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PARTICLE PRODUCTION AT THE ISR
By E. LILLETHUN
University of Bergen*
( Presented at the XIII Cracow School of Theoretical Physics, Zakopane, June 1-12, 1973)

The paper is a review of the most recent data on particle production (mostly single
particle inclusive production) at the CERN Intersecting Storage Rings. Discussed are total
cross-sections, elastic cross-sections, production of w*, K+ and p* in the forward direction
and in the large angle region, production of particles with large transverse momentum.

Introduction

My task as an experimentalist lecturing to an audience of theoreticians will at least be
threefold, namely to bring to your attention the recent experimental results from the
CERN Intersecting (proton) Storage Rings (ISR), to explain parts of the experiments in
order to show why these results are limited in their spread over particles and other para-
meters and to stress possible difficulties in obtaining accurate data. The last part is rather
important so that you should not spend too much time fitting data to a model — or a model
to data —if the data suffer from large uncertainties.

The three points will not be covered in succession but rather mixed in with each other.

The ISR

In order to bring us into the picture of how the data are produced I want to give
a short description of the ISR. For a more complete and very readable description of the
ISR 1 recommend a recent article by Johnsen [1].

The layout of the rings, with their intersecting vacuum chambers and the proton
supply lines from the CERN Proton Synchrotron (PS) is shown in Fig. 1. By tuning the
PS and the ISR to the same proton momenta, a complete pulse of protons may be trans-
ferred into one of the ISR-rings where it is transferred to a more central position in the
vacuum chamber. Several pulses are stacked in this way side by side until the beam is
a band of a cross-section about 1 ¢m x 6 cm. This situation is sketched in Fig. 2, showing
the crossing of the two beams and indicating the interaction region which is popularly
called the diamond.
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We note that the width of the beams correspond to a total momentum spread of about
29 . The value of centre of mass (cm) energy, /s, is always given with the energy correspond-
ing to the central orbit but the particles then have a distribution which is essentially flat
out to about +19% of this. It is possible to use a more accurately determined momentum
by measuring the position of the interaction within the proton band.

@ 300m @200m

Fig. 1. Sketch of the CERN Intersecting Storage Rings
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Fig. 2. Sketch of the intersecting proton-beams at the ISR

We note also that the crossing angle of 15° results in an unusual laboratory frame of
reference. It may be specified by stating that the cm frame moves with a momentum of
2por X sin 7°.5 at right angles to the directions of the incoming protons, whose momentum
is po; - The ISR laboratory frame and connected variables will in the following be labelled
with the suffix L.

The ISR has been operated most of the time with “‘symmetrical” beams, i.e. with
the same pg; in each ring, with a choice of 4 values of pg;. The values of pg; and the cor-
responding values of s and /s are given in Table L.

- TABLE 1
The usuval ISR ecnergies and some derived quantities
p0| GeV ¢ | s, GeV? i v's, GeV P, GeVie ; Ymax
.78 549.1 23.43 292 Y
15.38 | 933.6 : 30.55 | 496 3.48
22.51 1996 44.67 1060 i 3.86
26.59 2784 ! 52.76 1480 4.03

(31.6) (3936) (62.8) i (2100) i 4.21
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It should be mentioned that the ISR rather early was run a few times at momenta
lower than 11 GeV/c, and that runs at a momentum of 31 GeV/c have been made possible
after acceleration of the proton beams within the ISR.

Before leaving the ISR itself I want to express my admiration for the way the ISR
team has pushed the operation of the machine towards perfection. By now the ISR has
operated with a collision frequency (Iuminosity) higher than designed, it has on the average

I2

Fig. 3. Sketch of the Intersection 2 at the ISR. BCC, B, BS and CHLM indicate the experimental equip-

ment of the Bologna-CEN-CERN group, the British Universities Collaboration, the British-Scandinavian

Collaboration and the CERN-Holland-Lancaster-Manchester group respectively. M = bending magnet,
C = Cerenkov counter

a vacuum of better than 10-!° torr (i.e. about 3500 H, molecules per mm?®) and it has
kept the beams running for 46 hours continuously with a reduction of only 60 % in luminosity
during this period.

What an achievement: Each proton was kept within about 1 cm? of its central path
for a distance of almost two lightdays!

Experimental setups

As could be seen from Fig. 1, the proton beams cross each other in 8 intersecting regions.
Apart from regions 3 and 5 all regions are now in use for experiments. Most of the measure-
ments on identified charged particle production has been performed in intersection region 2.

The groups involved are the Bologna-CEN-CERN (BCC) group and the Bologna-
—Michigan (BM) group for measuring particle preduction at intermediate angles (80 mrad
< @ < 300 mrad), the British-Scandinavian collaboration (BS) measuring at large angles
(45° < ©; < 90°) and finally the CERN-Holland-Lancaster-Manchester (CHLM) group
measuring at small angles (25 mrad < ©; < 150 mrad). The layouts for these experiments
are shown in Fig. 3.
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In interaction region 1 the Saclay-Strasbourg (8S) group has measured particle produc-
tion at 90° and the CERN-Columbia Rockefeller (CCR) group measured z° production.

During the earlier running of the ISR some groups measured angular distributions
of charged particles with no determination of particie type or momentum. Included here
are the groups using the emulsion technique, among others the group at Cracow. These
groups have been located in theintersection regions 1, 4, and 6. In region 8 the Pisa-Stony
Brook (PSB) group measures total cross sections with equipment which also allows measure-
ments of angular distributions of charged particles almost over the complete solid angle
of 4m, but unfortunately without particle identification and momentum measurement.

The experiments will be described in more detail in the following only in so far as
it is necessary for the understanding of some aspects of the data.

Kinematics, symbols, definitions

At ISR we are concerned with proton-proton collisions. We are in particular interested
in inclusive reactions p--p — c¢+X, where c¢ is the particle measured and X is anything,
or if you want to, the missing mass in the measured reaction.

In most cases we are talking about the parameters of ¢, such as its momentum p,
energy E, mass m and the production angle @. We shall let p and m represent pc and mc?,
and use the suffix 1 if we refer to the usual laboratory frame, /.e. the frame with a stationary
target. No suffix will be used in the cm system.

Fig. 4 shows the three systems used and gives some of the transformations between
the systems. A more complete treatment of the transformations from the ISR system to
the cm system can be found in Ref. [2].

In order to define what we are studying, let me quote Fermi {3] from 1950: “When
two nucleons collide with very great energy in their center of mass system this energy
will be suddenly released in a small volume surrounding the two nucleons. We may think
pictorially of the event as of a collision in which the nucleons with their retinue of pions
hit against each other so that all the portion of space occupied by the nucleons and by
their surrounding pion field will be suddenly loaded with a very great amount of energy”.

This picture is still useful, although the “retinue of pions” now gets the name of
partons, stuff, quarks efc. Fermi's paper was the beginning of hadron thermodynamics,
to which Hagedorn’s [4] name is closely linked. Another approach to the particle collisions
is Landau’s hydrodynamical model [5] which recently is being brought forward again by
Carruthers and Duong-van [6]. Still other models are the multipheripheral interaction [7],
the bremsstrahlung model of Feynman [8] and the hypothesis of limiting fragmentation
of Yang [9]. From all these models we can make our own simple picturc which is useful
enough for the discussion of the data.

As a proton is “accelerated” from, say, 10 GeV to 30 GeV its velocity hardly changes
(4B/B ~5%40), ie. it is hardly accelerated. But its energy and momentum, and as some
people would say, its relativistic mass are tripled. The proton being accelerated is more
like a growing drop of energy at essentially constant velocity. Or we could compare it
to a growing region of ‘“ability to produce particles” with some momentum.
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When this drop encounters another particle it breaks open, (Fig. S) bits and pieces
flying in all directions and with different energies. The relevant function for the cross-
-section for particle production is the invariant F(p, s) = Ed?c/d3p-giving statistically the
produced particle energy density per unit momentum space.

Now, we know that the average transverse momentum py of the produced particles
is small, while the longitudinal momentum p, can be large. In general the distribution

BEFORE COLLISION

Proton

Proton

Fig. 5. The author’s concept of a proton-proton collision, seen in the cenire-of-mass system

of particles according to py is not very strongly dependent on p; so we study the variation
of F with respect to py or py independently. As a matter of fact, instead of p, one chooses
the Feynman variable x = 2p,/\/s or the rapidity

1. E+p, E+p.
g =10 oy gy s
2 E-p (pr+m®)

v p3-+m? is called the longitudinal mass. Another way of looking at this quantity is to
call it the transverse energy E;, because when p; > m we may regard p, as a longitudinal
energy £, and the total energy for a particle would be E = Ef +Ef = pi-+p3+m?.
The rapidity is a very useful variable. We find for example that F = ds/dyd?p and that y
transforms simply under a Lorentz transformation along the longitudinal direction. For
example, to transform to a system (s) moving with velocity fic with respect to the cm

Total cross-sections

Some of the most interesting resuits from the ISR are the data showing the increase
of the total proton-proton cross section with increasing energy [10-12]. The results are
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prioton proton collisions with the following momenta for the two protons. Run 1: (po1)1 = (po)2 = 15.4
GeV/e; Run 2: (porh = (por)z = 26.6 GeV/e;Run 3: {porh = 15.4 GeV/e, (pop)2 = 26.6 GeV/e. b) Ratios
of the above density distributions for asymmetric and symmetric proton momenta as function of 7.
Upper points from Run 3 and Run 1 and lower poirts from Run 3 and Run 2. The data arc from Ref. [16]

shown in Fig. 6. Indeed, it looks as if the proton is growing with energy. The experimental
data are within errors in agreement with the maximum increase with energy allowed by
unitarity, the Froissart limit [13].

Elastic cross-sections

The shrinking of the diffraction scattering pecak has been shown to continue from
PS energies to ISR energies [14, 15], although with a slower rate of shrinking than at
the lower energies. A compilation of the results on the value b, from the fitting of the dif-
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fraction peak to do/dt = exp (bt), as taken from Ref. [15], is shown in Fig. 7. The continued
shrinking shows, in terms of the optical model picture, that the proton “radius” still
increases with energy. It should be noted that the shrinking of the diffraction pattern is
large already at energies where the total cross-section is roughly constant.

Production of particles

Let us start our study of the particle production data by looking at the results of the
PSB group [16] (see Fig. 8). The measurement consists of recording the angle of production
of each charged particle but without identification of charge, mass or momentum. The
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Fig. 9. Same distribution as in Fig. 8a, but structures in the distributions caused by secondary particles
produced by extra material in the apparatus have been removed by the author. The number of points
removed have been chosen according to the author’s feclings! Data are from Refs [16] and [17]

group explains that the structure in the data is instrumental. I have therefore shown the
data again in Fig. 9 where these regions have been omitted. I warn you that the widths
of the cutouts have been chosen by my own feeling for which regions are clean. For compari-
son I have also included some of the data of the Cracow—CERN [17] group in Fig. 9.

Two sets of the PSB data points, given as o1 'dN/dy vs , are from symmetric momenta
in the ISR, namely 15.4 GeV/c in each beam or 26.6 GeV/c in each beam. A third set
of data points are recorded with one beam at 15.4 GeV/c and the other at 26.6 GeV/e.
The striking feature of the data is that the distribution of particles in the forward cone
for the incoming proton remains the same whether the proton it collides with (the target
proton) has a momentum of 15.4 or 26.6 GeV/c. We may think of the target proton to
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act only as a tool for breaking open the incoming proton, letting its bits and pieces spray
out according to a distribution inherent in its state of energy. We note that for the incoming
proton nothing is changed between the symmetric and asymmetric runs. The angles meas-
ured in the ISR frame are relative to this beam axis and when the protons along this beam
axis in both experiments have the same momentum, the coordinate system remains un-

Por= 26.6 or15.4 GeVi/c Poc 26.6 or 15.4 GeV/c

¥
Fasym=0.31
F=12.4 Gev/c P=

» 6.9 GeV/c

4.0 —1—

Fig. 10. A sketch indicating the changes in the motion of the centre-of-mass system (indicated by asterisks)
from symmetric to asymmetric proton momenta

changed for the incoming proton. This is not so for the cm systems. The change in their
motion is sketched in Fig. 10. See also Table II.

I believe the most important conclusion from this experiment, if the equality between
the distributions in the fragmentation region is taken to be absolute, is that a high energy
proton does not care about how hard it was hit by another proton. It produces in any case
the same forward angular distribution in a frame obtained by some fixed Lorentz trans-
formation of its rest frame along its direction of motion.

TABLE 11
ISR energies for asymmetric beam energies
{poD1, GeV/ce 26.6 26.6 154 (22.5)
(por)z, GeVie 26.6 15.4 15.4 (22.5)
5, GeV? 2784 1610 934 (1996)
\ 5, GeV 52.8 40.2 30.6 44.7)

Up to this point no approximations have been brought into the picture. We use the
directly measured values. In their paper the PSB group introduces the rapidity in order
to show that the data are consistent with the Hypothesis of Limiting Fragmentation
(HLF) [9].

The approximations needed are the following:

(/) The HLF describes distributions in the laboratory frame (target or projectile
frame). The ISR system is closer to the cm system and the transformation to the laboratory
system is impossible because of lack of knowledge about the particles. The group claims
that the ISR system is a good enough approximation to the cm system, and the trans-
formation from the cm to the lab system is then a finite boost in y which should not change
the y-distributions.
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(ii) The relationship between y and y is for our purpose most readily seen from
the following formulae

© 1 p+pe pP+pL
n= —Intan — = -In—— =In{ —— ],
2 2 p-p. Pt
(1+ (m A
PoEte_ Etp P P P
v=+-In— —=In—5——55 = In —- I
2 E-p (m*+pH* ( (m >2>
pr|l+ | —
Pr

It is clear that when (m/pr)® < 1 the two expressions approach each other. From other
experiments we know for example that {(py) ~ 300 MeV/c for pions. Therefore a large
amount of the particles are produced in regions where (m/p;)?> ~ | and the approximation
is not so good. Particles with py < m in the central region 1 believe are absorbed both in
the 1SR vacuum pipe and the first scintillator(s) and do therefore not disturb the picture,
but on the other hand the particle momentum cutofl may be a bit arbitrary. In the very
small angle region where p; would be small even for large p, ie. for |y| > 5, equivalent
to @ ~ 13 mrad, the particles cannot be detected and we get the cutoff in the distribution
at this value of y.

The group has looked into the effects of a substitution of y for » for their data and
find the changes so small that the results can be taken as a proof of the HLF.

I have spent a lot of time discussing these data even if the measurcments give only
number of particles as function of angle, because they introduce a nice overall picture
of the situation. We shall now continue to look at data where particles are clearly identified
and the momenta measured. Because these experiments need much more equipment per
solid angle, different regions have been explored by different groups.

1 shall first discuss the experiments and the results of some of these groups and in
the end give the resulting overall data picture for the different particles.

Production of n=, K* and p~ in the forward direction

The experimental setup of the CERN-Holland-Lancaster—-Manchester group is
shown schematically in Figs 3 and 11. Their measurements [ 18, 19, 20] cover both negative
and positive particles in an angular range 25 mrad < @ <180 mrad, with the angle lying
in the vertical plane. ’

In Ref. [18] the group has chosen to measure the production of negative particles
as a function of fixed cm angles, chosen so that the x and py regions for different /s
overlap. The choice of angle was defined by py/p, == tan@ = 2.66(s)” * resulting in the
relationship py = 1.33 - x.

The results are reproduced in Figures 12 a, b and c. For 7~ they observe such a perfect
scaling within the ISR energy range that only the set for /s == 52.8 GeV is shown, together
with points representing data of Allaby er al. [21] taken at /s = 6.8 GeV. Up to py =
= (.5 GeV/c there is perfect scaling within this large energy interval. The scaling breaks
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down more and more for the higher py (and x) values. The limit of phase space for /s =
= 6.8 GeV is at x ~ 0.85 so the non-scaling probably is caused by this (see below).
The spectra for K~ and p~ also show scaling within the ISR energies, but now the
measuring errors are larger, of the order of 10 to 20 9. No systematic trend for non-scaling
within ISR energies is seen. However, the invariant cross-sections at PS energies are lower

Smali angle spectremeter

. "37] /r200 mrod

,7a!_£,

Beam 2

Septum m(ig?g? R
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¥ig. 11. Schematic drawing of parts of the experimental setup of the CHLM-group. The line in the upper
left corner represents small-angle scattered particles extracted by means of a septum magnet. The particles
are further analysed by a spectrometer and Cerenkov counters shown in Fig. 3. In addition are shown the
counter hodoscope M1-MS5, telescope 1 (V1 and V2) below the diamond, telescope 2 (HI and H2) in the
horizontal plane, centered at 117°, 5 and telescope 3 around beam 2 (S1-S4, M1-M7 and two spark chambers)

by factors of 2 and 6 for K~ and p~ respectively for p; around 0.4 GeV/c, and consid-
erably lower for higher p;. The antiproton data show also a marked difference in
behaviour at low pp, where the PS data flatten off and the ISR data still rise essential-
Iy exponentially.

In Ref. [19] the CHLM group presents data on both positive and negative particles,
but now for /s = 52.8 GeV at fixed values of x, showing the py spectra. Since the data
are already published I shall only give some of the conclusions and include some of the
cross-sections in the combinded data plots (Figures 20 and 21).

(i) All the data can be well fitted with the form F = 4 exp (—Bp%) with B decreasing
with the mass of the particle, i.e. the average transverse momentum (= (nB)~*) increases
with particle mass.

(ii) Scaling between PS and ISR energices is on the average good for n* and K+, but
the ISR data show some structure which is not found in the PS data. The CHLM group
does not comment on this and one is therefore led to believe that the structure may be
instrumental. Neglecting this structure one finds that for x == 0.18 and x = 0.21 the PS
and ISR data are consistent with scaling up to pr = 1.0 GeV/c. Comparing this to the data
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in Ref. [ 18] we see that the deviation from scaling noticed there is due to the larger x-values
connected to the larger py values.

(iiiy K- and p* cross-sections at ISR differ by large factors (~2 to 5) from the PS
data, with the proton cross-sections at the ISR energies lower than those at PS energies.

The CHLM group has made a special effort to measure the inelastic proton spectrum
at high values of x [20]. At x = | protons will to a large extent be elastically scattered
and the experimental equipment had to be elaborated in order to separate the elastic from
the inelastic events.

As shown in Fig. 11 five counters {M,; — M) were placed on top of and below the
downstream beamline opposite the spectrometer (Beam 2). M; was centered on the same
angle ® as the spectrometer. Whenever an elastic proton is recorded in the spectrometer
the other proton should hit M;. If in the collision the mass of the beam 2 particle was
increased, its “decay” proton should be found distributed in an angular cone around
the direction defined by the elastically scattered protons.

The separation of th: two types of events is shown in their paper to be clear and
1 reproduce two of their data sets in Figures 13 a and b. Fig. 13 a shows both the elastic and
the inelastic proton distributions for 14.5 GeV/e < p < 15.5 GeV/e (0.94 < x < 1.01)
where po; == 15.4 GeV/e. Due to the experimental resolution the data points go beyond
the elastic fimit.

The only slightly disturbing fact about the separation is that although the authors
claim that the elastic peak is symmetric, the data reveal a tendency toward a tail on the
low momentum side, a factor 3 to 4 lower than the inelastic value. The tail may cause
some error in the quantitative estimate of the inelastic cross-section, but does not affect
the main trends of the data.

Fig. 13b displays the inclastic proton production spectra for 0.5 < x < 1.0 and
for three values of pZ, viz. 0.275, 0.525 and 1.05(GeV/c)?® and some points for pi —
== 1.755 (GeV/c)?. The three data sets clearly show a peak close to x == 1 which is inter-
preted as the diffraction excitation of the beam 2 proton to an isobar which subsequently
decays. Similar data were also presented earlier [22].

We summarize the conclusions in the papers:

(i) The invariant cross-section for inelastic proton production for 0.5 < x < 1.0
and 0.8 < pr < 1.0 GeV/c scale between /s ==30.5 and /s = 44.7 GeV.

{ii} A peak seen in the inelastic proton spectrum close to x = 1 indicates the produc-
tion of states with masses up to at least 7 GeV. The resolution is not sufficient to indicate
specific states.

Another measurement of the production of charged particles in the relatively small
angle region (80 < @ < 300 mrad) is reported by the BCC group [23, 24]. Their spectro-
meter recorded particles with momenta between 1.5 GeV/c and 10 GeV/c. The observed
particles emerged in the horizontal plane and the momentum resolution is about +49]
for the usual setup and +11% for a shorter setup used for detecting kaons with reduced
decay corrections. The group quotes over-all errors of about 109 for pions and protons
and 10-25%, for kaons and antiprotons. In many cases the data points scatter by more
than what should be expected from these over-all errors. This may indicated an underes-
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timate of the uncertainties in the background subtraction or the Iuminosity measu-
rements.
Data are presented for all the usual ISR energies for the following values of p; and x:

¥, K+, p*: x =0.15, 0.2 < py < 1 GeV/c;
pE: x = 0.08, 0.2 < pp < 0.6 GeV/c;
p¥: x=0.32, 04 < pr < 1.4 GeV/c;
75, K5, p*: pr = 0.2, 0.4, 0.8 and 1.2 GeV/c with

varying intervals of x between 0.07 and 0.4.

The same general features concerning scaling hold for these data as for the data of
the CHLM group, partly overlapping in x and p; values:

(f) Scaling between PS and ISR energies is well established for pions of p; < 0.8 GeV/e.

(ii) Deviations from scaling are greatest for large py and small values of x for all
particles.

To demonstrate these effects we show the x-distributions for K= and p~ in Fig. 14.
We notice that for x < 0.2 the cross-sections for fixed py rise much more rapidly than seems
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Ref. [18] and Allaby er al., Ref. [21], a), b) and ¢) show the data for #~, K~ and p~ respectively. The square
of the centre-of-mass energies are given in the figures

to be indicated by the PS data. We shall come back to discuss this in connection with
the large angle data in the next Chapter.

In its report the group has also worked out the multiplicities for 7=, K= and p* under
the assumption that the invariant cross-section for constant y follows the exponential
law Ed3c/d’p — A exp (—Bpy) for all y and that the y-distribution (g(y)) is given by the
cross-sections measured by the different groups at py = 0.4 GeV/c. The values chosen
for B are 6.0 (GeV/c)™ for n*, 5.0 (GeV/c)™* for K= and 4.0 (GeV/c)™! for p=. No reason
has been given for this choice, and although it may be a fair choice in the central region,
the CHLM data [18] for fixed © (y ~ constant) in the fragmentation region indicate B
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closer to 10 (GeV/e)™! than 6 (GeV/c)~! for n~. For these data an exponential fit is not
very good in any case.
1 refer the reader to their paper for the multiplicities obtained.

Production of = -, K= and p* in the large angle region

The new data in this region come from the BS group [25-27]. The experimental
setup is mounted on a platform which can be rotated between 36° and 90°. Protons and
antiprotons can be separated from the other particles up to momenta of about 1.2 GeV/c,
while pions can be separated from kaons up to about | GeV/jc. The kaon cross-sections
are not measured beyond p ~ 0.6 GeV/c¢ because of the large corrections due to mixing
with the much more abundantly produced pions.

One should be aware of the following difficulties in the data reduction:

(i) The pion-spectra include pions coming from the decay of K° No correction has
been made for this, but the effect has been estimated to be less than 5% in the quoted
cross-sections. The main contribution of these pions may be for the low values of momentum.
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Fig. 14. The invariant cross-section for production of K* and p~ as function of x = Zpy/+/s for trans-

verse momenia pr = 0.2, 0.4, 0.8 and 1.2 GeV/c. The centre-of-mass energies are indicated in the figure.

The data are from the BCC-group, Ref. [23]and [24] and 1he dashed lines represent the data of Allaby et al.,
Ref. [21]. The data for K+ and K~ are shown in a) the data for p~ in b)

(if) The background of particles from beam-gas and beam-wall collisions is in general
very small, but for protons of low momenta the background can be rather high (worst
case is ~ 409 background for p; =: 0.2 GeV/c in one case).

(iiiy Although the experimental setup on the platform is symmetric, the angular
acceptance depends on momentum and the sign of the particle charge. Hence the angles
quoted are only nominal central values, while the y-values computed are the correct ones.
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But, some data have been taken with reversed magnet polarity, and the cross-sections
quoted are given for the average y-value, which in the extreme case can be the average
from +0.1 in y. Because of the slow variation of the cross-sections with y, this is not very
important, but may tend to scatter the points somewhat unsystematically about in the
y-plots. In general measurements have been made for @ == 89°, 75°, 62.5°, 45° and 36°.

(iv) If the present data for nt are compared with those of the Saclay-Strasbourg
group one finds an increasing discrepancy with increasing py. This is attributed to the data
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Fig. 15. The invariant cross-section for production of 7~ as function of y; = ypax—», for centre-of-mass
energies 30.6 and 52.8 GeV and transverse momenta pr = 0.1, 0.3, 0.5, 0.7 and 0.9 GeV/e, The drta are
from the BS-group, Ref. [26]

reduction of the SS group. Kaons could not be separated from pions, so an estimated
kaon cross-section was subtracted from the total. Later measurements have shown that
the estimated cross-sections were too low.

The pion data show the following:

(i) Plots of F vs y; = Ymax — ¥ show for each energy (/s = 30.6 GeV and /s =
= 52.8 GeV) a slight increase with y;. The increase is such that data from the two energies
within errors agree in the overlap regions. Although the slope of a curve through the
points must be 0 at y,..,, the data have been fitted to (F)pr = 4 exp (— Dy) to indicate
the increasing cross-section. D is found to be 0.154-0.03, corresponding to an increase
of about 169 for each unit in y. The data for n~ are shown in Fig. 15.

(ii) Consistent with the results mentioned under (i) there is an energy dependence
for F at fixed pr even at ISR energies. For p; = 0.4 GeV/c the cross-sections are plotted
in Fig. 16 together with data from Miick er al. [28]. In Fig. 16 it is scen that the data
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Fig. 16. The invariant cross-section for production of #* and 7~ at O = 90°, of transverse momentum
pr = 0.4 GeV/c as function of s~*and s—#. The data are from the BS-group, Ref. [25] and Miick e al.,
Ref. [28]

can be fitted on straight lines as function of s~% and that the =+ and 7~ cross sections
then will meet at s — co. Fig. 16 shows also that the data are inconsistent with a Foc s~ %
as has been suggested by Ferbel [29].

(iii) The py interval covered changes with angle since the total momentum measured
isrestricted: 0.13 < py < 1.05 GeV/c at®; = 89° and 0.11 < py < 0.60 GeV/c at @ = 36°.
Data have been collected for several runs with different trigger modes, and Table 11T lists
the data in the form of fits to exponential forms. The functional forms should not be used
to extrapolate the data outside the ranges of p; indicated.

(iv) As shown in Fig. 17 the ratio of positive to negative pions is nearly 1.00 for
small values of pq, rising with increasing values of py to 1.17 for p; = 1.0 GeV/e.
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Fig. 18. The invariant cross-section for production of protons and antiprotons in proton-proton collisions
of centre-of-mass energy 30.6 GeV as function of the transverse momentum py. Production angle @ = 89°.
The three signs for the data represents different trigger-modes. The data are from the BS-group, Ref. [27]

(v) The cross-sections for kaons have been measured over a more limited range in
pr (0.2 < pr < 0.5 GeV/c) and with less accuracy. Within the accuracy of the data they
are consistent with a flat plateau as a function of y, for values of y; > 3.4 (¥ n = 4.0).
They are also consistent with a rise similar to that of the pions.
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TABLE Ii1

Parameters for the fits of the invariant cross-sections for =n* to the forms F = AeBPT (Linear) and
F = AePPT+CPY2 (Quadratic)

Linear fit Quadratic fit
Parti- Range in
cle S,GCVE @1 rr, GeV/c A B p(x2) A B C ( 2)
| (GeV/e)* (GeV/ey! |(GeV/ey2 | P*

ka 30.6 | 89 0.13—1.05| 149+3 16.04+.051 0.000 1877 7.1+.1 1.0+.1 | 0.10
75 0.13—1.00: 154+4 |6.05+.05, 0.001 | 1847 7.1+.2 1.0+.2 | 045

62.5 {0.12—-095 150+5 |6.13+.06| 0.01 190£10 | 7.2+.2 1.0+.2 | 0.28

45 0.11-0.75| 145+5 16.30+.09| 0.09 | 143+12| 62+.4 |—0.1+.5 | 0.08

36 0.11-0.60| 136+5 |6.45+.10| 0.65 | 15042 7.1+1 1.0+.1 | 0.69

a 30.6 | 89 0.13—1.05| 157+4 |6.25+.05| 0.000| 203+9 7.5+.2 1.2+.2 | 040
75 0.13—1.00| 154+4 16.34+:.05,003 | 178410 | 7.0+.2 0.6x.2 | 0.14

62.5 | 0.12—0.95| 133+4 |6.024+.06| 0.000| 174+12 | 7.3+.3 1.2+.3 1 0.01

! | 45 0.11-0.75| 127+5 {6.10+0.8| 0.60 128410 | 6.2+ .4 0.1+.5 | 0.60

j ‘ 36 0.11-0.60! 146+5 69+.1 0.78 148+ 11 7.0+.5 0.1+.7 . 0.75

at 528 | 89 0.13—1.05; 163+4 |6.08+.05, 0000} 212+9 73+.2 1.3+.2 | 0.30
75 0.13—1.00| 170+4 |6.26+.05| 0.000| 207£10 | 7.3+.2 1.0+.2 | 0.01

62,5 1 0.12—095! 156-+4 |6.13+0.6! 0.000!| 210+10 | 7.6+.2 16+.2 | 0.74

45 0.11-0.75| 144+5 16.16+.09] 0.22 166+11 | 7.1+ .4 1.2+.6 | 0.50

36 0.11-060] 139+9 6.04+.18; 0.62 197420 | 8.1+.6 27+.8  0.79

- 52.8 | 89 0.13—1.05| 160+4 |6.16+.05| 0.007 | i97+8 7242 1.0+£.2 | 075
75 0.13—1.00! 160-+4 |16.22+.05' 0.006 182+8 69+.2 0.7+.2 | 0.06

62.5 0.12—0.95] 161+4 [6.23+.05| 0.15 | 186+8 7.0+.2 0.8+.2  0.61

45 0.11-0.75 1505 |639+.09: 0.82  152+10  6.4%+.4 0.1+.5 ! 0.82

36 0.11-0.60| 17712 694+.2 | 098 | 169+33 | 7.5+.9 l 0.8+1.2] 0.98

(vi) Within errors the ratio between the cross-sections for K+ and K~ is 1.27+0.3
for 0.2 < py < 0.5 GeV/e.

(vii) The pr spectra for protons and in particular for antiprotons tend to flatten off
toward small pr, in contrast to the pion spectra which rise essentially exponentially even
for small values of py. This is shown most clearly by a fit of the data to F = exp (— Bpy-+Cp3)
where C becomes negative with a magnitude of the order of 0.5 (GeV/c)=2 for pro-
tons and of the order of 2-3 (GeV/c)=* for antiprotons. The group does not rule out
an unknown error in the background subtraction for protons which would mostly
affect the data for low pr and thus would give a wrong p; dependence in this region.
Uncertainties here should not exceed an additional 109/. The background is in general
largest for the small angles. Fig. 18 shows a set of data for /s = 30.6 GeV and @ = 89°.

(viii) Fig. 19 shows the y-dependence of F for protons (a) and antiprotons (b) for several
values of py for /s = 30.6 and 52.8 GeV. It is seen that the proton cross-sections are
consistent with having reached a plateau. The antiproton data on the other hand are
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still increasing with y and with some goodwill one may see that the slope of F in the neigh-
bourhood of y,,., for each energy (3.48 and 4.03 for /s = 30.6 and 52.8 GeV respectively)
tends to zero.

Tables of the data will be found in Refs [25-27].

To summarize some of the findings for the inclusive production of #*, K* and p* I
include Figures 20 and 21.

Fig. 20 shows a collection of data from the CHLM, BCC, BS and SS groups for
pr = 0.4 GeV/c, from many ISR energies, and from the experiment of Miick ef al. for
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Fig. 20. The invariant cross-section for production of n*, K+ and p* in proton-proton collisicns of centre-
-of-mass energies as indicated in the figure, as function of y; = Ymax—y. A compilation of data from the
BC, BS, CHLM and SS-groups. The dashed lines indicate the data of Miick ¢t al., Ref. [28]

\/E = 6.8 GeV. The figure in itself summarizes the scaling behaviour for all the six
particle types discussed. I shall only point out the structure in the pion data around y, =
= 1.5—2.5. It is not clear whether the data from the BCC group and the BS group here
show a structure or only the uncertainty in the absolute accuracy of the data.

Fig. 21 shows what the scaling features look like for nt+ for py == 0.8 GeV, but now
plotted as a function of x, summarizing some of the data from the BCC, BM [31], BS
and the CHLM groups together with data from Allaby et al. [21].



Production of particles with large transverse momentum

Recent results on production of charged particles and/or z° at the ISR come from
the CCR [32], BS [33, 34] and the SS [35] groups. The CCR-data on =° production at
© = 90° with py < 8 GeV/c are still preliminary and essentially those published last
fall at the Batavia conference. The data from the BS group are partly on cross-sections
for total positive and total negative particles at@ == 89° and 59.4°, up to pr ~ 5 GeV/c [33],
partly on particle ratios at @ = 89° for 1.4 < py < 3.5 GeV/c. The SS-data are taken
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Fig. 21. The invariant cross-section for production of @t of transverse momentum pr = 0.8 GeV/c in

proton-proton collisions of varying (ISR-) centre-of-mass energies as function of x = 2p/+/s. The line

represevts the data of Allaby er al., Ref. [21]. The data points are from the BCC, BM, BS and CHLM
groups

at @ = 90° and cover cross-sections for all positive or all negative particles up to pq ==
= 3 GeV/c for all the four ISR energies, some data on 7° production up to pp = 2.5 GeV/c
and separated n*t and n~ cross-sections for \/E = 447 and 52.8 GeV in the interval
3 < pr $5GeVie

The, by now, well known feature of these data is that the invariant cross-section, as
function of p, does not continue its exponential fall-off with py, but flattens off such
that a linear exponential fit to the pion cross-sections for 3.5 < py < 5.0 GeV/c gives
B~ 2.4 (GeV/c)™, to be compared to B~ 6.0 (GeV/e)* for pp < 1.0 GeV/e [35].

If one tries to get more detailed information out of these data-sets one discovers
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unseparated particles is by the RS and the SS-groups and data on the added cross-section for p.ositive and
negative pions from the SS-group. Sec Ref. [33] and (25}

some inconsistencies, and it may be advisable therefore to wait for more accurate data
for separated charged particles which are being recorded at present.

[ shall still comment on some points:

() A strong energy dependence has been found by the SS-group, (e.g. for py ==
= 2.5 GeV/c an increase by about 70% from /s = 44.7 to 52.8 GeV) but the BS group
finds essentially no such energy dependence (£209, in the same case). See Fig. 22.

(ii) For 2.0 < py < 3.0 GeV/c the SS group reports a cross-section for all positive
particles about four times that for z°, but the 7% cross-section reported by the CCR group
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TABLE 1V
Particle ratios at © = 90°
30.6 GeV 44.7 GeV

Ratio _ _
pr=14-20 2.0-35 14-20 2.0-3.5

GeV/e
fall 0.34+0.02 0.31+0.04 0.33+0.02 0.30£0.04
afall 0.29+0.02 0.25+0.03 0.32+0.02 0.25+0.03
KHall 0.26.0.02 0.14+0.02 24002 0.16+£0.03
pfall 26 0. 0.16+0.03 0.22+0. 0.12+0.02
K-fall oL +001 0.10+0.02 32001 0.11+0.02
“fall 11£0.0 0.05+0.02 0.13x0. 0.07+0.02
aft 0.87+0.06 0.79+0.09 0.99+0.08 0.84+0.10
(K*+p)t 0.78+0.06 0.94+0.10 0.66+£0.06 0.91+0.10
(K- +P)fn- 0.38 £0.04 0.59+£0.09 0.41+0.04 0.70+0.10
all*/all- 1.48+0.10 1.53+0.15 1.19+0.08 1.3340.13

in the interval 2.5 < pr < 3.5 GeV/c for /s = 52.8 GeV is higher than one half the
cross-section for all charged particles as measured by the BS group (see Fig. 23) or about
equal to the nt or m~ cross-section measured by the SS group.
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Fig. 23. The invariant cross-section for production of charged particles and #° at 90° in proton-proton
collisions of centre-of-mass energies 52.8 GeV as function of the transverse momentum, pt. Data on n® are
from the CCR-group, Ref. [32], those on charged particles from the BS-group, Ref. [33]
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(iif) Table IV shows the particle composition for two intervals of pr for /s = 30.6
and 44.7 GeV. There is relatively little energy dependence, but the ratio of positive to
negative particles decreases, as would be expected from the increase in particle multiplicity.

PARTICLE COMPGSITON
/5 =31 Gev |
X =0 '
e TP
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| o Kop)* |
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_ /
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Fig. 24. The fraction of @*, 7=, (K+p)*and (K+p)~ in the total of charged particles produced at 90° in
proton-proton collisions of centre-of-mass energy 31 GeV as function of the transverse momentum, pr.
The data are from the BS group, Ref. [34]

The contents of heavier particles increases with increasing transverse momentum (see
Fig. 24), showing that also for the larger py values the invariant cross-section for the heavier
particles has a slower decrease with pr than for the light particles.

Search for heavy or unknown particles

1t is rather easy to report on the search for quarks and magnetic monopoles. No
real candidate has bee seen. As far as quarks are concerned, the BS group [36] reports
this negative result in the form of upper limits as shown in Fig. 25. Out of 7-107 charged
particles going through the BS spectrometer, which had been tuned to record only slow
particles 0.2 < f < 0.65 and with p > 0.9 GeV/c, no quarks of charge % e was seen. As
far as I can understand the theoreticians today are happy as long as we don’t find the
quarks. The negative result must therefore be said to be positive.
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fig. 25. Limits at 90 % confidence level for production of quarks of charge 2 and %e at @ = 59° in proton-

proton collisicns of centre-of-mass energy 52.8 GeV. The limits are computed assuming an isotropic

distribution of quarks in the cm-system. The data are from the BS-group, Ref. [36], where also references
to data included for comparison are given
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'Fig. 26. Number of antideuterons observed in proton-proton collisions of centre-of-mass energy 52.8 GeV
as function of the measured patticle mass. Data from the BS-group, Refs [25] and [36]
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A byproduct of the quark-search was the recording of deuterons and antideuterons.
Deuterons are also knocked out of the vacuum-chamber walls producing a difficult back-
ground-subtraction problem. Antideuterons however, are not produced in beam-wall
collisions and the resulting particles stand out clearly, both in their mass-value 1.88 GeV/¢?
(see Fig. 26) and in their origin {rom the diamond.

i

3 SUTESON K
el AMTIDEUTERONS i
dp’® i
- =53 GeY 3
oo 5:S 3
X ] 4

H

9 i

i i

i

t !

i

.

i

i

e &

o

T r—]“
P g ]
|

Fig. 27

A pr spectrum for the d-production cross-section, recorded for (/s = 52.8 GeV
and © = 59°, is shown in Fig. 27. Note that the scale is in ub/GeV2.

It ntay be even meore interesting to plot these data as function of \/1?*'71-1_2, and com-
pare with the invariant cross-section for producing other particles. This is done in Fig. 28,
ali data taken for /s = 52.8 GeV and © = 59°. This parametrization does not help much
in bringing a system into the production cross-sections, except maybe the fact that anti-
deuterons and antiprotons in these intervals have cross-sections consistent with the same

exponential v/ pr-—m? dependence, namely

_8.3) g +m?
PpTi»m

F~400¢ {coarse hand-fit).
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Fig. 28. The invariant cross-section for produciion of m%, K%, p* snd d~ at © = 59° in protcn-proton

celliciens of centre-of-mass energy 52.8 GeV a3 function of vV i+ m2. The dashed curve connects the pion
points of 1ow pr with two pion points estimated as 0.32 and 0.28 times the cross-sections for productiorn of
chorgad particles at pr = 1.6 and 2.5 GeV/c respectively. The data are from the BS-group

In 1969 it was reported [37, 381 that d- production in proton-aluminium collisions
at incident proton momenta of 70 and 52 GeV occured with a rate about 165 times that
of p~ for forward angles. They found the ratio R{d~)/R*(p™) to be approximately constant,
varying between 2 - 102 and 6-10-2. R is here the rate compared to n~ producticn under
the same conditions. In the present case, with p; = 1480 GeV/c, in proton-proton collisions
producing d~ at @ =: 597 the ratio is almost the same, about 5-10-3, This shows an interesting
consistency between the probability of producing antinucleons ard antinucle;.
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Fig. 29. n® pair events from proton-proton collisions of centre-of-mass energy 52.8 GeV as function of

the #°2® mass. The 7°’s have both a momentum greater than 2 GeV/c and go into the angular range
60° < O < 120° in opposite hemispheres. The data are from the CCR group, Ref. [32]

Correlations

Measurements of correlations between particles produced at the ISR have only barely
started. Some of the results [39] have been discussed in another session at this school
and 1 shall only comment on the experiments of the CCR [32] group and the CHLM
group [40].

The CCR group has studied the n°a°-coirelations when both particles have p;>2GeV/c
and are emitted around @ == 93°, but into opposite detectors. This means that the angle
between the particles is 60° < O < 120°. Fig. 29 shows the mass distributions of the z°%x°
systems, compared with a distribution computed under the assumptions that the probability
of observing a n° in one detector is independent of the observation of a 7° in the other
detetcor, and that each n° has a momentum distribution given by the experimental in-
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Fig. 30. The invariant cross-section for inelzstic protons st © = 40 mrad from proton-proton collisions

of centre-of-mass energy 306 GeV as function of x = 2pL/v's (solid circles). Open circles represent

protons in coincidence with other charged particles within a cone of halfangle about 11.°5 around the

opposite direction to the inelastic proton mementum. Single crosses and double crosses refer to protons

in coincidence with particles at 117,°5 and 90° respectively with respect to the direction of the incident
beam 1 particle (see Fig. 11). The data are from the CHLM group, Ref. [40]

clusive =° distributions measured by the same group. Momentum conservation has not

been included in the calculations, and it is therefore not clear whether the rather large

correlation between the n%s come from such kinematical effects or from other effects.
By modifying their experimental setup for measuring single particle inclusive produc-

tion in the smail angle region the CHLM group has studied correiations in inelastic events

with x ~ 1 [20, 40]. The modified setup is shown in Fig. 11. Three counter telescopes

are added to the spectrometer:

1. A telescope below the diamond, subtending the angular interval 76° <@ < 104°.

2. A telescope in the horizontal plane, 15° <@ < 130°.

3. A telescope around beam 2, covering most of the angular range up to @ = 200 mrad.
The results are shown in Fig. 30 and clearly demonstiate that with almost all inelastic

protons with x > 0.85 there is at least one accompanying charged particle within a cone

with half-angle 200 mrad around beam 2. It is also clear that a great fraction of these
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events include particles emitted at large angles, with a minimum around 90°. The fraction
of inelastic events with particles emitted into the telescopes is essentially constant for
0.85 < x < (.96. As x increases beyond this value the percentage of additional forward
particles stays constant, but for the larger angles the percentage quickly diops toward 0.

This picture looks reasonable: An isobar or a light cluster of particles come out of
the “‘contact” with the other proton, and when the proton has given away only very little
energy, the other proton has been very litile excited and its ““decay” products must follow
within a relatively narrow cone.

As was pointed out to me during the lecture, it may be more surprising that even for
x-values as high as 0.98 a large fraction of the events include particles going into the central -
region. The ratio of the invariant cross-section for inclusive proton production at x ~ .98
to the cross-section for producing such a proton and a charged particle at large angles is
about 0.02 for telescope 1 (O ~ 90%) and about 0.12 for telescope 2 (@ ~ 117°, 5).

The group finds that for protons with x > 0.99, {n4) = 2.8+0.5 and for protons
with 0.72 < x < 0.84, {ny> = 6.7+ 1.5.

The above ¢xamples on particle corielations are rather simple. In the future we will
look forward to more and more data on correlations in high energy collisions, both meas-
ured at the ISR anp at NAL. These data will be complicated to analyse, and I think it
will be extremely important to keep a close contact between experimentalists and theoreti-
cians in these studies. The Cracow Summer School is one place through which such contacts
will continually be made, but one will need more. One will need theoreticians working
with the experimentalists during the entire experiments.

In conclusion I shoulg like to express my thanks to Professor A. Biaias and the organ-
izing committee for inviting me to this school and for their most warmhearted hospitality
during this time.
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