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ABSTRACT

A detailed account is given of high-precision measurements of the
total hadronic cross-sections of proton-antiproton and proton-proton inter-
actions at centre-of-mass energies of 30.6, 52.8, and 62.7 GeV. The experi-
ment was performed at the CERN Intersecting Storage Rings (ISR) using the
total-interaction-rate method, in which additive correction terms for
trigger losses were held to less than 6% of the final result. An experi-
mental determination of the vertical beam-displacement scale permitted
luminosity-monitor calibrations to be made with high intrinsic accuracy.
The over-all precision (systematic and statistical errors combined)
achieved in the total cross-section was +1.1% for proton-antiproton reac-
tions and the 0.7% for proton-proton reactions. In the proton-proton case

the measurement was the most precise such measurement made at the ISR.



1. INTRODUCTION

The total cross-section (otot) is one of the most important quantities
characterizing the dynamics of a reaction, and depends only on the species
of the initial-state particles and their centre-of-mass (c.m.) energy (J/s).
It is one of the first parameters to be measured when a particular reaction
can be studied in a new energy regime, and an extensive body of data em-
bracing a variety of initial states has been accumulated over the years.

Despite this impressive experimental achievement, the difficulties
involved in deriving a total hadronic cross-section from first principles
have not been overcome. Considerable theoretical effort has been focused
on the general properties of scattering amplitudes in the framework of
axiomatic field theory, exploiting unitarity, analyticity, and crossing
symmetry, and has resulted in a number of theorems that limit the behaviour
of cross-sections [1]. (The Pomeranchuk theorem on particle-antiparticle
cross-section ratios [2] and the Froissart bound on total cross-sections
[3] are two well-known examples.) While experimental measurements indicate
no violation of field—theoretic assumptions, it must be noted that the
constraints provided by such theorems are relatively weak , and the data
have served rather to chart our progress towards asymptotia. Indeed, the
inauguration of successive accelerators has led to a steady postponement
of the onset of the asymptotic energy regime [4].

In the absence of a quantitative theory, phenomenological models have
been developed to promote an understanding of hadronic interactions. In the
late 1960's , when the available data indicated that most hadronic total
cross-sections were falling with energy, models then prevailing [5] offered
a broad spectrum of high-energy predictions. The generally favoured predic-
tion was that cross-sections would decrease smoothly to a finite limit 6],

but some models [7] foresaw vanishing cross-sections at infinite energy,



whilst still others [8] predicted the logarithmic increase permitted by the
Froissart bound. New accelerators, then under construction, were eagerly
awaited as the source of revelation.

Early indications that the decrease in total cross-sections [9] was
not to continue indefinitely came from experiments [10] performed at the
IHEP 70 GeV/c proton synchrotron. These experiments found a levelling off
of all total cross-sections measured. In retrospect one sees that the top
IHEP energy is just about the energy at which total cross-sections reach a
minimum value, except in the case of pp and K p.

The discovery of a rise of o {(pp) came with the advent of the Inter-

tot
secting Storage Rings (ISR}. At equivalent momenta of up to 2000 GeV/c, the
CERN-Rome [11] and Pisa-Stony Brook [12] Collaborations showed irrefutably
that otot(pp) was rising having attained a minimum at /s » 10 GeV 1 and,
furthermore, that this rise would continue well beyond ISR energies [14].
(The definitive reports of ISR total cross-section experiments are listed
under ref. [15]. They have been averaged by Amaldi and Schubert [16].)
Subsequent measurements at the FNAL 400 GeV/c proton synchrotron [17]
found this rise to be the general behaviour of all measured hadronic total

cross-sections. Only o {pp) failed to give conclusive evidence of its

tot
now expected rise, until the introduction of antiprotons intc the ISR in
1980 permitted the study of pp collisions in a new energy regime.

The over-all impression given by the results of several ISR experiments
was the similarity of pp and pp interactions [18]. Where significant differ-

ences were observed [19], they were found to be small and probable manifes-

tations of the different (anti)quark content of the proton and antiproton.

1) A rise in °tot(pp) with a ln2 s energy dependence had, in fact, been

suggested a year earlier on the basis of cosmic-ray data [13].



As far as total cross-sections were concerned, evidence of the increase
in ctot(pﬁ) was soon forthcoming from the Louvain-Northwestern Collabora-
tion [20] and from this collaboration {21]. In addition, the cross-section

difference otot(pﬁ) - {(pp) was seen to be diminishing with energy.

“tot
This article is a full account of our total cross-section measurements,
and is organized as follows: in Section 2, we give a short description of
the CERN antiproton project and of conditions of pp experimentation at the
ISR. Section 3 outlines the experimental method. The measurement of lumin-
05ity was an integral part of the method, and the accuracy of this measure-
ment depended critically on our knowledge of the ISR beam-displacement
scale; the experimental calibration of this scale is described in Section 4.
The apparatus and the data acquisition are described in Sections 5 and 6,
respectively. Section 7 is a detailed exposition of experimental procedure

and data analysis. Lastly, we present and discuss the final results in

Section 8.

2.  ANTIPROTONS AT THE ISR

The idea of storing antiprotons in the ISR was first discussed by
Johnsen in 1962 [22], prior even to the construction of the ISR, and was
re-examined [23] intermittently in following years.

It was recognized that the luminosity would be impractically low
unless a means could be found to condense the phase-space volume occupied
by antiproton pulses produced by target bombardment, to dimensions suitable
for injection into the ISR. The invention of beam-cooling techniques [24]
was thus of pivotal importance, and imparted renewed vigour to the proposal.

The final impetus came with the decision to convert the CERN Super
Proton Synchrotron (SPS) into a pp collider, which entailed the local con-

struction of an adequate antiproton source.



2.1 The antiproton source

The heart of the CERN antiproton complex is the Antiproton Accumu-
lator (AA) [25], a ring of wide-aperture magnets located between the
Proton Synchrotron (PS) and the ISR (fig. 1}.

Antiprotons are generated by 26 GeV/c protons accelerated in the PS
(1013 protons per pulse with a 2.4 s repetition rate) [26] interacting in
the AA target. A linear magnetic horn at 0" collects p's produced in the
forward direction with an angular acceptance of 50 msr and a momentum
acceptance of Ap/p = 1.5% centred at 3.575 GeV/c. The collected p's, typi-
cally 10° per pulse, are injected into the AA ring.

The injected pulse is pre-cooled stochastically from Ap/p = 1.5% to
Ap/p = 0.2% in an outer orbit by a system of pick-ups and kickers. Movable
shutters separate the injected pulse from the accumulated stack during
this stage to avoid perturbative cross-talk. The shutters are then opened,
and the pulse is decelerated by an RF cavity to move it into the stack
(pstack = 3.5 GeV/c}. The whole operation from injection to stacking occurs
between consecutive PS pulses.

The stack is cooled continuously both transversally and in momentum
by another pick-up/kicker system, so that p's in the stack migrate to
create a dense core at the inner orbit. After about 24 hours of AA opera-
tion, the stack contains = 10"’ p's, roughly 60% of which form the core.

When the core is sufficiently dense, a part of it is accelerated to
the extraction orbit and transferred to the PS (via TTL2 and TT2 in fig. 1).
The p's circulate counter-clockwise (the 'wrong' direction) during acceler-
ation in the PS, and are then sent to the ISR {via TT6 and TT1) for injec-

tion into Ring 2.




2.2 Running conditions

Total cross-section data were collected in dedicated ISR running
periods during which the machine was operated in a special mode to reduce
the transverse dimensions of the beam-overlap zone. Such a reduction in
source size was necessary in order to optimize the geometrical definition
of detector components, particularly for the elastic scatteriny measure-
ment of this and the Louvain-Northwestern experiments, both of which were
installed in intersection No. 2 (I2).

This mode, the Terwilliger (TW) scheme [27], was achieved with a
special set of quadrupole magnets deployed around both rings. When correctly
energized, the TW guadrupoles imparted kicks to off-momentum particles in
such a way that all particles, independently of momentum, intersected the
closed orbit in the even-numbered intersections. The beam width, and thus
the source size, in these intersections was then determined solely by
horizontal betatron oscillations.

The effect of the Terwilliger scheme at other azimuths was to double
the beam widths, reducing the available horizontal aperture and limiting
the beam currents that could be stored to - 10 A. This, then, was the
proton current for pp running.

The p and p beams stored in the ISR were subjected to stochastic
cooling both vertically and in momentum, which led to exceptionally stable
beam conditions. Nevertheless, over a period of hours the p beam developed
a halo, which resulted in increased background due to interactions with
ambient material upstream from I2. When this background had evolved to a
certain level, the halo was removed using movable scrapers [28] installed
in I3.

The extremely stable p beam was retained for periods of about 10 days.

During this time, the p beam was replaced with more or less its usual



periodicity without disturbing the p beam. A profile in time of one of the
pp runs is shown in fig. 2. It is a testimony to the remarkable skill of
the ISR operations team.

The first pp run at the ISR took place in April, 1981, when about

6 x 109 p's were successfully stored, yielding a current I2 = (306 + 10) pA

and a luminosity L = 10zs cm'2 s”'. Even at such low luminosities, a 5%
measurement (Carboni et al. [21]) of ctot(pﬁ) was achieved. A major contri-
bution to the error in o at that time arose from the p current measure-

tot

ment devices (current transformers [29]). This uncertainty was substantially
reduced (to +1 pA) for subsequent runs.

The pp results presented here come from three later ISR running periods,
details of which are given in table 1.

The pp results come chiefly from shorter runs immediately prior to or
subsequent to the pp running periods; runs unassociated with the pp runs
also contributed. The heam currents were typically 3 A, and the TIW scheme

Wwas employed.

3. QUTLINE OF THE METHOD
The pp and pp total cross-sections were measured using the total-rate

method:

Orot = Reot/T (1)

where Rtot is the total hadronic interaction rate of the colliding beams
and 1. is their luminosity, both quantities being measured simultaneocusly.
The method was pioneered by the Pisa-Stony Brook Collaboration [30], and

has the advantages of simplicity and directness.



The ability to detect every interaction implies a fully efficient
coverage of the complete solid angle around the zone where the interactions
occur. This was not entirely possible at the ISR because of the holes that
had to remain uncovered to accommodate the vacuum chambers of the incoming
and exiting beams. The most important loss associated with these holes was
that of elastic interactions (strongly peaked in the forward direction)
in which the scattered particles did not emerge from the vacuum chambers
of the exiting beams. Inelastic interactions of a diffractive type were
also lost when the quasi-elastically scattered particle remained in the
vacuum chamber. These losses were estimated as additive correction terms

to the observed cross-section:

+ Ao + Ao,

= %bs el in

tot

with

obs/L ’ (2)

obs

The correction terms were calculated by extrapolating a measured
angular distribution to the forward direction, and then integrating it over
the region of dead space. The magnitude of the combined correction was kept
small by minimizing the solid angle subtended by the holes, and ranged
from 2.5% to 6% of Oiot increasing with beam momentum.

The initial-state charge of the pp reaction is zero, thus for the pp
measurement there was a potential insensitivity in the apparatus that was
not present in the pp case. Topological pp cross-sections have been measured
at energies below ISR energies, and we present the extrapolated zero-prong
cross-section in fig. 3. As the figure shows, the loss associated with this

effect is insignificant.



The expression for the luminosity is straightforward at the ISR, where
the beams cross at a finite angle in the horizontal plane (“ISR = 14.77°)
and each beam is uniformly populated around its circuit. The luminosity

depends on the overlap of the beams in the vertical dimension (z) only:

1 dIt(z) dIz(z + 8)
L= az iz dz , (3)

where § is the separation of the beam centroids, and the current densities

are normalized to the total currents I1 and Iz. The factor KISR depends on

the velocities 81 and 82 of the beams:
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In the case of symmetric beams (31 = B_ = B) this reduces to

2
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The luminosity is measured following the method of van der Meer [31] (vdM).

A telescope of counters is chosen as a monitor:

R =g L, (6)



where Rmon is the rate of the interactions that trigger the monitor and

%mon is the inclusive cross-section for it. If the latter is known, the

instantaneous luminosity can be derived directly from the monitor rate.

To calibrate a monitor the ISR beams are steered vertically through each
other, changing & in small precise steps while recording Rmon(a). The

calibration constant % non is then found by evaluating the integral:

f Rmon(ﬁ) ds = I1120 /K (1)

mon’ ISR
4. THE CALIBRATION OF THE ISR BEAM-DISPLACEMENT SCALE

Measurements of cross-sections at the ISR are limited in their ultimate
precision and accuracy by the albeit small uncertainty arising from the
luminosity measurement, which sets the cross-section scale. The V3M method,
acknowledged to be the best method of determining luminosity, requires the
vertical displacement of the ISR beams [eq. (7)], and it is the uncertainty
in this displacement scale that is the limiting factor.

Normally, beam-optics calculations provide the scale and, by comparing
total cross-section measurements performed using the total-rate and optical-
theorem methods, Amaldi et al. [15] showed that such calculations are
reliable to 1%,

The present measurements, however, benefited from a direct calibration
of this scale in the intersection where the total-cross-section measure-
ments were made, using the most precise method known for finding the
vertical centre of a beam circulating in the ISR.

Special beam scrapers were used to find the vertical positions of the
beams. These scrapers were of the type described by Potter and Turner [32],
and were installed on both beam lines 3.2 m upstream from the intersection
poinf (fig. 4). Each scraper consisted of two tantalum blades, one above

and one below the beam, mounted on separate, motor-driven carriages. In
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order to find the vertical centre of the beam, the blades were stepped
through the beam while recording the loss of beam current.

The edge of the tantalum blades were straight to within 10 pm along
their 20 cm length, and were set horizontal to within 0.5 mrad. The screw
mechanism driving the scrapers had an accuracy of 10 uym over a 10 cm range,
and mechanical measurements were made to ensure that the blades were always
within +5 uym of their indicated position throughout that range. The over-
all precision in determining the centroid of a beam from scraper position
and current data was +3 um.

To perform the calibration, a proton pulse was injected into the ISR,
and displaced vertically using the same steering p;ogram as that used for
luminosity calibrations. The pulse was then scraped away to find its centre,
and the process repeated for a number of different nominal beam displace-
ments. The results of a typical calibration are shown in fig. 5, where the
difference in the measured position and the nominal position (zm - zs] is
plotted as a function of the nominal position (zs). The slope of the fitted
straight line gives the deviation of the nominal scale from the true one

[z

n- zs(1 + £)], and the residual indicates that the deviation was both
linear and reproducible.

Calibrations were made, over a period of months, of both beam scales
at three momentum settings (15, 22, and 26 GeV/c). The results showed that
the nominal scale had to be corrected by a factor (1 + ¢) = (1.018 + 0.004),
and that, within the errors, this factor was the same for the two beams and
was independent of beam momentum.

Bryant and Potter [33] have reported these measurements in greater
detail than above, and have investigated other systematic effects on the

beam-displacement scale. Their conclusion is that all other systematic

errors in the scale contribute an uncertainty of less than 10.2%.
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5. THE EXPERIMENTAL APPARATUS

The apparatus was installed in I2 because of two particularities of
the ISR design. Firstly, the TW scheme (see subsection 2.2) was operative
only in even-numbered intersections. Secondly, the distance from the Cros-
sing point to the nearest downstream magnet is greater in the even-numbered
intersections (9.8 m in I2), where the beams coast from larger to smaller
radii and require less bending around the ISR circumference in order to
reach the next intersection. The greater distance permitted our detector
to extend to smaller angles, minimizing dead-space losses.

The layout of the apparatus in I2 is shown in fig. 6. A solid-angle
coverage for charged particles > 99.9% was achieved with ten scintillator-

H. , H , TB). The left and

counter hodoscopes, five in each arm (CIO, H12, 14 s

right arms were mirror images of each other.

Each hodoscope consisted of two planes of trigger counters. The
central hodoscopes CIO were in the form of open-ended boxes; the innex
detector CI consisted of eight counters, and the outer detectors CoL and
COR each consisted of thirty counters. The H12 and HB‘ hodoscopes were
roughly circular, centred on the exiting beams. The planes H1 and H2 of
H12 consisted of twenty rectangular counters; the planes H3 and H4 of H34
consisted of eight large triangular counters. Hodoscopes H5 and TB were
rectangular, and the two counters in each plane were tailored to fit snugly
around the exiting vacuum chamber. All hodoscopes covered the full azimuth,
and neighbouring hodoscopes in each arm overlapped each other in polar
angle,.

The two planes of trigger counters in each hodoscope were operated in

selective coincidence to minimize accidental firing: each counter in the

plane closest to the source was placed in coincidence (At = #5 ns} with
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those in the second plane that the source projected it onto, the over-all
hodoscope signal then being the logical sum (OR) of these individual
coincidences.

The only dead spaces in the full detector were:

i) the holes in the TB hodoscopes for the exiting beams (0.086 msr in
each arm);
ii) the holes in the H12 hodoscopes for the incoming beams (9 msr in each
arm}; and
iii} the cracks between abutting counters within hodoscope planes.

The holes in the TBs resulted in a significant loss of event-detection
efficiency owing to the highly forward nature and low single-arm multipli-
city of elastic and diffractive interactions. The solid angle subtended by
the holes was minimized by locating the TBs as far downstream as possible
(9.26 m from the crossing point), where the vacuum chamber narrowed to a
roughly elliptical cross-section (with semi-axes of 7.85 and 3.00 cm).

The holes in the H1zs, although larger than those in the TBs, entailed
an entirely negligible loss in sensitivity.

Finally, cracks between adjacent TB counters, which could have caused
a significant loss in efficiency for single-diffractive interactions, were
eliminated by overlapping rather than abutting the individual counters in

)

these hodoscopes2 . The small cracks in the larger-angle hodoscopes did

not cause a measurable loss in trigger efficiency.

2) The Pisa-Stony Brook Collaboration, with a similar apparatus, found

that the cracks in their TBs caused a loss corresponding to 1% %ot
(Amaldi et al. [15]). Their experience led us to 'update' our detector
at the outset by the inclusion of an extra hodoscope (HS) as well as by

overlapping TB counters.
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Each trigger counter was equipped with a light-emitting diode (LED)
which could be pulsed to simulate a minimum-ionizing particle. The on-line
computer could fire any configuration of these LEDs, so that it was
possible to test individual counters and to reproduce any trigger pattern
{subsection 7.3}.

The three H hodoscopes in each arm were equipped with a third plane
of counters (Hze, H49, HSB) used to locate charged secondaries in polar
angle and, to a lesser degree, in azimuth. These planes consisted of
concentric rings of scintillator centred on the exiting beams, seqgmented
into either quadrants or octants in azimuth. The polar coverage of the 8
planes was 0.6°< 8 < 31" in each arm. In the total cross-section measure-
ments, these hodoscopes were used to establish the angular distribution on

which the inelastic-loss correction [bai , eq.(2)] was based.

n

The functioning of the more than 400 channels of scintillation counters
was regularly checked both manually and via the data-acquisition system.

The apparatus included an elastic scattering detector and a vertex
detector in addition to the scintillator hodoscopes. The elastic-scattering
detector (described in Ambrosioc et al. [21]) consisted of drift-tube hodo-
scopes, and contributed to this measurement by providing the slope para-
meters used in the calculation of the elastic losses [Aoel, eq.(2)]. The
vertex detector was a system of modular drift chambers [34] sandwiched

between the CI and CO hodoscopes, and was used here to study certain

effects in the background subtraction (discussed in subsection 7.1).

6. DATA ACQUISITION
The main data-acquisition trigger, dubbed the fully inclusive (FI)
trigger, required at least one track in any hodoscope in one arm in

coincidence with at least one track in any hedoscope in the opposite arm:
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FT - fARM)iI * (ARM)ﬁI . (8)

FI _ L
(ARM)i = {CIO + H12 + H + Hs + TB)i : i=1L, R,

34

where I. {(R) refers to the side of the incoming proton {antiproton) beam.
The timing of the main L * R coincidence was kept loose (At = 150 ns)
to ensure collection of all good triggers and to admit some background for
monitoring purposes. The trigger corresponded, by definition, to the ob-
served cross-section, and was the only trigger used in pp running.
Owing to the low luminosity and severe background in pp running, a
second, small-angle {SA) trigger was used for pp luminosity-monitor

calibrations:

SA (ARM)EA )t (9)

SA ) .
(ARM)i = (H + H5 + TB)i ; 1 L, R

34

This was necessary in order to reduce the time taken for the calibration
by minimizing the dead-time of the data acquisition.

The FI trigger was sensitive to 99% of all inelastic interactions,
but also sensitive to single-beam interactions striking the central hode-
scopes (H12 and CI0). The SA trigger, on the other hand, whilst still sen-
sitive to between 74% (at /s = 30.6 GeV) and 91% (at /s = 62.7 GeV)} of all
inelastic events, was relatively insensitive to single-beam background.
As an illustration, during pp running at /s = 52.8 GeV, the signal-to-noise

ratio of the FI triager was 1/25, whereas it was 1/1 for the 5& trigger.



15

When a trigger occurred, all relevant information was transferred by
CAMAC to the on-line PDP-11/60 computer and written onto magnetic tape for
subsequent analysis. This information comprised:

i) the hit pattern in all counters;
ii) the times of hodoscope signals with respect to the trigger; and
iii) the live-time of the data acquisition prior to the trigger.
The dead-time associated with this transfer amounted to about 3 ms

per event.

7. EXPERIMENTAL PROCEDURE AND ANALYSIS OF DATA
7.1 Subtraction of background

A major concern of the data analysis was the identification and sub-
traction of background, of which single-beam (SB} interactions were by far
the major source. Whereas true beam-beam (BB) interactions produced second-
aries that radiated from the beam-overlap zone, SB interactions resulted
in secondaries that swept through the apparatus from one side to the other,
and could be distinguished by the time of flight (TOF) between hodoscope
signals in the two arms of the experiment. By using the TOF information it
was thus possible to construct a monitor of the SB background.

The procedure for subtracting the background was the following: any
measured rate Rraw was the sum of a BB contribution RBB = gL, and of a
background contribution Rbkg‘ If the machine luminosity was varied by
changing the beam overlap, this produced a corresponding change in the BB
rate, and affected the SB background only slightly. Changes in the back-

ground rate were monitored by measuring the rate of the SB monitor RSB:

AR = gAL + AR = gAL + BARS

raw bkg (10

B L}
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AR {{ obL ,

bkg

and o and B were obtained by a global fit of the ARraw versus AL curve. It
is clear that this method worked best when i} the background was small,
and/or ii) it was not affected by the beam steering.

An example of a TOF spectrum is shown in fig. 7 where events are histo-

grammed as a function of the time interval between the signals of H |

121, A
H The peak at At = 0 is due to BB interactions; the satellite peaks at

12R’
positive (negative} intervals are due to 5B interactions of beam-1 (beam-2).
In the case of this particular TOF, the tails of the three peaks overlap.
Twenty-five (hod)L - (hod)R TOFs could, in principle, be computed from
the five hodoscope times in each arm, depending on the number of hodoscopes
struck in the event. The resolution of the three classes of events (BB, SB1,
SBZ) in different TOFs was a function of the distances of both participating
hodoscopes from the crossing point. Accidental firing of the hodoscopes
added a flat distribution of events underlying all peaks.
The TOFs (ti) present in an event were transformed, following Baksay
et al. [15], into a set of dimensionless gquantities:

2 _ _ 2, 2
sy = (& - &)W, | (11}

where (ti> and w, were the centre and width of the BB peak in the ith TOF,
and were obtained from data taken in clean conditions (pp runs). The widths
were 2-6 ns depending on the number of counters in a hodoscope and on their
sizes.

The advantage of this transformation lies in the simplicity with
which any subset of the 25 TOFs could be summarized in a single number, or

super-TOF {STOF), characteristic of the signature of the event:
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s =1 sim, (12)

where the sum 1s performed over the n TOFs in the subset.

It was found convenient to specify five STOFs in the analysis. Their
domains of summation are indicated in fig. 8.

The luminosity monitor was derived from the S; STOF, which was an
inclusive STOF: S’ was defined for events in which at least one TOF was

M
present within its domain regardless of the presence of TOFs outside it.
Luminosity monitoring and the use of this STOF will be reviewed in sub-
section 7.2.

Of the remaining STOFs S: was inclusively defined; S;, S;,, and SZ
were exclusive -- each was defined only in events in which at least one
TOF was present within the appropriate domain and po TOFs were present
outside. The purpose served by these STOFs will be discussed in detail
in subsection 7.4.

As an example of a STOF spectrum let us consider the Si STOF, which
combined the 20 TOFs not involving the CIOR hodoscope. The distribution of
events in S: is shown in fig. 9 for different beam conditions: a) normal
pp running; b) normal pp running, with the ISR beams at full vertical
overlap (FO); and c¢) pp running with the beams steered apart to almost no
overlap (NO). Beam-beam events populate the S; ¢ 2 region, peaking sharply
at S; = 0 in the FO spectra. Single-beam events form the broad peaks
evident in the pp data centred at S; « 5 with tails extending to Si =0
and S; > 10.

The extreme cleanliness of pp running conditions is demonstrated in
fig. %a.

The residual peak at S: = 0 in the pp NO data arises from SB1 inter-

actions occurring near the interaction zone rather than from BB events, an
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interpretation confirmed by reconstructing event vertices with the drift
chambers in a sample of pp NO data.

The analysis of STOF spectra discussed in subsection 7.3 showed that
all of the BB signal was contained in the region s? ¢ 2 (A region}. A small
fraction of the total amount of SB background was also found in that region.
The part of the spectrum above S2 = 2 (B region) was used to monitor the
background [see eq. {10)], both for pp and pp measurements.

7.2 Luminosity-monitor calibration

A luminosity monitor ideally combines the following attributes:

1) independence of the precise locations of the beams -- not only because
the beams are moved during the calibrations, but also because their
size and location generally vary between calibration and data-taking;

ii) large inclusive cross-section -- to accumulate adequate statistics in

as short a time as possible; and

1ii) insensitivity to background -- for obvious reasons.
Owing to the excellent performance of the ISR, the SB background was vir-
tually negligible with respect to the BB signal during pp running. This
remained true even when the beams were separated during the calibrations
and the luminosity decreased up to three orders of magnitude on the tails
of the V@M curve. It was thus possible to satisfy items (i) , (ii), and
{iii) using the entire apparatus as the luminosity monitor. In this way,
the luminosity calibration yielded %bs directly.

This solution could not be adopted for pp, since SB background from
the intense proton beam dominated the full-inclusive trigger. The back-
ground was highly asymmetrical, since the SB1 events fired predominantly
the small-angle hodoscopes on the left arm (downstream of the proton beam)

and the large-angle hodoscopes on the right arm (CIOR and H ). A compro-

12R
mise was therefore reached by choosing an asymmetrical monitor, which was
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virtually free of SB background while still presenting an appreciable

cross-section:

M= (H5 + H34} * (HS + TB)R . (13)

L
The inclusivity of this monitor (defined as GM/Gtot) varied between 28%
and 44%, depending mainly on the c.m. energy.

The monitor calibration [eq. (7)] was done by sampling the luminosity
curve, RM(ﬁ) versus &, at a number of values of the beam separation §,
which was adjusted by energizing horizontal-field magnets (H magnets)
incorporated in the ISR lattice. At the start of a calibration the beams
were steered apart, and then stepped through each other in increments of
AS = 0.5 or 1.0 mm.

It was found necessary to steer the beams sufficiently far apart to
reduce the luminosity to about 0.1% of its full overlap in order to obtain
stable values of the monitor cross-section. This is shown in fig. 10, where
the measured values of the monitor cross-sections are plotted as a function
of the ratio of the luminosity at end-points of the scan to the luminosity
at full overlap [the cross-sections in the figure were calculated from a
broad scan (27 points with A5 = 0.5 mm) progressively disregarding end-
points]. The monitor-calibration exercises used in this work all satisfied
this criterion.

The number of points sampled during typical pp calibrations was 13 (23)
for increments of 1.0 {0.5) mm, the entire exercise taking about 1-2 hours.
The pp calibrations were made with 1.0 mm increments, and required several
hours to sample the dozen points needed. About 25,000 events were collected
by the data acquisition at each step for off-line analysis.

To minimize instrumental effects, calibrations were performed dis-

placing the beams in I2 only -- and not in all intersections as was the
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standard practice. This reduction in the perturbations of the beams gave
better accuracy in the beam separation and resulted in less background.
For the same reason, the H magnets were cycled prior to calibrations to
standardize their magnetic histories, so that precise corrections could be
made for hysteresis in the setting of the magnets (Sectiocn 4).

In the analysis of calibration data, the true monitor rate was derived

from the A- and B-region rates of the monitor STOF [see subsection 7.1]:

RA(G) = RM(G) + BRB(G) . (14)
The signal was represented by a n-parameter function:
Ry(8) = exp [p, - p (6 -p )2 +p (5-p)" +...p_(5-p )", (15)
M 1 2 0 3 0 T Tn-t 0 !

and the parameters B and p; were extracted from a least-squares fit to the
data. Good fits were generally obtained with n = 6, where the n > 3 para-
meters expressed the somewhat-faster-than-Gaussian fall-off of luminosity

in the tailsa)

. The function (15) was then integrated numerically [eq. (7)}]
to get oy The quality of the data and the fit is apparent in fig. 11,
which is taken from the pp data at /s = 52.8 GeV.

The background subtraction and, in particular, its reliance on the
fit for B, were carefully checked. The parameter was an estimate of the
ratio of integrated background rates in two regions of the same spectrum,

and, as such, is a constant at a particular energy. We checked that values

of B obtained in separate calibrations were statistically consistent, and

3) The parametrization [eq. (15)] was not unique: a sum of two Gaussians
also gave good fits.
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the values at a particular setting were averaged., In the final analysis,
all calibration data were refitted imposing the average values of 8 on the
fit.

In a small number of pp calibrations this check was made more stringent
by changing absolute background rates discontinuously during the calibration.
Part of the luminosity curve was sampled; background rates were reduced by a
factor of about 5, using the scrapers to remove the halo of the proton beam;
the remainder of the curve was then sampled. The monitor gave consistent
results in all calibrations, including test calibrations of this type.

The monitor M was also calibrated for pp runs, mainly to check for
possible systematic differences with respect to pp. One calibration was
performed for pp using asymmetrical beam currents to simulate pp condi-
tions; it gave results in agreement with the ones obtained during normal
running. Individual measured values of oM(pﬁ) and cM(pp) are listed in
table 2 for all calibration runs. (The errors gquoted are statistical
only and do not include the uncertainty in the beam-displacement scale
calibration.)

7.3 The observed pp cross-section

As noted in the preceding subsection, the observed pp cross-section
was measured as a part of the luminosity calibration; Ops Was obtained -
through the same procedure as that followed for LI except that no cuts
were made on the STOF spectra to obtain the beam-beam rate; instead, the
raw rate of the fully inclusive trigger (Rtfi) was used, as it was only
slightly contaminated by background. The B region of the S: distribution

(RB) was used to fit the background [see eqgs. (10} and (14)]:

Rtfi(ﬁ) = Robs(ﬁ} + BRB(G) . (16)
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The values of oobs(pp) obtained in individual calibrations are listed in
table 3. (The errors are again statistical only.)

To study the effect of cuts in the STOF spectra and to ascertain
whether they would introduce systematic biases in the analysis of pp data,
a parallel analysis for oobs(pp) was conducted by performing on the STQF
spectra the same cuts as those applied in the pp case. The analysis brought
to light only one small effect: in events with few TOFs present, BB events
could be displaced from s ¢2tos® 2 by the ocut-of-time firing of,
usually, a single hodoscope. Such spurious firings resulted from

i) the pile-up of a second event;

ii) back-scattering of secondaries; or
iii) locally induced radicactivity.
The magnitude of the effect was such that was underestimated by 0.2%
(» 0.1 mb) in the parallel pp analysis.

Studies with the LED system confirmed these findings. In special runs
the LEDs in the trigger hodoscopes were used to reproduce artificially the
events that had been previously collected on tape. A1l the TOFs corres-
ponding to the artificial trigger pattern had to be necessarily in time,
hence in the region S2 { 2. Since the tape was replayed when the beams
were on, any of the causes (i)-(iii) could displace some of the events
beyond the cut. The results showed that less than 0.1% of the events were
displaced by TOF misfiring. Since the most significant cause of the effect
{i) above was rate-dependent, this figure must be regarded as an upper limit
of the corresponding pp bias, which could not be measured. No corrections
for the cut were therefore applied in the pp case.

7.4 The observed pp cross-section
In pp running conditions, the proton-beam background introduced by

the presence of CIOR in the trigger caused a severe problem. The secondaries
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from SB1 events were emitted in a cone around the p beam, and could easily
fire any left-arm hodoscope. The trigger was then satisfied whenever one
of the secondaries was produced at a sufficiently wide angle to fire CIOR,

H12R’ or -- to a lesser degree -- H The CIOR hodoscope was so close to

34R°
the crossing point that TOFs involving it had the same signature for SB1
events as for BB events. (Similarly, CIOL TOFs could not distinguish
between SB2 and BB events, but since the p beam background was utterly
negligible, this was of no consequence.) Moreover, the trigger rate due to
cosmic rays was a non-negligible fraction of the BB rate at the low lumi-
nosities of pp running. These cosmic-ray events were predominantly

CIOL * CIOR triggers, and, as such, simulated BB events in their TOF sig-
nature. The CR trigger rate for other hodoscope combinations was less
significant, and such triggers simulated SB events. The five CIOR TOFs
were therefore excluded from consideration in the pp analysis, and, for
the purpose of measurement, the observed cross-section was broken into
three components:

a) interactions firing any of the five left-arm hodoscopes and any of H|z'

H

- Hs' and TB in the right arm;

H. , H, and TB in the left arm, and

b) interactions firing any of th, 14 5

only CIO in the right arm; and
¢) interactions firing only CIO in both arms.

The relative contribution of the components to Oops Was

04:9pi 0 0.99:<0.01:<0.001 ,

G =0, + oy + o . (1

The dominant component o, Was mneasured directly.
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To obtain gy, we exploited the left/right symmetry of the apparatus by

defining a further component Tpo:

b') interactions firing any of H12, H H , and TB in the right arm and

3’ s
only CIO in the left arm.

Assuming charge-conjugation invariance in pp multiparticle production and

perfect right-left symmetry in the apparatus, one has o The

b = Ub"
symmnetry of the detector was checked in pp runs by measuring r = ob/ab,
directly. Deviations from the perfect symmetry were taken into account in
the pp measurement: ob(pb) = ob.(pﬁ)-r(pp). The tiny contribution 0, Was
assumed to be equal to that measured in pp interactions: oc(pb} = oc(pp).

Measurements of the subcomponents of Oups Were performed through the
generation of STOFs within the appropriate domain of summation (see sub-
section 7.1),

The STOF distributions were divided into A and B regions, and the

A-region rate was parametrized as the sum of signal and background [see

eq. (10)}1,

(18)

where o is the corresponding cross-section. The luminosity was derived
from the monitor (L = RMIGM). To solve eq. (18) for o and B, two runs
were taken: one with the beams fully overlapping (FO); one with beanms
separated by 4 mm (NO). This yielded a pair of simultaneous equations in

two unknowns:

FO _ _FO FO
RA = uRM + BRB ;
{(19)
NO _ _NO NO
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where o = LU The duration of such runs was kept short (» 15 min), and
the beam separation was accomplished by moving the p beam but not the p
beam. These precautions were taken to minimize changes in the characteris-
tics {not necessarily in the rate) of the background. Many (» 30) pairs of
runs were taken, and the final values of « were obtained by averaging. A
set of measurements for a is presented in fig. 12 (/s = 52.8 GeV).

We checked that the method was insensitive to absolute background rates
by reducing them discontinuously (in the same way as in the luminosity cali-
brations) between one pair of runs and another; B of course changed, but «
was constant within the statistical accuracy.

The individual contributions to oobs(pﬁ) are summarized in table 4
(the errors are statistical only).

7.5 Elastic-loss correction term

The fraction of elastic interactions that escaped detection owing to
the small-angle holes in the apparatus was estimated by a Monte Carle (MC).

In the MC, the finite extent of the interaction zone was re-created
from the measured radial profile of the ISR beams (Schottky scan) and, in
the vertical direction, from the width of the luminosity curve. The dif-
ferential elastic cross-section (fig. 13) was used to generate elastic-
scattering events, and was parametrized as an exponential in the momentum-
transfer squared (t), allowing for a change in the slope parameter at

—-— 2 .
Itchl = 0.15% (GeV/c) :

doelldQ = (doelldQ)u exp (bt) ,
b="b ; [t] < Itchl : (20)

b=>0b ; 1t] > ltchl
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Normalization was achieved via the optical theorem

(do, /%) = (1 + o2)/160% (21)

F 2
%totP1sR

where p is the ratio of the real to the imaginary part of the forward
nuclear scattering amplitude. With this normalization the correction term
was found to be independent to first approximation of the precise form

(b, b,

tch} of the angular dependence. The values used for b1, b2 are
shown in table 5.

In the energy range of interest, the ratio ¢ was about 0.1; it there-
fore had little effect on the correction term. The values used were taken
from Amaldi and Schubert [16] for pp and from Amos et al. [20] for pp.

To obtain the correction term, eq. (20) was integrated over the solid

angle subtended by the TB holes. No account was taken of secondary intex-

actions:

Aoel = (doelldQ)D LC exp (bt) 4Q . (22)

This definition of Acel was recursive, since it contained the value of %ot
feq. {21)], and the values of the correction term were calculated
iteratively.

At /s = 30.6 GeV, the correction includes a term to compensate for the
Coulomb scattering [at this energy, the minimum angle subtended by the trigger
in the vertical plane (3.2 mrad) corresponded to If] = 0.0025 (GeV/c)z]. The
increase of the measured cross-section computed using the known Coulomb cross-
section as an input, amounted to 0.00 (0.07) mb for pp (pp) and was completely
negligible at the higher energies.

The correction terms are listed in table 6. The errors in bo .y arise

from uncertainties in the input parameters, and were estimated by variation
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of these parameters. The dominant uncertainty was that associated with the
transverse dimensions of the TB holes. We therefore treated the error in
Aoel as a systematic one.
7.6 Inelastic-loss correction term

The cross-section loss due to the non-detection of inelastic-scattering
events was calculated by extrapolating an angular distribution and performing
a MC integration over the uncovered region, in a manner analogous to that
used for the elastic loss. The angular distribution used was established
empirically from the data.

A clean sample of events was prepared by rejecting background events
at S; Y 1. Track information for the event was given by the 8 hodoscopes.
Elastic-scattering events were removed from the sample by requiring a hit
at 8 > 40 mrad in one arm. For the remaining events, the widest-angle
track (emax] was found in the‘opposite arm and the inclusive distribution
dn/aQ . was obtained. We found that at small O nax the distribution was
exponential in the variable t' = -2 piSR (1 - cos gmax) (fig. 14) with a
slope parameter of the oxrder of half that found for elastic-scattering
interactions. Normalization of this cross-section was obtained through the

luminosity monitors:

8o, = (oy/By) ic (AN/dQp o) AQpay
dN/deax = N0 exp {ct') . (23)

The values of Aoin are listed in table 6. As in the case of the
elastic loss, the error quoted is systematic and dominated by the uncer-

tainty in the transverse dimensions of the TB holes.
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7.7 Qther correction terms

It has been argued [35] that at sufficiently high energies, inelastic
electromagnetic amplitudes may compete with or even dominate [36] certain
nuclear ones, The leading e.m. diagram is single-photon exchange resulting
in the diffractive excitation of one of the incident particles. This contri-

bution to pp + pX has been calculated [36] and amounts to oen(pp + pX) -

0.1 mb at the highest ISR energy, when the excitation of both protons is
taken into account. The purely electromagnetic process is thus almost negli-
gible at the ISR, in comparison with nuclear processes.

The similarity of diffractive excitation proceeding through photon
exchange and Pomeron exchange, however, is such that there may be appre-
ciable interference between the two amplitudes.

We tried to estimate the order of magnitude of this effect, assuming
that the e.m. nuclear excitation proceeds with an amplitude similar to the
purely hadronic diffraction dissociation. We also assumed that the phases

of the two amplitudes were the same as those for the elastic processes [37].

Under these assumptions we obtained for the interference contribution,

oint(pp + pX) » 0.2 mb ,
at the highest ISR energy.

Although larger than the pure e.m. term, the interference term is
still relatively unimportant in comparison with inelastic nuclear processes,
assuming that the above assumptions are correct.

Where the e.m. effect could become important is in the cross-section
difference, Aotot = otot(pp) - otot(pp}. The sign of the e.m. amplitude in

pp reactions is reversed with respect to the corresponding pp one. The
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contribution of the interference term to the cross-section difference

could be then as large as o.

int = 0.4 mb, and by no means unimportant in

comparison with the nuclear contribution to the difference.
Hampered by our lack of knowledge of strong amplitudes, we did not,
however, attempt to refine our estimate of inelastic e.m. effects or to

correct the cross-section for such effects.

8.1 Tota - L0

The total cross-section results on proton-proton and proton-antiproton
reactions are listed in table 6. Contributions to the errors arise from
statistics and from systematics, the geometry of the TB holes being the
dominant instrumental effect. Errors from different sources have been
combined in quadrature in the final result.

The present measurements of the proton-proton total cross-section
are the most precise among similar measurements performed at the ISR. In
fig. 15 cur proton-proton measurements are compared with those performed
earlier at the ISR [15], with the average values thereof computed by Amaldi
and Schubert [16] and with the recent measurements of Amos et al. [10].
Where scale errors were quoted separately, in the figure they have been
coﬁbined in quadrature with the point-to-point errors. At /5 = 30.6 GeV
the agreement among the measurements is excellent. Qur results become
higher than the Amaldi and Schubert average with increasing energy, but
still remain statistically well compatible.

We have investigated whether the two experimental methods used to
measure the total cross-section (total rate and optical-theorem methods)
might have led to systematically different results, being, in principle,
affected by different systematic effects. Our conclusions are, that within
the precision of the measurements, no statistically significant discrepancy

is evident [38].
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The proton-antiproton measurements confirm the expectation of a rise
in the total cross-section. In the interval /s = 30.6 to 62.7 GeV the pp
cross-section rises by 2.34 + 0.64 mb, whereas for the pp cross-section
the increase is 3.60 + 0.35 mb. The two cross-sections are therefore both
rising and approaching each other, following the universal trend of total
hadronic cross-sections which is apparent from fig. 16. The solid lines in
fig. 16 were computed according to the 'universal' parametrization of
Lipkin [39], and are shown mainly to guide the eye.

The total cross-section differences Aotot = otot(pﬁ) - otot(pp) are
listed in table 7. In the calculation of the difference, some systematic
uncertainties cancel, and this is reflected in the errors, which include
both the point-to-point and the energy-independent errors. The cross-section
differences are plotted in fig. 17, together with other lower-energy data;
Aotot decreases smoothly with the energy, following the trend of lower-
energy measurements.

Regge phenomenology predicts that the decrease should obey a power-law
dependence on the energy [40]. In the Regge picture, the leading Pomeron
contribution, even under C, cancels in the difference, and the behaviour

-1/2

is predicted to be s owing to the dominance of the p and w trajectories.

The fit in fig. 17 (see also subsection 8.2) vields Ag = s"(°'57i0'01),
and it is obviously dominated from the low-energy data; our measurements
(and possibly the highest-energy FNAL data) suggest a small, systematic
deviation above this power-law extrapolation from lower energy, but this
cannot be taken as an indication of a departure from the Regge-exchange
picture. As we pointed out in subsection 7.7, there is the possibility
that a small but significant inelastic e.m. contribution is incorporated

in the difference. It is interesting to remark, in this respect, that the

points of Amos et al. [10] (obtained by exploiting the optical theorem and
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therefore free from this e.m. contribution) seem to fit the Regge behaviour
better.

8.2 Behaviour of o as a function of s

tot

Figure 18 shows a compilation [41-43] of total cross-sections for 199
and pp interactions over the energy range covered today. In addition to
the slow approach of the two cross-sections at high energy, we remark the
approximately parabolic shape as a function of ln s, which suggests that

the asymptotic trend is

2
Oiot © In® s .

This type of asymptotic energy dependence was actually foreseen long ago

by Heisenberg {441 in an optical-model framework. The same behaviour was
predicted several years later by Cheng and Wu [8] using a field-theoretical
approach. The lnz s behaviour is the fastest one allowed by the Froissart
beound.

In order to find a simple interpolating formula that represents the pp
and pp data, we have fitted the data in the energy range /s = 4 to 62.7 GeV,
assuming that otot(pp) is built up of two terms: a constant plus a power of
of |1ln s| to account for the asymptotic rise. The difference Aotot =
otot(pﬁ) - otot(pp) has been parametrized by a Regge-like term, s ©
Proton-proton and proton-antiproton data have been fitted simultaneously,

and the results are (o's are in mb, s is in GeVz):

Giot (PP} = (38.31 + 0.02) + (0.545 + 0.02) |ln (s/122 % 2)11.9810_04

!

_ -0.5740.01
Actot = (77 £ 4} s '

% /DOF = 95/79.
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The fit is shown in fig. 16. This parametrization fits the data well up

to the SPS Collider energy.
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Table 1

Details of pp runs

fs I I
{GeV) (&) {mA)

30.6 9.7 4.18
" 5.09 | 4.09
" 11.02 | 4.06

52.8 10.33 1.99

! 10.30 1.99
" 6.42 1.95
" 9.04 1.92

! 9.14 | 3.17

Note: the currents listed were those
at the beginning of the run



Table 2
Individual measured values of the cross-section
0 = *
of the monitor M (H5 + H34)L (HS + TB)R.
{The errors are statistical only.)

s oM(pp) OM(PP)
(GeV) {mb} {mb)
11.16 + 0.05 12.22 + 0.06
30.06 11.19 + 0.05 12.05 + 0.09
11.0%9 + 0.05 12.09 + 0.04
(avg} 11.15 ¢+ 0.03 12.12 + 0.03
17.42 + 0.09 17.85 + 0.20
17.18 + 0.17 18.45 + 0.12
17.16 + 0.10 18.77 + 0.12
52.8 17.24 + 0.07 18.54 + 0.08
17.25% + 0.06
17.26 + 0.06
17.53 + 0.08
17.68 + 0.07
{avg) 17.36 + 0.03 18.51 + 0.006
18.80 + 0.06 18.01 + 0.08
19.36 + 0.06 18.39 + 0.06
62.7 19.00 + 0.07 18.12 + 0.08
19.10 + 0.06
19.13 + 0.08
{avg) 19.08 + 0.03 18.21 + 0.04
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Table 3

Individual measured values of the cross-section
of the fully inclusive trigger oobs(pp).
Values of the beam currents are also given.

{The errors are statistical only.)

fs oobs(pp) I1 I2
(GeV) (mb) (A) (A)
39.35 + 0.10 .82 75
30.6 | 39.43 +0.10 | 5.50 | 5.55
39.38 + 0.09 | 5.04 08
(avg) 39.39 + 0.06
40.77 + 0.13 | 10.43 | 10.32
40.09 + 1.29 | 10.43 | 5.1 % 107°
40.30 + 0.15 | 2.15 | 2.22
52.8 | 40.60 + 0.10 | 2.15 | 2.22
40.51 + 0.10 | 3.46 | 3.52
40 .60 + 0.10 | 3.46 | 3.52
40.90 + 0.12 | 3.46 | 3.52
41.13 + 0.11 1.04 | 1.02
{avg) 40.70 + 0.04
40.44 + 0.09 | 5.62 | 5.30
41.24 + 0.09 | 4.19 | 4.50
62.7 | 40.s5 + 0.14a | 2.71 | 2.70
40.87 + 0.09 | 2.67 | 2.50
20.69 + 0.12 | 2.65 | 2.46
(avg) | 40.80 + 0.05




Table 4

Measured components of the pp observed cross-section,

9%bs = %4 + oy + 0 {The errors are statistical only.)
Is Ua 9% T 9 bs
{GeV) (mb) {mb} (mb) (mb)
30.6 41.38 + 0.26 0.47 + 0.03 0.03 + 0.01 41.89 + 0.26
52.8 42.02 + 0.31 0.22 £+ 0.03 0.03 + 0.01 42.27 + 0.32
62.7 41.70 + 0.19 | 0.24 + 0.02 0.03 + 0.01 41.97 + 0.19
Table 5
The slopes of the differential elastic cross-section
used in the calculation of the elastic losses
fs b1_2 b2 2
(GeV) (GeV ) (GeV “)
pp PP pp PP
306 | 122402 | 1224028 {1092+022 |109202%
528 | 13.1+0.4% | 139404® 1032022 | 1072027
62.7 | 13.3+0.2 % 1+06% | 102+02% 1042029
a) U. Amaldi et al., ref.

b) M. Ambrosio et al., ref. 21

c} N. Amos et al., ref. 20

d) pp value used for pp

41
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Table &
The final pp and pp results: %ot = %bs Aoel + Ao,
. a) b) b} c)
Reaction fs 9obs Aoel Aoin %ot
(GeV) (mb} {mb) (mb) {(mb)
PP 30.6 39.39 + 0.06 | 0.60 + 0.00 .23 + 0.01 40.22 + 0.21
+ 0.16 + 0.03 + 0.01
PP 52.8 40.70 + 0.04 1.80 + 0.00 .51 + 0.01 43.01 + 0.27
+ 0.17 + 0.07 + 0.01
PP 62.7 40.80 + 0.05 2.42 £+ 0.00 .60 + 0.01 43.82 + 0.30
+ 0.17 + 0.09 + 0.01
PP 30.6 41.89 + 0.26 | 0.68 + 0.00 .24 + 0.01 42.80 + 0.35
+ 0.17 + 0.03 + 0.01
D 52.8 42.27 + 0.31 1.92 + 0.00 .52 + 0.03 44 .71 + 0.46
+0.17 + 0.08 + 0.0
PP 62.7 41.97 + 0.19 2.54 + 0.00 .64 + 0.03 45.14 + 0.38
+ 0.17 + 0.09 + 0.02

a) The first error quoted is statistical; the second is the error arising
from the calibration of the beam-displacement scale.
b) The first error is statistical; the second is systematic.

¢) The error is the combination of all errors in the components.




Table 7
The difference between the pp and pp total cross-sections
(the systematic errors in the corrective terms,

Aoy and fo, have not been included, see text)

n!

Is Ao

tot
(GeV) {mb)
30.6 2.58 + 0.41

52.8 1.70 + 0.53

62.7 1.32 + 0.48
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Figure captions

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

2

10

Plan view of the CERN antiproton complex.

Profile in time of the antiproton current during an ISR pp run.
Zero-prong topological cross-section for pp interactions extra-
polated to the ISR energy range.

Layout of scrapers and pick-ups around Intersection 2.

The difference between scraper measurements (zm) and nominal
beam position (zs) as a function of zs. The slope of the

fitted straight line is the average error in the beam dis-
placements,

Layout of the experimental apparatus. Antiprotons circulated
in Beam 2. The inset shows an exploded view of the TB hodo-
scopes equipped with the elastic-scattering detector (TBy:
scintillator hodoscope; TBz: drift tubes).

H _.). The distribution was

12L ~ “42R
taken from a pp run with the ISR beams scarcely overlapping

Example of a TOF spectrum (H

in order to enhance the background.

Domains of summation of the various super-TOFs used in the
analysis.

Distribution of the events in the variable 5; combining 20
left-right TOFs: a) pp data with overlapping beams: b) pp data
with overlapping beams; and c¢) pp data with the beams steered

4 mm apart. Normalizatidn is as follows: (a) and (b) correspond
to the same integrated luminosity, and (b) and (c) correspond
to the same live-time.

Stability of the measured value of the monitor cross-section

as a function of the span of the measurement.




Fig. 11
Fig., 12
Fig. 13
Fig. 14
Fig. 15
Fig. 16
Fig. 17
Fig. 18
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Luminosity curve taken from a pp monitor calibration at

/s = 52.8 GeV.

Measured values of the parameters @, = oa/oM and @ = ob/oM
taken from pp data at /s = 52.8 GeV.

Diffe;ential elastic cross-sections for pp and pp scattering
at /s = 52.8 GeV measured in this apparatus (Ambrosio et al.
[211).

Distribution of the single-diffractive events in |t'} (see
text) for a) pp and b) pp scattering at /s = 52.8 GeV.

Comparison of our o {pp) measurements with other ISR measure-

tot
ments. Values indicated with open symbols were obtained from
the extrapolated forward elastic cross-section via the optical
thecrem. The solid symbols denote the values obtained from

the total-rate method.

Compilation of hadron-proton total cross-sections. The data
were taken from this experiment and from refs. 9 [AGS],

10 [IHEP], 17 [FNAL], 16 [ISR pp], and 20 [ISR, ppl}. The
curves were computed according to Lipkin's parametrization
{see text).

Compilation of pp - pp total cross-section differences. The
data were taken from this experiment and from refs. 10 [IHEP],
17 [FNAL], and 20 [ISR]. The straight line is a fit assuming
Regge behaviour of the difference (see text).

Compilation of results on the pp and pp total cross-sections.
The solid lines correspond to the fit to the data discussed

in the text. The compilation comprises low-energy data [41]

and SPS Collider data [42,43].
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