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ABSTRACT .

Angular distributions of m*p and K™p elastic scattering have been
measured for an incident beam momentum of 10.0 GeV/c. For 7tp elastic

scattering almost the complete angular distribution was measured.

The angular distribution of proton-proton elastic scattering was
measured for an incident momentum of 9.0 GeV/c in the interval of the

four-momentum transfer squared from 0.7 (GeV/c)? to 5.0 (GeV/ec)2.

For ntp elastic scattering the structures at -t = 2.8 (GeV/c)? and
-t = 4.8 (GeV/c)? are less prbnounced than at lower momenta. The cross-—
section for scattering at 90° in the cehtre—of—mass system is of the
order of 1 ub/(GeV/c)?2.

For K+p elastic scattering there is a break in the angular distri-

bution around -t = 3 (GeV/c)?2.

The differential cross-sections for proton-proton elastic scattering

decrease smoothly with increasing momentum transfers.







INTRODUCTION

Detailed studies of 7 p elastic scattering have been performed for momenta
up to 10 GeV/c 1-3)  por mtp, complete angular distributions exist up to
5 GeV/c 1,2) Backward scattering has been measured for T¥p up to 17 GeV/c 1,4,5)
and for T p up to 40 GeV/c 1,6) ., Measurements of near forward scattering, i.e.
for -t ) < 5 (GeV/c)?, have been reported for m p up to 23 GeV/c 7) and for *p
up to 14 GeV/c 8). Structures have been observed for -t = 1.2, 2.8, and 4.7 (GeV/c)?2.
The dip at -t = 2.8 (GeV/c)? which at 5 GeV/c 2) jis equally deep for m'p and T p
~ seems to have developed differently up to 10 GeV/c, where the dip for mtp is less

pronounced.

In the large—angle region a structure was observed for both ﬂ+p and T p at
-t = 4.7 (GeV/c)? at 5 GeV/c. A structure at the same t-value is also observed
at 10 GeV/c.

For K'p, forward elastic scattering has been studied up to 200 GeV/c 5,8-13)

The backward peak has been measured around 5 GeV/c 2,11) 4nd at 7 GeV/c $), a

full angular distribution has been measured at 5 GeV/c as part of our experimental
programz). Our data at 5 GeV/c indicated a break around -t = 0.9 (GeV/c)? in the
otherwise smoothly decreasing forward K*p differential cross-section. This break

is also present in some high statistics experiments at lower energieslu).

In contrast to Tp elastic scattering, the Kfp large—angle scattering shows a

smooth behaviour at 5 GeV/c 2).

Proton-proton elastic scattering has been studied in much more detail and
also to much higher energiesls_le). The structure around -t = 1,2 (GeV/c)2 de-
velops in the range 7-10 GeV/c incident proton momentum, where data still are

missing. At ISR energies a pronounced dip is seen around -t = 1.4 (GeV/c)? 17,18)

Recently much attention has been given to models for large—angle_scattéring
involving the interaction between point—iike constituénts of the elementary par-
ticles!®721), These models generally predict a fast energy-dependence of'the form
s % for fixed c.m. scattering angle. .For scattering near 90d in the c.m. system
0 = 8-12 depending on the elastic reaction. The angular distributions are also

predicted for large values of |t/s| and |u/s]|.

The purpose of this experiment was to measure as complete an angular dis-
tribution as possible for mtp and K¥p elastic scattering at 10 GeV/c. This is a

part of our experimental program involving complete measurements at 5 GeV/c

*) Throughout this paper, s, t, and u designate the three Mandelstam variables,
where for the reactionm + p > m + p, s is the square of the centre-of-mass
energy, t is the four—momentum transfer squared between incident and outgoing
m, and u is the four-momentum transfer squared between incident m and outgoing
proton p.
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[already publishedz)], measurements of positively charged particles at 10 GeV/c
(this experiment), and measurements at 6.2 GeV/c involving negatively charged

incident particleszz).

In addition, during a small run, data on proton-proton elastic scattering at
9 GeV/c were collected.

The results of the m'p and K'p data at 10 GeV/c have partly been reported

earlier23;2%),

This paper presents some details of the experimental apparatus
and of the data acquisition system (Sections 2 and 3), a detailed discussion of
the data analysis (Section 4), and finally the experimental results are presented

and discussed (Section 5).

EXPERIMENTAL SET-UP

2.1 General design

The experiment was designed to study differential cross-sections over the
complete t-range. Both for m¥p and K'p elastic scattering the differential cross-
sections extend over six orders of magnitude. Taking this into account, the ex-
perimental apparatus must have a good capability of detecting high event-rates,
and also a high resolution in order to be able to select the relatively rare

large-angle elastic events from topologically similar inelastic events.

A high event rate was obtained by having a high intensity incident beam, a
long hydrogen target, and a large angular acceptance. In order to favour the
large-angle scattering where the cross—sections were low, special trigger con-
ditions were introduced in order to suppress the forward peak of mtp scattering.
The use of wire spark chambers to detect the trajectories gave high spatial re-
solution, and magnetic analysis to measure the momentum of one of the outgoing

particles gave high background rejection.

The experimental set—up shown in Fig. 1 was of a classical spectrometer type.
The object was to measure the trajectories of the incident particle and the two
scattered particles, and to momentum—analyse one scattered particle whenever it
was possible. The incident beam was defined by four scintillation counters: §;,
S,, S3, and S,. Four hodoscopes served to determine the incident trajectory.
The Cerenkov counters C,» Cps and C, specified the signature of the incident par-
ticle. The scattered particles were detected by the trigger counter telescopes
T,, T, Ty, and T,, and the outgoing trajectories were registered by the respec-
tive wire spark chamber telescopes W;, W,, Wy, and W,. The veto counter V, placed
in front of the target served to limit the beam spread, and the veto counter V,
placed downstream of the target detected non-interacting particles. The spectro-

% and an integral IB d® of around

meter magnet M had a gap of 100 x 100 x 50 cm
1.5 Tm. The Cerenkov counter C was filled with freon at atmospheric pressure and

detected pions scattered in the forward region.

THT




2.2 Incident beam

The unseparated incident beam contained 78% p, 20.6% 7 and p* and 1.47 K*
when the PS was run with 21 GeV/c protons. Figure 2 shows the layout of the beam.
With a momentum spread of 1% the intensity was typically 7 X 10°% particles per

burst of 400 msec duration.

The trajectory of the incident particle was determined by four hodoscope
counters, each hodoscope being composed of a number of 3-5 mm wide "finger" scin-
tillators. The hodoscopes were arranged in pairs of two with the scintillator
elements making an angle of 90°. The scintillation counters S, = S, which were
large enough to cover the extension of the beam, were used to count the number of
incoming particles. A coincidence between these four counters was required for
the incoming particle to be counted. The signature of the incident particle was
given by three threshold Cerenkov counters, which were filled with hydrogen. The
threshold pressure to detect pions is 0.7 atm and to detect kaons 9 atm. Figure 3
shows the pressure curve for C,. The working pressuré was chosen to be 7 atm
which is well below the pressure at which kaons were counted. The pressure curve
for C, and C, is shown in Fig. 4, from which the working pressure for C, and C,
was chosen to be 11.6 atm. From Fig. 4 the contamination in the kaon sample is

estimated to be 0.37%.

2.3 Counter telescopes and anticounters

The scattered particles were detected by four scintillator—telescopes
T, - T, (Fig. 1). Each telescope consisted of two layers of scintillators, omne
horizontal and one vertical. The horizontal counters were large and arranged in
such a way as to give information on whether the particle had passed through the
upper or lower part of the telescope. The vertical counters being smaller gave
a better determination of where the particle had passed. Table 1 gives the sizes

of the telescopes.

The counter telescopes served to form the trigger for the experiment (see
Section 2.4). The division of the telescopes into smaller elements made it pos-
sible to select fairly coplanar events and to distinguish between forward, large-

angle, and backward events.

The angular fegions around the target, which were not covered by the counter
telescopes or the beam hodoscopes were covered by a set of anticounters. The
reason was to sort out clearly inelastic events already on the level of the

trigger formation.

2.4 Logi

F
(¢

An incident particle was defined by a coincidence between the four beam

counters. The hole counter V, in front of the target was used in anticoincidence
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in order to remove the halo of the beam and so get a better definition of the

beam. The counter V, situated downstream of the target was used in anticoincidence
to remove the particles going through the target without interacting. Symbolically
then the sixfold coincidence Sl°Sz°Ss°Su°§1°§2 *) defined an incident particle of

any kind interacting in the target.

The Cerenkov counters in the beam defined the signature of the incident par-
ticle. The pion signatﬁre was given by a signal in C, together with a signal in
C, or C;, the kaon signature was given by a coincidence between C, and C; and no
signal in C,, and the proton signa;ure was given when no signal in any of the

counters was present. This is summarized in symbolic form in Table 2.

For the scattered particles certain combinations of the trigger counters
were required in order to get a more selective triggering on elastic events. One
and only one particle was required within each telescope, and a rough test of the
coplanarity was done by requiring an up—down symmetry of trigger counters situated

on different sides of the incident beam.

An additional requirement that was introduced on the trigger level was the
suppression of forward-scattered pion events. This was done in order to. favour
more rare events such as large-angle and backward scattering. The T, telescope
was divided into a left and a right section, where the left section was composed
of the three vertical counters closest to the beam and so covered the small angu-

lar region where forward-going pions were not allowed.

The main event trigger was constructed by eight different counter combina-

tions**);

E, : T,(down) * T,(right, up)
E, ¢ T,(up) * T,(right, down)
E, : T,(down) * T,(left, up) *
E, ¢ T,(up) * Ty(left, down) -
E. : Tz(down) . Tu(up) . E:
Eg ¢ T,(up) * T,(down) - T,

E, : T,(down) * Ty(left, up) * 7 °
T,(up) * T,(left, down) * T *

Al

Al

=2}
o
Al ol

E, and E, covered the regions 1.5 < -t < 6 (GeV/c)2 and 1.5 < -u < 6 (GeV/c)?;

E, and E, gave forward and backward K+p elastic scattering, and for part of the

*) Throughout this paper the symbols used in this context have the following
meanings, which are closely connected to the electronic units used in the
experiment: the dot indicates a coincidence, the plus indicates an OR, the
bar indicates an antisignal.

*%) ' The notation T stands for incident pion, T stands for veto of incident pion,
C stands for veto of Cerenkov counter C (Fig. 1).
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run also pp elastic scattering; E; and E, covered the large angles (part of the
events produced here had no magnetic analysis); E, and E; finally gave backward

elastically scattered pions.

For the main run these triggers were combined with an incident pion or kaon.
The over—all trigger rate was typically around 10 per burst when the forward pions

were excluded. The event signals E;- E5 initiated the following processes:
i) switched voltage on the spark chambers;
ii) gated-off the fast electronics for a time of 10 msec;

iii) opened gates of memory circuits in order to store the information from all

counters and all relevant electronic circuits of the trigger logic;

iv) started the reading out of all information related to the event after a

delay of 0.5 msec; and
v) triggered the pulsed ciearing field on the spark chambers.

2.5 Wire spark chambers

The wire spark chambers are identical to the ones used in an earlier experi-
ment. Few details will be presented here, and we refer to the published des-

criptionz).

The rise~time of the negative high-voltage pulse on the chambers was typi-—
cally 50 nsec, varying slightly with the size of the chambers. On each of the
33,300 wires was placed a ferrite core which flipﬁed if a spark was present. The
ferrite core read-out systemzs) interrogated a groﬁp of 32 wires in 2 usec. The
probability that the same core would be fired on two consecutive pulsings of the

chamber, the refiring probability, varied between 5 and 157 when the dead-time

‘chosen for the chambers was 10 msec, being 157 for the telescopes W; and W, where

the particle flux was high. The single track efficiency was typically 927, giving

an over—all chamber efficiency of typically 757%.

DATA ACQUISITION

3.1 On-line computer

The on-line computer was a Varian 620/i which was equipped with a ferrite core

memory of 24 K. The task of the computer was twofold:
i) data acquisition
ii) control of the experimental apparatus.

The experimental data were stored on magnetic tapes. At this level no re-
duction of the data was done; the magnetic tapes consequently contained true raw

data.
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Checks of the functioning of the experiment were constantly done. Particu-
larly the efficiency of detectors such as wire chambers, scintillation counters,

and Cerenkov counters was regularly calculated.

3.2 Read-out system

The read-out system transferred the following quantities to the computer:

i) the content of 16 binary scalers;

ii) the counter information;
iii) the spark chamber data.

The binary scalers served particularly to count the number of incident par-
ticles of the different types. Each scaler occupied one word. All fired counters
such as trigger counters, anticounters, beam hodoscopes, and Cerenkov counters

were also registered. The information from one counter occupied one bit.

The spark chamber information was coded?®) and translated into binary words,
which were presented to the data output lines. The data were packed in such a
way that a cluster of a maximum of seven wires touched by the discharge occupied

a 16-bit binary word.

At the end of a data file, decimal scalers were also read out. They con-
tained the sum over all bursts of the incident particles registered by the binary
scalers, which were reset after each burst. Data files for which the two system
of scalers did not agree were not used in the cross—section calculation. This
double system of scalers thus assured a correct measurement of the number of in-

cident particles.

Each event occupied maximally 254 words, which were transmitted to the com-—
puter. The event information which was buffered in the computer, was written onto

magnetic tape between machine bursts.

DATA ANALYSIS

During the main run, data were taken with the trigger conditions described
in Section 2.4. During a short run the veto of forward-going pions was removed

in order to cover also forward T p elastic scattering.

During some days of '"parasitic" run some data on proton-proton elastic
scattering were taken. The incident momentum for this short run was chosen to

be 9 GeV/c.

For the whole experiment some 200 tapes were filled with data. Each tape
contained around 50,000 events giving altogether for the experiment around
107 events. The final samples of elastic scattering events used for the cross-
section calculations consisted of 65,000 ﬂ+p events, 120,000 K+p events, and

18,000 pp events. The analysis was done at CERN on the CDC 7600 computer.
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4.1 Event reconstruction

The event reconstruction program proceeded according to the following scheme:
i) geometrical reconstructionj
11) vertex reconstruction;
i1i) kinematical test;
iv) momentum calculation;
v) kinematical fit with hypothesis test.

4.1.1 Geometrical reconstruction

To get a well-defined trajectory for the incident particle we required one
counter fired in each of the four beam hodoscopes. If more than one counter was
fired in one plane, ambiguities arose which were not accepted unless the two fired

counters were adjacent.

For the tracks of the scattered particles we reduiredvat least three sparks
to lie on a roughly straight line for each telescope projection. At this stage
a time-saving filtering was done. The sparks supposed to define a straight lime
had to lie inside a road of predefined width before the least squares fit was
performed. The road width, chosen from a study of the spark chamber resolution,

was typically +3 mm.

In order to save computer time (and memory space) we limited the number of
sparks to eight sparks per chamber plane and eight tracks per projection. These

restrictions reduced the number of events by about 207%.

The reconstructed tracks were required to match with the fired trigger

counter. This test served to reduce spurious tracks.

4,1.2 Vertex_reconstruction

Events having at least one track in both projections of W, and W, were re-
tained. The vertex reconstruction was done in two steps. First the incident track
was combined with the W, tracks, and a two-prong vertex was defined as the mid-

point of the common normal.

Secondly, the normal from the two-prong vertex to the W, track was cal-
culated. The three-prong vertex was defined as the point on this line, whose
distance to the W, track (called R,) was twice its distance to the two-prong ver-—
tex. If the distance R, was £ 10 mm the event was accepted. A distribution of R,

is shown in Fig. 5.
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4 We further required the events to be coplanar. The coplanarity index de-
fined as the scalar product of the W, unit vector with the vector product of the
unit vectors of the incident track and the W, track was required to be £ 8 x 107 3.

Figure 6 shows a distribution of the coplanarity index.

4.1.3 Kinematical test

The beam Cerenkov counters defined the signature of the incident particle.
With this signature, the hypothesis of an elastic event could be tried. If the dif-
ference AO between the calculated and measured values of the W, scattering angle

was smaller than 8 mrad, the event was kept. Figure 7 shows a distribution of A®.

4.1.4 Momentum calculation

The spectrometer magnet was placed such that the forWard—going particle would
pass through it. As a consequence, particles scattered at very large angles were

not momentum-analysed.

The main purpose of the spectrometer magnet was to filter out background par-
ticles with low momentum. The momentum measurement of one of the scattered par-
ticles proved to be a very good test of the elastic scattering hypothesis. Knowing
the vertex point, the point in the middle of the magnet, and the deflection angle,
the calculation of the momentum was done by an interpolation method2”). If the
difference Ap between the calculated and the measured momentum was greater than
1 GeV/c, the hypothesis was rejected. The precision of the momentum calculation

Ap/p was typically 3%. Figure 8 shows a distribution of Ap.

4.1.5 Kinematical fit and ¥? test

- In a fit which constrained the events to a three-prong vertex and to momentum
and energy conservation, the xz and the momenta of the scattered particles were
calculated. If at this stage many hypotheses were possible for the event, the

one with smallest X? was chosen. Figure 9 shows a distribution of x2.

For the final sample of events used for the cross—section calculations, the

cuts in ¥2 and Ap were restricted to IAp| < 0.8 GeV/c and x2 < 30.

4.2 Acceptance calculation

The acceptance of the experimental set-up was calculated with a Monte Carlo
method. A number of randomly generated events was followed step by step through
the detectors of the experiment. The proportion of originally generated events
detected by the experimental apparatus defined the acceptance. Apart from the
limited sizes of the scintillation counters, other effects intervened to reduce

the acceptance. Such effects are:

i) absorption effects in the target and surrounding material;
ii) multiple scattering;

iii) decay of mesons.
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The acceptance curves (as a function of the momentum transfer squared) are
shown in Fig. 10 for m'p elastic scattering. The contributions to the acceptance
from the different telescope combinations are shown. Particles going through
telescope T, are momentum—analysed, while particles through T, are usually not.
One should note that the asymmetry between the acceptances in the forward and
backward directions is due to the veto of the forward-going pions in part of the
T, telescope. A more detailed description of the acceptance calculations can be

found elsewhereze’zg).

4.3 Evaluation of the large-angle cross—sections

For the events without momentum measurement of any of the scattered particles
the background situation was more complicated, and in our earlier published re-
sultsz3’2“) these events were not included. Calculations of the background have

28) and these data are now included. The events without momentum

nbw been done
measurement were of the kind T,T, (one of the scattered particles in telescope Tj,
the other in T,) (see Figs. 1 and 10). A fraction of the events triggering tele-
scope T, also went through T, and will consequently be momentum—analysed, and

those events will be of the kind T,T,.

For events of the type T,T, no momentum test of the outgoing particle was
possible. As a consequence, the background was larger than for event samples with
momentum calculation. In Fig. 11 is shown the probability distribution for ﬂ+p
events of the type T,T, in the interval 5 < -t < 11 (GeV/c)?. When calculating
the cross-sections, a cut was made at probability = 0.16, above which value the
elastic hypothesis seemed to be the correct one. A correction for the good events

rejected was made.

It is of importance to see if cross-sections calculated from events with
different telescope combinations give the same result in overlapping t-intervals.
The acceptance usually varies considerably near the edges (Fig. 10), and also the
background can vary a lot depending on the trigger combination of the telescopes.
In Fig. 12 we therefore show the differential cross-sections based on events with
TiT3; T,T,, and T,T, combinations, respectively. There is good agreement, which
makes us believe that the acceptance'calculation and the background estimate are

correct.

Assuming the relative background in the K+p large—angle samplé to be the same
as for 7tp, an upper limit of the cross-section at 90° c.m. scattering angle is
calculated. In t-regions where no elastic K'p events are found and the T;T; or
T,T, acceptance is non-zero, the upper limit estimate is based on the hypothetical

existence of 1 event.
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4.4 Data corrections and background estimates

The main corrections of the data arose from inefficiency of the track de-
tection. The efficiency for detecting a clean incident track without ambiguities
was around 70Z. The global efficiency to detect tracks in three spark chamber
telescopes was typically 75%. (The track-finding efficiency for one chamber
telescope was around 907.) The spark chamber efficiencies were introduced for

each data file as a function of the angle with the telescope.

Corrections were made for incorrect rejections of good events which could
occur during the event reconstruction. This effect was estimated from studies of
plots of events where sparks, tracks, and fired counters were indicated. We found

that this effect amounted to typically 10%.

Loss due to random veto was estimated to be 5%. The demand of small Ap and
good coplanarity of the events were an efficient means of strongly reducing the
contamination of non-elastic events. The X? distribution showed, however, that
a small background existed. This background was evaluated from a study of Xz—Ap

plots. See Fig. 13.

The density of events outside the final cuts for good events was extrapolated
into the region inside the cuts. This gave an estimate of the background in the
final event samples, which was then corrected for. This procedure was done for
different intervals of t. In Table 3 is collected the background estimates for

the different reactions.

4.5 Consistency checks

Apart from checks of the acceptance in Section 4.3, subsamples of the data
were compared in order to verify the data handling and the corrections on the data
that were introduced. These samples were characterized by fairly large variations
in the chamber efficiency, and in certain cases the data—taking conditions were
quite different. After the introduction of the correction factors for the dif-

ferent samples, the cross—-sections showed excellent agreement.

The over—all normalization error arose mainly from uncertainties in the cor-—
rection factors described in Section 4.4. Some of them were introduced globally
on the final results and thus did not influence the comparison of different

samples. The over-all normalization error was estimated to *15%.

EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 W+p elastic scattering

Figure 14 shows the complete angular distribution for ﬂ+p'e1astic scattering,

and in Figs. 15-17 we show the details in smaller angular regionsl’z’k’8’9’3°>.
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The t-distribution does not show any dip in the forward direction at

-t < 2.8 (GeV/c)?. At lower energies (Fig. 17) there is a pronounced dip at

t = -2.8 (GeV/c)?, which at 10 GeV/c has developed into a shoulder—like structure.
At -t = 4.8 (GeV/c)? a second structure is observed with cross-sections typically
an order of magnitude lower than in the region near -t = 2.8 (GeV/c)2. In the in-
terval 6 < -t < 14 (GeV/c)? the statistics are not good enough to reveal any
structures. The differential cross-sections are here at their lowest value around
1 nb/(GeV/c)?. The backward peak does not show any structures in the t-interval
covered by this experiment. [The well-known dip at -u = 0.2 (GeV/c)? is not

covered.] In Table 4 the differential cross-sections are listed.

In Fig. 15 data at neighbouring momenta are compared in the forward direction.
Good agreement between the experiment by Foley et al. at 8.8 and 10.8 GeV/c %) and
this experiment can be seen. A similar comparison is done in the backward direction
in Fig. 16. One notices a good agreement where the precision of the measurements

is high.

5.2 K'p elastic scattering

The t;distribution obtained in this experiment is shown in Fig. 18. No
structures are seen in the very forward and backward peaks. Around -t = 3 (GeV/c)2
there is a break in the angular distribution. 1In the large t region few or no
events were detected. In the intervals 5 < t < 7 and 10 < -t < 13 (GeV/c)?2, upper
limits were calculated from 1 event of the type T,T,. In the interval
7 < -t < 10 (GeV/c)? the upper limit was calculated assuming a background situation
for the T,T, events similar to the one valid for the corresponding ﬂ+p sample (see
Section 4.3). The differential cross-sections are listed in Table 5. Figure 19
shows the K'p scattering for Foley et al. at 9.8 GeV/c 31) and this experiment in
the forward region. The small deviations are well within the normalization errors

of the experiments.

The forward t-distributions for K+p elastic scattering are shown for some
different energies in Fig. 20. The forward peak does not show any significant
structures. The parametrization do/dt = A Bt gives in the interval
0.45 < -t < 1.4 (GeV/c)?, A = 10.8 + 0.2 mb/(GeV/c)? and B = 5.09 % 0.02 (GeV/c)2.

2,14) 4 change of slope around -t = 0.7 (GeV/c)? is observed.

At lower energies
Such a change would be difficult to observe in our data at 10 GeV/c because of

the limited acceptance in the forward direction [-t < 0.45 (GeV/c)zj.

The energy dependence of the backward differential cross-sections is shown
in Fig. 21 for u = 0, -0.5, and -1 (GeV/c)? 1,2,4,10,32-35)  pitg to the form
do/du = const x s~ % give, for incident momenta larger than 2 GeV/c,
a=3.9%0.22), 4.7 %0.3, and 5.1 0.4 for u = 0, -0.5, and -1 (GeV/c)?, re-

spectively. There is an indication of a shrinkage of the backward peak. In a
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simple Regge trajectory exchange picture one would expect an energy—dependence
do/du = szaefffz, where Ousf is the effeétive Regge trajectory. In Fig. 22 is
shown the effective trajectory as a function of u. Our measured points fall on
or very close to the extension of the A A trajectory, which is believed to

dominate the baryon exchange in k* ) backward scattering.

5.3 pp elastic scattering

The proton—proton data were taken during a rather short run at 9.0 GeV/c in-
cident momentum. We cover the interval 0.7 < -t < 5.0 (GeV/c)?. The result is

9,36)

presented in Fig. 23 together with data at neighbouring energies No signi-

ficant structures are seen. The differential cross—sections are listed 'in Table 6.

The t-distributions for pp elastic scattering are shown in Fig. 24 for
le] <3 (GeV/c)?. TFor incident momenta < 30 GeV/c the t-distributions are very
smoothg’ls’ls’as_ae). However, at an incident momentum of around 10 GeV/c a dis-
tinct change between the steep forward peak and the more gentle decrease in the
cross-section for |t| > 1.5 (GeV/c)? can be seen. At ISR energies the behaviour
is radically different, with a very pronounced dip at -t = 1.4 (GeV/c)? followed
by a maximum at -t ¥ 1.8 (GeV/c)?.  These features are usually explained by dif-

fraction mechanismsag)-

5.4 Comparison with parton-models

The constituent interchange model by Gunion et al.!?) predicts a differential
cross—section for ﬁ+p elastic scattering close to 90° c.m. scattering angle ac-—

cording to

dgo o 1 + 2

rre e DI LIC R

where O is a constant

z = cos O .
cm

One notices the strong energy-dependence for fixed-angle scattering (= s %) and

‘the energy-independent form for the angular distribution.

In Fig. 25 we show the parton model prediction for 5 and 10 GeV/c.

The constant O, was taken to be 1.6 X 107° mb/(GeV/c)2 in order to agree
with the z = 0 value for T'p elastic scattering at 10 GeV/c. At 10 GeV/c a good
agreement is séen for |cos O] < 0.6, while at 5 GeV/c the disagreement is clear.
As the domain of validity for parton models is confined to large values of s, t,

and u, the disagreement may not be so surprising.
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In Fig. 26 is shown the energy-dependence of differential cross-sections at
fixed t, u, and c.m. scattering anglez’s’s’ao’“o_”3). There the marked different
energy dependence for different scattering regions is clearly displayed. The
broken line corresponds to an s 8 decrease in cross-section, which for s > 8 GeV?

seems to be in accord with the experimental findings.

For K+p large-angle elastic scattering the parton model mentioned above pre-

dicts the following behaviour:

do _ %0 1+z2

T iy 64(1L + 2)~ % .

In Fig. 27 the data at 5 and 10 GeV/c are shown together with this parton model
prediction. The constant G, is the same as for ntp elastic scattering. Already
at 5 GeV/c one notices a rather good agreement for lcos @i <0.5. At 10 GeV/c
only upper limits for the differential cross-section around 90° c.m. exist.

The energy dependence for the 90° c.m. cross—section is shown in

Fig. 28 2,11,32,35,44—57)

For proton-proton elastic scattering the predicted energy dependence for the
90° c.m. cross—section varies between the different parton models. The constituent
interchange model by Gunion et al.lg) predicts an s '? dependence, while a model
by Brodsky et a1.20) using simple counting of the number of quarks predicts an
710 dependence. 1In Fig. 29 is shown the energy dependence for the proton-proton
cross—section at 90° c.m. scattering angle15’16’37’38’“5—52). It is clear that
an stomst dependence of the cross—section does not describe the experimental data

very well in the energy interval explored up to now.

5.5 Elastic scattering around 10 GeV/c

Figure 30 shows the t-distributions for ﬂ+p and K'p elastic scattering

around 10 GeV/c. The 7 p data come from Owen et al.1!) at 9.8 GeV/c. The simi-
larities between ﬂ+p.and T p scattering are the most striking, even though some
differences also exist. The similarities between T'p and T p were already noticed
at 5 GeV/c 2), where the two reactions were studied with the same set—up. The

ﬂip distributions diverge at large angles and particularly in the backward region,
where the different Regge exchanges (N and A exchange for 7¥p, and only A exchange
for ™ p scattering) still give rise to different cross—-sections. At large angles
the K+p data are non-existent or very imprecise, but in other regions the data

tend to follow the pion distributions.
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Table 1

The over-all size and the number of elements
for each scintillation counter array

Over-all size

Number of elements

Scintillation horizontal by
counter array .
vertical . . .
2 Vertical Horizontal
(cm?)
T, 213 x 60 17 4
T, 70 X 40 7 2
T, 170 x 75 11 8
T, 80 x 75 4 2
Table 2

Particle signatures given by the beam—Cerenkov counters

Signature Combination of Cerenkov counters
i (C, +Cy) * C,
K C, *C,*Cy
P C, * C, * C4
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Table 3

Background estimations for the pion,
kaon, and proton samples

t-interval

Pion background

(GeV/c)?2 (%)
-t £ 7 5
7 < -t 210 30
10 < -t < 16 15
-t 2 16 5

t-interval

Kaon background

(GeV/c)? (%)
-t £ 2 3
2 < -t =5 4
-t 2 13 20

t-interval

Proton background

(GeV/c)? (%)
-t £ 2 4
-t > 2 6
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Table 4

Differential cross—sections for ﬂ+p elastic
scattering at 10 GeV; s = 19.667 (GeV)?
and u = -t - 17.867 (GeV/c)2. The errors
quoted are statistical and represent one
standard deviation. The over—-all norma-
lization error is *15%Z.

-t At do/dt Error
(GeV/c)? ub/ (GeV/c)?
0.42 0.04 1276 65
0.46 0.04 1144 61
0.50  0.04 834 44
0.54 0.04 614 34
0.58  0.04 520 30
0.62 0.04 308 13
0.66 0.04 292 13
0.70  0.04 215 10
0.74 0.04 161.6 8.2
0.78  0.04 148.0 8.2
0.82 0.04 123.0 7.1
0.86  0.04 94.5 5.9
0.90  0.04 86.7 5.7
0.95  0.06 58.9 3.6
1.01 0.06 49.5 3.3
1.07 0.06 40.0 3.0
1.14  0.08 28.5 2.1
1.22  0.08 19.2 1.7
1.30 0.08 16.1 1.5
1.38 0.08 12.9 1.3
1.46 0.08 8.7 1.1
1.55 0.10 5.14 0.12
1.65 0.10 3.88 0.10
1.75 0.10 2.695 0.079
1.85 0.10 1.922 0.064
1.95 0.10 1.179 0.049
2.05 0.10 0.797 0.039
2.15 0.10 0.493 0.031
2.25 0.10 0.327 0.026
2.35  0.10 0.199 0.020
2.45 0.10 0.130 0.017
2.55 0.10 0.065 0.012
2.65 0.10 0.072 0.013
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-t

do/dt
ub/ (Gev/c)?

Error

I = T T e T e T S T T
[ R T T RV G SO BN, T, B S, T S U S

O 00 ~ & U1 L1 L1t B & &~ B P PWWWLLWWWW W NN

At
(GeV/c)?
.75 0.10
.85 0.10
.95  0.10
.05  0.10
.15 0.10
.25 0.10
.35 0.10
.45 0.10
.55  0.10
.65  0.10
.75 0.10
.85  0.10
.95  0.10
.05  0.10
.20 0.20
L40 0.20
.60  0.20
.80  0.20
.00 0.20
.20 0.20
.40 0.20
.75 0.50

5 1

5 1

5 1

6 1

.10 1.80
.00 2.00
.50 1.00
.05  0.10
.15 0.10
.25 0.10
.35 0.10
.45 0.10
.55 0.10
.65  0.10
.75 0.10
.85  0.10

. 046

.056

042

. 049

.058

.043

.043

.031

. 045

.033

.0182
.0205
.038

.0069
.0187
.0124
.0103
.0054
.0108
.0146
.0126
.0057
.0020
.0026
.0024
.0009
.0015
.0015
.0055
.0050
.0151
.0091
.0315
.0329
.0174
.0230
.0372
.0372

O O 0O 0O 0O O 0O 0 0O O 0 0O 0 0 0 0 0 0 0 0 0 0 o0 0O o 0 o0 0o o O O o o o o o o o
OOOOOOOOOOOOOOOOOOOOOOOO‘OOOOOOOOOOOOOO

.010

.011

.010

.011

.013

.010

011

.009

.012

.011

.0069
.0073
.011

.0034
.0047
.0043
.0034
.0024
.0036
.0049
.0042
.0017
.0007
.0006
.0006
.0004
.0006
.0005
.0010
.0029
.0061
.0035
.0070
.0070
.0047
.0055
.0073
.0072
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-t At do/dt Error
(Gev/c)? ub/ (GeV/c)?
15.95 0.10 0.0410 0.0071
16.05 0.10 0.076 0.010
16.15 0.10 0.076 0.010
16.25 0.10 0.103 0.012
16.35 0.10 0.144 0.015
16.45 0.10 0.154 0.015
16.55 0.10 0.196 0.017
16.65 0.10 0.203 0.018
16.75 0.10 0.256 0.020
16.85 0.10 0.339 0.024
16.95 0.10 0.400 0.026
17.05 0.10 0.422 0.039
17.15 0.10 0.595 0.050
17.25 0.10 0.694 0.056
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Table 5

Differential cross—sections for K+p elastic scattering at 10 GeV/cj
s = 19.91 GeV2 and u = -t - 17.704 (GeV/c)2. The errors given are statistical
and represent one standard deviation. The over-all normalization error is *15%.

-t At do/dt Error -t At do/dt Error
(GeV/c)?2 ub/ (GeV/c)? (GeV/c)? ub/ (GeV/c)?

0.45  0.02 1131 36 1.13  0.02 33.6 2.2
0.47  0.02 1009 32 1.15  0.02 | 29.3 2.0
0.49 0.02 961 21 1.17 0.02 28.3 2.0
0.51  0.02 838 27 1.19  0.02 22.3 1.7
0.53 0.02 729 23 1.21 0.02 22.3 1.6
0.55  0.02 702 23 1.23  0.02 21.5 1.7
0.57  0.02 624 21 1.25 0.02 17.8 1.5
0.59  0.02 575 19 1.27  0.02 17.1 1.4
0.61  0.02 454 11 1.29  0.02 13.9 1.3
0.63  0.02 435 11 1.31  0.02 12.8 1.2
0.65  0.02 386 10 1.33  0.02 11.8 1.2
0.67  0.02 340 9 1.35  0.02 10.1 1.0
0.69  0.02 315 8 1.37 0.02 9.9 1.0
0.71  0.02 282 8 1.39  0.02 8.7 1.0
0.73  0.02 251 6 1.41 0.02 9.3 1.0
0.75  0.02 216 6 1.43  0.02 8.8 1.0
0.77  0.02 216 6 1.45  0.02 7.7 0.9
0.79 0.02 193 6 1.47 0.02 6.2 0.8
0.81  0.02 169 5 1.49  0.02 5.4 0.8
0.83  0.02 156 5 1.52  0.04 4.3 0.5
0.85  0.02 141 5 1.56  0.04 4.3 0.5
0.87  0.02 132 5 1.60  0.04 3.2 0.4
0.89  0.02 120 4 1.64  0.04 2.7 0.4
0.91 0.02 102 4 1.68  0.04 1.65 0.24
0.93  0.02 93.6 3.5 1.72 0.04 1.75 0.30
0.95  0.02 82.4 3.3 1.77 0.06 1.34 0.22
0.97 0.02 77.8 3.2 1.83  0.06 0.95 0.19
0.99  0.02 67.7 2.9 1.89  0.06 0.69 0.16
1.01  0.02 64.7 3.4 1.96  0.06 0.53 0.13
1.03  0.02 59.3 3.2 2.1 0.2 0.36 0.07
1.05  0.02 49.6 2.8 2,35 0.3 0.17 0.04
1.07 0.02 48.7 2.8 2.65 0.3 0.087 0.029
1.09  0.02 42.5 2.6 3.05 0.5 0.048 0.017
1.11  0.02 35.5 2.3 3.55 0.5 0.040 0.014
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-t At do/dt Error -t At do/dt Error
(GeV/c)? ub/ (GevV/c)? (GeV/c)? b/ (GeV/c)?

4.4 . 1.2 0.018 0.007 16.25 0.5 0.030 . 0.009

2 < 0.0020 16.60 0.2 0.081 0.026

.5 3 < 0.0009 16.80 0.2 0.079 0.024
11.5 3 < 0.0012 17.00 0.2 0.16 0.04
14.25 2.5 0.004 0.002 17.20 0.2 0.20 0.07

15.75 0.5 0.027 0.009




..25..
Table 6

Differential cross-sections for pp
elastic scattering at 9.0 GeV/cj

s = 18.74 GeV?. The errors given

are statistical and represent one

standard deviation. The over-all

normalization error is *157.

-t At do/dt Error
(GeV/c)? ub/ (GeV/e)?

0.71  0.02 | 290 15
0.73  0.02 | 286 15
0.75  0.02 | 234 12
0.77  0.02 | 249 13
0.79  0.02 | 202 11
0.81  0.02 | 214 12
0.83  0.02 | 182 10
0.85 0.02 156 9.4
0.87  0.02 | 138 8.7
0.89  0.02 | 121 7.7
0.91  0.02 | 107 7.1
0.93  0.02 | 113 7.6
0.95  0.02 90.3 6.5
0.97  0.02 80.5 5.9
0.99  0.02 78.4 6.0
1.01  0.02 69.8 5.6
1.03  0.02 64.5 5.2
1.05  0.02 58.0 5.1
1.07  0.02 41.8 4.0
1.09  0.02 39.8 4.0
1.15  0.10 35.0 1.7
1.25  0.10 22.9 1.4
1.35  0.10 17.7 1.3
1.45  0.10 12.6 1.0
1.55  0.10 9.69 0.94
1.65  0.10 12.17 1.14
1.75  0.10 8.59 0.93
1.85  0.10 6.70 0.77
1.95  0.10 5.93 0.76
2.10  0.20 4.17 0.42
2.30  0.20 3.11 0.37
2.50  0.20 3.09 0.41
2.75  0.30 2.26 0.28
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-t At do/dt Error
(GeV/c)?2 Ub/ (GeV/c)?
3.05 0.30 1.27 0.23
3.35 0.30 1.18 0.27
3.65 0.30 1.19 0.26
4.00 0.40 0.44 0.15
4.40 0.40 0.32 0.10
4.80 0.40 0.17 0.10
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
TFig.

Fig.

Fig.

Fig.

1

10

11

12

Layout for the 10 GeV/c experiment: §,-S, are scintillation coun-
ters. C;-C,; are Eerenkov counters, T,-T, are counter telescopes,
W,-W, are spark chamber telescopes, V;, V, are veto counters and M
is the spectrometer magnet. The scale indicated is not valid for

the incident beam up to the target.

Layout of the secondary beam d,,: Q;-Q, are quadrupoles, BM,-BM,

are bending magnets. Production angle (0,) is 83 mrad.

Pressure curves for Cerenkov counter C,: S is the fourfold co-
incidence $,°5,°S,*S, and represents an incident particle of any
kind. TFor the full line, X is the three fold coincidence C1'62°C3;
for the broken line, X = (C; + C4)C,. C,; and C, were operated at

a pressure of 11.6 atm.

Pressure curve for the Cerenkov counters C, and C,: 8 is the four-—
fold coincidence S;°*S,°S;*S, and represents an incident particle of

any kind. C, had a pressure of 7 atm.

Distribution of the distance R;. The arrow indicates the maximum

accepted value.

Distribution of the coplanarity index Rcop. The arrows indicate

the maximum accepted values.

Distribution of A®. The arrows indicate the maximum accepted values.
Distribution of Ap for K+p elastic event.

x2 distribution for 6000 elastic ﬂ+p events.

Acceptance curves for ﬂ+p elastic scattering for different telescope
combinations. The full curve is T,T; combination, the broken
line the T,T,, and the dotted line the T,T,. In part of T3 the pion

is not allowed, giving a reduced acceptance in the forward direction.

Probability distribution for W+p events in the interval
5 < -t < 11 (GeV/c)2. The events are of the type T,T,, and hence

no momentum test is possible.

Differential cross—sections for ﬂ+p elastic scattering at 10 GeV/c
in the large-angle region. The results for three different tele-

scope combinations are shown.
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Fig. 13 : Plot of X%-Ap for 250 elastic mp events in the region
2 < -t < 4 (GeV/c)?2.

Fig. 14 : Full angular distribution for ﬂ+p elastic scattering at 10 GeV/c

measured in this experiment.

Fig. 15 : Differential cross—sections for ﬂ+p elastic scattering in the for-
ward region. The data points come from this experiment at 10 GeV/c

and from Foley et al. (Ref. 9) at 8.8 and 10.8 GeV/c.

Fig. 16 : Differential cross-sections for T'p elastic scattering in the back-
ward region. The filled circles are data points from this experi-
ment at 10 GeV/c, the open circles are data points from Owen et al.
(Ref. 1) at 9.85 GeV/c, and the open squarés are from Bashian et al.

(Ref. 4) at 10 GeV/c.

Fig. 17 : Differential cross-sections for ﬂ+p elastic scattering for differeht
incident momenta. The curves at 3 and 4 GeV/c come from Brabson et
al. (Ref. 30), the'open circles from Eide et al. (Ref. 2) at 5 GeV/c,
the filled squares from this experiment at 10 GeV/c, and the open

squares come from Rubinstein et al. (Ref. 8).

Fig. 18 : Differential cross-section for K'p elastic scattering at 10 GeV/c

measured in this experiment.

Fig. 19 Differential cross—sections for K'p elastic scattering in the for-

.

ward region. Data from this experiment and from Foley et al.

(Ref. 31).

Fig. 20 : Differential cross—sections for K+p elastic scattering for different
incident momenta. The data points are from Eide et al. (Ref. 2) at
5 GeV/c (filled triangles), from Foley et al. (Ref. 31) at 9.8 GeV/c
(open circles), from this experiment at 10 GeV/c (filled circles)

and from Jain et al. (Ref. 10) at 12.7 GeV/c (open squares).

Fig. 21 Differential cross—sections at u = -0.5 and -1 (GeV/c)? as a function

of the total energy in the c.m. system squared. Also shown is a
line corresponding to the behaviour at u = 0 (Ref. 2). The straight
lines through the data points represent fits discussed in the text.
Data from Refs. 1, 2, 4, 10, 32-35.

The effective trajectory O pf a8 2 function of u derived from the

fits discussed in the text (filled squares). The straight line is

Fig. 22

drawn through the states Aa (filled circles) and AY (open circles).




Fig. 23

Fig. 24 3
Fig. 25 :
Fig. 26 :
Fig. 27 :
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Differential cross—sections for pp elastic scattering. The round

circles are from Foley et al. (Ref. 9) at 8.8 GeV/c, the filled

. circles are from this experiment at 9.0 GeV/c, and the open squares

are from Allaby et al. (Ref. 36) at 9.2 GeV/c.

Differential cross—sections for pp elastic scattering. The data are:

2.98 GeV/c Ankenbrandt et al. (Ref. 37)

3 GeV/c Clyde et al. . (Ref. 38)

5 GeV/c Clyde et al. (Ref. 38)
7 Gev/c Clyde et al. (Ref. 38)

8.8 GeV/c Foley et al. - (Ref. 9)
9.0 GeV/c This experiment

9.2 GeV/c Allaby et al. (Ref. 36)
14.2 GeV/c Allaby et al. (Ref. 16)
19.2 GeV/c Allaby et al. (Ref. 15)
24.0 GeV/c Allaby et al. (Ref. 16)

The ISR experiments are indicated with lines:

-—— Vs = 23, 307 GeV/c Bohm et al. (Ref. 17)
—— Vs = 53, 1500 GeV/c Nagy et al. (Ref. 18)
... Vs = 62, 1947 GeV/c BShm et al. (Ref. 17)

The differential cross—sections for T'p elastic scattering at

5 GeV/c (Ref. 2) and 10 GeV/c measured in this experiment as function
of cos Ocm' The curves are the predictions of the parton model dis-
cussed in the text. The full and broken lines are the predictions

at 5 and 10 GeV/c, respectively.

The energy dependence of the differential ﬂ+p elastic cross—sections
at fixed values of t and u and at 90° c.m. angle. The curves are
hand~drawn. The broken straight line corresponds to an s 8 de-
crease in cross-section. The data come from this experiment and

from Refs. 2, 3, 5, 30, 40-43.

The differential cross—sections for K+p elastic scattering at

5 GeV/c (Ref. 2) and 10 GeV/c measured in this experiment as a
function of cos ecm' The curves are the predicitions of the parton
model discussed in the text. The full and broken lines are the pre-
dictions at 5 and 10 GeV/c, respectively. For the estimate of the

K*p upper limits at 10 GeV/c, see Section 4.3.

A




Fig. 28
Fig. 29
Fig. 30

_30_

Energy dependence for the K+p differential cross—section at 90° c.m.
The broken line corresponds to an s”® decrease of the cross—sections.

Data from Refs. 2, 11, 32, 34, 44~47, and this experiment.

Energy dependence for proton-proton elastic scattering at 90° c.m.
The full line corresponds to an s~ !® decrease of the cross—sections
and the broken line corresponds to an s 12 decrease of the cross-

sections. Data from Refs. 15, 16, 37, 38, 48-52.

The differential cross-sections for ﬂip and K+p elastic scattering
reactions around 10 GeV/c are shown. The data come from Owen et al.
(Ref, 1) and this experiment. The upper limits refer to K'p scat-

tering at 10 GeV/c (see Section 4.3).
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