the whole sample of events, including in the
calculation resonance effects, in a way more or less
similar to the OPE model of Ferrari and Selleril?).
In fact this model is still used to describe certain
reactions where one-pion exchange dominates. Several

Fig. 8 Three-dimensional plot of t
reaction mp > prp® at 25 GeV/c °),

versus t - - for the
T T
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Fig. 9 ¢ distributions, (a) to 2™ and (b) to p,for the reac-
tion pp + pm A™ at 28,5 Gev/c '°). Continuous lines give
Regge fits,

papers on this subject were submitted. Its good
agreement with the data on m p interactions at 13
and 20 GeV/c was found by a Harvard group (Branden-
burg et al.)*®). Also for the reaction pp + 2 pr,
Colton et al.'") find good general agreement with
OPE model predictions. Figure 10 presents their
data and fit to the pr effective mass. [They
observe also an interesting feature: the N*(1470)
peak in the A" effective mass distribution is
also well reproduced.] There is, however, one
generally observed difficulty: OPE predicts iso-
topic, or at least symmetric (in the case of absorp-
tion) distribution of ¢, the Treiman-Yang angle.
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COLTON et al.
Fig. 10 pr~ effective mass distribution for the reaction

PP * A++pﬂ' at 6.6 GeV/c '*). The continuous line corresponds

to OPE model calculation.

Figure 11 presents three examples of these distri-
butions taken from the papers by Rushbrooke et al.ls),
Ellis et al.!®) and Berger et al.!®). 1In all three
cases experimental data are in disagreement with the
simple one-pion exchange model, while very good agree-
ment is found for Reggeized pion exchange (shown

as a solid line in Fig. 11).

Analogous conclusions about the difficulties of
comparing the OPE model with experiment, in this
case for the reaction pp ~ YNK at 6 GeV/c, are reached
by Dunwoodie et al.l”).

3.2 Analysis of several channels with the
same set of parameters

Recently, Chan, Loskiewicz and Allison (CLA)]e)
proposed a version of MRM which is supposed to de-
scribe all high-energy inelastic reaction channels
simultaneously. For high values of the energy
squared, s, of the pair of particles, the amplitude
has Regge type behaviour, while for low energy the
amplitude is constant and the essential role is played

by phase space:

For high energy:

2 O.i[t]
sp» (m + my) = A~ s

~"

For low energy

2
5y = U“i‘* miﬂ) = A, ~constants

Total amplitude:

N

ANHAi
1

Chan, Loskiewicz and Allison fitted with one set of

parameters a large number of single-particle distri-

4+ -
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| TREIMAN YANG ANGLE DISTRIBUTICNS

Fig. 11
(b) at 16 GeV/c 1s)

Treiman-Yang angle distributions for the reactions pp > A++pﬂ—: (a) at 6.6 GeV/c 16),
, and (c) at 28.5 GeV/c 10,
the broken line gives OPE model predictions.

The continuous line corresponds to Regge fits,.
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even at high multiplicities (eight-prong events),

4 N where kinematic factors might be expected to domi-
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Fig. 12 Percentage distributions of -protons and pions in c.m. More sophlstlcated analysis of a similar type

longitudinal momentum from reactions ™ p + p + mm with m rang- is presented by the Genoa-Hamburg-Milan-Saclay
ing from 2 to 8. The solid curves are calculated according to . ) ) .
the CLA model®). Collaboration (Caso et al.)'®) in the study of
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T p interaction at 11 GeV/c
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Fig. 14 c.m. longitudinal momentum distributions of particles produced in T p interactions at 11 GeV/c 19). S0lid lines correspond
to CLA model predictions.

+ + + -
11 GeV/c n p interaction for final states contain- Kp—> Ko p

. . . . . . 30001
ing two to six pions. The improvement consists in 5 GeV/c

treating separately not only particles of different

charges, but also the leading m which is defined as CERN - BRUXELLES COLLABORATION
; 2000}

.

the fastest of all negative pions. Strong resonances
are removed from experimental distributions. Figure
14 shows that also here there is good agreement be-

1000} . - J

tween theory and experiment.

A very interesting and detailed study of K+p
interactions at 5 GeV/c was presented by the CERN- A

Brussels Collaboration2®). The authors compare the cos 67 cos 6%+
CLA model with experimental data for three-, four-,

five- and six-body final states. The general agree-
ment is good; an example for the K'm 7 p final state 1000 | i |
is shown din Fig. 15, where cos 6* distributions

for p, k', n and 7 particles are presented. Five

| L
trajectories were used to describe the reactions: -10 0, 0 -0 0 10
cos 87+ cos 8%, -

Pomeranchuk, strange meson, non-strange meson,

nucleon and hyperon. Resonance effects were includ- Fig., 15 Distribution of the cosine of the production angle
A . for each of the final particles in reaction K'p + K+p1r+1{- at
ed in the calculations. 5 GeV/c 2°). Solid lines give CLA model predictions.



Intermediate and High - Energy Collisions—-Experimental 2 375

pp > ppT T 8 GeV/c

0
1) 2001 p
C
0]
>
m b
Y- 150 - -
0]
g
=
00~ -
S0r- E
0
T T T T T T T T
-5 -10 -05 a6 o 10 15
c.m.s. longitudinal momentum, GeV/c
BARTKE and LE GUYADER
Fig. 16 Longitudinal c.m. momentym distribution for the

reaction pp > ppm T at 8 GeV/c 23/, The full line gives the
CLA model prediction with resonance effects included in the
calculation; the broken line gives CLA model prediction with-
out taking into account N3/2 3/2 production.

*

This question of how to include rescnance pro-
duction in MRM was extensively discussed by Plahte
and Roberts?!). These authors applied the CLA model
with resonances included to w+p and K p interactions,
fitting with success several effective mass distri-
butions.

The data of Kayas et al.??) on the reaction
I~ ppn+ﬂ_ at 8 GeV/c are analysed with the same set
of parameters in a paper by Bartke and Le Guyader?®),
Only one free parameter is used: it gives the amount
of the N* production. They use a version of the MM
where at low energy the Regge amplitude is replaced
by resonant (3/2,3/2) amplitude.

distribution of c.m. longitudinal momentum. The

Figure 16 shows the

agreement with the predictions of MRM with resonance
effects included is much better than for the version

without resonances.

3.3 Annihilation in the frame of MRM

Ranft?*) analyses with success the CERN data on
pp annihilations in flight at 5.7 GeV/c 2%) with
the same type of MRM; taking into account only a
nucleon trajectory the author describes the data
very well, as can be seen in Fig. 17 where cos 6"
distribution for pions produced in four-pion annihi-

lation is presented.

* *
cos 6 - and cos ©_+
T T

% 4 pp > 21 o
a0 - 5.7 GeV/c
20 +
10 -
U T T T 1

-1 -0.6 -0.2 0.2 0.8 1

G. RANFT

Fig. 17 cos 0% for ™ and (-cos %) for 7 distribution for
the reaction pp + nrrtrTr™ at 5.7 GeV/c 25). The solid line
gives Ranft multiperipheral Reggeized model calculation®*).

3.4 Multi-Regge fits to cross-sections

The MRM can also give definite predictions of the
behaviour of the total cross-section for a given
channel versus primary energy. Sosnowski and
Wroblewski?®) have fitted compiled data on 7' p inter-
actions for a variety of channels, from two up to
five pions in the final state. The general agreement
in the shape of the cross-sections is fair; the
authors used the same set of parameters as in the
CIA paper. There is only one over-all normalization
constant which is common to all channels. Cross-
sections for the final states m pr’, p2r m and
p3n 2n are to be seen in Fig. 18. At low multipli-
cities and low energy the predicted cross-section is
much lower than the experimental one; this is partly
due to the fact that s-channel resonances, abundant
in this region, were not taken into account. Similar
results are obtained for K+p cross-sections by

Bassompierre et al.2?).
3.5 Multiplicity distribution

The question of how often one finds a given

number of secondary particles created in high-energy
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Fig. 18 Energy dependence of the cross—sections for the reactions mp-owpn’, ﬂ+p > p2ﬂ+ﬂ_, and ﬂ+p > p3ﬂ+2ﬁ_, in comparison with

the CLA model predictions?®).

interaction is very important for checking the
validity of models of particle production.

Brandt?7), in his paper,has made an analysis of
present hydrogen bubble-chamber data for mp colli-
sions. He uses distributions of total multiplicity
(including neutral particles) reconstructed with
the help of isospin statistical weight factors2®).

The data have been fitted with a Poisson distribu-

tion which, as can be seen in Fig. 19, gives reason-

able agreement with experiment.

That the distribution of the mumber of pions
produced in high-energy interactions was a Poisson
one was predicted by Kajantie and Finkelstein2?),
and Chew and Pignotti®?),on the basis of MRM.

The question of charged particle multiplicity
distributions was also discussed by the Budapest

0 Q1 234568 01 2 3 4 5 6 7 01 2 34 56 78 0 1 2 3 4L 586 7 8.9 10
mp->N(nm)
from experiment
@ < by Bartke- Czyzewski
o method E 3
w— POiSsON distribution
I
&
s 40eVic 8 GeV/c 10GeV/c 16 GeV/c
TT"p TT’p TP m-p
<Ng>= 34 <ng>:45 <n,>z4.8
002
ool <npr=4®
2 3 4 56 78 23 456 7 8 910 2 3 4567 8 910 2 3 456 78 95 10n 12
fn Ny Ny R
Fig. 19 Distributions of the number of secondary pions produced in 7 p interactions compared

to Poisson distributions®’).
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group (Bozoki et al.)al). They used the formula
of the exponential type

£(n) ~ nbe
and fit bubble-chamber and emulsion data.

3.6 Average multiplicity

Another interesting parameter is the average
number of created particles, which is closely
related to the average number of charged particles
created in high-energy collisions. Figure 20 pre-
sents the energy dependence of this mumber for mp
and pp interactions. Here the cosmic-ray point for
200 GeV/c average momentum of m-nucleon interaction
was obtained by Gierula and Krzywdzinski®?) in a
work based on the scanning of secondary tracks pro-
duced in very high energy interactions of nucleons
in emulsion, while the mnucleon-nucleon point at
1000 GeV/c %) is also the result of scanning along
the tracks of high-energy nucleons, produced in the
disintegration of very high energy nuclei in

emulsion.

The curves are the result of the bootstrap MRM
calculation by Chew and Pignotti®®); rough agree-
ment is visible in the region where P1ab changes by
two decades. This agreement is very good if cne
takes into account the approximations used in calcu-

lation.

3.7 Peripheral and central collisions

There is an interesting paper by Nﬁchejdaa“),where
he analyses the problem of angular momenta in high-
energy collisions of high multiplicity. This prob-
lem relies heavily on the phases of the scattering
amplitude which are unmeasurable. So the question
is model dependent; Michejda shows that, for exam-
ple, in MRM one can obtain higher average angular
momenta for higher multiplicities. So the intuitive
picture that high multiplicity collisions are more
"central" than two-body ones may after all be wrong.

3.8 Conclusions of the analysis of
experimental data in terms of MRM

a) The multiperipheral Reggeized model seems to

describe reasonably well the main general features

of many-body interactions.

b) It is, therefore, very important to analyse as
much as possible of the experimental data in temms
of the model. This would be particularly interesting

for proton-proton interactions of high multiplicity.

c) The fine details of the interactions cannot be
well reproduced in the framework of the existing ver-

sions of the model.

d) It is certainly worth while to try to develop a
more sophisticated form of the model which could be

substituted for the present very crude versions.

4. SATZ QUARK MODEL

Let me now discuss another approach to the prob-
lem of meson production, namely the quark model.
Recently Satz®S) used the quark model to relate pp

and mp Inelastic cross-sections.

g\“———”/ Oy » 18+ kr (Plab) =
Z 3 -
pions -3 ONN » NN + kn | " Plab
q (k = 1,2,3...)
q/—\
Q’//’ﬂ——_—‘\\\

Satz extended the quark model argument that ozp =

= 2/30£pp on partial cross-sections for the produc-
tion of n pions and used statistical isospin weights
to calculate cross-section for n-pion production

from the observed charge configuration. [For
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example, to obtain the cross-section for the re-
action 7N - 7N + 2r one has to multiply

+ + + - . . .
Oexp(ﬂ p > pr 17 ) by the corresponding isospin
welght factor.]

The comparison of mp and pp data is made for
p1ab - Z/Sp%ab.

m
argument that one should compare mp and pp data at

This prescription follows from the

equal laboratory momenta of the quarks. For the
production of two and three pions, Satz found very
good agreement between the weighted wp and pp cross-

sections.

Hofmokl and Szeptycka35) have extended this to
show that also for high multiplicities, for four and
five pions produced, the agreement is good. (Figure

21.)

Kittel et al. (CERN) 37) made a comparison of
mp and Kp data, and also found general agreement with
Satz predictions.

There is, however, evidence that at least in the
region just above threshold, where cross-sections
increase rapidly, the relation between mp and pp
cross-sections is the result of the fact that for

p}rab/p1ab = 2/3 the available phase space for the

p
production of n pions is in both cases similar.
Bartke and Sosnowski®®) have calculated phase-space

predictions for several channels; an example for
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Fig. 21  Comparison of the cross-sections for the production

of four and five pions in mp and pp interactions in the frame
of the Satz model®®).
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Fig. 22 Cross-sections for the production of three pions in

7 p and pp_interactions in comparison with phase-space pre-

dictions®®),

production of three pions is presented in Fig. 22.
Although points for primary pions and protons follow
roughly the same curve, the points for pions tend to
be nearer to the phase-space curve for m p interac-
tions, whereas proton points follow their phase-space
curve, i.e. phase-space or kinematic effects are
important. At higher energy the predictions of the
Satz model can be derived from the MRM. Figure 23
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Fig. 23  Cross-section for the reaction pp = pprtm m° plotted
versus the laboratory momentum of incident proton. The full
curve shows the predictions of the Reggeized multiperipheral
model. The dashed curve shows the predictions of the same
model for the reaction mp > ™ + (37) plotted versus the labo-
ratory momentum of incident pion equal to 3/2 of the incident
proton momentum®®) ,
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Fig. 24 Energy dependence of the cross- sections for the

n p > P 21 and K* p > K- pZW in comparison with the

reactions
Kt P> Kon2m 37)

reaction

[Sosncwski39)] presents the comparison in the frame-
work of the Satz model of calculated mp and pp
cross-sections for the production of three pions.
The agreement is very good.

These arguments show that the predictions obtained
by Satz from the quark model do not provide a sensi-
tive test of the model.

5. CHARGE EXCHANGE OF LEADING PARTICLES

Kittel et al. (CERN) ®7) made a comparison of the
energy dependence of the cross-sections of the follow-

ing reactions:
m'p > (a)
K'p+Kprin (b)
with the reaction:
Kip > K’ o7, (c)

In this last reaction both "leading particles" under-

go charge exchange. Figure 24 shows the comparison. -
One sees that the cross-section for the reaction (c)
falls with increasing energy much faster than the

cross-section for chamnels (a) and (b).

The interpretation of this picture seems to be
the following (see Fig. 25):

RESONANCE FORMATION

: OR MULTIPERIPHERAL STRUCTURE

hd G :
n meson~ —— T meson
1
p'

Fig. 25 Presentation of the reactions of the previous figure
in terms of graphs with Pomeranchuk exchange.

a) processes where at least one of the primary par-
ticles undergoes quasi-elastic scattering (Pomeranchuk
exchange) are important (dominate?) at high energy;

b) processes where Pomeranchuk exchange takes place
between two groups of particles are not important
at high energy.

6. PRODUCTION OF ANTIBARYONS BY MESONS

Similar observation on the importance of the
Pomeranchuk exchange for inelastic processes can be
made when one compares the cross-sections for the
reactions in which Pomeranchuk exchange is possible,

for example:
meson + p + BB + p
with processes where it is not possible, for example:
Tp+Afn.

Figure 26 summarizes the cross-section for the
creation of baryon pairs by mesons. The new data
for K+p interaction at 8.25 GeV/c are presented by
Bassompierre et al. (CERN-Brussels Collaboration)*®).
Beusch et al. (ETH-CERN-I.C. London)*!) present spark-
chamber data on the process m p + Afln at 5, 7 and 12
GeV/c. Also new Aachen-Berlin-CERN-London-Vienna

data*?) for the reaction

Kp~+pph at 10 GeV/c
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Fig. 26 _ Cross-sections versus emergy for the reactioms
K'p > ppAo(Zog ), wp > Mn '), 7w p > ppn, 'p > pppn” and
K_p 3 pl_‘)AO 42 .
and Aachen-Ber1in-CERN data for the process:
+ 4
mp > pppr at 8 GeV/c

have been included. An interesting fact is seen:

when the production of the BE pair is possible via

diffraction dissociation-- no quantum number exchange,

Pomeranchuk exchange-- the cross-section is an order
of magnitude larger than in the case when charge or

strangeness has to be exchanged.

7. COHERENT PRODUCTION ON NUCLEI

In general the word "coherent" applied to a
reaction means that the nucleus emerges from the
collision in the same state as before the collision.
The most characteristic feature of such a reaction
[see, for example, a paper by the Berkeley-Milan-
Orsay-Saclay Collaboration*®)] is a narrow peak in
the distribution of the four-momentum transfer t.

This distribution can be described by the formula:
do/dt ~ e

with a « A2/3, A being the atomic mumber of the nu-
cleus in question. Most of the information about
inelastic coherent processes was obtained from heavy
liquid bubble-chamber data; several papers about
coherent production on a target composed of one kind
of nuclei, and not a mixture (i.e., on deuterons

and Ne nuclei), were submitted to this Conference.

Several groups have reported data on K-deuterium

interactions:
Kd>Knnd
at 3 GeV/c by the SABRE collaboration“); the same

reaction at 5.5 GeV/c was observed by Phelan et al.
(Argonne-Northwestern)*$). The reaction:

K'd>Knrd
at 3 GeV/c was studied by Buchner et al. (Munich-
Brussels-CERN Collaboration)“®).

The main features of both reactions are found to
be as follows: the mass of the created K'n 1 system
is rather low; it is a broad enhancement of about
300 MeV width, centred at ~ 1.25 GeV (Fig. 27).

K" and 7~ (or K~ and m') form in a high percentage
of events a K (890), so that the reaction in question

is mostly a three-body one:

K'd > K" d.
Figure 28 presents p;:, p, Plots, also called Peyrou
plots, for this reaction*®) at 3 GeV/c. Deuterons
are seen to be produced mostly backward, near the
kinematic limit; K* are emitted forward; also n's

are produced in the forward direction, but this is
less marked than for K's.

The analysis of the decay angular distribution
inside the K'r system leads to the conclusion that
the mechanism responsible for its production is of
the Deck type:

Kt __K*o
T
.-
P
d—"="—d

The spin and parity of the created system are most

probably 1+, in accordance with Morrison's rule:

J

Pg = P;(-1)
where P f(pi) denctes the parity of final (initial)
state of the outgoing (incoming) particle and J is

the change in the angular momentum.

Very similar conclusions are reached in the
paper by Cnops et al. (Brookhaven-Oak Ridge-
Philadelphia Collaboration)”) on the mechanism of
the coherent production of T system by 8 GeV/c

+
7 mesons on deuterons.
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Fig. 27 Effective mass_distribution of the Knm system
for the reaction K'd + K n*n d at 3 GeV/c laboratory incident
momentum**) ,

Data on the coherent production on neon were
presented by Bingham et al. (Berkeley-Brookhaven-
Milan-Orsay-Saclay Collaboration)“s). The reaction

studied was:

K Ne>Knn Ne
at 5.5 and 12.7 GeV/c incident momentum in an exposure
of the 80 in. BNL bubble chamber, filled with a mix-
ture of H, and Ne. Figure 29 shows the t' distribu-
tion: the slope a = 90 GeV™2, corresponding to the

radius of ~ 3.2 f.

A similar experiment, but with a 28 GeV/c proton
beam,was performed by Huson et al.*?) at Brookhaven.

K'd— K*z*td 3 GeV/e

L {c) 7*

Pr (Gevsc)

{a)

B L

SN L

P.r {GeV/c)

1 A 1

-03 0 03 06 09 12 15

PL {GeV/c)

-5 -12 -09 -06

Fig. 28 Transverse (T) versus longitudinal (L) momenta for:
(a) d, (b) K*, and (¢) 7 in th? over-all c.m. for the reac-
tion K*d ~ K 'r*d at 3 Gev/c *8).

K™Ne — K mm*rr-Ne
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Fig. 29 Distribution of the t'(t'=|t-tpjn|) to the Rmm

system for the react}on K Ne -~ K 777 Ne, (a) at 5.5 GeV/c and
(b) at 12.7 Gev/c *?),

The reaction was:
+ -
pNe->pmnm Ne.

Figure 30 gives the t' distribution; the slope is

a = (110 + 50) GeV™2.

Using a nuclear absorption model, the authors
tried to calculate the total interaction cross-
section of the emerging pv+n_ system on the nucleon.
The average mass of this system is about 1470 MeV;
the question whether it is a resonance or kinematic

enhancement remains unsettled. The result is:
o(1470) = 30 to 70 mb.

The accuracy is not high, but measurements of this
type are extremely important. They can be made in
a reliable way only when one knows exactly what the
Obviously much

target i1s; this is the case here.

higher statistics are necessary.
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Fig. 30 t' distribution to the pn'™w system for the reaction
pNe » pw'm e at 28 GeV/c “E) Upper curve corresponds to the
reaction pp ~ ppmtm , M(prtrT) < 1,6 cev 71/,

Finally, let me mention the cosmic-ray paper by
Hébert and M0110y5°) from Ottawa University; they
find in nuclear emulsions three events, which are
interpreted as coherent interactions of high-energy
nuclei (Z of the order of 20, energy 10-20 GeV per

nucleon) in an emulsion.

8. ANGULAR CORRELATIONS

Several years ago, Goldhaber et al.51) (GGLP)
discovered in pp annihilations that correlations
existed in the distributions of the angle between
two pions: the average value of the angle between
pions of equal charge was smaller than in the case of
pairs of opposite charge. As a measure of the effect

the parameter y was introduced:

mumber of pairs with 6 > 90°
'Y:

mumber of pairs with Op < 90°

- Tt

vy >y (gamma "unlike'" is greater

than gamma "1ike™.

There is now certainly a revival of the interest
in this subject, the same type of correlations being
found®?) in 7'p interactions at 8 GeV/c. Evidence
has been presented by Eskreys®3) of the existence of

these correlations for n’-r° pairs. Eskreys shows
that in m interactions at 9 GeV/c primary momentum
in a xenon bubble chamber, the average value of the
angle between the two n° mesons is significantly

smaller than expected for non-correlated production.

New results for this type of correlation for
charged pions were presented by Bellini et al.
(Milan and Orsay Collaboration)s“) for 8 and 16 GeV/c
m -proton and T -nucleus interactions, by the Aachen-
Berlin-Bonn-CERN-Warsaw Collaboration®®) for the
16 GeV/c w -proton interactions, and by Fridman et
al. (Strasbourg group)®®) for the eight-prong pp
annihilations at 5.7 GeV/c. The general impression
is that the effect depends rather strongly on details
of the interaction mechanism, especially on resonance

production.
To summarize briefly:
a) amnihilation

the effect is strongest at rest, (YU - YL) de~
creases when c.m. energy increases;

b) w-p interactions

i) effect is better seen if y's are calculated in
the c.m. system of pions, not in the over-all c.m.
system;

i) vy >y for primary 7;
v~ > "™ for primary 17

iii) there are 7'n" correlations.

Conclusion: if one knew the matrix element describ-
ing the pion system, one could reproduce these

effects.

It is my belief that this is proved by Diaz et
al. (CERN-Colldge de France Collaboration)®”) in the
study of pp + 7 m 1 1 amnihilations at rest. This
process is analysed in terms of amplitudes, dominated
by the 3S; pwr amplitude. The GGLP correlations are
very strong. Figure 31 presents the distributions
of cos - for like and unlike pion pairs. The fit
is very good; the effect is probably mainly due to
the pp interference terms®®). This type of amalysis,
if it could be extended to higher multiplicities and
higher energies, could give valuable information on

the detailed structure of final states.
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Fig. 32 Energy dependence of the cross-sections for the
production of two, three, four and five neutral pions by
T mesons on protonssg).

9. NEUTRAL PARTICLE PRODUCTION

A new class of experimental data is presented by
the Brown University-Harvard-Padua-Rehovoth-MIT

Collaboration in the paper by Crouch et al.®®). The
authors present energy dependences of the cross-section
for the reaction w p + neutrals for different neutral
pion multiplicities. Measurements are performed
using a spark-chamber technique. Figure 32 presents
cross-sections for the production of two, three, four
and five neutral pions in the energy range 1.4-4.0
GeV/c. Higher multiplicity channels [reactions

T p > +(3,4,5)1°] show very little, if any, energy
dependence. It would be of considerable interest to
have more detailed data on those interactions, also

at higher energy.

10. p, -pf CORRELATIONS FOR STRANGE PARTICLES

The longitudinal and transverse momentum distri-
butions for the reaction 7 p ~ KkNmr and 7 p » Kimm
at 4 GeV/c incident momentum were studied by a Dubna
group (Bamnik et al.)®%) in the JINR propane bubble
chamber. Correlation between pi and p for K° mesons,
similar to that observed in many experiments for
pions, has been found (Fig. 33).

T p > K., at 4.0 GeV/c
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T"p interactions at &4 GeV/c ©°
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Fig. 34 Comparison of the particle spectra produced in

19 GeV/c pp interactions at 12,5 mrad production angle (solid
1ines)61) with the predictions of the thermodynamics model of
Hagedorn and Ranft®?) (broken limes).

11. PROTON-PROTON COUNTER EXPERIMENTS AND
PHENOMENOLOGICAL FITS TO THE DATA

Allaby et al.®') present new data on the spectra
of particle production in pp interactions at
19 GeV/c. Figure 34 shows the comparison of these
data with the thermodynamical model of Hagedorn and
Ranft®2). The agreement is not very good. It can
be probably improved by changing the parameters of
the model,

G. Yen®®) presents the fits to the data of
Ratner et al.®*) and of Anderson et al.®S) on pp
interactions at 12.5 and 30 GeV/c, respectively.
The fit is based on the assumption that pp inter-
actions are dominated by two-body reactions:

rp - N+ N* .

Qualitative agreement with experimental data was

found.

Friedlinder®®) analysed the p, distributions of
particles produced in 16 GeV/c 7 p, 25 GeV/c mp
and 5.7 GeV/c pp interactions. His conclusions are
the following:

a) the often-used formula:

fp,) ~ p, € PW/P0

is not adequate to describe the data;
b) the formula:
2,2
flp,) ~p, /™

describes moderately well p, distributions for
protons; it does not describe the distributions

for emitted pions.

¢) pion data can be well reproduced by the formula
2,2 2, 2
f[pl],v ap, e Pi/m 4+ bp, e—PL/Pz'
12. INELASTIC Km INTERACTIONS

Trippe et al.®”) use the OPE model to extract
information on the Kr interaction. They have studied
energy dependence of the cross-section for single
and double pion production in K*r~ interactions.

The validity of this method was previously tested
on inelastic mp interaction cross-sections [Colton
et al.%8)7] derived from the study of pp interactions.

Figure 35 presents the energy dependence of the

cross-sections for the reactions:

55
> Ko

K*n
> Kt
> Kt
Obviously the results of this type based on larger

statistics will be very interesting; for example
it will be possible to study the reaction:

Kfnm > 1%, etc.

13. ISOTOPIC SPIN DEPENDENCE OF THE

ANNIHILATION CROSS-SECTION

Camerini et al. (Wisconsin)®®) have determined
the ratio of I =1 to I = 0 W annihilation cross-
sections, comparing the data on pd and pp annihila-

tions.
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Fig. 35 K*1 inelastic scattering from Trippe et al.®"),
The histogram shows data for the two indicated reactions for
the A** and |t| < 0.5 GeV? selectionms.

In the energy range 1.2-5.5 GeV/c the ratio
GANN(I=0)/GANN(I=1) is much larger than one, varying
from about 4 at low momenta down to about 3 at
5.5 GeV/c.

14, RARE pd PROCESSES

I would like to mention now the experiment of
Bizzarri et al. (Rome-Syracuse University Collabora-

tion)7°) who found that lambdas can be produced by
antiprotons stopping in a deuterium-filled bubble
chamber, although this is below the threshold for
two-body reactions, which one normally assumes,
taking one of the baryons in the deuteron to be a
spectator. Hence it must be concluded that all three
particles are involved in the reaction. Another
striking result is the presence of the reaction:

pd »~ pr , observed at the rate of (1.0 + 0.4) x 107°
per annihilation. This is also a three-body initial
state interaction; p reacts with both nucleons of

the deuteron.
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