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1. INTRODUCTION

This thesis describes measurements of the elastic scattering processes:

p + p -• p + p ,and
p - p - p + p ,

with the scattered particles emerging at small angles in the centre of mass (CM)
system. These measurements have been performed at the CERN Intersecting
Storage Rings (ISR) during the period December 1980 - June 1982.

Originally designed as a proton-proton colliding beam machine, the success-
ful construction and operation at CERN of the antiproton source and the anti-
proton accumulator (AA), created the possibilty to store antiprotons in one of
the rings of the ISR. The main aim of the antiproton project is the injection of
protons and antiprotons in the CERN Super Proton Synchrotron (SPS), to pro-
vide pp collisions at a centre of mass energy of 540 GeV. The most spectacular
result obtained with this new facility has been the recent discovery, of the in-
termediate vector bosons W" and Z°.

At the ISR, a direct comparison of pp and pp scattering phenomena is pos-
sible, because, unlike the SPS, it can make both pp and pp collisions available
to experiments. Circulating in opposite directions and colliding nearly head-on,
the beams at the ISR span a momentum range of 11 to 31 GeV/c, providing a CM
energy range of 22 to 62 GeV. This corresponds to 250 -2000 GeV protons or
antiprotons impinging on a stationary proton target.

The direct comparison of pp and pp scattering in this energy range is of
considerable interest. This is because measurements on pp scattering alone,
performed in the 1970's prior to the construction of the antiproton facility, have
revealed that in the ISR energy range both elastic- and total pp cross-sections
increase with increasing energy. This is in contrast to the then prevailing no-
tion that "asymptotia" had been reached and that no further rise in the elastic-
and the total cross-sections were to be expected. Guided by these results, re-
vised models have since been developed which are consistent with the observed
increase and predict that if the pp cross-section increases with energy, the pp
cross-section will do the same. It is the subject of this thesis to check this
particular prediction experimentally.
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The present experiment measures the angular distribution of pp and pp
elastic scattering at small angles (typically 1-10 mrad) and at different energies.
From these measurements a comparison of the energy behaviour of the pp and
pp forward nuclear scattering amplitudes is obtained. This behaviour can be
described in terms of three parameters: the total cross-section, the ratio of the
real-to-imaginary part of the forward nuclear amplitude and a parameter, the
"slope", characterising the dependence of the process on the squared four-mo-
mentum transfer between the incident and the scattered particle.

In the following sections the main features of elastic scattering will be dis-
cussed.

1.1 The total cross-section.

The most global aspect of hadron collisions at high energies is the behaviour
of the total cross-section, a. ^. A compilation1 of total cross-sections of various
long lived hadrons on protons is shown in f ig . 1.
Above a laboratory energy, E, of approximately 10 GeV, the main features are
the following:

1. The total cross-sections are changing slowly and smoothly with increasing
energy.

2. All cross-sections decrease with increasing energy up to E = 100 GeV,
after which they start to rise, with the exception of o. .(K*p) which in-
creases over the whole measured energy range and o\ . (pp) which de-
creases up to the highest measured energy: E = 300 GeV.

3. The cross-section differences (antihadron-proton minus hadron-proton) are
all positive and decrease with increasing energy.

A new feature was discovered in 1973, by Amaldi et al. [2] and by Amendo-
lia et al. [3 ] , who found the total pp cross-section to rise in the ISR energy
range. The experiment to be descrioed here is a f i rst excursion into this

1 None of the figures in this chapter will include results of this experiment.
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Figure'1: Total cross-sections on protons versus laboratory energy. Figure
taken from ref. [1 ] .

energy range with particles other than protons. Measurements on np and Kp
total cross-sections are liksly to follow soon since the Tevatron, a supercon-
ducting accelerator of 1000 GeV, has recently been completed.
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The energy dependence of the total cross-section differences is shown in
f ig . 2. They all show a similar behaviour, decreasing with increasing energy.
Such behaviour is in accordance with general theorems applicable at "asymptotic"
i.e. very high energies of the colliding system (see sect. 1.5).

1.2 The real part of the forward nuclear amplitude

The scattering process is described in terms of amplitudes. For charged nu-
cleons the scattering amplitude contains a part due to tf?ü electromagnetic inter-
action (Fc) and a part due to the nuclear interaction (F-) - Both amplitudes are
complex quantities. The ratio of the real to the imaginary part of F is:

P(s) = Re Fn(s,t=0)/lm Fn(s,t=O)

with s the CM energy squared and t the square of the four-momentum transfer
(see sect. 1.4). This parameter can be extracted from scattering data at small
momentum transfers at various energies and compared with models of strong in-
teractions.

The behaviour of p for proton-proton elastic scattering is shown in f ig . 3.
Its value is small and rising with energy, crossing zero at Vs = 25 GeV. The
quantity p(pp) is related to the total cross-sections a. App) and a. ,(pp)
through dispersion relations which contain integrals over a t o t with limits ex-
tending to infinite energy. It is therefore possible to relate measurements of p
to the behaviour of o^ at much higher energies. The correlation is such that a
positive value of p is a precursor for a rising total cross-section. Indeed, the
observed rise of a. App) in 1973 was confirmed shortly afterwards by measure-
ments of p(pp) [5,6] which demonstrated that p(pp) was rising and crossing
zero at Vs = 25 GeV.

Also shown in f ig . 3 is the result of a f i t , performed by Amaidi et al.
[4 ,7 ] , using dispersion relations. They assumed that the cross-section differ-
ence vanishes at high energies. The asymptotic energy dependence of the total
cross-section was parametrised as a. t - lnY(s). The f i t , performed over data
which existed at the time for a. . (pp), a t .(pp) and p(pp) yielded the result
that the total cross-section should rise as In2(s) up to at least Vs = 300 GeV.
This is consistent with a theorem of Froissart and Martin, which states that the
total cross-section cannot rise faster than a. ^ - In2(s) (see sect. 1.5).
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The data on p(pp) are shown in f ig . 4. Above E > 10 GeV it increases
slowly with energy and becomes slightly positive at E » 200 GeV. We will show
in chapter 8, that p(pp) is significantly positive at ISR energies and that its
energy behaviour is consistent with the rise of the pp total cross-section.

1.3 Elastic scattering.

The main features of proton-proton elastic scattering are displayed in f ig . 5,
which shows the t-dependence of the differential elastic cross-section at various
energies.
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Decreasing about eight orders of magnitude it goes through regions of different
behaviour with increasing | t | :

1. There is a large and narrow peak, the diffractive peak, at | t | < 1.4 GeV2

which can be described as an exponential fall off, do7d|t| - exp ( -b | t | ) ,
at least up to | t | = 0.4 GeV2. A change in the slope (b) occurs at | t | =
0.15 GeV2.

2. A dip structure is present at | t | = 1.4 GeV2 with a second maximum oc-
curing at | t | = 2 GeV2 after which the cross-section decreases approxi-
mately exponentially.
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Figure 5: t-distributions of pp elastic scattering at various centre of mass
energies. Figures taken from refs. [9] and [10].

3. The diffraction peak becomes steeper while the dip moves to smaller values
of | t | when the centre of mass energy increases (shrinkage).

4. The dip structure becomes more shallow at increasing centre of mass en-
ergy.
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A compilation of slope parameters b(pp) and b(pp) is shown in fig. 6. It
shows an approximately logarithmic increase of b(pp) with energy. The data of
this experiment indicate that b(pp) is rising as well and becoming equal (within
errors) to b(pp) at ISR energies. A recent measurement at Vs = 540 GeV [12]
has strikingly confirmed the fact that the t-dependence of pp elastic scattering
continues to shrink as the energy increases.
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1.4 Parametrisation of small angle elastic scattering.

Consider the elastic scattering process:

1 + 2 - 3 + 4

where the particles 1 - 4 have equal rest mass m. The four momenta in the
(CM) system before and after the scattering are denoted by P i , P2, P3 and P*
respectively. One defines the Lorentz invariant variables:

s = (Pa + P2)2 = 4Eo2

t = (Pi - P3)2 = -2p2(1-cos8)
u = (Pi - P«)2 = -2p2(1+cos9)

(1.1)

where p denotes the magnitude of the three-momentum, 6 the scattering angle
and Eo = V(p2+m2) the energy of each particle, all measured in the CM system.
These variables are not independent since:

s + t + u = 4m2

The differential elastic cross-section can be expressed in terms of the solid an-
gle in the CM-frame or in terms of the four momentum transfer:

do7d|t| = TT/P2 do/dQ

The dynamics of the scattering process is contained an invariant amplitude,
F(s , t ) , defined such that for spinless particles the differential elastic cross-
section is:

da/d | t | = 1/64rrsp2 | F (s , t ) | 2 (1.2a)

In the following the particle masses will be neglected, i.e. one sets s = 4p2.
Eq. (1.2a) becomes:

do7d|t| = 1/16ns2 | F (s , t ) | 2 (1.2b)
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The optical theorem relates the imaginary part of the scattering amplitude at t=0
to the total cross-section:

o-tot = 1/s Im F(s,O) (1.3)

At small momentum transfer the elastic differential cross-section is usually par-
ametrised as:

do7d|t| = (do7d|t|)t=0 e ' b | t | (1.4)

The elastic scattering at small momentum transfers is governed by two pro-
cesses: the electromagnetic and the nuclear interaction. Eq. (1.2) now be-
comes :

da/d | t | = 1/16TTS2

The invariant Coulomb amplitude can be parametrised as follows:

F„(s,t) = +8 TTOS G2(t)ec
±io<(>

(1.5)

(1.6)

where a is the fine structure constant. The upper sign Is used for the pp and
the lower sign for the pp interaction. This amplitude is the product of the
Coulomb amplitude for scattering on a point charge, a formfactor G(t) and a
phase <j>, relative to the nuclear amplitude. The form factor is the Fourier
transform of the distribution of the electromagnetic charge inside the proton.
For an exponential decrease of this distribution, for example:

G(t) = XV(A+|t|)2

with k = 0.71 GeV2. The Coulomb-nuclear phase, caused by the exchange of
more than one photon, vacuum polarisation and the possible excitation of ha-
dronic intermediate states, has originally been calculated by Bethe [13], using
classical potential theory. His result is essentially reproduced by the calculation
of West and Yennie [14], whose expression we use:

a* = a[ln(0.0S7|t|)-0.577].



page 12

A recent calculation by Cahn [15], gives a result («J> = 1.04x10"2) which is
close to that of West and Yennie (a* = l.10x10"2 at | t | = 0.01 GeV2).

The nuclear amplitude is parametrised, using eqs. (1.2), (1.3) and (1.4):

Fn(s, t) « sa t o t (
-b| t | /2 (1.7)

Inserting eqs. (1.6) and (1.7) in (1.5), one obtains:

d o 7 d | t | = 4na2 G«(t) / | t | 2

? c t o t a(p*cK|>) G 2 ( t ) e ' b | t | / 2

+ (l+p2)a2 to t e ' b | t | / 16TT

(1.8)

Fig. 7 shows da /d | t | for pp elastic scattering at very small momentum trans-
fers. The Coulomb and nuclear contributions given by the f i rst and the last
term of eq. (1.8) respectively, are shown separately. Also shown is the expec-
tation for p = 0 (dashed line). The difference between this expectation and a
f i t to eq. (1.8) of the experimental data, is mainly due to the second term
which describes the Coulomb-nuclear interference. A positive value of p causes
destructive interference in pp scattering, while the reverse is true for the case
of pp. The interference effect is largest at | t | = 0.002 GeV2.

It is seen from eq. (1.8) that a measurement of the Coulomb-nuclear inter-
ference yields the quantity p±otq>. The measurement of p is therefore sensitive to
the error in the calculation of the Coulomb-nuclear phase, which has been esti-
mated by West and Yennie to be smaller than op < 0.015. We will show in chap-
ter 8 that this systematic error is in fact negligible.

To summarise, the assumptions made in deriving eq. (1.8) are the following:

1. The imaginary part of the nuclear amplitude depends exponentially on | t |
for | t | < 0.15 GeV2.

2. The real and imaginary part of the nuclear amplitude have the same t-de-
pendence: p is assumed to be independent of t .

3. Spin dependent effects are neglected.

These assumptions have been justified in e.g. refs. [5] and [7 ] ,
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1.5 Asymptotic theorems and models describing F(s,t) .

The formalism outlined above would remain void of content without further
constraints and physical models specifying the amplitude F(s,t) as a function of
s and t . There are, f i rst of all, some general theorems which limit the options
for the s and t dependence to F(s,t) [16,17,18]. Secondly, there are three
classes of models which prescribe this functional dependence in more or less de-
tai l : the optical- or s-channel models, the Regge- or t-channel models and the
constituent- or parton models. In the following we will comment on these theo-
rems and shall briefly discuss some features of the s-channel, t-channel and
constituent approach. For reviews on the subject, the reader should consult
refs. [19,20,21].
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1.5.1 Asymptotic theorems

The f irst restriction on F is imposed by the requirements of analyticity and
crossing-symmetry. Consider the two processes:

1 + 2 - 3 + 4 1 + 3 - 2 + 4
s = (P1+P2)2 s = (Pi+Pj)2 = (P!-P3)2 = t
t = (Pi-Pa)2 t = (Pi-P?)2 = (Pi+Pz)2 = s

The physical domains of these two processes are:

s Z 4m 2 t Ï 4m2

4 m 2 - s U ^ O 4 m 2 - t i s < 0

Both processes are described by the same amplitude:

F1 2(s,t) = F l 5 (s , t ) = FiSt^s)

One can form the linear combinations:

F+(s,t) = [F12(s,t)+Fl3(s,t)]/2
F.Cs,t) = [F12(s,t)-F!3(s,t)]/2

which are even, respectively odd under the operation of "crossing" i.e: moving
from the physical domain of one process to that of the other implies:

F+(s,t) - +F+(t,s)
F_(s,t) - -F. ( t ,s )

Conversely, one can broke up the amplitudes for the two physical processes into
two pieces wich are even, respectively odd under crossing. For the case of
pp — pp and pp — pp we then have:

F p p (s , t ) = F+(s,t) + F.(s,t)
Fp.p(s,t) = F+(s,t) - F.(s,t)



page 15

This crossing theorem has an immediate impact on the energy dependence of

pp and pp elastic scattering. To see this, we write F(s,t) in its Regge form:

F(s,t) = I v :(t)§:(t) [ s / s o ] a i ( t ) (1.9a)

where \:( t) is the residue function, a.(t) the trajectory of Regge pole (i) and

2jj(t) the signature function:

?j(t) = [1 + T ie~ i r ra i ( t )]/sinna i(t)

From eqs. (1.9) and (1.3) it follows that if the only trajectory

otj(t) = a0
 + a t

is the Pomeron, with intercept a0 = 1.0, then, at t = 0:

(1.9b)

tot l m l m (1.10)

which is independent of energy and finite only if the signature has the value

T = +1. Thus, if (1.9) is the correct form and we have no s-dependence, the

amplitude is even under crossing. A corollary of this result is that if ato * 1,

e.g. a0 > 1 (i.e. a rising cross-section), we can have an admixture of an am-

plitude which is odd under crossing (T = -1).

Closely related to this conclusion is the original Pomeranchuck theorem [22]

which states that if both o\ ^(ab) and a^ ^(ab) go to a constant value as

s -» oo, then the amplitude is asymptotically even under crossing, i.e. the cons-

tants are equal:

lim (s - (1.11)

Since the observation of the rise in o to t(pp) this theorem is no longer ap-

plicable to pp and pp scattering and its current interest is that it has been the

fore-runner of another theorem, the "new" Pomeranchuck theorem, developed by

several authors independently [23]: If one of the two total cross-sections

a tot(Sb) or a,.(ab) approaches infinity as s -» oo, then their ratio:
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lim a t o t (ab) /o t o t (ab) = 1 (s - ~) (1.12)

It is worth reflecting on the difference between these two theorems: whereas the
original Pomeranchuck theorem stipulates that the difference
ACT = a(pp)-a(pp) - 0 as s -» oo, the second theorem allows the difference to
remain f ini te, or even rise with s. For example, in a model proposed by Nico-
lescu and co-workers [24] a - In2(s) and ACT - ln(s), so that

lim a(pp)/a(pp) = lim [CT(PP)+ACT]/CT(PP) = 1 (s - oo) (1.13)

although Aa continues to rise. It may be pointed out that the example given
above is a case of "maximal behaviour" because a more restrictive version of the
Pomeranchuck theorem, due to Eden and Kinoshita [26], states that if the total
cross-section rises as In^(s), the cross section difference cannot grow faster
than ACT - In^ (s) when s approaches infinity.

The odd signature contributions to the amplitude, admitted by the new Pom-
eranchuck theorem (1.12), are restricted by a theorem of Fisher et al. [18]: If
ReF_ and !mF_ have the same sign at s > s0, then the integral:

o
r°°ds [o (pp ,s ) -a (p P , s ) ] / s (1.14)

converges, hence ACT -• 0 for s > so, provided the s-dependence of CT is well
behaved.

A variety of authors [24,27,28] have commented on the existence of odd sig-
nature contributions to the scattering amplitude ("odderons") which would cause
ACT to approach a constant or even rise like ln(s) with increasing energy. As
we will show in chapter 8, the combined data on pp and pp are consistent with
eq. (1.12) and with ACT -• 0, although the latter is not required by the general
properties underlying the Pomeranchuck theorem in its present version.

While the two f i rst theorems stated above constrain the imaginary parts of
the scattering amplitude at t = 0, another theorem, due to Cornille and Martin
[29] affects both the real and imaginary parts and is not restricted to t = 0. It
states that, in the range of t where the differential elastic cross-section falls
exponentially with increasing | t | , the slope, defined as
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b(s,t) = d/dt [In do-(s,t)/dt] (1.15)

is subject to the constraint:

litn b(pp,s,t)/b(pp,s,t) = 1 (s - «) (1.16)

As shown in chapter 8, the theorem is well satisfied by the data.

Finally, the theorsm of Froissart and Martin [30] states that the total

cross-section cannot grow faster than:

o to t(s) < (TT/mn
2) In2(s/so) (1.17)

with m the pion mass and s0 a scale factor. The energy behaviour of both the

total cross-section and p is consistent with a saturation of this bound, as we

will show in chapter 8.

1.5.2 Optical models.

Optical, or s-channel, models are based on the analogy between hadron-hadron

elastic scattering and the scattering of light on an opaque disk. The scattering

amplitude can be written as the Fourier transform of a profile function l~(s,b):

F(s,t) = 2is ƒ d2b r(s,B) e i q b (1.18)

where | q | 2 = -t and b is the two dimensional impact parameter. The profile

function describes the matter distribution of the disk. Substituting (1.18) in

eqs. (1.2b) and (1.3) then gives the quantities da/d|t | , CTtot'

J I = Jdt do/d|t| and the inelastic cross-section (O|n = °"tot~ ceP ^ o r a n y 9 ' v e n

profile function:

°tot = 2 R e J
oe| = ƒ d2b |r(s,S)|2 (1.19)
a j n = ƒ d2b G(s,b)
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where the last equation defines the inelastic profile function, G(s,6), which is
related to the elastic profile function f (s ,b) through the unitarity condition:

2Re T(s,b) = |l~(s,b)|2 + G(s,b) (1.20)

A well known case is that of a uniform distribution with radius R(s) and opacity
a(s) for which:

do /d | t | = Tra2R" [J i (qR) /qR] a - Tra2RV4 exp(R2t/4) (1.21)

a to t = 2 n a R 2 ' °el = n a 2 R 2 ' CTin =

A particular class of models, known as geometrical scaling models (GS), at t r i -
butes the energy dependence entirely to the radius R(s). GS therefore pred-
icts:

o- tot(s) - R2(s) , ae |(s) - R2(s) , a j n (s) - R2(s) , b(s,t=0) - R2(s)

and thus that, the ratios of these quantities are constant. It has been shown
that if a. . ~ In2 (s) , geometrical scaling must hold asymptotically [31].

The other extreme is to assume the radius to be constant and to introduce
an energy dependent opacity. A common feature of such models is the predic-
tion that ultimately the "black disk" limit will be reached i.e. a - 1 and
CTel/atot " 0 > 5 ^ s e e e q ' 1 - 2 1 ) -

Many authors attempt to build the s- and b-dependence into the profile
function, often assuming factorisation in s- and b-space. With the ansatz that
the hadronic matter distribution inside the proton is proportional to the charge
distribution, the b-dependent part is obtained from the proton electromagnetic
form factor. The s-dependence is either introduced using the total cross-section
as input to the model, or via a parametrisation based on Regge- and asymptotic
field theory. Recent examples of such models are those of Bourrely et al. [32]
and of Chiu [33] and we will compare their predictions with the results of this
experiment in chapter 8.

The elastic profile can be obtained from a Fourier transform of the data on
the differential elastic cross-section. The inelastic profile is then obtained
through eq. (1.20). Such analysis has been performed by Amaldi and Schubert
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[9] on pp elastic scattering at the ISR. This analysis showed that the inelastic
profile function is approximately gaussian. Van Hove has proposed a gaussian
model for G(b) [35]. Inserting G(b) = a exp-(ab)2 in eq. (1.20) and solving
for T(b) (assumed to be real) it is readily calculated from eq. (1.19), that in
the limit of maximum opacity (a = 1):

°e l / o to t = 0.185

As shown in f ig . 8, this "van Hove limit" is approximately reached at ISR ener-
gies: ae]/atot = 0.175 [9 ] .

0.3 •

tot

0.2

0.1
10 100 1000

LABORATORY MOMENTUM (G»V/c)

Figure 8: The ratio a e / o - t o t for pp and pp. Figure taken from ref. [10].
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1.5.3 Regge models

In Regge, or t-channel models the scattering process is considered as an
exchange of either a physical particle (Regge-pole) or of the Pomeron, i.e. a
mathematical "object" representing the exchange of energy and momentum and
carrying the quantum numbers of the vacuum i.e. isospin I = 0, parity even
and charge conjugation C = 1. A possible interpretation of the Pomeron lies in
the exchange of gluons, to be discussed later.

Applied to scattering processes, Regge theory results in a prescription for
the amplitude F(s,t) as given in eq (1.9):

F(s,t) = Z YjWSjtt) [ s / s o ] a i ( t ) (1.22)

where the index refers to the Regge pole (i) and ?j(t) is given in eq. (1.9b).
This expression of F is the "Regge-equivalent" of the optical amplitude of eq.
(1.18). For a t o t and do7d|t| we have, from eqs. (1.22), (1.2b) and (1.3):

a tot = 1 / s l m F ( s ' 0 ) = Z G i ( 0 ) ( s / s ° ) a ' ( ° M H.23)

da /d | t | = 2 Dj(t) ( s / s o ) 2 a i ( t ) ' 2

If the exchange is dominated by a single effective trajectory a(t) = ao+a't, and
assuming D(t) - exp(Bt) [43], we have:

da /d | t | = A exp b(s)t , b(s) = B + 2a'ln(s/s0) (1.24)

i.e. for a' > 0, the slope of the elastic peak increases logarithmically with s:
"shrinkage of the elastic peak".

The dominant trajectories in pp and pp scattering are the Pomeron and the
meson trajectories p-to-f-A2. Experimental evidence of a body of scattering and
polarisation experiments indicate that the effective meson trajectory has aa ~ 0.5
with a' = 1 GeV"2, while the Pomeron has an intercept oo = 1 and a slope
a' » 0.1-0.3 GeV"2. The odd-signature terms in eq. (1.23) are the p- and
w-trajectories and their contributions are negligible from ISR energies upwards.
In this domain, the residual "odd" terms and the resulting difference between
the pp- and pp total cross-sections are then due entirely to "odderons".
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The observed rise of the total cross-section can be incorporated by admit-
ting a Pomeron trajectory with intercept ota = 1 + £ > 1. and thus
o \ . ~ (s/so)c. An empirical model along these lines was proposed by Lipkin
[36]. Notice however that such power behaviour ultimately violates the Frois-
sart-Martin bound.

1.5.4 Constituent models

It is generally believed that Quantum ch romodynamics (QCD) is the correct
theory of strong interactions. In this theory, partons within the nucleon inter-
act through gluon and quark-antiquark (qq) emission and absorption, much as
virtual photons and virtual e*e' pairs are responsible for the interactions in
QED. At very small impact parameters b, i.e. very large | t | , the valence
quarks of the two scattering nucleons interact as well and give rise to a tail in
the t-distribution. The small-111, large b region would then be sensitive mostly
to the spatial distribution of seaquarks and gluons, while the large j t | , small b
range is sensitive to the elementary quark-quark interaction strength.

Constituent models have been discussed by Glashow et al. [37], van Hove
and Pokorski [38], Einhorn and Ellis [39], Afek et al. [40] and Miettinen et al.
[41].

It is intuitively clear that in collisions between two sets of constituents the
slow constituent:, of each have the best chance to interact. One such model is
that of Afek et al. in which the total cross-section is obtained from the steeply r
falling momentum distribution of gluons and quarks in the proton, convoluted ;>,
with the elementary gg and qq interaction cross-section: )

°tot = / d T / T Fgg(T><WTS) + q / d T / T F q q ^ < W

where T is MVs and the integral over the gluon momentum distributions is:

F „ ( T ) = (n + 1)V4 J 1 dx/x (1-x)n(1-T/x)n (1.27)

With this model, and suitable assumptions concerning the energy and impact
parameter dependence of the quark density overlap, good agreement with the pp
energy dependence is obtained.
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It is illustrative to work out the f i rst term in eq. (.1.26). Neglecting terms
of order ( T ) , one obtains from eq. (1.27):

Fg g (T ) - -ln(T)

The elementary gluon-gluon total cross-section is a slowly varying function of T
[40] and we assume it to be a constant:

o (TS) = C 9(TS - s0)
yy

where the stepfunction accounts for the gg - qq threshold. The f i rst term in
eq. (1.26) then yields, for large s:

ü to t •

The model thus predicts a cross-section which rises at a rate saturating the
Froissart-Martin bound.

1.6 Experimental methods.

At the ISR and the SPS three types of measurements are used in order to
extract the total cross-section:

1. Measurement of the total interaction rate: the total rate method.

2. Measurement of the differential elastic cross-section at small momentum
transfers: the CERN-Rome method (this experiment).

3. Simultaneous measurement of the total rate and the differential elastic
cross-section: the luminosity independent method.

With the total rate method, one measures both the total number of interac-
tions per unit time (R) and the machine luminosity (L) , which is defined as the
interaction rate per unit cross-section. The way L is determined will be de-
scribed in detail in chapter 2. The total cross-section is then extracted using
the luminosity formula:
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R = °totL (1.28)

Extrapolations have to be made to account for the missing number of interac-
tions, mainly at small scattering angles.

With the CERN-Rome method, as used in this experiment, one measures the
t-dependence of the interaction rate at small momentum transfers (typically 0.001
< |t | < 0.15 GeV2) and, again normalising to the machine luminosity, one ob-
tains the differential elastic crosssections which are then fitted to eq. (1.8).
Several types of fits may be made: the choice of which of the parameters ov .,
p or b is left free in the f i t is dependent on the t-range covered by the data.
It should be noted that it is possible to obtain a luminosity independent mea-
surement if the momentum transfer extends to small enough values of | t | < 0.003
GeV2. There the Coulomb scattering dominates, of which the absolute magnitude
and t-dependence is known (Coulomb normalisation).

Another luminosity independent measurement is possible when the total rate
and the differential elastic cross-section are measured simultaneously. One has
for this combination of the total rate- and CERN-Rome method:

and

and thus:

«tot = R / L

°*tot = 16n[dR(t) /d| t | ] t = 0

CTtot = 16n[dR(t) /d| t | ] t = 0 /R(1+p2)

(1.29)

Notice from eq. (1.29) that the error in the luminosity compounds differently
into the error on the measured total cross-section: for the luminosity indepen-
dent method: Aa/a = AL/L and for the CERN-Rome method: Aa/a = AL/2L.
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2. THE ANTIPROTON PROJECT AND THE CERN ISR

The present experiment was installed at intersection 2 of the CERN Inter-
secting Storage Rings (ISR). The ISR is a colliding beam machine which began
to operate in January 1971. The last run with colliding beams took place in De-
cember 1983. During the twelve years of operation it provided CM energies
which were the highest ones availabfe before the SPS Collider came into opera-
tion in July 1981. In the ISR, particle beams rotate in opposite directions in
almost circular orbits which intersect at eight points. The beams consisted nor-
mally of protons, but also alpha particles and deuterons have been stored. After
the construction of the antiproton source and the antiproton accumulator (AA) it
became possible to inject and store antiprotons in one of the rings. Thus a com-
parison could be made between pp and pp interactions measured with the same
detector under similar experimental conditions.

2.1 The Intersecting Storage Rings.

The ISR is located in a tunnel some 20 m underground. It consists of two
almost circular rings (300 m diameter), which intersect at eight points as shown
in f ig . 9. The beams travel in opposite directions in each ring and are kept in
orbit by 132 dipole magnets which also provide the focussing necessary to coun-
teract the tendency of the beam to blow up. At each intersection the beams col-
lide at small angles (14.8° in most intersections).

The protons which are stacked in the ISR originate from the CERN Proton
Synchrotron (CPS). A bunched pulse containing 3.1012 protons which are ac-
celerated to 26 GeV/c in the CPS, is transferred via the lines T1 or T2 and in-
jected into an orbit close to the inner wall of one of the vacuum chambers (50
mm high and 150 mm horizontal aperture) of the ISR. After injection, the pulse
is accelerated slightly by an RF system which causes it to move radially out-
wards. Once the pulse is in the required orbit, the RF is switched off and the
pulse quickly debunches due to momentum spread and magnet imperfections. The
stacked pulse is then almost insensitive to the RF system which is applied to the
next pulse in order to move it into an orbit, adjacent to the stack. The injec-
tion and stacking of each pulse takes about 2 seconds and is continued t i l l all
available phase space is fi l led. After a few hours, ribbon shaped beams about



page 25

Figure 9: Layout of the CPS, the AA and the ISR at CERN.

50 mm wide, 4 mm high with a current of about 30 A, circulate in both rings.
Peak currents of about 60 A have been reached. The horizontal overlap of the
beams in the intersection regions has a characteristic diamond shape, eight times
as long as it is wide. After stacking, the beams are eventually accelerated or
decelerated to the standard operating energies: 11, 15, 22, 26 and 31 GeV.
More details on the magnet system, the RF system, beam transfer and stacking
procedures can be found in refs. [42] and [43].

A colliding beam machine, such as the ISR, makes high centre of mass ener-
gies available. The CM energy is approximately two times the energy of each
beam: Vs = 2E. In a conventional accelerator, where the beam hits a stationary
target consisting of particles with mass m, the centre of mass energy is given
by Vs = V(2mE). Thus the highest ISR energy, Vs « 62 GeV, is equivalent to
a 2000 GeV proton beam hitting a stationary hydrogen target.
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The available counting rate is expressed in terms of the machine luminosity.
The luminosity (L) is defined as the ratio of the collision rate (R) leading to a
particular final state and the cross-section (a) for producing that state:

L = R/a (2.1)

The interaction rate per unit volume of two beams with densities ni and n2,
travelling with velocities pi and p2 is given by [43,44]:

with
dN/dVdt = c a n^a E(p!,p2/a)

E(Pi,p2,a)2 = p1
a+p2

2+2p1p2cosa - p1
ap2

asin2a

(2.2)

Here c is the speed of light in vacuum and a the crossing angle defined such
that o = 0 for beams which collide head-on. The luminosity follows from (2.1)
and (2.2):

L = 2cp cos2(a/2) J n ^ d V (2.3)

In eq. (2.3) we assume Pi = p2 = p = 1. The interaction volume is:

Jnin2dV = w2 Jpi(x)dx fp2(x)dx / h e f f sina (2.4)

This volume corresponds to beams which are uniformly distributed in the hori-
zontal plane, both having a width w. The vertical distributions are denoted by
pi(x) and p2(x) respectively. The effective height, h^r, is defined as:

Jp1(x)dx.J'p2(x)dx
neff =

J"Pi(x).p2(x)dx

The current of e.g. beam I is given by:

l i = wcpe J"pi(x)dx

(2.5)

(2.6)
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with e the elementary charge,
tains:

Combining eqs. (2.3), (2.4) and (2.6) one ob-

I* I;

e2 cp tan(a/2) h e f f

(2.7a)

When the currents are given in A and the effective height in mm, eq. (2.7a)
becomes, for the ISR:

L = 1.0025 1029 U fcm^s"1] (2.7b)

From eq. (2.7) it can be seen that the luminosity depends on the beam intensity
and the beam height but not on the width. For typical running conditions,
I = 30 A and h *, = 5 mm, the luminosity is L = 2.1031 cm"2s"1. Using a set of
focussing magnets which serve to reduce locally the effective beam height (su-
per conducting low-p insertion in intersection 8), record luminosities in excess
of L = 1032 cm~2s"1 were obtained. This can be compared to a conventional ac-
celerator with typically 1012 protons/s on a, say, 30 cm long liquid hydrogen
target: L = 2.103s cm"2s"1, which is four orders of magnitude higher. A draw-
back of colliding beam machines is therefore their relatively low luminosity.
These considerations are however irrelevant for this experiment, because the
particle flux into the detector is far higher than the data acquisition system can
handle (for pp).

To each particle momentum corresponds an equilibrum orbit which closes onto
itself after one revolution. The loci of these orbits measured along the radius r
are related to the momentum spread by: Ar = a Ap/p. The momentum compac-
tion is a s 2 m for the ISR. A typical beam width of 50 mm corresponds there-
fore to a momentum spread of Ap/p = 2.5%. The particles perform betatron os-
cillations around their equilibrum orbits. The betatron wavelengths are given in
terms of the Q values, which, in a given plane, is the number of oscillations
performed in one revolution. The Q value is a measure of the focussing power
of the machine. For the ISR: Q a 8.7 in both the horizontal and the vertical
plane. Orbit distortions tend to add when the Q value is an integer or a simple
fraction, resulting in a blow-up of the beam and an eventual loss of the stack.
In order to avoid these resonances, the Q values of the stack are adjusted by



page 28

excitation of pole face windings on the main bending magnets and the powering
of sextupole Vnagnets distributed around the r ing.

The momentum compaction function can locally be made zero using a set of
quadrupole magnets specially installed for this purpose. This running mode is
called the Terwilliger (TW) scheme [45]. The closed orbit distortions induced by
the TW quadrupoles cause the beam to be focussed in the even numbered inter-
sections and to be defocussed in the others. As a consequence, the maximun
current which can be stored is limited by the horizontal aperture of the machine
to about 10 A. The beam size in the even intersections is now determined by
the amplitude of the betatron oscillations only. These amplitudes depend on the
Q values and the emittances of the beam. The beam emittance (area occupied in
phase space) is conserved in the transfer and any subsequent focussing of the
beam, but not during acceleration. It therefore depends on the beam momentum
and causes the betatron amplitude to vary approximately as 1/Vp [46]. The
beam sizes are thus smaller at higher momenta. In the TW mode, the beam
widths are typically reduced by a factor of ten corresponding to a reduction of
the diamond length from 40 cm to about 4 cm.

The TW mode is of importance for this experiment because the small diamond
size greatly reduces the range of scattering angles accepted into two diametri-
cally opposed points in the detector. Furthermore, since the betatron ampli-
tudes are gaussian distributed, the interaction density can now be assumed to
be gaussian distributed also. This assumption cannot be verified here, because
this experiment provides no means to reconstruct the vertex distribution, but
its validity has been shown earlier [7 ] .

The running conditions are unfavorable for other ISR experiments when the
ISR is operated in the TW mode. This is due to the limited beam intensity, the
defocussing in the odd numbered intersections and the induced background
downstream of the detector which is positioned very close to the circulating
beams. The pp comparison data were therefore taken in short dedicated runs
during which this experiment was essentially the sole user of the machine.

The lifetime of the beams is determined by the proton losses caused by nu-
clear scattering on the residual gas and scattering out of the beam halo hitting
the aperture limits. This halo is formed by the transverse blow up of the beams
due to intra-beam scattering, multiple scattering on the residual gas and distur-
bances caused by magnetic field instabilities and resonances. In order to re-
duce loss and background caused by the residual gas, the ISR is operated un-



page 29

der very high vacuum conditions. Hundreds of pumps keep the average
pressure as low as 3.10'12 Torr. The outgassing rate of the vacuum chamber is
kept low by surface treatment prior to installation and bake outs to 300°C in
situ. This high vacuum also enables the storage of intense beams, because the
currents are not limitied by the horizontal aperture but by vacuum instabilities.
The beam halos are scraped away at regular intervals. A system of collimators
[47] and dump blocks (adjustable aperture limits with a length of 20 to 30 cm)
intercepts the background before it reaches the experimental apparatus. In this
way, the background rates which correspond to a loss of 10? to 10* protons per
second, are reduced to a few percent of the interaction rate.

2.2 The CERN antiproton project.

Beam cooling is a technique to increase the phase space density of stored
beams of heavy particles. Electron cooling of proton beams was proposed by
Budker in 1966 [48]. Stochastic cooling was invented by van der Meer in 1968
[49]. Experiments on electron cooling were performed by Skrinsky and collabo-
rators at Novosibirsk in the years 1967-75 [53]. The possibility to decrease the
effective beam height by stochastic cooling and thus to increase the luminosity,
was investigated at the ISR in 1974-6 [50]. This idea was abandoned because
the high intensity proton beams at the ISR imply cooling times which are too
long to be practical. It was soon realised however, that these cooling techni-
ques opened the possibility to create intense antiproton beams and various
schemes of antiproton accumulation and subsequent injection into storage rings
were proposed by Rubbia in 1976 [51],

The cooling experiments at the ISR were followed by the modification of an
existing small storage ring at CERN to investigate a practical scheme for the
creation of intense antiproton beams by stochastic cooling or electron cooling
[54]. These experiments were performed in the years 1977-8 and stochastic
cooling proved to be highly successful [50].

In June 1978 the CERN antiproton project was approved [55,56]. It envi-
saged the construction of the antiproton source, the antiproton accumulator, the
building of new transfer lines and the adaptation of the CPS and SPS to accel-
eration and storage of antiprotons. Stochastic cooling was favoured above elec-
tron cooling for reasons of reduced cost and complexity [57]. The project was
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extended in January 1979 to include the storage of antiprotons in the ISR. The
construction of the Low Energy Antiproton Ring (LEAR) was authorised in May
1980 [58]. The AA became operational in July 1980 and the f i rst pp physics
run at the ISR took place in April 1981. In July 1981 the f i rst antiprotons were
stacked in the SPS, followed by the f i rst physics run in November/December
1981.

Figure 10: Set up for betatron cooling. Figure taken from ref. [50].

Stochastic cooling [50,52] is achieved by observation of the phase space
coordinates of a small sample of particles in the circulating beam. The signal is
transmitted from the pick-up to a kicker magnet (see f ig . 10). The kicker ap-
plies a correction to the sample in order to move its centre of gravity in phase
space to the desired value. By repeating this process many times, a gradual
increase in phase space density is obtained. The cooling can be interpreted as
the action of a single particle on itself. It is counteracted by the noise from
other particles in the sample and by noise generated in the amplifiers and the
transmission line (incoherent heating). The cooling proceeds if the particles in
the sample are continuously refreshed at each revolution. Mixing which occurs
between pick-up and kicker inhibits the cooling because the sample which gen-
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erates the signal is no longer the same as the sample which is corrected. The
cooling rates are proportional to the bandwidth of the amplifier system and in-
versely proportional to the number of stored particles. Therefore high band-
widths (GHz range) and low beam intensities (less than 1012 stored particles)
are used. One distinguishes between cooling in betatron phase space (tran-
sverse cooling) and momentum cooling.

The layout of the CERN antiproton complex is shown in f ig . 9. A pulse of
about 1013 protons is accelerated in the CPS to 26 GeV and manipulated such
that i t occupies one quarter of the CPS circumference. The beam is focused onto
a production target. The antiprotons are selected out of the reaction products
by a spectrometer-1 ike arrangement. A magnetic lens serves to capture an an-
gular range as wide as possible, thus improving the collection efficiency. The
momentum distribution of the antiprotons is peaked around 3.5 GeV/c and the
production efficiency is about one antiproton per 106 protons on the target.

Table 1

Synopsis of ISR pp Collider Physics Runs

Starting

04

22

29

05

19

29

06

24

21

06

date

.04.81

.05.81

05.81

10.81

10.81

03.82

04.82

05.82

06.82

12.82

0

0

0

0
2

2
3
4

4

6

Current*

P
mA

.61

.19

.48

.10

.00

.04

.49

.18

.32

48

0

9

11
11

11

12
12
11
11
21

P
A

.83

.41

.95

.64

.17

.80

.60

.10

.80
15

Peak

luminosity

lO^cm-V1

0.11

0.20

0.80

0.30

9.00

5.70

12.00

16.00

78.00**

250.00**

Monentum

GeV/c

26

26

26
26

26

31

31
15
26
26.

.6

6

6

6

6

4
4

4

6

6

Physics

data
tiae
h

94

58

94

57

325

23
109
215
149
295

* The antiprolon beans «re frequently Che result of
accumulating 2 or 3 transfer* over several days.
In cases where the proton beam has been renewed,
the maximum current is quoted.

** Luminosity in the superconduc:ing, high-luminosity
insertion.

Figure 11: Currents and luminosities of the f i rst ten antiproton runs in the
ISR. Taken from ref. [61].
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The antiprotons are transferred and injected into an orbit close to the
outside wall of the vacuum chamber of the AA. The pulse fills the whole circum-
ference of the AA (160 m) which is equal to one quarter of the CPS circumfer-
ence. The antiprotons are subject to fast precooling which reduces the momen-
tum spread by a factor of ten. An RF system decelerates the pulse and adds it
to the existing stack. Injection and stacking occurs every 2.4 s. The stack is
accumulated into a dense core by 6 cooling systems. The momentum spread is
reduced by a factor 10A and the betatron phase space density by 10s in each
plane (design aim). Including pre-cooling, a total increase in 6-dimensional
phase space density by 3.10" has been achieved [60]. The stack is shielded
from disturbances caused by the injections and precooling by fast mechanical
shutters. The accumulation rate is about 5.109 p /h . When about 1011 p are
accumulated, the core is ejected and tranferred via the loop to the CPS where
the pulse is accelerated to 26 GeV/c. See ref. [59] for details on the perfor-
mance and operation of the AA and CPS.

Several antiproton pulses, each pulse corresponding to 24 hours accumulation
in the AA, are transferred and stored into ring 2 of the ISR, which has its
magnetic field reversed. Each pulse of about lO11 p corresponds to a current of
5 mA. The transfer efficiency is 90-100%. The ISR settings are optimised using
low intensity beams of about 2.10s3 p which preceed the main antiproton trans-
fer. After the antiproton beam is stacked, about 10 A of protons are stored in
the other ring of the ISR. The stored currents and the corresponding luminos-
ities of the f i rst ten antiproton runs in the ISR are shown in f ig . 11.

Betatron cooling was applied to the antiproton beam in both planes and to
the proton beam in the vertical plane only. This resulted in a reduction of the
size of the antiproton beams corresponding to an increase in luminosity of typi -
cally 15 to 20%. The cooling of the proton beam eliminated its blow up. The evo-
lution of the luminosity during the run taken in April 1982 is shown in f ig . 12.
Antiproton beams have been kept circulating for periods of more than 300 hours
with negligible loss rates. These long lifetimes are mainly due to the good vac-
uum conditions in the ISR and to the fact that the horizontal aperture of the
ISR provided ample space for accidental orbit distortions of the antiproton beams
which were small in size.
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Figure 12: Evolution of the luminosity during the antiproton run taken in April
1982. The increase is caused by the transverse cooling of the antiproton beam.
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3. THE DETECTOR

To determine the total cross-section, the slope parameter and the ratio of
the real-to-imaginary part of the nuclear amplitude, it is desirable to measure
elastic scattering at momentum transfers as low as 10~3 GeV2. At ISR energies,
this corresponds to scattering angles of about 1 mrad. The distance of the de-
tector from the intersection is limited by the length of the ISR straight section
to 10 m. Here a minimum acceptance of 2.5 mrad is determined by the height of
the beampipe. The detectors were therefore placed inside movable indents of
the ISR vacuum chamber. Such indents were employed for the f i rst time by the
CERN-Rome group in 1972 [5] and became known as "Roman pots". The pots
were normally in their retracted position because a vertical aperture limit of 20
mm (corresponding to 1 mrad) is unacceptable during fil l ing and normal opera-
tion of the ISR. They were only moved close to the beams during the runs
dedicated to this experiment.

The layout of the experiment is shown in f i g . 13. The Roman pots were in-
stalled at a distance of 8.7 m from the intersection. The detectors consisted of
four scintillator hodoscopes located inside the pots. They could be accurately
positioned under remote control. Another set of four hodoscopes were placed at
fixed positions above and below the vacuum chamber at a distance of 9 m from
the intersection. Four planes of scintillator, labelled U (u) and D (d) , provid-
ed, together with the hodoscopes H3 and H4, a measurement of the luminosity.

At the ISR small angle elastic scattering has been measured both with scin-
tillator hodoscopes [62] and with multiwire proportional chambers [62]. The lat-
ter method is intrinsically more accurate, but in practice one has achieved an
angular collineairity distribution with a FWHM of about 0.3 mrad, while an angu-
lar resolution of 0.2-0.3 mrad can be obtained with scintillator hodoscopes. The
efficiency of chambers is smaller and more difficult to determine. As can be seen
from refs. [62] and [63], both methods obtained an accuracy in the total
cross-section of typically 0.3 mb. Thus scintillator hodoscopes are adequate
and were preferred above the complexity of building wire chambers and operat-
ing them inside the Roman pots.
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Figure 13: Layout of the experiment at intersection 2 of the ISR. The
hodoscopes H3 and H4 are part of the detector of the CERN-Napoli-Pisa-Stony

Brook collaboration.
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3.1 The hodoscopes and the movement system.

The hodoscopes which are located inside the Roman pots will be referred to
as the internal hodoscopes. They are labelled 1RU (Roman up in ring 1), 1RD
(Roman down), 2RU (in ring 2) and 2RD, or, in the same order 1, 2, 3 and 4.
Each internal hodoscope consists of a stack of 24 scintillators to measure vertical
angles and a plane of 7 finger counters to measure horizontal angles. The
whole assembly is subtended by a single tr igger counter (see f ig. 14). The
hodoscope is mounted such that the stacks face the interaction region. The
stacks are numbered 1 to 24 towards larger scattering angles and the fingers
are numbered 1 to 7 from left to right as seen from the diamond.

The stack elements were 2 mm high, 8 mm thick and 34 mm long. Each f ing-
er measured 4x8x50 mm3. The height of the stacks and the width of the fingers
were machined to an accuracy of 5 jim ( r .m.s) . Each element was wrapped in 7
(im thick aluminum foil to eliminate optical cross-talk. Mechanical stability was
provided by strapping the counters on a support. The trigger counter was
slightly bigger than the overlap of stacks and fingers. The planes of stacks,
fingers and trigger counter were adjusted such that the range of scattering an-
gles accepted in the three planes was defined by the outer edges of the stacks
vertically and by the outer edges of the fingers horizontally.

The light produced in each scintillator is transported by internal reflection
in a lightguide and collected by a photomultiplier (PM). The lightguides were
not wrapped in foi l . The lightguides of the stacks bend smoothly outwards al-
ternating to the left and the right side of the hodoscope. Care was taken that
they did not limit the point of closest approach to the beam by touching the wall
of the Roman pot.

The PM was a compact 12 stage tube, 2 cm in diameter and 10 cm long (EMI
9826). The tubes and bases were surrounded by a mu-metal cylinder to shield
them from the stray fields of the ISR magnets. The PMs wsre housed in a steel
block which also supported the hodoscope.

Four hodoscopes were placed at fixed positions behind the internal hodo-
scopes at 9.0 m from the intersection. They are labelled 1XU, 1XD, 2XU and
2XD. These external hodoscopes consisted of two separate units each. One unit
was an assembly of 12 stack counters, 4.5 mm high, 8 mm thick and 90 mm
long. The other unit, placed close behind the plane of stacks, consisted of 11
fingers, measuring 8x8x58 mm3. The height of the stacks and the width of the
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fingers were machined to an accuracy of about 20 (im. The numbering
convention of these hodoscope elements is the same as the one adopted for the
internal hodoscopes. Each detector plane was subtended by a trigger counter.
The hodoscope elements were separated by a 15 |im (1XU and 2XD) or a 25 jim
(1XD and 2XU) aluminum foil. These hodoscopes were positioned symmetrically
above and below the beam pipe. The vertical distance between the innermost
edges of a upper and a lower hodoscope was 65 mm. They covered a range in
polar angle 4 < & < 11 mrad. The stacks and fingers of 1XU and 2XD were
viewed by XP1110 and those of 1XD and 2XU by RCA 4886 photomultipliers.
The trigger counters were equipped with XP2232B multipliers.

The Roman pot assembly and the movement mechanism is shown in f ig . 14.
The Roman pot is a stainless steel cylinder (diameter 180 mm, height 200 mm,
thickness 0.2 mm) closed by a shallow dome on one side. It is attached to the
vacuum chamber by a metal bellow which allows for a displacement of about 2 cm
in the vertical direction. The atmospheric pressure on each pot was balanced
by a dummy "pot", thus avoiding that movement mechanism had to work against
forces of about 2500 N. The assemblies were attached to rigid columns of about
3 m height which also provided the support for the movement mechanisms.

Each pot could b̂s moved by a screw driven by a stepping motor via a re-
duction box. The movement was remotely controlled, either manually or by com-
puter. Accurate micro switches limited the moving range and provided refer-
ence positions to be used in optical survey measurements. The position was
measured in two ways: by counting the steps relative to a limit switch position
and by the read out of accurate potentiometers relating a fixed and a moving
point of the system. The control over the pot movement was very precise: it
took 600 steps to move it by 1 mm. A similar system allowed to move the detec-
tor with respect to the pot, but with less accuracy: 60 steps/mm. The limit
switches were adjusted such that the point of closest approach of the detector j

to the wall of the pot was 0.3 mm. This safety margin was sufficient to protect
the detector against a sudden deformation of the pot caused by an eventual ac- ,
cidental loss of the vacuum. !

A beam pipe of circular cross-section with 17 cm diameter was placed bet- '
ween the pots and the intersection. This allowed particles which are scattered
at angles of less than 10 mrad to travel free from obstructions and reach the
detector traversing only a thin wall in front of the internal hodoscopes.
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Figure 14: The Roman pots and the movement mechanism viewed along the beam
axis. The hodoscope movement meachanism is not shown. A scintillator hodoscope

is shown in the inset.
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3.2 The luminosity monitor system

The luminosity (L) is related to the counting rate (RkJ observed in a moni-
tor counter system (M) by the luminosity formula (2.1):

The counting rate observed in the detector (Rous) c a n be converted to cross-
sections for the process under study, using:

a = aM Robs7 1RM ( 3 - 2 )

where x\ accounts for the geometry and the efficiency of the apparatus. The
monitor constant, ov,, is determined in luminosity calibration runs interleaved
with data taking as will be described in chapter 4.

The luminosity monitor system consisted of several scintillator counter tele-
scopes some of which were installed at the later stages of the experiment.

At the onset only one monitor was available: H3H^. It was part of the de-
tector used by the CERN-Napoli-Pisa-Stony Brook collaboration (CNPSB) [64].
At each arm it consisted of two concentric wheels mounted 6.7 m downstream
from the interaction region and separated by a distance of 0.6 m. The wheels
were segmented into eight triangular sheets of scintillator, 2 cm thick and mea-
suring 80 cm from top to base. In each arm the wheels were rotated by an angle
of 20 degrees with respect to each other. This monitor covered a range in po-
lar angle of 14 - 130 mrad. Each segment was viewed by a 56AVP photomulti-
plier. After suitable shaping and timing adjustment, the signals given off by
the eight segments of a wheel were fed into an OR-circuit. The resulting signal
was combined with the one of the associated wheel to yield the coincidences
H3H«(1) (arm 1) and H3rU(2) (arm 2). These signals were kindly provided to
us by the CNPSB collaboration.

The background in this monitor consists mainly of intercepted halo which
travels along with the beams in the median plane of the ISR. Under normal con-
ditions (pp) this background is small compared to the flux originating from the
interaction region. For the pp runs however, the background caused by the
halo associated with the proton beam was too high, relative to the signal, to al-
low for a reliable background substraction procedure. For this reason a second
monitor system was installed in September 1981.
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At each arm this monitor consisted of two sheets of scintillator placed above
and below the ISR vacuum chamber at a distance of 9.4 m from the interaction
region, i.e. behind the external hodoscopes. The counters are labeled ua , u2 ,
d i and d 2 . They were 100 cm wide, 40 cm high and 2 cm thick except for ux

which was 1 cm thick. They covered an angular range of ± 53 mrad horizontally
and 6 - 4 8 mrad vertically. Each counter was read by a 56AVP PM tube. These
counters served, in combination with H3H-,, to reduce the background occuring
in the pp runs because they did not cover the median plane. The stability of
the system on its own was unsatisfactory. Therefore it was replaced by another
monitor system in January 1982.

This system was similar to the previous one. Double scintillator sheets were
employed to improve noise rejection. The counters are labelled U n , V12 etc.
were the f i rst index refers to the arms. Capitals are used to distinguish this
monitor from the one which was installed earlier. The counters were placed in
front of the internal hodoscopes at a distance of 8.4 m from the interaction re-
gion. Each sheet was 100 cm wide, 50 cm high and 2 cm thick and covered an
angular range of ± 60 mrad horizontally and 1 4 - 4 mrad vertically. This moni-
tor system was sufficiently stable to allow for an independent measurement of
the luminosity.

3.3 The electronics.

The experiment was controlled from a barrack about 15 meters above the in-
tersection. This counting room accomodated the high voltage supplies for the
PMs, the remote controls for the detector movements, the decision- and measur-
ing electronics, the online computer (PDP 11/34) with associated peripherals and
displays of the status of the ISR and the detector.

The electronics can be divided into (i) decision logic, (ii) modules which
perform the measurements, (iii) dead time logic and (iv) the luminosity logic.

(i) The decision logic preselects elastic candidates from a abundance of sig-
nals which arrive in the counting room. The passage of elastically scattered
particles through the detector results in signals which are strongly correlated in
space and time. Collinearity implies a response from two diametrically opposed
trigger counters e.g. 1RU and 2RD. Furthermore, the detectors are traversed
simultaneously because the event originates in the diamond i .e.: the difference
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in arrival times (time of fl ight) of the scattered particles at the corresponding
hodoscopes is small. The selection criterium is thus a fast coincidence of conju-
gate trigger counters.

(ii) The time of fl ight is measured within the tr igger coincidence window to
separate elastic events from background events. The hit pattern in the detec-
tor is reconstructed from a measurement of all pulseheights recorded in the
planes of stacks and fingers.

(ii i) The dead time logic inhibits the acceptance of triggers during conver-
sion and readout of the event by the on-line computer.

(iv) The luminosity is monitored by measuring the inelastic counting rate in
the luminosity monitor system. To emphasize the non-collinearity of inelastic
events, a coincidence is made between counters above or below the vacuum
chamber e.g. U1 and U2. The coincidence window is narrow to reduce the
probability of recording background. The time of f l ight of the luminosity events
is measured in a wide coincidence window to enable background substraction in
the off-line analysis.

The layout of the data acquisition logic is shown in f ig . 15. The signals
given off by the photomultipliers arrive in the counting room via coaxial cables
with 400 ns delay. The trigger counters are connected to the counting room by
fast transmission cables and arrive 140 ns earlier.

The trigger counter signals were fed into constant fraction discriminators
(CFD). These discriminators (ORTEC 934) generate a standard logical pulse
(NIM) when the input signal exceeds a preset threshold. The leading edge of
the output pulse occurs when the input exceeds a given fraction of the maximum
input pulseheight. The timing of the output is thus independent of the ampli-
tude of the input. The signals of the CFDs were used to make the internal (ex-
ternal) elastic trigger coincidences:

1RU.2RD 1RD.2RU

1XU.2XD 1XD.2XU

and the internal (external) inelastic trigger coincidences:

1RU.2RU 1RD.2RD
1XU.2XU 1XD.2XD



Figure 15: Diagram of the data acquisition logic (explained in the text) .
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The widths and relative timing of the inputs of the coincidences were adjusted
such that the leading edge of the output pulse corresponds to the leading edge
of the trigger counter signals of arm 1. The eight coincidences, four of the in-
ternal- and four of the external hodoscopes were fed into an OR circuit which
provides the physics trigger signal. The various trigger counter coincidences
were registered in a pattern unit within a 40 ns gate generated by the trigger.

The trigger provided the start signal for four time-to-digital converters
(TDC). Each TDC was stopped, after suitable delay, by a trigger counter sig-
nal of arm 2. The TDC conversion values corresponded therefore to the time of
flight of the arm 2 counters with respect to the first signal arriving from arm 1
(apart from a constant delay). The TDCs (LRS 2228A) measured the time of
flight in 11 bit words with 500 ns full-scale range and a resolution of 0.25 ns
per bin.

The pulseheights from the trigger counters and from the 216 stack and fing-
er counters were measured in analog-to-digital converters (ADC) in a 140 ns
wide gate provided by the trigger signal. The ADCs were distributed over five
modules (LRS 2282B). These ADCs measure the total charge released by the
PMs inside the gate and digitize the measurements into 12 bit words. The offset
of each ADC (pedestal) was measured before each physics run by triggering the
system with a pulser. These pedestals were stored in the memory of a system
processor which was associated with the ADC modules. The system processor
performs pedestal substraction and data compression before transfer to the on-
line computer.

The layout of the luminosity logic as shown in fig 15 corresponds to the si-
tuation after the installation of the U and D counters. The analog signals from
the luminosity counters were fed into discriminators and after introducing suita-
ble delays in order to make up for differences in cable length, the following
coincidences were made:

U,U8 = (U11.U12).(U21.U22)
DiDj = (Dn.D i : !) . (D2 1 .D2 2)
H3H4 = H3m(1).H3H«(2)
MONI = H3rU(1).(U21 .U22+ Da i .D2 2 )

The resulting signals were fed into sealers. Randoms were monitored by similar
coincidences for which one of the input signals was delayed by 150 ns (not
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shown). The input signals of both coincidences were 14 ns long, thus defining
a coincidence window of 28 ns ("short" coincidence).

A luminosity trigger signal was provided by an OR of H3H<,, MONI, UiUa
and DiD2 all having a coincidence window of about 80 ns ("long" coincidence).
This tr igger provided the start signal of the luminosity TDCs and a gate for the
luminosity pattern unit in which both long and short coincidences were record-
ed.

In total 7 TDCs were used to measure the time difference between the lumi-
nosity trigger and the (delayed) coincidences Ui = U n . U 1 2 , U2 , D i , D2,
H3H.,(1), H3rU(2) and U2

 + D2. The pattern unit bits of the short coincidences
(TAG bit) enables the reconstruction of the short coincidence windows in the
off-line analysis. A gate signal of 100 ns long for the luminosity ADCs was
provided by an OR of the long coincidences UiU2 and Dj.D2.

The short coincidences were accumulated in two sets of sealers: one which
was inhibited during the event read-out (sealer module #1) and one which was
left free running and read out only in intervals of about 5 seconds (sealer mo-
dule #2). An accurate 1 Khz clock was used to keep track of the live time of
all sealers.

The logic used when the counters u and d were installed was essentially the
same as the one decribed above, except: i. the pulseheights of the u and d
counters were not monitored, i i . instead of setting a TAG bit the time of f l ight
was measured within the short coincidence windows, i i i . no time of fl ight was
measured for the long- and short moni = H3H^.(u2

+ d2) coincidences: it was
calculated from the measurements of H3H4(1), u2 and d 2 .

The timing of the inhibit logic is schematically shown in f ig . 16. Each phy-
sics tr igger sets a "busy" level which inhibits the acceptance of subsequent
tr iggers. The busy level immediately inhibits the sealer module #1 and also mo-
dule #2 if it had been accumulating for more than five seconds. An interrupt to
the on-line computer is generated, via an interface, by the physics ADC which
is the slowest module in the chain. This interrupt initiates the read out via the
CAMAC dataway. The modules which were read are cleared after completion.
The physics ADC then generates a "ready" signal which releases the inhibit and
the system is ready to accept the next tr igger. The f i rst luminosity trigger
occuring after the system is enabled sets its own busy level which inhibits the
luminosity ADCs, TDCs and pattern unit but not, of course, the luminosity
sealers. Thus one luminosity ADC and TDC conversion value is associated with
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Figure 16: Timing diagram of the inhibit logic (not to scale).

each event while many coincidences are accumulated in the sealers between
physics tr iggers.
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4. THE MEASUREMENTS

The present experiment was approved in July 1979. The first pp data were
taken in December 1980. The first pp run with the Terwilliger scheme applied,
in June 1981, resulted in a low statistics measurement of the antiproton total
cross-section and nuclear slope parameter based on 5000 pp events [65]. The
data presented in this thesis were taken in the period August 1981 - June 1982.
They include three Terwilliger antiproton runs with beam momenta 26.5/26.5,
15.3/15.3 and 31.4/31.4 GeV/c corresponding to centre of mass energies of
52.6, 30.4 and 62.3 GeV respectively. Proton-proton comparison data were tak-
en at the same energies in a series of short runs of one to two days each. In
addition, pp elastic scattering was measured with beam momenta of 11.8/11.8
GeV/c corresponding to Vs = 23.5 GeV. An overview of these runs is given in
table 1.

Table 1: Physics runs taken during August 1981 - June 1982

Run

PP05

PP08

PP09

PP1O

PB03

PP12

PB05

PP13

PB06

PP14

ISR#

1209
1223

1225

1226

1229
1252

1257

1271
1272

1274

start

13/08/81
02/10/81
09/10/81
10/10/81
19/10/81
13/03/82
06/04/82
22/05/82
25/05/82
12/06/82

hours

26
20
25
18

246
30

109
27

225
39

PP

PP

PP

PP

PP

PP

PP

PP

P"P

PP

P
GeV

11.8
26.6
26.6
11.8
26.5
31.4
31.4
15.4
15.3
15.4

Ap/p
%

1.5

1.1

1.1

1.3

1.0

1.8

1.4
1.7
1.5
1.3

li/l2

3.3 A/3.4 A
3.3A/3.4A
4.4A/4.8A
2.2A/2.5A
8.8A/1.9mA
5.0A/5.0A
10.A/3.2mA
6.0 A/6.0 A
8.4A/4.1mA
5.2A/5.3A

L

cm"2s"1

2.
4.
6.
1.
5.

6.

8.

8.

9.

5.

1 0 "

1 0 "

1 0 "

1 0 "
1Q26

1 0 "
102S

1 0 "
1 0 "
1 0 "
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One or more luminosity calibration runs were associated with each physics
run. The measurement of the luminosity was gradually refined and high accu-
racies were obtained at the later stages of the experiment.

In between runs, extensive optical surveys were performed to be able to
calculate the detector position at any given setting with sufficient accuracy.

4.1 Detector survey.

An error on the scattering angle contributes considerably to the error on
the differential elastic cross-section in the Coulomb region: La/a = 4M/3. A
relative error of 1% on the cross-section at scattering angles of 1 mrad implies
an accuracy in the detector position of 0.02-0.03 mm. Such an accuracy can be
obtained from survey measurements of hodoscopes located at the same arm. A
measurement of the vertical distance between hodoscopes located at different
arms cannot be that precise because the errors made in optical surveys increase
rapidly with the distance between theodolite and detector. This problem is
solved by averaging the cross-sections measured with both hodoscope pairs.
This procedure reduces the survey to measurements performed at each arm se-
parately and allows for a generous error in the link between arm 1 and arm 2.

The detector positions, determined by optical survey, are denoted by nu,
m2, m3 and m4 as shown in fig. 17. These measurements refer to frames of re-
ference which are displaced by an unknown amount A. The scattering angles
for the pairs 1-4 and 2-3 are given by:

(4.1)= do-L&
i?23 = (m3-m2*A)/2L = &0+M

with the corresponding differential cross-sections:

(4.2)

Eq. (4.1) gives for the average scattering angle:

= h/L (4.3)
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which depends only on the "local" survey measurements in each arm and is
independent of the interrelation between the two reference systems. For the er-
ror in the angle, on the other hand, we have, from eq. (4.1):

Ad = (m3
+m,-itii-m2+2A)/4L (4.4)

which does depend on the off-set between the two reference systems. The rela-
tion between A& and the relative error in the differential cross-section is found
by expanding eq. (4.2) to second order in Ad:

«a>-ao)/ao = {Ad)z a"0/2a0 (4.5)

Here ao = o(d0), <a> = (o14+a23)/2 and a" is the second derivative with re-
spect to d. In the Coulomb region where da/dQ - #"*, an accuracy of 1% in the
cross-section at #0 » 1 mrad requires A < 0.4 mm.

The objective of the survey was therefore: i. measurement of vertical de-
tector positions in each arm with an accuracy of about 0.02 mm, i i . measurement
of the positions in arm 1 with respect to arm 2 with an. accuracy of about 0.4
mm and i i i . measurement of the distance between the hodoscopes and the inter-
section to a few tenths of a millimetre, this inaccuracy giving rise to negligible
errors. The latter measurement requires methods of triangulation and was per-
formed by the ISR survey group.

The position of a detector is computed from the stepcount relative to a fixed
reference point or from the potentiometer readout. In terms of these readings
(r) the vertical position (x) of a detector is given by:

x = x0 + [ ( r - r o ) / A ] p * [ ( r - r o ) / A ] d + Hp+ H d (4.6)

Here the subscript (0) refers to the starting position (or read-out) as defined
by the accurate micro-switches while the subscripts (p) and (d) refer to Roman
pot- and detector movement respectively. A is a calibration constant and H de-
scribes the backlash of the movement system.

The set-up for the survey measurements is shown in fig 17. With the aid of
a theodolite the vertical positions of an array of survey marks placed on the
detectors are related to a mark placed on each of the two vessels of a water-
level system. A ruler, carefully positioned vertically, provides the frame of re-
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Figure 17: Se t -up used fo r opt ical su rvey measurements. In each arm the

reference frame is p rov ided by a ru le r . Both frames are related wi th the aid of

a water - leve l system.

ference. The water - leve l system consists of two vessels mounted at each arm

close to the detectors and connected over the distance of 18 m by a f lex ib le

hose. With the water level system, the ver t ica l distance between the survey

mark and the water level in each vessel was repeatedly measured. These mea-

surements y ie lded the height d i f ference (A) between the survey marks wi th an

accuracy of about 0.03 mm ( r . m . s ) . The system however sometimes showed

instabi l i t ies of up to 0.10-0.15 mm. A long range optical measurement of A gave

a resul t which agreed w i th in 0.01 ± 0.07 mm.
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Figure 18: Distribution of residues (deviation from linearity) for the movements
of the Roman pots.

In total 22 surveys have been performed in the period December 1980 -
August 1982, both outside the ring and with the detectors mounted on the co-
lumns. In the latter case the arrays of scintillators were not visible. Therefore
survey mark positions had to be extrapolated to yield scintillator positions, thus
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introducing systematic errors of up to 0.1 mm in the measurements.
Furthermore, each survey has its own frame of reference because the rulers
were not permanently installed. The results of different surveys were related by
a x2 minimisation procedure outlined in appendix A. The r.m.s spread of the
various measurements of a given survey mark was typically 0.01-0.02 mm.

In three calibration runs the detector position was measured as function of
stepcount- and potentiometer read-out in intervals of about 2 mm. Fits of these
measurements to eq. (4.6) resulted in an accurate determination of the constants
A: AA/A < 0.05%. In terms of stepcount one has A - 600 steps/mm and - 60
steps/mm for Roman pot and detector movement respectively. The r.m.s of the
residues of the stepcount calibrations were 0.01-0.02 mm. The same result was
found for the potentiometers which monitor the movements of the roman pots.
The potentiometers associated with the detector movements were less linear: 0.04
mm r.m.s deviation. In fig 18 the residues of the Roman pot movements are
shown. Backlash up to 0.11 mm is apparent.

For all detector settings encountered in the physics runs, the hodoscope po-
sitions were calculated with eq. (4.6). In order to minimise uncertainties caused
by backlash, the final settings were always reached from the same moving di-
rection. Positions obtained from stepcount- and potentiometer readings agree
within 0.05 mm except for the detector 1RU where discrepancies of 0.15 mm oc-
curred. The average vertical distance (h) as determined from stepcount and
potentiometer agreed within 0.02 mm (r .m.s) , the difference being always less
than 0.05 mm.

4.2 Positioning of the detectors and beam alignment.

The Roman pots were moved close to the beam at the start of each run. The
beam positions were found by observing a sudden decrease in beam current in-
dicating that the pot hits the tail of the beam. Each pot was then retracted by
2 mm. The detector positions were symmetrised as to make the vertical distance
between the hodoscopes equal in each arm. To minimise the uncertainty associat-
ed with backlash, the final positions were always reached by an outward move-
ment. The positioning was controlled by a computer program which also kept a
log of all movements and reference positions. The positioning of the detectors
took typically one hour. After this, further movements were inhibited and data
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were taken with the detectors at a distance of typically 8-10 mm (1<i9<6 mrad)
from the beam axis ("pots-in"). The pots could be moved outwards by ISR
control in case of accident. During part of most runs, the detectors were op-
erated at a distance of 20-30 mm from the beam axis (3<#<8 mrad) to extend the
t-range covered by the measurements ("pots-out").

The horizontal beam position with respect to the detector could be measured
because the polar scattering angle varies over a given stack with the transverse
coordinate. Thus the elastic event rate, measured along the stack, varies also
and reaches a maximum where the transverse coordinate with respect to the
beam centre is zero. The variation is more pronounced for stack elements close
to the beam. The event distributions were measured, for each internal hodo-
scope, by the coincidence:

where F- denotes the finger ( i=1, . . ,7) , S the stack element 1 to 4 and T the
elastic trigger coincidence corresponding to the hodoscope. These 28 signals
were fed into sealers. After sufficient accumulation, the sealers were read by an
on-line program and the position of the maximum of each of the four distribu-
tions was calculated with a parabolic f i t . Two by two averaging of these results
yielded a horizontal position of each beam measured with respect to the detec-
tor. The beams were subsequently steered radially as to bring them on the cen-
tre line of the detector in several iterative steps. In this way, beam centerings
within 0.5 mm were achieved in typically one hour (one day for p~p).

4.3 Data acquisition and on-line analysis.

The trigger source could be selected to be a pulser (for pedestal measure-
ments or timing and checking purposes), the luminosity trigger (in case of lu-
minosity calibration runs) or the physics tr igger. The physics trigger was the
internal elastic trigger in combination with a selection among the external elas-
tic- and the internal- and external inelastic triggers as defined in section 3.3.

The external hodoscopes were supposed to provide an extension of the t-
range for data taken with the "pots-in". They were not suited for this purpose
due to scattering and absorption in the beam pipe and flanges in front. The ex-
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ternal trigger was therefore not included at the later stages of the experiment
(from PP12 onwards). It was realised only afterwards that this trigger provid-
ed the redundancy necessary for efficiency calculations on the internal trigger
counter system (see chapter 5).

Upon receiving an interrupt, the PDP 11/34 suspended the execution of run-
ning programs, read out the ADCs, TDCs, pattern units and luminosity sealers,
and buffered them ihto core. An event was typically 50 words of 16 bits long,
the length depending on the number of counters hit and on the number of seal-
ers read out. The data were transferred to a 9 track 800 bpi tape mounted on
one of two tape units. The event read-out took about 7 ms corresponding to a
maximum rate of 150 events/s written on tape. During the pp runs about 10s

events were collected on a full tape in about 20 minutes at a rate of typically 80
events/s. In the case of pp, less than 3 events/s were written and a single
tape was often mounted for periods of longer than a day.

Before the data transfer started, information concerning the operation of the
machine (currents, momenta etc.) and the status of the detector (positions,
high voltage settings etc.) was written to tape.

A fraction of the events was analysed on-line and accumulated in a variety
of histograms such as ADC distributions, TDC distributions and event distr ibu-
tions which could be displayed on request. Single rates, coincidence rates and
random coincidences were sampled in preset intervals and displayed on television
screens. The evolution of the background conditions could conveniently be mo-
nitored from a continuous plot of the internal tr igger counter single rates.

The background was kept as low as possible by regular scrapings of the
beams, dump-block and collimator adjustments and eventually working-line ad-
justments (adjustment of the horizontal and vertical Q values). During these op-
erations a level was set which automatically caused the reduction of the high
voltages on the counters and inhibited the data acquisition.

A checking program monitored at regular intervals the power supplies and
compared the high voltage settings against nominal values stored on disk. The
detector position was verified in the same way.

Samples of the data were run directly through the complete off-line analysis.
Apart from giving "final" results with a turn-around of a few hours, it enabled
almost instant verification of the proper running of the experiment.
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4.4 The calibration of the luminosity monitor system.

The monitor constant (ovj) was determined in calibration runs interleaved
with data taking. The method of calibration, proposed by van der Meer in 1968
[67], consists of displacing the two beams with respect to each other in the
vertical direction. The monitor counting rate as function of the relative dis-
placement 5 is recorded:

RM(5) = Const, ƒ Pl(x)p2(x+Ö)dx (4.7)

As a result one obtains a bell shaped curve as shown in fig. 20. The area un-
der the curve is given by, integrating eq. (4.7) and using eq. (2.5):

A = Const, ƒƒ p l(x)p2(x+5)dxd6
= Const, ƒ p!(x)dx.f p2(x)dx
= heff R M ( S = 0 ) ( 4 8 )

The monitor constant is, combining eqs. (2.7), (3.1) and (4.8):

aM = e2 cp tan(ct/2) A / Ul2 (4.9)

The monitor constant depends on the energy and type of the particles which
circulate in the ISR. It also depends on the efficiency of the monitor and thus
on cuts used in the analysis of the calibration- and the physics runs.

The accuracy of the method is essentially determined by the accuracy of the
beam displacements. With standard calibration runs where the beams are dis-
placed in all intersections at the same time, one typically achieves Aov./aM = 5%.
Since this is not sufficient for this experiment special calibration runs were
scheduled where the beams were displaced in small accurate steps in intersection
2 only.

The vertical beam displacements needed for the luminosity monitor calibration
are provided by inducing closed orbit distortions localised at the intersection
point. These distortions are obtained by powering two horizontal field dipole
magnets placed a quarter of a betatron wavelength at either side of the crossing
point. In the calibration runs, specially scheduled for intersection 2 only, the
steering dipoles of the adjacent intersections were used as correction elements.



page 55

The magnets were f i rst cycled to provide a known history and the observed
hysteresis was taken into account.

The beam displacements (5) have been calibrated in special machine develop-
ment runs using scrapers mounted 3.2 m upstream of the intersection [68].
These calibrations were performed for both rings with beam momenta of 15, 22
(ring 1 only) and 26 GeV/c and resulted in [6-5(ISR)]/6(ISR) = 1.8 ± 0.4 %.
Here Ö(ISR) denotes the beam displacement obtained from the magnetic field cal-
culation, which is the one provided to the experiment. The result quoted above
is an average over all measurements and the error reflects an eventual depen-
dence of the calibration on beam momentum.

For each physics run, up to three special calibration runs have been taken
(see table 2). The beams were displaced over a range of typically -8<5<+8 mm in
intervals of 0.5 or 1.0 mm. For each displacement, the vertical beam positions,
the beam currents, the total number of monitor counts, the live time of the de-
tector and the various time-of-flight measurements were recorded on magnetic
tape. Monitor counting rates were also measured on-line, printed and kept for
later reference. A pp calibration run took about 2-4 hours while measuring 2-5
minutes at each beam separation. In the pp runs, data were collected during
approximately 30 minutes at each separation, the total scan taking sometimes as
long as 15 hours.

The counting rates of the various monitors were calculated from the accumu-
lated monitor counts and the recorded live time of the detector. The background
observed in the time-of-flight spectra in preset windows was extrapolated to the
short sealer coincidence window. From this the background rate could be esti-
mated and substracted from the observed monitor rates. The procedure is iden-
tical to the one used for the physics runs and will be described in the next
chapter. A typical example of time-of-flight spectra obtained at different beam
separations during a pp run is shown in f ig . 19.

The stability of the monitor counting rates was verified by sampling these
rates in short time intervals (20 s for pp and 120 s for pp runs). The monitor
was considered to be unstable if a x2 t e s t rejected the hypotheses of a constant
counting rate with 95% confidence.

A typical example of the dependence of the counting rate on the beam sepa-
ration is shown in f ig . 20. The area under the curve was estimated by f itt ing
the counting rates of monitor (i) to a gaussian interpolation function:
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Figure 20: Luminosity curve obtained from a pp calibration run. The monitor
counting rate divided by the beam currents [A ' 2 seC 1 ] is plotted against the

beam separation [mm]. The curve corresponds to an interpolation function used
to estimate the area under the measurements.

Rj(5) = j exp -1/2(S/o)2

= AJ/OV2TT exp - (4.10a)

Here A is the beam separation as measured in the ISR coordinate frame, Ao the
separation at maximum counting rate, o the width and A the area under the
curve. The width, a, is related to the effective height by h ^ = oV2rc (see eq.
4.8). The f i t t ing procedure consisted of a x2 minimisation using the CERN l i -
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brary program MINUIT. The free parameters were A- (i = HaH*, MONI, U1U2
and D1D2) and the quantities Ao and a which were common to the four moni-
tors. For the pp calibrations the errors were dominated by small systematic ef-
fects which were estimated from the root mean square deviation of the counting
rates from the fitted curve. Non-gaussian interpolation curves were obtained by
adding powers of A = (A-A0)/o" in the exponent of eq. (4.10a):

Rj(5) = AJ/O-V2TT exp -1/2 A2(1+aaX+a2A
2 + . . ) (4.10b)

The areas under such curves were calculated by numerical integration over ap-
proximately three times the measured range in 5, provided that the curve was
monotonically decreasing in the tails. In the fits an extra parameter was intro-
duced to allow the width to grow linearly with time, thus describing an eventual
blow-up of the beams during the calibration run. Excluded from the f i t were
points for which the monitor was unstable, which had a background rate of more
than 10% of the total monitor rate and which had a high x2 f ° r a " four monitors
simultaneously. For some pp calibrations however, background fractions of 30%
had to be accepted.

The monitor constants are listed in table 2. Monitor constants of physics
runs which have more than one associated luminosity run are averaged and the
r.m.s spread is quoted as the error. The errors were estimated to be less than
1% for the monitor constants used in subsequent analysis except those of the
run PB06 (Vs = 31 GeV) where background conditions did not allow for an ac-
curacy of better than 2-3%. Systematic errors, introduced by a particular
choice of analysis parameters, were estimated to be less than 1%.
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Table 2: Monitor constants [mb]

Run Vs H3H< MOIMI used

PP05
PP10

PP13

PP14

PB06

PP08

PP09

PB03

PP12

PB05

24
24

31

31

31
53

53

53

62

62

20.31 ±.05
20.19 ±.09

23.54 ±.14

23.63 ±.12

25.79 ±.28

26.12 ±.21

26.15 ±.26

28.87 ±.12

26.72 ±.13

28.26 ±.25

4.78

13.95

13.80

15.77
10.59
10.57
13.99
21.46
21.90

±.04
±.07
i.15
i.35
±.09
±.41
±.15
±.10
±.21

0.37 ±.01
2.07 ±.01
1.97 ±.02
2.43 ±.07
1.49 ±.02
2.08 ±.14
3.36 ±.49
7.28 ±.07
7.39 ±.06

0.26 ±.01
2.39 ±.02
2.35 ±.02
2.81 ±.06
0.74 ±.01
2.13 ±.05
2.78 ±.06
7.85 ±.06
7.97 ±.06

1
1

2

1

3

1

2

3

1

2

H3H«
H3H«

<U*D>

<U+D>

<U + D>

H3H«

H,H«
moni

<U + D>

<U + D>

The monitor constants l isted above are not corrected fo r the

cal ibrat ion of the beam separat ions. The number of scans (#)

and the monitor used in subsequent analysis are also g i ven .
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5. EVENT REDUCTION AND CALCULATION OF THE LUMINOSITY.

The f i rst step of the analysis is the selection of elastic events and the as-
signment of these events to the stack- and finger elements of a pair of hodo-
scopes. The "elastic" triggers recorded on tape are contaminated by inelastics
and background caused by the beam halo. These contaminations are partly re-
moved by imposing cuts on the data. Corrections are applied to account for the
amount of background and inelastic events which remain in the sample.

Inelastic events are identified either by a simultaneous hit in the detector
and the luminosity monitor H3I-U, or by multiple hits recorded in one or more of
the detector planes. However, optical and electronic cross-talk between the
elements of a plane and the production of 5-rays cause more counters to fire
upon the passage of a single particle. An algorithm tries to resolve the multiple
hit ambiguities and assigns elastic events to a stack and a finger in each hodo-
scope.

The cuts on the data, be it hardware or software, together with the imper-
fect performance of the assignment routine, cause a fraction of the elastic
events to be rejected. The resulting inefficiencies are evaluated from the loss
of elastic events which is eventually determined with the aid of the overlap bet-
ween the internal- and the external hodoscopes.

5.1 Event selection and assignment.

The event selection and assignment was made in two steps. First, the pul-
seheights recorded for all counters were accumulated in pulseheight distribu-
tions. An example of such a distribution is shown in f ig . 21 (thin line). It
shows a large accumulation of low pulseheights, which were caused by 5-rays,
optical cross-talk in the light guides and particles grazing the edge of the
counter. These low pulseheights were in most cases associated with a high pul-
seheight in another element of the plane. For each counter a cut was calculated
by means of a suitable parametrisation of the leading edge of the pulseheight
distribution and the accumulation at the low end of the spectrum. The cut was
set in the valley of the resulting curve. To verify that these thresholds intro-
duced only small inefficiencies, another set of pulseheight distributions was
generated by accumulation of the highest pulseheight in a given plane while im-
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posing stringent conditions (one hit only) on the other planes to ensure the
passage of a single particle. One obtains distributions like the one which is
overlayed in f i g . 21 (thick line). The inefficiency was calculated as the frac-
tion of events located below the cut. They were typically 0.5-1% for each de-
tector element.

100

£
O
O

20 40 60 80

- PULSEHEIGHT (arbitrary units) - »

100

Figure 21: Pulseheight spectrum of a stack counter. It shows a strong
accumulation of low pulseheights (thin line). An algorithm sets a cut in the

valley. This cut introduces a small inefficiency on the pulseheight spectrum of
single hit events (thick line).
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This pre-analysis was performed on a part of the data. The thresholds and
peaks (most probable pulseheight) obtained for all the elements of the detector
were averaged over periods where they were reasonably constant and fed into
the subsequent analysis.

The second pass of the analysis consisted of the selection and assignment of
elastic events. An event was considered to be an elastic candidate when, for a
given hodoscope pair, the following criteria were satisfied:

1. The elastic trigger counter coincidence should have fired (this represents
a rough hardware collinearity requirement).

2. H3H« should be off: the TDC conversion values of H3H<,(1) and H3H«(2)
have to be outside a preset window (rejection of inelastic events).

3. The event should be "in time": the time of fl ight should be inside a pre-
set window (rejection of single beam background).

4. There should be a hit in all planes of stacks and fingers: at least one
pulseheight should be above threshold in each plane (the scattered parti-
cles are required to traverse the overlap of stacks and f ingers).

Most of the events were rejected by the latter requirement (30-40% of the elastic
tr iggers); they had traversed the region of incomplete overlap between the de-
tector planes. In general, only a few percent of the events were rejected by
the other criteria.

Next, an attempt was made to assign the remaining events to an element in
each plane, i.e. to associate with each event a stack index (i) and a finger in-
dex (j) in arm 1 together with a stack index (k) and a finger index (I) in arm
2. For this purpose a scaled pulseheight was defined, for each counter, as the
ratio of the recorded ADC conversion value to the peak position as determined
in the previous pass of the analysis. The track was assigned to an element in
a given plane if:

1. Only one pulseheight above threshold was recorded in the plane (singles).



Figure 22: Stack-stack correlation matrix obtained from a pp run taken at
Vs = 24 GeV. The shape of the distribution along the ridge corresponds to the

angular dependence of do7d|t | ; the shape perpendicular to the ridge
corresponds to the diamond profile.

2. Only two pulseheights above threshold were recorded in adjacent elements
(adjacent doubles). The hit was assigned to the element with the highest
scaled pulseheight.
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3. Only three pulseheights above threshold were recorded in adjacent ele-
ments. The hit was assigned to the central element provided it had the
highest scaled pulseheight of the triplet (centre tr iples); otherwise the
event was rejected.

The multiplicity distribution in a hodoscope was typically: 90% singles in both
planes of stacks and fingers which were all accepted; 8% doubles in at least one
of the planes of which 90% was accepted; 1% triples of which 20% was accepted
and 1% higher multiplicities which were all rejected. In total, about 6-8% of the
events was rejected by the assignment criteria in each hodoscope pair.

The events which were assigned in all four detector planes to the elements
i, j , k and I respectively, were accumulated in matrices N( i , j , k , l ) . Figure 22
shows a projection of such a matrix ( i .e. summed over the finger indices j and
I) on the plane defined by the stacks in arm 1 and arm 2. The collinearity of
elastic events is expressed by the accumulation on the diagonal. The coordinate
which runs along the ridge measures the scattering angle. The strong angular
dependence of the differential elastic cross-section in the Coulomb region is ap-
parent. When the distribution is viewed along a coordinate perpendicular to the
ridge, one obtains a projection of the diamond distribution.

The TDC conversion values associated with the elastic events were accumu-
lated in time of f l ight (TOF) spectra as shown in f ig . 23a. The peak which
corresponds to events originating in the diamond is superimposed on a continu-
ous background caused by the single beam halo. The width of the peak mea-
sures the resolution of the TOF electronics to be about 3 ns FWHM. To account
for the increase of background in the hodoscope elements close to the beam, the
events were counted in in-time (B-C) and background windows (A-B and C-D)
for each combination of stacks in arm 1 and arm 2. The background rate inside
the in-time window was calculated from a linear interpolation of the rates ob-
served in the background windows. Fig. 23b shows background rates which in-
crease rapidly with decreasing stack number (in this example in an asymmetric
way). The single beam background contaminations were in general less than 1%
in the stacks closest to the beam and negligible for the others. For runs taken
with exceptionally high background rates, corrections of up to 4% had to be ap-
plied.

The inefficiencies introduced by the cuts on the pulseheight distributions
were calculated in a way similar to the one used in the pre-analysis. Elastic



Figure 23: a) Time of fl ight spectrum obtained from a pp run at Vs = 24 GeV
with high single beam background conditions, b) Dependence of the

background rates on stack number observed in the same run.

events were selected by requiring a single hit (only one pulseheight above
threshold) in three out of the four planes of a given hodoscope pair. The
event was assigned to an element in the remaining plane according to the as-
signment criteria given above, but now dropping the requirement that the pul-
seheight was above threshold. The inefficiency of a hodoscope element was cal-
culated as the ratio of the number of events with a pulseheight below threshold
to the total number of events assigned to this element. About 0.7% of the elas-
tic events were lost in each counter, corresponding to a total inefficiency of
2.5-3.5% in a hodoscope pair. The inefficiency of stack 24 was always found to
be much higher (» 4%) due to an abundance of low pulseheights caused by
8-rays produced in the adjacent support to which the stack assembly was strap-
ped.
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Inelastic events were identified by either a simultaneous hit in H3H« or by
multiple hits in the detector itself. Part of the inelastics which remain in the
sample populate the stack-stack correlation matrix far away from the ridge
(out-of-pattern background) and was removed by extrapolation under the ridge
and substraction. When H3rU was operational, this inelastic contamination of
the sample was typically about 1%.

For each analysed tape, the event matrices, arrays with accumulations of
events below- and above the ADC thresholds and matrices containing the number
of in-time and background events were written on a disk fi le, along with infor-
mation concerning the luminosity. The events stored in the
2x7x24x7x24 + 2x11x12x11x12 = 91296 elements of the event matrices, most of
which were empty, were packed into typically 5000 words of 60 bits to economise
on storage space.

The event reduction of all analysed runs is listed in table 3. The fraction of
elastic events contained in the samples of the internal hodoscope triggers is
given in brackets in the last column.

5.2 Performance of the event selection and assignment.

The external hodoscopes served to verify the performance of the selection-
and assignment procedures. For this purpose, samples of elastic events were
created which traverse both the internals and the externals. These samples
typically covered the internal stack region S12-24 for data taken with the pots
in and SI-24 for those taken with the pots out. A significant fraction of the pp
data was analysed: about 400,000 events for each detector position encountered
in the course of the experiment.

The elastic scattering angle is linear in the sum (2) of the indices of the
traversed stack (finger) elements of a given hodoscope pair. This induces a l i -
near correlation between the sums I j (internals) and I (externals) of elastic
events, because both internal- and external hodoscopes are traversed at the
same angle. Elastic events, defined by single hits in all planes of the internal-
and the corresponding external hodoscope pairs, were accumulated in N ( I . , I )
correlation matrices. Two examples of such matrices are shown in f ig . 24: the
linear correlation is apparent. Notice that the position of the ridge depends on
the position of the internal hodoscopes (see also sect. 6.5).
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Table 3: Event reduction (elastic triggers only)

Run

PP05

PP08

PP09

PP1O

PP12

PP13

PP14

PB03

PB05

PB06

Vs

24

53

53

24

62

31

31

53

62

31

pots

in

in

in

out

in

out

in

out

in

out

in

out

in

out

in

out

in

out

Triggers

recorded

x103

3500

3500

2900

2000

1800

500

3500

1200

2000

900

1800

2500

980

300

400

40

400

50

Triggers

analysed

x103

1500

2300

2500

2000

1800

300

1400

1200

2000

900

1400

900

980

300

360

0

400

50

Internal

triggers

x103

1100

1400

1000

1400

900

50

1100

1000

1700

770

1200

740

400

80

180

240

40

Elastic

events

x103

610

950

790

990

530

40

780

710

1100

540

780

520

119

53

120

42
17

(56%)

(68%)

(76%)

(71%)

(58%)

(76%)

(69%)

(71%)

(63%)

(70%)

(64%)

(70%)

(30%)

(65%)

(66%)

(18%)

(45%)

When properly normalised, these matrices give, for given I , the probability
to find an internal stack sum Xf. Such a probability distribution is shown in
f ig . 25a. It is obtained from a least squares f i t of the centroides which describe
the position of the ridge and subsequent projection of the entire matrix along
the fitted centre line on the 2- axis.
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Figure 24: Angular correlation between external- and internal hodoscopes
expressed in terms of the stack sums I and T-.

a) Data taken with pots in. b) Data taken with pots out.

The correlation matrices were fed into the next pass of tiiis analysis, where
an elastic event was defined by single hits in all four planes of the external ho-
doscopes and by singles in at least three planes of the internals. The location
of the event being known in the two external planes (of stacks, say) and in one
stack plane of the internal pair, the probability to hit a given element in the
remaining plane of internal stacks could be read off from the correlation matrix.
In this plane, the event was assigned using the standard assignment criteria
given in the previous section. In case of failure, a search was made for pul-
seheights above threshold in the region defined by a hit probability of more
than 1%; the event was rejected if none were found; if one element f i red, the
event was accepted and assigned to this element; if more than one hit was
found, the event was accepted and assigned to the element which had the high-
est probability to have been traversed.
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Figure 25: Projection of the 1RU.2RD angular correlation matrices on the I-
axis. All analysed data are accumulated in the plots, a) Single hit events.

b) Accepted doubles, c) Accepted triples, d) All events. The single hit
distribution is overlayed as the smooth curve in the figures b-d.

The assignment efficiency was calculated as the ratio of the number of
"standard" assignments to the total number of accepted events. Figure 26
shows the assignment efficiency for each counter, averaged over the analysed
runs. The assignment algorithm was slightly more efficient for the edge coun-
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ters, presumably due to the fact that optical cross-talk could only occur on one
side of these elements. When summed over all detector planes and averaged over
the two hodoscope pairs, the inefficiency was found to be: (1-e) = 2.3 ± 0.2 %,
where the error reflects the variation of E from run to run.
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Figure 26: Assignment inefficiency for all detector elements. Shown is the
inefficiency summed over paired elements and averaged over the two hodoscope

pairs.

The projection of the angular correlation matrix obtained with single hit
events, describes the spatial resolution of an ideal assignment algorithm (if one
assumes that single hits are always properly assigned). This curve is compared
to the ones obtained from double and triple hit events in f ig . 25b and c. The
area falling outside the resolution curve yields the fraction of miss-assigned
events. About 2% of the doubles and 17% of the triples were wrongly assigned.
This corresponds to less than 0.1% of the events in total (see f ig . 25d).

The extrapolation of hits observed in the externals to a plane in the inter-
nals, as described above, essentially yields assignments which are independent
of the recorded pulseheights. In particular, it was possible to assign the event
when no pulseheight at all was recorded in a plane. These events, which cor-
respond to 30-40% of the triggers, were localised at the edges of the detector,
as shown in f ig . 27. Less than 0.1% of the events were lost in the foils bet-
ween counters.
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Figure 27: Border losses in a plane of stacks (%). The distribution is
broadened by the finite resolution of the assignment procedure. The deadspace

between counters is negligible.

About 1% of the single hit events did fall outside the ridge in the angular
correlation matrices: they were not properly assigned in the internals, the ex-
ternals or in both. Elastics, when miss-assigned in the internals, should popu-
late the out-of-pattern region in proportion to the elastic rate, which varies
considerably with the detector position. On the other hand, the inelastic popu-
lation of the out-of-pattern region is weakly dependent on the hodoscope posi-
t ion. The variations in the number of out-of-pattern events, measured at diffe-
rent hodoscope positions and suitably normalised to the luminosity, appeared to
be small. Attributing these variations to wrongly assigned elastic events, the
fraction of miss-assigned elastics in the internal hodoscopes was estimated to be
less than 0.19

o. The scatter observed in the correlation matrices was therefore
caused by elastics which straggle in the material in front of the external hodo-
scopes.

The identification of inelastic events was verified by analysing data samples
with- and without the H3H4 rejection. The total number of elastic events, ob-
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tained after out-of-pattern substraction, always was found to be the same within
0.1%, indicating that the H3H4 rejection of elastics was negligible.

TOF conversion values had a small probability to be contaminated by random
signals which were present in the wiring of the electronics and caused a prema-
ture stop of the TDC. This caused elastic events to be identified as single
beam background. Only 0.1% of the elastics, defined by single hits in all inter-
nal- and external hodoscope planes, populated the background windows for data
taken with the pots in. This fraction was essentially zero for data taken with
the pots out and 0.3% for those taken with the highest single beam background
rates encountered.

Finally, a calculation of inefficiencies induced by the ADC thresholds, based
on assignment of pulseheights below threshold using the correlation matrices,
yielded results which agreed within 0.2% with the efficiency calculation per-
formed in the standard analysis.

5.3 Trigger counter inefficiencies.

Trigger counter inefficiencies were caused by thresholds set on the CFDs
which were part of the trigger logic. Because the light collection was not uni-
form over the area of the counters, the inefficiency depended on where the
counter was traversed by the scattered particle: it was higher far from the
light guide.

The attenuation, defined as the fractional change of average pulseheight
when one moves away from the light guide was typically 20-50 % over the whole
counter (see f ig 28). Deterioration of about 7% was observed in the counters
1RU and 2RU over the period of datataking.

The hardware thresholds on the CFDs were raised during the pp and pp
runs taken at Vs = 62 GeV (PP12 and PB05). This caused serious inefficiencies
which depended critically on the average trigger counter pulseheights. For the
runs taken at other energies, where the hardware thresholds were set lower, no
substantial inefficiencies occurred, except on a few occasions when the trigger
counters were operated with low average pulseheights. These runs have been
discarded from the analysis.

A complication in the efficiency calculation arises from the fact that the
hardware thresholds, which discriminate on the peak current, do not show up
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Figure 28: Variation of average pulseheight over the trigger counter surface.
The skewed ness is caused by the asymmetric position of the light guide. The

non-uniform light collection causes the trigger counter inefficiency to be position
dependent.

as sharp cut-offs in the trigger counter ADC spectra, which display the total
charge released by the photomultiplier.

Three methods (labelled A, B and C) which have been used to calculate the
trigger counter inefficiencies are described in the following subsections.

5.3.1 Direct measurement of the inefficiencies (A) .

Elastic events were selected with single hits in all planes of the internal-
and external hodoscopes. The external trigger coincidence was required to have
fired. No reference was made to the internal tr igger counter coincidence, either
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directly (by requiring them to be on) or indirectly (by imposing a cut on the

TOF spectrum). A pulseheight should have been recorded in both triggercoun-

ters of an internal pair, to ensure the passage of a particle. Events surviving

these cuts were accumulated in an internal stack-stack correlation matrix

N t(s i ,s2) . The events for which the internal trigger coincidence failed, were

accumulated in the correlation matrix Nj(sj.,s2). The trigger inefficiency is then

given by:

1 - E(slfs2) = U.{slrs2)/NtiSl,S2) (5.1)

Ample data were available from the runs preceeding PP12, covering the com-

plete stack range of the internal hodoscopes. For these runs, the trigger

counter inefficiencies were found to be negligible: less than 0.1%. Because the

externals were not in the trigger from PP12 onwards (except during a few p"p

runs taken at \/s = 62 GeV), only a few test tapes could be analysed which

were taken in between the TW physics runs. These data cover only a limited

range: stack 6-24. Furthermore, the results could not directly be applied to

the physics runs due to the critical dependence of the inefficiency on the aver-

age pulseheight. A second method attempted to extrapolate the measured ineffi-

ciencies to uncovered hodoscope regions and arbitrary pulseheight.

5.3.2 Extrapolation using ADC threshold curves (B).

ADC threshold curves (efficiency versus pulseheight) were determined with

the same events as used in the previous analysis. Pulseheight spectra were ac-

cumulated for each trigger counter both for all events and for the events with

an associated failure of the trigger counter coincidence. The ratio of these

spectra yields the threshold curve like the one shown in f ig. 29a. The thres-

hold curves were parametrised as (see appendix B):

1 - n(x) = 1/2 erfc [(X-XC)/CTOX] (5.2)

erfc(x) = 2/VTT xJ°°exp(-t2)dt

In eq. (5.2), x is the pulseheight as measured in the ADC and the parameters
x_ and Go describe the position of the hardware cut and an intrinsic width re-c
spectively, which were both determined from a fit to the data. The few test
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tapes, covering the hardware threshold settings of the 62 GeV runs, allowed
only for limited statistics in the "inefficient" pulseheight spectra. To avoid
problems associated with the error assignment on ratios derived from a few
counts, the f i t was performed on the spectra itself, instead of on the threshold
curve, using a maximum likelyhood method.
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Figure 29: a) Threshold curve of the trigger counter 1RU. The two curves
correspond to a variation of the fitted parameters by one standard deviation.

The error bars shown are indicative only, b) Fit to a trigger counter
pulseheight distribution using the threshold curve. The trigger counter

inefficiency is obtained from the area enclosed by the two curves.

Next, trigger counter pulseheight spectra were determined as function of
traversed stack position for the runs taken at Vs = 62 GeV. The efficiencies
were determined by f i t t ing the pulseheight spectra to:

N(x) = n.(x).P(x)dx (5.3a)

Here N(x) is the content of spectrum in the bin x ± 1/2dx, r|(x) the threshold
curve as given in eq. (5.2) and P(x) the distribution at 100% efficiency over
the full ADC range, which can adequately be parametrised (at least over the
region of interest) as:
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P(x) = C(a,a).exp-a(A-e'X) (5.3b)

In eq. (5.3b), A = (x-xo ) /a, with x0 describing the peak position of the distri-

bution, a its width, and C(ot,o) is a normalisation factor. A typical example of

such a fit is shown in f ig. 29b. The counts which are lost are determined by:

Nj = o/o°[1-tl(x)].P(x)dx (5.3c)

from which one obtains the inefficiency:

1 - £ = Nj/CNj* Nt) (5.3d)

where NL is the total content of the observed pulseheight spectrum.

5.3.3 Pulseheight spectrum analysis (C).

The inefficiency of a given region of a trigger counter can be determined by

comparing the pulseheight distribution, locally measured,, with distributions ob-

tained at regions close to the light guide (stack 20-23). The assumption is made

that the latter distributions are fully efficient. An appropriate scaling procedure

has to be applied before the comparison is possible.

A pulseheight distribution can be described as the convolution of an unk-

nown, say L-, and a gaussian distribution:

P(x) « [L»g](x) = ƒ L(y)g(x-y)dy

One has therefore for regions of high (h) and low (*) numbered stacks:

Ph(x) <* [Lh-gh ](x) (5.4a)

PjCx) « [ L ^ K x )

The distributions L are assumed to be connected by a simple change of scale:

LJJ(X) o. Lh(ax) (5.4b)

Eq. (5.4a) can therefore be rewritten as:
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(5.4c)

Here it is implicitly assumed that the width of g . is scaled accordingly. Since
At

this gaussian distribution can be written as the convolution of g^ and another
gaussian (g) with an appropriately adjusted width, eq. (5.4c) becomes:

Pt(x)
n

[[Lh.gh]-g](«)
(5.4d)

The scaling procedure therefore consists of a change of scale followed by gaus-
sian broadening of the experimentally observed spectrum P L ( X ) , thus avoiding
the difficult task of parametrising the distribution L.

The scale factors, a, were obtained as ratios of peak positions determined
from a f i t to eq. (5.3b) of the pulseheight distributions. The distribution
P. (ax) was subsequently broadened by a gaussian with adjustable width, such
that, after suitable renormalisation, the difference between the resulting scaled
distribution P.(x) and the observed distribution ND(x) was minimised in the re-
gion where the latter was supposed to be fully efficient. The re-binning effects
were accounted for by quadratic interpolation. The trigger counter efficiency
was trivial ly obtained by comparing the scaled distribution Pp(x) to the ob-
served distribution N^(x) in the region where the latter was inefficient.

5.3.4 Results.

The f i rst method (A) served to demonstrate that the the trigger counters were
fully efficient during the runs preceeding PP12. This analysis could not be ex-
tended to the runs taken at Vs = 62 and 31 GeV, because practically no data
were available with the external hodoscopes in the trigger. Method (B) re-
quired threshold curves. No data were available to obtain the curves corres-
ponding to the hardware threshold settings used during the 31 GeV runs. With
the pulseheight analysis (C), which could be applied to any data tape, the inef-
ficiencies of these runs were shown to be negligible.

Fig. 30 shows inefficiencies which were calculated for pp runs taken at
62 GeV. The inefficiencies occurred in the counters of arm 1. They were
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Figure 30: Inefficiencies of the trigger counters 1RU and 1RD during the pp
run taken at Vs = 62 GeV. The results obtained using ADC threshold curves

(black dots) agree to about 1-2% with those derived from scaling of pulseheight
distributions (open circles, with error) .

about 3-6% in the f i rst stacks, depending on the average pulseheight of the
trigger counter. The agreement beween results obtained with the methods B
and C was typically 1-2°Ó. The pp data taken with the pots out suffered from
high inefficiencies. An accurate effficiency calculation was hampered by the
lack of statistics. These runs were therefore discarded from the analysis.

5.4 The measurement of the integrated luminosity

The integrated luminosity (&} is defined as the luminosity integrated over
the live-time of the detector:

<£ = ƒ Ldt = 1/a
M

(5.5a)
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In eq. (5.5a), Rj is the (background corrected) counting rate of monitor (M)
measured during the active time At- preceeding the readout of event ( i ) .

The quantity N- = RjAt- can in principle be measured directly with sealers
which are properly inhibited during the event read-out, e.g. with those of mo-
dule #1. It is required that the luminosity counts are distributed randomly in
each sample period defined by the end of the event read-out and the arrival of
the next tr igger. This is not the case when luminosity count and trigger coin-
cide, i.e. for inelastics which are recorded in both the detector and the moni-
tor. The resulting bias depends on the joint acceptance of inelastics by the
detector and the monitor system and therefore on the monitor in use, the t r ig -
ger combination recorded and the position of the internal hodoscopes. Compari-
son of counting rates measured with the inhibited (module #1) and non-inhibited
(module #2) sealers revealed losses of up to 25% in the sealers of module #1.

The integrated luminosity was therefore determined with the non-inhibited
sealers:

= UaM (Na / ta ) t , (5.5b)

Here N2 is the number of monitor counts accumulated during the live-time t2 of
module #2 and corrected for background and t i is the live-time of the detector
as measured with sealer module #1. It is assumed that the monitor rate, aver-
aged over the module #2 active time is the same as the one averaged over the
live-time of the detector.

Plots of the evolution of background corrected monitor counting rates, pro-
vided easy identification of periods where they were unstable. Whenever inst-
abilities occurred, the tape was either re-run over stable periods only or alto-
gether discarded from the analysis. An abnormally high accumulation of
luminosity counts per event indicates a malfunctioning of the monitor system. A
cut was set on the distribution of monitor counts per event which could be
predicted from the average number of counts per event, known from the pre-a-
nalysis (see appendix C). The cut was adjusted such that the induced rejection
of events was less than 10'6 and that the loss of genuine monitor counts was
small compared to the statistical error on the integrated luminosity. A typical
distribution of H3H« counts per event is shown in f ig . 31.

The luminosity events were accumulated in time of f l ight spectra as shown in
f ig . 32. Notice the low background in the monitors U, D and MONI, compared
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Figure 31 : Distribution of H3H4 counts per event obtained from a proton-proton
physics run. The solid line is the expectation derived from the average number

of luminosity counts per event.

to H3H<,. The background during the pp runs was relatively high, because the
background rate is proportional to the sum of the beam currents, while the lu-
minosity is proportional to their product. A background event, associated with
the proton beam, is shown in f ig . 33. It traverses the monitor H3H« but misses
the counters U2 and Da. These events accumulate at a TOF which is fixed (at
45 ns) by the distance of the monitor to the interaction region. The resulting
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Figure 32: a) Time of fl ight distributions of the various monitors obtained
during the pp run taken at Vs = 62 GeV. b) H3Hii TOF spectrum showing the

extrapolation of the background from the windows (A-B,E-F) to the short
coincidence window C-D.
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peak is located outside- and spills over into the coincidence window A-F, due to
the finite resolution of the TOF logic.

U1 (D1) U2- (D2)

Figure 33: Top view of the intersection region. A background particle
associated with the high current proton beam traverses the luminosity monitor

H3H^. It misses the counter U2 (D2) .

The background was estimated by f i t t ing the TOF distributions in preset
background windows (A-B,E-F) to a function of the form:

= exp(a0 dx (5.6)

where dN- denotes the number of events in the bin x. ± dx/2 (see f ig . 32b).
The background correction to be applied to the sealer content was obtained as
the ratio of the area under the curve to the total content inside the short coin-
cidence window (C-D).

The short coincidence windows were reconstructed from TOF spectra which
were accumulated under the condition that the short coincidence fired (TAG bit
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set). The widths of these windows were constant during the physics runs and
their associated luminosity runs within 1 ns. The error on the integrated lumi-
nosity induced by the uncertainty in this reconstruction is about 0.2%.

The differences in the integrated luminosities, expressed as
AS?/# = [£(M1)-&(M2)]/2'(.M1) are plotted against run number in f ig . 34 for the
various combinations of monitors M2 and M2.

(i) Only H3H4 was operational during the run PP05 (Vs = 24 GeV).
(ii) During the runs PP08, PP09 (53 GeV) and PP10 (24 GeV) the monitors

H3H^, moni, Uj.u2 and d id 2 were available. The u and d monitors were unsta-
ble. The behaviour of moni, which is compared to H3H4 in f ig . 34a, reflects
variations of up to 10% in the counting rates of UiU2 and d 2 d 2 . H3H4 is used
for the normalisation of the data. Unfortunately, this monitor was not operation-
al during PP09 with the pots out, and during the main part of PP10. These
data are therefore unnormalised.

(iii) The monitors Hi)!*,, MONI, UiU2 and DiD2 were available for the runs
PP12 (62 GeV), PP13 and PP14 (31 GeV). The integrated luminosity, averaged
over the monitors U and D, is used for the normalisation of the data and agrees
with the results obtained with H3H* ( f ig. 34b).

(iv) The monitors H3H4, moni, Uiu2 at;d dad2 were available during PB03
(53 GeV). Background levels of more than 30% excluded the use of H3H<,. "he
monitor moni, with a few percent background, was assumed to be stable and
used for the normalisation of the data. The integrated luminosity, measured
with this monitor, is in agreement with results obtained with d i d 2 , as shown in
f ig . 34c; the monitor uau2 was unstable.

(v) The monitors H3H*, MONI, UaU2 and DiD2 were operational during the
run PB05 (62 GeV). The integrated luminosity, averaged over the U and D mo-
nitors is used for the normalisation of the data and agrees with the results ob-
tained with MONI within 1% (f ig. 34c).

(vi) The same set of monitors was available during PB06 (31 GeV;. Back-
ground levels of more than 30%, observed in all monitors during the main part
of this run, caused big discrepancies in the integrated luminosities obtained
with e.g. MONI and <U+D> (open circles in fig 34c). Only data taken during a
period of 35 hours (5300 events) with a few percent background can serve as a
normalised sample (black dots).

The integrated luminosities collected for the physics runs are listed in ta-
ble 4.
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run PB03, MONI and <U+D> for PB05 and PB06. The open circles indicate runs
with background rates of more than 10%.
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Table 4: Integrated luminosities [mb"a]

Run Vs H3H« mom

MONI uau2 >aD:

(a)

(b)

PP05
PP08

PP09

PP1O

PP12

PP13

PP14

FB03

PB05

PB06

24
53

53

24

62
31

31

53

62

31

2.4

1.6
5.7

2.2

+0.1

+0.1

-0.7

+ 12.1

+1.1

+0.2

106

10e

10s

10B

o.
o

%

%

%

%

-1
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. 3 o
Q O
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o o.

.0 o
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. 7 °ó
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6.8
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o.
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o

o.
o

10e

10G

10e

o.
'O

10s

10s

+8.7
-2.6
-6.3

2.4

6.8

6.0

-0.2
4.1

2.3

O.
O

O
o

0
'O

106

10s

10s

o
o
105

105

(a)

(a)
(a)

(b)

(b)

(b) :

(a)

(b)

(b)

Integrated luminosities are listed for the monitors used in

the analysis. Results obtained with other monitors are given

as fractional deviations. For the run PB06 these deviations

correspond to the runs with a background of less than 10%.



page 86

6. EVALUATION OF THE DIFFERENTIAL ELASTIC CROSS-SECTION

In this chapter we describe the extraction of differential elastic cross-sec-
tions from event distributions observed in the two pairs of hodoscopes.

First, a formula is derived2 which describes the population of elastic events
in a pair of hodoscopes as calculated from the spatial distribution of the collision
points, the angular distribution of the incoming particles (both assumed to be
gaussian) and the angular dependence of the differential elastic cross-section.
This calculation involves an integration of these distributions over the interac-
tion region seen by- and over the scattering angles accepted into two given im-
pact points on the detector.

The distribution thus calculated, factorises into two spatial gaussian distr i-
butions, describing the horizontal- and the vertical overlap of the beams, and
one angular distribution, describing the angular dependence of the differential
elastic cross-section. The spatial distributions are determined by parameters
which are obtained from the data themselves.

Next, the calculated distribution is used to correct the measured angular
distribution for border losses and binning effects. The corrected populations
are normalised to the integrated luminosity and converted into a set of 2x61?
differential elastic cross-sections, one for each scattering angle defined by thu
elements of a detector pair.

These cross-sections are scaled to 96 nominal scattering angles and aver-
aged. The averaging procedure exploits the symmetries of the detector and, as
a consequence, reduces the sensitivity to the uncertainties in detector- and
beam position.

6.1 The coordinate system.

For a pair of hodoscopes a coordinate frame is defined as: z along the beam,
x pointing upwards and y such that the system is right handed as shown in
f ig. 35. The origin is choosen such that the hodoscopes are located at
(xi=±h,y1=0,z1=L) and (x2=+h,y2=0,z2=L).

2 A detailed derivation can be found in ref. [69]
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TOP VIEW

SIDE VIEW

Figure 35: Schematic view of an elastic event. The collision takes place at the

point (Xo /Vo i ,yo2 , px a ,Px 2 ,Py 1 ,py ; ; ) The particles are scattered by an angle

( x 2 , y 2 ) . The betatron

angles Pyx and py2 are not shown.

(a ,a,) and traverse the hodoscopes at (Xi,yi) andx y
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An elastic event is specified by nine coordinates: the location of the
collision in the diamond (x o , yo i , yo 2 ) , the initial angles of the incoming particles
(betatron angles Px1,px2,py1,Py2) and the scattering angle. The scattering an-
gle is given in terms of the projections o and a which are related to the po-

tan<p = for smalllar- and azimuthal angles (tf,vp) by: fl2 = a
" 7 " 7

scattering angles.
The location of the event in a pair of hodoscopes is given by the traversal

points of the scattered particles: ( x 1 , y 1 , x 2 , y 2 ) , which are related to the coor-
dinates given above by four trajectory equations.

6.2 Calculation of the event distribution on the hodoscopes.

The
dV = dx

number of particles, originating in the volume element
and elastically scattered into the solid angle

dQ = da do is:x y

dn = if P(xo,yoi,yo2,px1,Px2,py1,py2) da/dQ(a x ,a y ) dVdQ (6.1)

Here !£ is the integrated luminosity, P the diamond density distribution, normal-
ised to unity and do7dO the differential elastic cross-section.

After suitable parametrisation of the elastic cross-section and the diamond
distribution, the event distribution observed in a detector pair is obtained from
an integration of eq. (6.1) over five of the nine variables. The domain of inte-
gration is determined by the constraints imposed by the trajectory equations. A
transformation of variables and the expansion of da/df i in a power series, per-
mits a straight-forward evaluation of this five dimensional integral. The result
is an expression of the event distribution in terms of four variables which de-
pends only on the observable hodoscope coordinates X i , y i , x 2 , y 2 .

The diamond density (P) is written as a product of seven gaussian distribu-
tions in the coordinates (x0 ,yo i ,ya2,Pxi ,px2 ,py i ,py2 ) with mean values
(Xo,Yoi,Yoa,0,0,0,0) and variances ( K , V 1 , V 2 , T 1 , T 2 , O J 1 , W 2 ) , all normalised to
unity. The beam coordinates are measured with respect to their mean values
and the gaussian distributions are written as e .g . :

P(X O ;K ) = 1/KV2TT exp - X O
2 / 2 K 2 (6.2)
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The scattering function f(#) is defined as the parametrisation of the
differential elastic cross-section as given in eq. (1.8):

da/dO = p2 /n do7d|t| = f(tf) = f ( a . a , ) (6.3)
x y

with p the momentum of the incoming particles.
Measuring the angular variables with respect to arm 1, the coordinates

X i , x 2 , y 1 , y 2 , of the impact points on the two hodoscopes are given by:

xa = Xo + Xo
 + L(ax

 + PxJ
x2 = xo + Xo - L(ax + px2) (6.4)

Y0 1
 + L(oy + p y j

y
+ Y02

 + L(a y + py2)

In eq. (6.4) it is assumed that all events originate at zOi = Z02 = 0. This is
justified because the longitudinal extension of the diamond is small (= 4 cm with
the ISR operating in the TW mode) compared to the distance between the detec-
tor and the interaction point (L » 9 m). In the following the angular variables
will include the factor L as to give them the same dimension as the spatial coor-
dinates.

A new set of coordinates is given by the diamond positions x0 , yo i , yo2 and
the transformations:

(6.5a)

« X

n y_ 7

mi

= (Xi -

= (xx
 +

= (yi +

= (yi -

= (px a <
= (pyi <

x2)/2
x2) - 2Xo
y2)/2 - (Yoi

y2) - (Yoi

" px2)/2
> Py2;/2 + (y0

+ Y 0 2 ) /2
- Y02)

1 + yO 2) /2

The coordinates ? and r\ are shown in f ig . 36. With eqs. (6.4) and (6.5a), the
angular variables are:
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Px2

\

py2

~x
V

"*v

-n x /2

- Zn

+ X0

- y 0 1

- yD2

(6.5b)

The parametrisations (6.2) and (6.3) and the tranformations (6.5) are in-
serted into eq.(6.1) and integrated over the variables x0 /yo i ,yo2, ^ x and H
to yield an expression for the distribution of events observed in a pair of hodo-
scopes:

T
h
I

<- h

\
\

\
\

\
\

\

X1

*(«)

Figure 36: The coordinate systems used in the cross-section evaluation. In the
vertical plane, the position of a pair of hodoscopes with respect to the origin is
determined by the position of the diamond (Xo) and by the vertical distance (h)
between the detectors of a pair. In the horizontal plane, it is determined by the

diamond position (YO i,YOa) only.
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dN(*x'VVV = d?xdnxd?ydny/L» .
P(XO;K) .

dx0dy01dy02dHxdZy .
;v!) . P(yO2;v2) .

; T J . P(Hx-nx/2
+x0 ;T 2 ) . (6.6)

The scattering function is expanded in a Taylor series around the point (§ ,§y)
to fourth order in 1 . With this expansion, the integral factorises into a two di-
mensional integration in x-space and a three dimensional integration in y-space.
The result of the integration is:

P(nx;ax) P(ny;<*y)

= 4K2

°y =

i 2 + Ta2

2 + / %_ 2

(6.7a)

• w 2
!

In the present analysis it is assumed that the beams have equal width in the
spatial and the betatron coordinates: Vi=v2, TI=T2=T and cji=to2. With this as-
sumption, the function F in eq. (6.7a) is related to the scattering function f
by:

F(?x,?y) = f(?x,?y)
• TV32

2 * a y /8

+ a y 128y * T2a2/32
y y (6.7b)

The steps leading to (6.7) and the general expression for F, i.e. without the
assumption that the beams are symmetric, can be found in ref. [69].

From eq. (6.7) the following can be concluded:

1. The event distribution of a pair of hodoscopes is the product of three
distributions: two gaussian distributions in the spatial coordinates n and
n and one distribution in the angular Coordinates 2; and § .

y x y

2. The gaussian distributions are parametrised by their widths, a and a ,
x y

They depend on the coordinates n and TV which are derived from the im-
x y

pact points on the hodoscopes Xi ,y i ,x2 ,y2 through eq. (6.5a).
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3. The distribution F is determined by the scattering function f (and thus
by the parameters a± ±, p and b) , by the horizontal diamond width (a ),
and by the vertical betatron width ( T ) . The angular coordinates ? and
? are derived from the hodoscope coordinates through eq. (6.5a).

4. The distribution F contains only second and fourth order correction terms
to the scattering function f. These terms are small when the cross-section
is slowly varying i.e. in the nuclear region: F = f. The differential elastic
cross-section is strongly varying in the Coulomb region, but there the
angular dependence is exactly known: f - l/i?*.

6.3 Extraction of the differential elastic cross-section.

A cell is defined as the overlap of a stack (i) and a finger (j) in arm 1 and
a stack (k) and a finger (I) in arm 2. The centre of the cell ( i , j , k , l ) in (?,TI)
space is denoted (?° ,T|°,?° ,T|f). Primed coordinates measure relative to thisx x y y
centre e .g . :

The total content of the cell is obtained from an integration of the distribu-
tion (6.7) over the dimensions of the cell:

x X y HIJ x ,v?y ,ny) (6.9)

The function F(§ , t ) = F(?°+?' ,§.0.+§'.) is expanded in a Taylor series aroundx y x x y y
the centre of the cell to fourth order in £':

F(?x,?y)/L* • f(?x,?y) H Pmn(Sx,Sy) ?x
m ? y " (6.10)

were we have removed the scattering function f, evaluated at the centre of the
cell, from the summation, and have included the factor 1/L2 in the expansion
coefficients in order to simplify the notation. Inserting (6.8) and (6.10) in
(6.9), a factorisation in ?v,r| and 5../1.. is obtained:

x x y y
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The cell boundaries are diamonds in (?,ti)-space:

(6.11)

-A/2 A/2

where A denotes the height (width) of the stack (finger) elements. The integ-
rals in eq. (6.11) are of the type:

G (n°) = J° d?' (?') ' J 2 ? ' + A dn'

These integrals can easily be reduced to well known error function integrals.
The two terms in eq. (6.12) are equal in magnitude but opposite in sign when
(i) is odd: the integral is then zero. Eq. (6.11) can now be written as:

N(?x,nx,S°,n°) = * S,S°)
(6.13)

Because the integrals G-(r|) are zero for odd ( i) , the expansion coefficients
which contain first and third order derivatives of F do not contribute to (6.13):
6th and higher order terms have been neglected.

Next, in eq. (6.13), N is equated to the experimentally observed number of
events in the cell and f is equated to the differential elastic cross-section mea-
sured at the scattering angle:

(6.14)= V[(xS-x§)2/4L2 + (yS+yI-Y01-Y02)V4L2]
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with (x5,y i ,X2,y°) the coordinates of the centre of the cell measured on the
hodoscopes.

The dependence on the spatial coordinates is removed by summation of eq.
(6.13) over the discrete variables TI° and r\°':

x y

M(S°,S°) = * N(S°,n.x,S°,n°) = * da/daw J A(5°,nx,?°,n°)
or,

da/dO(« = M(?«,?«) / Sf J A(5°/T1°,S°,n°) (6.15)

Eq. (6.15) expresses the differential elastic cross-section measured at the scat-
tering angle d as the number of recorded events (M), normalised to the inte-
grated luminosity (#) and corrected for the acceptance of the detector (A) .

Note that in (6.15) the original number of 7x24x7x24 different cells in each
pair of hodoscopes has been reduced to 47x13=611 cells in (?„,?..) space as a

x y
result of the summation over n, and n .

x y
A further reduction in the number of cross-sections is obtained by averag-

ing. One uses the symmetry (see eq. 6.14):
<HSX,S°) = <HS°,-S°) (6.16)

The averaging procedure consists of scaling the acceptances A in eq. (6.15) for
similar values of |2j°| to a nominal value, using the scattering function f as in-
terpolation function, and calculating the resulting cross-sections. Likewise the
symmetry:

»(SX,S°) = *C-?J,5°) (6.17)

exhibited by the two hodoscope pairs, taken together, leads to a similar averag-
ing over the 5X variable.

In this way, a reduction from 2x611 to 96 values of da/dQ is obtained. The
effect of the averaging is that bins with zero or a few counts are avoided and
that the sensitivity to the exact horizontal position of the diamond and the exact
vertical position of the two pairs of hodoscopes is reduced.3

3 It has been shown [69] that the effect of beam asymmetry is also reduced by
the averaging.
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6.4 The determination of the diamond parameters.

In order to calculate the differential elastic cross-sections, the diamond
shapes a , a , and V ( T I 2 + T 2

2 ) have to be known. The calculation of I , nx y y x
and n from the observable coordinates X i , x 2 , y i and y2 requires knowledge
of the diamond positions X o , Y01-Y02 and Y0 i+Y02 (see eq. 6.5a). The coordi-
nate £ is the vertical distance between two given impact points and is ultimate-
ly derived from survey measurements.

The events recorded in a pair of hodoscopes were accumulated in X i ,x 2

(stack,stack) and y i , y 2 (finger,finger) correlation matrices. An example of
such a matrix is shown in chapter 5 ( f ig. 22). The diamond shape a (a ) and

y
position Xo (Y 0 i -Y 0 2 ) were obtained from a f i t of this distribution to a gaussian
distribution, corrected for binning effects, along the coordinate Xi+x2 (ya.-y2),
i.e. perpendicular to the elastic ridge. The dependence of the event distr ibu-
tion on the angular coordinate, X].-x2 ( y i + y 2 ) , i.e. along the elastic ridge, was
suitably taken into account by introducing a set of 47 (13) normalisation cons-
tants in the f i t . The f i t t ing procedure consisted of a x2 minimisation using
MINUIT. Fast minimisation was achieved by determining the normalisation cons-
tants with the least squares method at each iteration step. The error associated
to each bin was a compound of the statistical error on the bin content and the
errors on the efficiency correction- and the background substraction proce-
dures. A typical example of a f i t is shown in f ig . 37.

The diamond position Yoi+YOa was obtained from the event distribution along
the elastic ridge ( i .e. along y i + y 2 ) in the finger-finger correlation matrix which
has a maximum at y i+y2 = Yoi+YO2. The position of this maximimum was estimat-
ed from a f i t of the distribution to a parabola as shown in f ig . 38. This dia-
mond position could not be determined from data taken with pots out because
there the variation of the differential elastic cross-section with y i + y 2 is too
small. For these runs Y 0 i+Y 0 2 was assumed to be the same as the result previ-
ously obtained from data taken with the pots in.

The vertical betatron width, V ( T 1
2 + T 2

2 ) , is proportional to the effective
height, h e ^ [46]. The effective height was calculated from the measured lumi-
nosity rate and the beam currents.

In general, the offsets (Xo and Y01-Y02) were only a few tenths of a milli-
metre as a result of the rigorous procedures adopted for the positioning of the
detectors. They were measured with an accuracy of 0.02-0.05 mm. The differ-
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Figure 37: Diamond distributions observed along the coordinate r|: a) from a
stack correlation matrix ( t i x ) ; b) from a finger matrix (n ). The distributions

are fitted to a function which is defined at the centre of each bin. The curves
interpolate between the fitted values. The distributions are obtained from a pp

run taken at Vs = 24 GeV.

ences in these offsets, as measured with the two pairs of hodoscopes, do not
depend on the diamond position and were verified to be constants which de-
pended on the detector position only. The diamond widths measured with the
two pairs were always compatible. They were averaged to yield one horizontal-
and one vertical width. The relative errors, both in a and a , were typically
0.3% (1%) for the pp (pp) runs. The widths, as encountered in the physics
runs, are listed in table 6.

The horizontal diamond position, YO2
+Yo2, was in general less than

0.5-1.0 mm and could be measured with an accuracy of typically 0.1-0.2 mm for
the pp and about 0.5 mm for the pp runs.
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Figure 38: Event distribution along the coordinate £ . The curve corresponds
to a parabolic f i t used to estimate the position of the maximum.
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Figure 39: Beam blow-up observed during a proton-proton run. The widths
[mm] are measured on the hodoscopes.
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Figure 40: Growth of the effective height with time during a proton-proton
run. The beams were lost during the run and re-stacked.

The diamond sizes were not constant in time; they gradually increased as a
consequence of the blow-up of the beams. An example of the evolution of the
diamond widths during a pp run is .̂hown in f ig . 39. The effective height
showed a linear increase with time at a rate of typically 0.04 mm/hour during
the pp runs, as shown in f ig . 40.

6.5 The stability of the detector position.

The vertical distance between the elements of a pair of hodoscopes enters
into the calculation of the scattering angle &. The stability of the detector po-
sition was obtained from elasticaly scattered protons which were tracked
through the external- and the internal hodoscopes: i.e. the events were accu-
mulated in internal-external angular correlation matrices as described in chapter
5. Fig. 24 (chapter 5) shows two matrices obtained from runs with different
detector position. It is clear that the stability of a given detector position can
be monitored from the stability of the position of the ridge in such a matrix.
This analysis revealed that the detectors were subject to movements which were
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neither detected by the stepcount- nor by the potentiometer readout. These
measurements were combined with the measurements of the vertical beam posi-
tions to yield a partial reconstruction of the undetected movements of each ho-
doscope individually. Fig. 41a shows the results for the detectors mounted at
arm 2, plotted against each other. The correlation suggests that the movements
were caused by a lack of rigidity of the columns. Bending causes both detectors
to move inward- or outward. A similar correlation was observed for the detec-
tors at arm 1. The movements of the detectors mountet JL different arms were
of course uncorrelated, as shown in f ig . 41b.

t

£

x

-0.15 0. 0.15
- 6X3 (mm) - >

t
IT
E

X

•0.15 0. 0.15

- 6X1 (mm) - ^

Figure 41: Correlation between the undetected hodoscope movements, a) 2RU
(5x3) and 2RD (öx<). b) 1RU ( 5 x J and 2RU.

The averaging of the differential elastic cross-sections over the two hodo-
scope pairs implies that the relevant parameter which describes the detector po-
sition is the average vertical (half) distance between fixed reference points on
the detector (the lower edge of the upper hodoscopes and the upper edge of the
lower hodoscopes, say). This distance, calculated from survey measurements,
is defined in sect. 4 . 1 , eq. (4.3):
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h = (mi-m2
+m3-m4)/4

It is related to the true average distance (H) by:

H = b+5h

(6.18a)

(6.18b)

The quantity 5h describes the systematic error made in the survey measure-
ments and enters as an additional parameter in the f i t to the differential elastic
cross-section (see chapter 7). The variation in öh, caused by the undetected
movements, is obtained from the analysis described above and was found to be
0.04 mm r.m.s for all detector settings encountered in the pp runs. Such vari-
ations could not be determined for the pp runs with sufficient statistical accura-
cy. The observed variations in öh can in principle be used to correct h, but
the stands on which the external hodoscopes were mounted were not rigid
enough to attribute these variations solely to the internal hodoscopes.

The scattering angles are measured with respect to a plane which is defined
by the centre lines of the two beams. This is not neccessarily the horizontal
plane, which is the reference plane of the survey measurements. However,
such t i l t of the reference plane does not affect the average vertical distance, h,
which enters into the calculation of da/dt .

6.6 Calculation of the differential elastic cross-sections

The cross-sections were calculated from data sets which were merged over
periods where the diamond positions and sizes were either constant or varying
linearly. Prior to processing, the following corrections were made to the data:

1. An efficiency correction to account for the loss of events caused by the
ADC thresholds, applied to each stack and finger element separately.

2. Trigger counter efficiency corrections (for the runs taken at \/s=62 GeV),
applied to each stack element.
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3. An assignment efficiency correction, applied to each stack and finger ele-
ment, which was taken to be the same for all runs.

4. Out of time- and out of pattern background substraction.

In total, a correction of typically 5% was applied to each data sample. In addi-
t ion, the integrated luminosity was corrected for the calibration of the beam
displacements.

The inputs supplied to the calculation of da/dt are:

1. The diamond parameters and the effective height.

2. The integrated luminosity.

3. The detector position (h).

4. The beam momentum. The momentum distributions of the beams were mea-
sured at several occasions [70]. From these measurements, the average
momentum <p> was calculated. The average momentum agreed within 0.1%
with the central line momentum supplied to the experiments by the ISR
operator. A linear decrease of average momentum by 0.1% over a period of
four days was observed during the pp run taken at Vs = 62 GeV.

5. The average thickness of the finger- and stack elements (known within
5 urn) and the average distance of the detector planes from the origin
(known within 1 mm).

6. The parameters a± A, p and b. Used were the dispersion relation values
[4] for a t . and p. The proton-proton nuclear slope parameters were
taken from litterature [71] and could easily be extrapolated to estimates of
b (p P ) .

The determination of the diamond parameters and the cross-section evaluation
were combined in one program which was run on the CERN mainframe computer
CDC 7600. The speed of the entire calculation was very satisfactory: it took
less than 20 CPU seconds to process a data set.
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The acceptances (fraction of accepted events) were typically
0.60/0.95/1.00/1.00 for the fingers 1/2/3/4. They were considerably lower at
the edges of the apparatus (stack 1 and 24), e.g. for the run taken at
Vs = 24 GeV (with the widest beams): 0.25/0.41/0.41/0.41. They increased ra-
pidly to the values quoted above from stack 3 (22) onwards. The corrections
applied to the measured cross-sections by the interpolation to nominal scattering
angles were small: less than 2% in the Coulomb region and essentially zero at
higher momentum transfers.

Table 5: Monte Carlo results

Input
Fit

Input
Fit

Input
Fit

Input
Fit

Vs
GeV

24

31

53

62

5h
mm

0.25

0.3U0

0.25
0.25±0

0.25
0.23±0

0.25

.02

.02

.04

CTtot
mb

39.4

39.U0.

40.3
40.5±0.

42.9
42.9±0.

43.3
43.3±0.

2

1

1

1

0.
-0.

0.
0.

0.
0.

0.
0.

P

006
on±o.

035
041±0.

082
087±0.

095
101+0.

008

005

006

005

b
GeV"2

11.8

12.2

13.1

13.3
13.4±0.2

The sensitivity of the cross-section evaluation to the uncertainties on the
input parameters depends on the hodoscope region from which the cross-section
is derived and on the scattering angle to which it corresponds. The errors in-
duced by the uncertainty in diamond position and shape were negligible for the
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pp data and were estimated to be less than 0.5% in the case of pp. Variation of
a to t a n c ' P ky 0.5 mb and 0.02 respectively caused a change of less than 0.2%
in cross-sections evaluated in the Coulomb- and the interference region. A
variation of the nuclear slope parameter by 0.5 GeV 2 had no effect.

The cross-section evaluation was verified with Monte Carlo data. Events were
generated in a gaussian interaction region and scattered into two pairs of hodo-
scopes according to an angular distribution given by the scattering function f.
Both pairs could be positioned independently with respect to the diamond. For
normalisation purposes, the integrated luminosity was calculated with:

= N (6.19)

where N is the total number of events generated in the solid angle AQ. Data
sets were created with diamond positions, diamond shapes and hodoscope posi-
tions as encountered in the physics runs. About 2.10s events were generated in
each pair of hodoscopes at CM energies of Vs = 24, 31, 53 and 62 GeV. The
vertical half distance ( H n and H23) between a pair of hodoscopes differed by
Hi«-H2 3 = 0.5 mm, thus simulating a asymmetric positioning of the detectors.
The Monte Carlo data were analysed with the standard analysis programs. Sev-
eral sets of differential elastic cross-sections were created: the diamond parame-
ters were either fixed or fitted and the various input parameters were offset
with respect to the Monte Carlo input ( ° t o t by 0.5 mb, p by 0.02, b by
0.4 GeV'2 and h ** by 0.3 mm). In particular, the average vertical half dis-
tance (h) supplied to the cross-section evaluation was offset by an amount
Sh = (Hi^+H23)/2 - h = 0.25 mm. The differential elastic cross-sections were
subsequently fitted to 5h, a. ., p and b. Results obtained from single parame-
ter fits always agreed with the Monte Carlo input within the statistical error.
The various offsets on the input parameters did not significantly affect the re-
sults. The results of three parameter fits on data generated with the detectors
close to the beam are shown in table 5. The biggest discrepancies are found at
Vs = 24 GeV.

Cross-sections were calculated from low-statistics samples by dividing 34000
pp events into ten batches (1700 events per pair of hodoscopes). Each batch
was analysed individually. The resulting ten sets of cross-sections were aver-
aged and compared to the cross-sections evaluated from the original sample. It
appeared that no significant bias was introduced when the analysis is performed
on small event samples.



page 104

The sets of cross-sections measured with the hodoscopes at a given position,
were averaged to yield measurements performed in a given t-range. These rang-
es are listed in table 6 together with the number of events collected and the
ranges of diamond widths encountered.

The differential elastic cross-sections as measured in this experiment are
plotted against the four momentum transfer in f igs. 42 and 43.
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Table 6: Beam widths and t-ranges of the various runs

Run

PP05

PP10

PP13

PP14

PP08
PP09

PP12

PB06

PB03

PB05

Vs

GeV

24

24

31

31

53
53

62

31

53

62

evts
x103

194
415
447
82
39

740
361
536
776
523
953
794
985
786
609
20
5

22
11
54
18
27
38
10
25

120

norm

yes

yes

no

yes

yes

yes

yes

yes

yes

yes

yes

yes

no

yes

yes
no

yes

no

no

yes

yes

yes

yes

yes

yes

yes

pots

in

in

in

in

out

in
in

out

in

out

in

in

out

in

out

in

out

in
out

in
out

in
in

out

out

in

|t|-range
x10"3 GeV2

0.3 -6.3
0.5- 6.8
0.3- 6.3
0.3- 6.3
2.1-11.4
0.5-10.3
0.5-10.4
3.3-18.8
0.5-10.4
3.3-18.8
1.0-28.6
1.0-28.6

11.1-58.7
1.3-39.5
6.3-58.4
0.6-10.9
2.5-16.6
0.6-10.9
2.5-16.6
1.2-29.5
5.1-43.2
0.9-27.9
1.1-28.8
4.8-42.5
4.8-42.5
1.7-41.8

3
3
3
3
3
2
2
2
2

3

1
1

2
1
1
1
2
1,
2.

1.

1.

1.
1.

1.
1.
1.

Gx
mm

.8-3

.6

.6-3

.8

.9

.8-3

.6

.8-3

.7-2

.3-3

.5-1

.8-1

.0

.7

.8

.8-1

.1

.7

.0

.9-1.
,5

3

4

5

3

3-1 .

.9

.8

.0

.0

.9

.4

.7

.9

.9

.5

5

7
6
5
6
6
6
5
6
5
7
4
5
6
4
5

5

7
6.
7.
5.
7.
4.
5.
6.
4.
4.

a y
mm

.1-7

.8

.7-6

.6

.7

.4-6

.6

.0-6

.9-6

.4-7

.9-5

.1-5

.2

.4-4

.1-5

.9-6

.5

.3
,3
7-6
4
0
6
7
0

0-5.

.2

.4

.9

.7

.5

.6

.4

.9

.5

.2

.7

.7

0

ISR

1209a

1209b

1226

1271a

1271b

1274

1223

1225

1252

1272a

1272b

1229a

1229b

1229c
1257

The column "norm" indicates whether a measurement of the
integrated luminosity was made or not. The t-range corresponds to

the hodoscope region stack 2-23 and finger 2-6.
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Figure 42: Proton-proton differential elastic cross-sections versus momentum
transfer at different centre of mass energies.
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Figure 43: Antiproton-proton differential elastic cross-sections versus
momentum transfer at different centre of mass energies.
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7. RESULTS

The differential elastic cross-sections are fitted to eq. (1.5):

da /d | t | = 1/16rrs2 |F c (s, t )+Fn (s, t ) | (7.1)

The parametrisations of F and F are given by the eqs. (1.6) and (1.7) re-
spectively. The parameters of interest in the f i t are a^ ., p and b. To these
parameters must be added the parameter 6h, defined in sect. (6.5), and an
overall normalisation factor (N), multiplicative to eq. (7.1):

= N (7.2)

Leaving the various parameters either free or f ixed, there is a choice among
31 different types of f i t at each energy. The strategy used in making this
choice was inspired by the following considerations: (i) The normalisation is
fixed to unity because the integrated luminosity and the inefficiencies of the de-
tector are known, (ii) The parameter oh can only *be obtained1^ from data taken
at Vs = 24 and 31 GeV which extend far into the Coulomb region; at other en-
ergies it is input to the f i t . (iii) The nuclear slope parameter can only be ob-
tained from data taken at 53 and 63 GeV which extend far enough into the nu-
clear region; at the other energies litterature values are taken as input to the
f i t . (iv) The total cross-section is a free parameter in all f i ts , (v) The p-value
is fitted when possible.

In section 7 .1 , we describe this strategy in more detail. The calculation of
the errors on the fitted parameters is given in section 7.2. In section 7.3 we
present the results on the total- and the differential elastic cross-sections.

" With the aid of the external hodoscopes, not öh itself, but only the stability
of 6h is obtained (see sect. 6.5).
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7.1 The extraction of Sh, p and b.

The fits to the differential elastic cross-sections consisted of x2 minimisa-
tions using MINUIT. Excluded from the fits were the cross-section points with
an acceptance correction of more than 30%: i.e. those which were evaluated at
the edges of the apparatus. Cross-sections which were derived from the stacks
1 and 24 were always excluded. In order to minimise the sensitivity to the
trigger counter ineffiency corrections, the f i rst 6 stacks were omitted in the fits
of the 62 GeV data.

The normalisation constant was fixed to unity for runs where the integrated
luminosity was measured; it was a free parameter for the unnormalised data sets
(see chapter 6, table 6).

In the following we will describe each energy in tu rn :

1. Data on pp at Vs = 24 and 31 GeV.
The pp data taken at 24 and 31 GeV were fitted to Sh, a. . and p. The

| t | -range of these measurements was not sufficient to allow for an accu-
rate measurement of the nuclear slope parameter. The values given in ref.
[71] were therefore input to the f i t . The values obtained for 5h are in-
compatible: 6h(24) = -0.19±0.03 and 6h(31) = -0.1U0.02 (see table 7).
The pp data lack the statistical accuracy for a reliable measurement of Sh.

2. Data on pp at Vs = 31 GeV.
The pp data taken at Vs = 31 GeV were fitted to o+ n t and p, with input

the nu-
tot

Sh(31) and b. An estimate for b(pp) was obtained as follows:
clear differential elastic cross-section is given by:

(do-/d| t | )n = 1/16TT a t
2 0+p 2 )exp( -b | t | ) (7.3)

Integration of eq. (7.3) over 0 < | t | < » yields, neglecting p2:

b « °-tot
2/16nae, (7.4)

For pp interactions at ISR energies: ° " e / a t o t = R ( P P ) = 0-17 [9] . Mea-
surements of R(pp) at lower energies, suggest that at the ISR:
R(pp) ~ R(pp) = R. From eq. (7.4), the difference in the nuclear slope
parameter is:
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Ab = bfpp)-b(pp) = Aa to t/16irR (7.5)

The cross-section difference, Ao\ ., can be taken from the dispersion re-
lation f i t , or from extrapolation of cross-section differences measured at
lower energies. This results in: Ab(31 GeV) = 0.5 GeV"2. This can be
compared to the result of a f i t to the nuclear slope parameters performed
by Burq et. al. [72] or, more recently, by Block and Cahn [73], which
both give: Ab(31 GeV) = 0.6 GeV"2. The input in the f i t was therefore
b(pp) = 12.2+0.5 = 12.7 GeV"2, to which, somewhat arbitrari ly, an error
of 0.5 GeV"2 was attributed.

3. Data on pp and pp at Vs = 53 GeV.
The 53 GeV pp data were taken in a | t |-range which allows for a deter-

mination of the nuclear slope parameter. It is less suited to provide a
reliable measurement of öh, especially when Sh and p are determined sim-
ultaneously. These runs were taken close to the 24 GeV runs (e.g. the
beams of the run PP10 were stacked immediately after the end of PP09,
without an access to the ISR tunnel in between) and separated from the
runs taken at 31 and 62 GeV by a two months ISR shut-down. Thus an
accidental systematic shift in the detector positions, although not observed
with the optical surveys, cannot be excluded beween the 24/53 and the
31/62 GeV runs. Therefore the value of 6h(24) was used as inpui to the
f i t of the 52 GeV data, both for pp and pp. The parameters a. ., p and
b were left free, together with the normalisation of the PP09 data taken
with the pots out. The choice of Sh is supported by the fact that the
measurement of p(pp) = 0.078 [4] , obtained previously at the ISR, is very
well reproduced (see table 7). A four parameter f i t , where Oh was left
free, yielded a less compatible result (p(pp) = 0.066). Using 6h(31) as
input, the resulting value of p(pp) = 0.062 differs by almost two standard
deviations from the published value.

4. Data on pp and pp at Vs = 62 GeV.
No independent | t | -scale calibration could be obtained from the data tak-

en at Vs = 62 GeV. Input to the f i t was therefore 5h(31). A determination
of p(pp) corresponds to a measurement of a 10*. destructive interference
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effect in the region of low numbered stacks. Because the trigger counter
inefficiency corrections were about 5% in this region, a reliable measure-
ment of p is not possible. Indeed, three parameter fits of the pp data to
a. . , p and b, yielded results which were incompatible with the ISR re-
sults published earlier. The fits were sensitive to the detector region
used and the tr igger counter efficiency correction procedure applied. Sta-
bility was obtained when the f i t was restricted to the extraction of a. .
and b, with 6h(31) and the previous ISR measurement of p(pp) or the
dispersion relation prediction of p(pp) [4] as input. We assumed the er-
ror on p(pp) and p(pp) to be 0.011. The trigger counter efficiency cor-
rections were limited to about 2% or less by rejecting data points which
originated from the stacks 1-6. The two efficiency correction procedures
(see sect. 5.3.2 and 5.3.3) were applied to the data and the results were
averaged. The change induced in a. t and b by using 5h(24) as input,
instead of 5h(31), was negligible. As a check, a^ x and p were extracted
from a f i t over the same |t | -range with 5h and b as input.

The results are listed in table 7. The inputs to the fits are given in brackets,
together with their errors.

7.2 The estimation of the errors.

7.2.1 The uncertainty in N and the t-scale.

In order to evaluate the errors on the fitted parameters, one has to know
the uncertainties in the normalisation and the | t | -scale calibration.

The uncertainty in N caused by the event selection-, assignment- and eff i -
ciency correction procedures, insofar not already taken into account, was esti-
mated to be 0.3%. The average error on the monitor constants was 0.8%, to
which an error on the calibration of the beam separations of 0.4% has to be ad-
ded. Combining these errors in quadrature, allowing a few tenths of a percent
error on the calculation of the integrated luminosity, a run to run uncertainty
of 1.0% was associated with N. An exception was made for the pp run taken at
Vs = 31 GeV where the monitor constants could not be measured very accurate-
ly: here an error of 2.5% on N was assumed. Systematic errors stem from a
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Table 7: Resulting values for a. . , p and b

Vs

GeV

PP 23.5

pp 30.6
pp 30.4

PP-PP

pp 52.8
pp 52.6

PP-PP

pp 62.3
pp 62.3

PP-PP
pp 62.3
pp 62.3

PP-PP

- 0 .

-0.
(-0.

(-0.
(-0.

(-0.
(-0.

(-0.
(-0.

8h
mm

19±0.

11±0.
11±0.

19±0.
19±0.

11±0.
11±0.

11±0.
11±0.

.03

02
02)

03)
03)

02)
02)

02)
02)

a tot
mb

39.65±0.

40.1U0.
42.13±0.
2.02±0.

42.38±0.
43.32±0.
0.94±0.

43.55±0.
44.12±0.
0.57±0.

43.69±0.
44.0310.
0.34±0.

.22

.17
57
60

15
34
37

31
39
50
29
58
65

P

0.022±0.014

0.034±0.008
0.055+0.029
0.021±0.030

0.077±0.009
0.106±0.016
0.029±0.018

(0.095±0.011)3

(0.104±0.011)*

0.10U0.033
0.115±0.052
0.014±0.058

b

GeV' :

(11.80+0

(12.20±0
(12.70±0.

12.87±0.
13.03+0.
0.16±0.

13.02+0.
13.47±0.
0.4510.

(13.30+0.
(13.50+0.

>

.30)1

.30)1

.50)2

.14 s

.52 6

54

27 7

52 8

59

30)1

50)2

X2/df

1

1

1

1

0

1
1.

.03

.40

.15

.43

.97

.32

.02

Input to the fits are given in brackets: 1) ref. [71], 2) extrapolation explained
in the text, 3) ref. [4 ] , "•) dispersion relation prediction [4 ] .

s) .001<|t|<.056, 6) .001<|t|<.039, 7) -005<|t|<.052, 8) .006<|t|<.038 GeV2.

possible under-estimation of the ADC efficiency corrections (0.2%), an
uncertainty of 0.3% (0.1%) in the stack (finger) size, together with an eventual
loss of events between counters (<0.1%). When added in quadrature, this results
in a scale error of 0.4% on N (0.7% when added linearly).

The uncertainty in 6h, caused by the undetected movements of the hodo-
scopes, was estimated to be 0.04 mm r.m.s. for a subset of the data (see sec-
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Table 8: Input for the fits of the pp data to N and 5h

Vs a t o t p b

GeV mb GeV"2

23.5
30.6
52.8
62.3

39.39
40.26
42.88
43.88

0.
0.
0.
0.

006
035
082
092

11
12
13
13

.8

.2

.1

.3

Dispersion relation values for a t o t and p [4 ] , b given in ref. [71],

tion 6.5). The variation in 8h for all analysed pp data is obtained from fits to
the differential elastic cross-section as described below.

The pp cross-sections were fitted to eq. (7.1) with the parameters a, t , p
and b as input. The free parameters in the f i t were N and öh. The input va-
lues for o. . and p were taken from the dispersion relation f i t of Amaldi et. al.
[4 ] , while the nuclear slope parameters were taken from ref. [71]. These in-
puts are listed in table 8.

The results obtained for 6h for all runs5 taken with the pots in, are shown
in f ig . 44b. In general there was agreement between the variations in 6h as
obtained from the f i t and those measured with the aid of the external hodo-
scopes (see f ig . 44c). The variation in Sh was found to be 0.06 mm r.m.s.
and is taken as the uncertainty associated with each detector setting. This
uncertainty, to which we will refer as the "|t |-scale uncertainty", must not be
confused with the "error on Sh", which is obtained from the fits to the 24 and
31 GeV data as described in the previous section. While the former reflects the
uncertainty caused by the undetected hodoscope movements, the latter is a

5 The data taken at Vs = 62 GeV are not included since they do not extend to
small enough | t | to enable a measurement of öh. The pp data lack sufficient
statistics.
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Figure 44: Results of fits of the pp data to N and 5h. The errors shown are
statistical, a) N for all normalised data sets, b) 5h for all data taken with the

pots in, except data taken at Vs = 62 GeV. The vertical bars separate different
detector settings, c) 5h f determined from the f i t versus 8h measured with the

external hodoscopes for the runs taken at Vs = 31 GeV.
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measure of the statistical error on the average value of 5h.
The resulting values of N, obtained for all normalised data sets, are plotted

in fig 44a. They are close to unity, as they should be, and the scatter of 0.6%
r.m.s. is within the error of 1.0% given above.

7.2.2 The errors on ov ., p and b.

The statistical errors on the fitted parameters were estimated as the parame-
ter change which causes the minimum x2 to increase by one.

The errors induced by the uncertainties in the input parameters were deter-
mined as the change in the fitted parameters caused by offsetting each input by
its error. In this way, the errors introduced by the uncertainties in 5h (when
input to the f i t ) , p (for the data taken at Vs = 62 GeV) and b (for 24 and 31
GeV) were trivial ly obtained. The normalisation constants were offset by 1.0%
for each ISR run separately and the resulting parameter changes were added in
quadrature.

Similarly, the errors caused by the uncertainties in the |t|-scale calibrations
(i .e. the undetected hodoscope movements) were determined as the quadratic
sum of changes caused by an offset of the average height by 0.06 mm, the off-
sets being applied to each detector setting separately.

The error contributions are listed in table 11. The scale error corresponds
to a 0.4% change in normalisation. The error contributions were added in qua-
drature (apart from the scale error) to yield the errors quoted in table 7. For
each f i t , the statistical errors were multiplied by the square root of the X2 Pe r

degree of freedom.
The pp data at Vs = 24, 31 and 53 GeV were taken in two ISR runs each.

The results obtained from these runs individually are given in table 9. The
agreement is satisfactory. Here the errors reflect the run to run uncertainties:
i.e. they are a compound of the statistical error (multiplied by VX 2 /d f ) , the er-
ror on the normalisation and the | t | -scale uncertainty. The errors on the inputs
of the f i ts , which have a common effect on the two results obtained for each
energy, are not taken into account.
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Table 9: Results obtained for individual ISR runs

PP05
PP10

PP13
PP14

PP08
PP09

Vs
GeV

24
24

31
31

53

53

Sh

mm

-0.18±0.04

-0.2U0.04

-0.10±0.03

-0.13±0.03

(-0.19±0.03)

(-0.19±0.03)

°tot
mb

39.74±0.29
39.56±0.33

40.13±0.21
40.09±0.21

42.44i0.22
42.39i0.20

P

0.023i0.013
0.015i0.013

0.038i0.010
0.028i0.012

0.077i0.014
0.079+0.011

b
GeV"2

(l1.80i0.30)
(11.80t0.30)

(12.20i0.30)
(12.20i0.30)

13.10i0.48
12.86iO.15

XVdf

0.78
1.15

1.33
1.14

0.98
1.64

7.3 The elastic cross-sections and da/dt.

The total elastic cross-section was determined by integrating eq. (7.3):

ael = °tot2 ( 1 + P 2 ) f 1 6 n b ( 7 6 )

The elastic cross-sections, calculated with a. t , p and b of table 7, are given in
table 10, together with the ratio <* ./ov ..

The measured differential elastic cross-sections are listed in tables 12 and
13. The number of entries is reduced by taking the weighted average of points
falling inside preset bins. The cross-sections were first interpolated to the cen-
tre of the bin, using the fitted doVd|t| curve as the interpolation function.
Only the fitted cross-sections were averaged. The unnormalised data were di-
vided by the fitted value of N and the |t|-scales were corrected for 6h. The
averaged differential elastic cross-sections are plotted against momentum transfer
in figs. 4 5 - 5 1 , together with the fitted curve. The horizontal bars indicate
the bin width and not the |t|-scale uncertainty. Also shown is:
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Table 10: Total elastic cross-sections

Vs

GeV

6.81

6.75

7.17

7.51

7.16

7.44

7.46

ce\
mb

± 0

± 0

± 0

± 0

± 0

± 0

± 0

.19

.17

.09

.19

.34

.32

.32

°el /Gtot

0.172 ± 0.005

0.168 ± 0.004

0.169 ± 0.002

0.172 ± 0.004

0.170 ± 0.007

0.172 ± 0.007

0.169 ± 0.007

PP

PP

PP

PP

PP

PP

PP

23.5
30.6

52.8

62.3

30.4

52.6

62.3

[do-/d|t|]/[da/d|t|(p=0)] - I C7.7)

The two thin curves indicate the uncertainty in p. The destructive (construc-

tive) interference in pp (pp) elastic scattering at ISR energies is apparent.

These plots clearly display the limitations of the detector: small systematic dis-

tortions (» 1-2%) contribute considerabely to the relatively high x2 °f the pp

data. These x2 contributions stem mainly from the data taken with the pots out.
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Table 11: Error contributions

pp

pp

pp

pp

pp

pp

pp

Vs

23

30

Vs

52

62.

30

52.

62.

.5

.6

.8

3

.4

6

3

statistical
N

Jt|-scale

b

scale error

statistical
N

| t | -scale

b

scale error

statistical

N
5h

|t|-scale

scale error

statistical

N

an
|t|-scale

P
b

trigger counter

scale error

statistical

N

ah
|t|-scale

b
scale error

statistical

N

ah
| t | -scale

scale error

statistical
N
8h

|t|-scale

P
b
trigger counter
scale error

: l .OVrun
: 0.06 mm/setting

: 0.3 GeV"2

: l .OVrun

: 0.06 mm/setting

: 0.3 G e V !

: l .OVrun
: 0.03 mm

: 0.06 mm/setting

: 1.0°o

: 0.02 mm
: 0.06 mm/setting

: 0.011

: 0.3 GeV" =
efficiency

: 2.5°o

: 0.02 mm
: 0.06 mm/setting

: 0.5 G e V !

: 1.0°„

: 0.03 mm

: 0.06 mm/setting

: 1.0°o
: 0.02 mm

: 0.06 mm/setting

: 0.011

: 0.5 GeV"2

efficiency

8h

0.01

0.03

-

0.00

0.01

0.01

0.02

-

0.01

0.01

"tot

0.04

0.13

0.03
0.04

0.07

0.06
0.24

0.01

0.02

0.05
-

0.18

0.09

0.38

0.38

0.08
0.04

0.10

0.09

0.29

0.12
0.09

0.10

0.05

0.22
0.26
0.01

0.02

0.16
.

0.11

0.09

°tot

0.10

0.11

0.16

0.04

0.06

0.03

0.13

0.07

0.08

0.08

P

0.002
0.004

0.005
0.007

0.002

0.010

0.001
0.001

0.002
-

0.024

0.019

0.004

0.024

0.011

0.003
0.004

0.003
0.000

0.011

0.007
0.006
0.007

0.003

0.037
0.002
0.000

0.000
-

0.037
0.021
0.001

P

0.004
0.006

0.009

0.007

0.002

0.003

0.002

0.007

0.003

0.001

b

0.09

0.04

0.05

0.07

0.02

0.10

0.01
0.01

0.03

0.09
-

0.23
0.00

0.49

0.09

0.10
0.10

0.03

0.46
0.02
0.00
0.00

0.12
.

0.19
0.01
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Table 12: Measured pp differential elastic cross-sections
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Table 13: Measured pp differential elastic cross-sections
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Figure 45: da/dt and [da/dt]/[da/dt(p=0)]-1 for pp at Vs = 23.5 GeV.
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Figure 46: do/dt and [do/dt]/[da/dt(p=0)]-1 for pp at Vs = 30.6 GeV.
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Figure 47: da/dt and [dor/dt]/[da/dt(p=0)]-1 for pp at Vs = 52.8 GeV.
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Figure 48: dc/dt and [do/dt ] / [da/dt(p=0)]-1 for pp at Vs = 62.3 GeV.
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Antiproton Vs = 31 Gev
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Figure 49: do/dt and [do/dt]/[do/dt(p=0)]-1 for pP at Vs = 30.4 GeV.
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Antiproton Vs = 53 GeV
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Figure 50: da/dt and [da/dt]/[da/dt(p=0)]-1 for pp at Vs = 52.6 GeV.
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Figure 51: da/dt and [do/dt]/[do/dt(p=0)]-l for pP at Vs = 62.3 GeV.



page 128

8. DISCUSSION

8.1 Comparison of a t o t and p with existing data.

The measurements of the pp and pp total cross-sections are shown in f ig .
52, along with a survey of data in the ISR energy range [1,9,75]. The ISR
results on a. .(pp) are listed in table 14, together with the weighted average.

Table 14: Compilation of ISR results on a t o t (pp) [mb],

ref.

[74]
[63]
[62]
[75]

this exp.

average

X V d f

Vs=23.

38.70±0
39.10±0
38.89iO

39.65+0

39.20±0
2.33

5

.70

.30

.21

.22

.13

30.7

40.00±0.
4010±0.
4O.17±O.
40.2U0.
40.1U0.

40.14t0.
0.06

60

30

21

21

17

10

42
42
41

41
0

44.7

.50+0.

.00±0.

.66+0.

.79±0.

.21

80

30

19

16

52.8

42.90+0.
42.90±0.
42.46iO.
43.01+0.
42.38±0.

42.57iO.
1.47

70
30

26

27

15

11

62.5 GeV

44.10±0.
43.70±0.
43.04±0.
43.82±0.
43.55±0.

43.51±0.
1.09

90

40

29
30

31

16

At Vs = 24 GeV, the measurement of a.O*(PP) is in agreement with the re-
suits of Carroll et al. and about 0.7 mb higher than those obtained previously
at the ISR. The pp cross-sections at other energies are all compatible, except
at Vs = 53 GeV, where our result differs by four standard deviations from the
measurement of the CNPSB-collaboration.

The pp total crossections are in disagreement with the results of the
CNPSB-collaboration at Vs = 53 and 62 GeV.

The comparison of measurements of p(pp) in the ISR energy range is shown
in f ig . 53 and listed in table 15. Our results reproduce the previous ISR mea-
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Figure 52: pp and pp total cross-sections as measured in this experiment
together with a survey of data in the ISR energy range.
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surements [4] and those obtained at FNAL [6] . Our measurement at
Vs = 24 GeV is the only accurate ISR measurement of p(pp) at this energy.

Table 15: Compilation of ISR results on p(pp).

ref.

average

Vs=23.5 30.7 44.7 52.8 62.5 GeV

[5] 0.02 ±.05 0.03 ±.06
[4] 0.042±.011 0.062±.011 O.O78±.O1O 0.095+.011

this exp. 0.022±.014 0.034±.008 0.077±.009

0.022±.013 0.037±.006 0.062±.011 0.077*.007 0.095±.011

*10

100

80

- 3

t 60 r
Q.

I 40 -

20

0

!

Proton-proton

It*
\
0 BartenevetQl. (1973)
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Figure 53: Comparison of data on p(pp) at ISR energies.
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8.2 The energy dependence of a^ ., p and A a ^ .

The pp total cross-section shows a significant rise of 2.0 ± 0.8 mb over the
energy range Vs =31 - 62 GeV. This experiment was the f i rst to establish this
rise in a measurement of ov . (pp) , published in 1981 [65], a result which has
since then been confirmed in other measurements [64,66]. In 1982, the pp total
cross-section was shown to continue to rise beyond ISR energies at the SPS-col-
lider [83,84], as expected on the basis of dispersion relations and optical mo-
dels.

The ratio of the total cross-sections is close to the limit given by the new
Pomeranchuck theorem:

o t o t (pp ) /a t o t (pp ) = 1.050 ± 0.015
= 1.022 ± 0.009
= 1.013 ± 0.011

at Vs = 30.5 GeV
at Vs = 52.8 GeV
at Vs = 62.3 GeV

One might conclude that, to the extend that these ratios are all greater than
unity within 1.5-3 standard deviations, "asymptotia" in the sense of eq. (1.12)
has not yet been reached at ISR energies.

In addition, the cross-section difference, A a . . = a. .(pp)-Ox x(pp), is po-
sitive and decreases with increasing energy. It almost vanishes at the highest
ISR energy (see f ig . 54):

Dtot = 2.0 ± 0.6 mb
= 0.9 i 0.4 mb
= 0.6 ± 0.5 mb

at Vs = 30.5 GeV
at Vs = 52.8 GeV
at Vs = 62.3 GeV

These measurements of Aa. . extend the range of the pp difference measure-
ments by a factor of six from E « 300 to s 2000 GeV laboratory energy, thus
making this range the largest of all antihadron-hadron difference measurements.

The measurements of p(pp) and p(pp) show that both are positive and rising
over the ISR energy range: p(pp) by 0.06 ± 0.02 and p(pp) by 0.05 ± 0.03.
The difference p(pp)-p(pp) is positive but has not been measured with suff i-
cient accuracy to establish its energy dependence.
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Figure 54: Our results on Aav *, together with a compilation of data at lower
energies [86]. The solid curve is the dispersion relation f i t explained in the

text.

8.2.1 The dispersion relation f i t .

The real part of the scattering amplitude is connected to the imaginary part
through a dispersion relation, which is a direct consequence of the anaiyticity
of scattering amplitudes. Using unitarity (the optical theorem) and crossing
symmetry, one derives an expression which relates the value of p at a given la-
boratory energy E to an integration of the pp and pp total cross-sections over
an energy range which extends to infinity (see e.g. [88], [89], [7 ] ) :
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P±(E)Oi(E) = f • f_ J dE'k'[ g± ( E ' } - a ? ( E ' } ] (8.1)
k nk m E'(E'-E) E'(E'+E)

Here m is the proton mass, k the laboratory momentum, E = V(k2+m2) the labo-
ratory energy and C an integration constant. The subscripts ( + ) and (-) refer
to pp and pp respectively. The principal value of the integral is taken because
the integrand has a singularity at E' = E.

We have performed a f i t , using eq. (8.1), to the available data8 on
o t t ( p p ) , a. . (pp), p(pp) and p(pp) for E > 10 GeV [87]. The total cross-sec-
tion was parametrised as [4 ] :

a± = Co + CJE/Eo)'0 1 1 + C2(E/E0)"°2 + C 3 [ ln (s /s 0 ) ] Y [mb] (8.2)

The f i rst three terms in eq. (8.2) describe the dominant Regge contributions to
a while the last term parametrises the behaviour of a at high energies.

The free parameters in the f i t were the integration constant (C) in eq.
(8.1) and the constants given in eq. (8.2) with Eo and s0 fixed to 1 GeV and
1 GeV2 respectively. The x2 minimisation was performed over 142 data points,
using MINUIT, and resulted in a X2/df = 1.15. The fitted values of the param-
eters are listed in table 16 and the resulting curves are shown in figs. 54, 55
and 56.

The results given above are essentially the same as, but more accurate than
those obtained by Amaldi et al. and, more recently, by Bozzo et al. [84] from
a f i t of a t o t (pp) and a t o t (pp) to eq. (8.1).

The Froissart-Martin bound seems to be qualitatively saturated (v = 2), but
the coefficient in front of the logarithmic term (C3 = 0.19 mb) is much smaller
than allowed (n/m s = 62 mb) by this bound.

As can be seen from figs. 54-56, a satisfactory description of the energy
dependence of a. t and p is obtained. In particular, the energy dependence of
the cross-section difference is well described by the Regge parametrisation over
a large energy range: 10 < E < 2000 GeV. Such energy dependence

6 Not included were the measurements of p(pp) by Fajardo et al. [8 ] , of a(pp)
by the CNPSB-collaboration and early measurements of a(pp) at the SPS-colli-
der [83].
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Table 16: Results of the dispersion relation f i t .

c
C i

c2
c3

= -30.0
= 43.0
= 24.8
= 0.19

± 3.8
± 0.6
± 0.9
± 0.01

Co
a i

a2

V

= 28.3 ± 0.2
= 0.41 ± 0.01
= 0.56 ± 0.01
= 2.02 ± 0.01

extrapolates to Aa — 0 at high energies. It should be noted however, that a
vanishing cross-section difference at high energies is by no means a prediction
of the f i t : such behaviour is implicit in the parametrisation (8.2).

It is seen from eq. (8.1) that p(E) contains information on the behaviour of
CTtot a t m u c ' 1 higher energies. In order to obtain a limit on the predictive pow-
er of the dispersion relation f i t , we parametrised the cross-section as in eq.
(8.2) but assumed it to be a constant above s > s x. Several fits were per-
formed, each time lowering the cut, t i l l a sudden increase in the minimum x2 in~
dicated an appreciable distortion of the p-curve at ISR energies. It appeared
that the prediction does not extend far beyond collider energies:
Vs i » 700 GeV. Nevertheless, we list in table 17 an extrapolation to
Vs = 2000 GeV, together with the fitted values of a t o t and p at ISR- and colli-
der energies. An extrapolation to Vs = 30 TeV, a. . = 109 mb, is consistent
with a recent cosmic ray measurement: o t o t = 120 ± 15 mb [97].

Systematic errors in the measurements of p stem from the uncertainty in the
calculation of the Coulomb-nuclear phase (a<)>). This error was estimated by West
and Yennie to be 8p < 0.015 [14]. In order to check for such systematics, we
performed the dispersion relation f i t , allowing the measured values of p(pp) to
float by an amount +6p, along with a simultaneous shift of p(pp) by -6p. The
X2 was increased by an amount (Sp/0.015)2 for each data point. The results of
the f i t were unchanged and the systematic error on p appeared to be small:
6p = 0.001 ± 0.002.
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Table 17: Fitted values of a± ± and p at various energies.

Vs
GeV

Jtot (pp)
mb mb

p(pp) p(pp)

23.5
30.7

44.7

52.8

62.5

550

2000

39.45±0.01
40.3U0.02

41.86±0.04

42.68±0.05

43.58iO.O7

60.82±0.40

75.35i0.75

41.54±0.04
41.85±0.04

42.88±0.05

43.52±0.06

44.27±0.07

60.88±0.40

75.37±0.75

0.002±0.001
0.031±0.001

0.061±0.001

0.072i0.002

0.082±0.002

0.129i0.002

0.129±0.003

0.043+0.001
0.060±0.001

0.079*0.001

0.087±0.002

0.093±0.002

0.129±0.002

0.129±0.003

8.2.2 Limit on the "odderon" contribution to A o v t

It has been shown above that the cross-section difference is well described
by Regge behaviour which extrapolates to Ao^ . — 0. An independent indication
that Aov . -• 0, is given by the Fisher theorem (see chapter 1). One can ver i -
fy that whether or not ReF_ and lmF_ have the same sign through the expres-
sion:

ReF./lmF. = [p(pp)a t o t (pp) - p(pp)a t o t (pp) ] (8.3)

All the quantities in eq. (8.3) have been measured by this experiment, so that
we may calculate:

ReF /ImF = 0.5 ± 0.6
= 1.4 ± 1.0
= 1.9 ± 8.2

at Vs = 30.5 GeV
at Vs = 52.8 GeV
at Vs = 62.3 GeV

ReF_/lmF_ is thus consistent with being positive at ISR energies and if this ra-
tio remains positive at higher energies it follows from the Fisher theorem that
^CTtot m u s * vanish.
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Nevertheless, the new Pomeranchuck theorem allows for a cross-section

difference which increases with energy. Because the total cross-section appears

to increase as In2(s), the theorem of Eden and Kinoshita limits the increase of

Aox i ~ ln(s). Thus the relative "odderon" contribution cannot exceed

Aa. Jc. . - 1/ln(s). From our measurement, Ao"../o. . = 1.3% at
tot tot tot tot

Vs = 62.3 GeV, we conclude that the relative "odderon" contribution must be

less than one percent at higher energies, e.g. < 0.9 % at Vs = 540 GeV and

< 0.7 % at 2000 GeV. A similar conclusion has been reached by Block and Cahn

from a fit of the pp and pp data on o. . and p using analytic amplitudes [27].

We also estimated the possible "odderon" contribution from a f i t of Aa t o t for

E > 10 GeV to the parametrisation:

= 2C2(E/E0)"a2 + C<ln(s/sD) [mb] (8.4)

where the f irst term describes the Regge- and the second term the "odderon"

contribution to Ao\. . . The f i t resulted in:

C2 = 27.9 ± 1.9 a2 = 0.60 i 0.03 C« = 0.08 ± 0.07

with Eo and s0 fixed to 1 GeV and 1 GeV2 respectively. From these results we

conclude that an "odderon" contribution of more than 1 mb to the cross-section

difference would occur only at Vs > 300 TeV.

8.3 Fit of the total cross-sections to the Lipkin model.

We fitted the available data on the pp, pp [87], n"p and K~p [91] total

cross-sections to the parametrisation given by Lipkin [36]:
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a to t(hp) = CiOxChp) + C2a2(hp) • C3a3(hp) (1.25)

oafhp) = Nq(E/E0)ai

a2(hp) = NqNnsCE/E0)°
2

c3(hP) = (N j • 2NG) (E/E0)a3

with:

o

E
E
N
N
N

q
ns
d

the laboratory energy
a scale factor (fixed to Eo = 1 GeV)
the number of quarks in h
the number of non-strange quarks in h
the number of d antiquarks in h
the number of u antiquarks in h

The fit was performed over 368 data points and resulted in a x2/df = 5.5.
This high x2 does not necessarily invalidate the parametrisation (8.5), because
systematic errors were not taken into account. The results of the fit are listed
in table 18 and shown in f ig. 57. The statistical errors on the parameters are
multiplied by V(x2 /df) .

Table 18: Results of the fit of a t o t to the Lipkin model.

d = 4.35 ± 0.04 a! = 0.129 ± 0.002
C2 = 3.75 ± 0.05 a2 = -0.177 ± 0.002
C3 = 8.89 ± 0.30 a3 = -0.158 ± 0.009

It is seen from f ig. 57 that the energy dependence of (anti)hadron-proton
total cross-sections is well described at lower energies. Above Vs > 15 GeV
however, the np data are systematically above the fitted curve, while the re-
verse is true for the Kp total cross-sections. The pp total cross-sections as
measured by this experiment are systematically below the fitted curve. The fit-
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Figure 57: Compilation of pp, pp, n"p and and K"p total cross-sections. The
curves correspond to a f i t of the Lipkin model explained in the text.

ted value of the pp total cross-section at the collider energy ( o t o t = 65 mb) is
marginally consistent with the measurement: o. .(pp) = 61.9 ± 1.5 mb [84].
Since these defects cannot be improved by choosing an alternative description of
the energy dependence, we conclude that the simple quark counting rules which
have been incorporated in eq. (8.5), do not correctly describe the data.
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8.4 The energy dependence of b and agj

Figure 58 shows a compilation of b(pp) and b(pp) measured at small momen-
tum transfers: | t | < 0.1 GeV2. Our measured values of b(pp) are compatible
with previous measurements at the ISR. No comparison can be made for b(pp)
since no measurements at such small | t | exist, apart from the measurement of
the CNPSB-collaboration.

o
-O

Vs (GeV) 10

Figure 58: Compilation of nuclear slope parameters measured at | t | < 0.1 GeV2

for pp (solid symbols) and pp (open symbols) [96]. The results of this
experiment are plotted as circles. The curves are the results of a f i t by Burq

et al. [72] to b(pp) at | t | = 0.02 GeV2 and at | t | = 0.2 GeV2, which we
interpolated to | t | =0 .1 GeV2 to yield the lower curve.

Our measurements indicate that b(pp) and b(pp) are approximately equal at
ISR energies. Their ratio is close to unity, in accordance with the theorem of
Cornille and Martin (see chapter 1):
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b(pp)/b(pp) = 1.012 ± 0.042

b(pp)/b(pp) = 1.035 ± 0.045

at Vs = 52.8 GeV
at Vs = 62.3 GeV

The energy dependence of the total elastic cross-section (a .) and the ratio
CTe/CTtot a r e s n o w n ' n ^'9- 59.

The results of this experiment on ae.(pp) are in reasonable agreement with
the results previously obtained by Amaldi and Schubert [9] who obtained the
elastic cross-sections from a numerical integration of the do/d|t | -distr ibut ion
out to large values of | t | . The approximate expression, eq. (7.6), used in this
experiment, was estimated to yield results on o • which are about 4% lower than
a numerical integration would give.

At the ISR, the ratio of the elastic to total cross-section is almost indepen-
dent of energy and close to the van Hove ratio (°"e|/a+o+ = 0.185), both for pp
and pp. A recent measurement at the SPS-collider [84] however, indicates that
this ratio is rising again with energy. This observation would lend support to
models which predict that ultimately the black disc limit (a

e\/
ato+

 = 0.5) will be
reached.

8.5 Comparison with optical models

Recently, optical models have scored a striking success in that they predict
that the t-dependence of the pp differential elastic cross-section at
Vs = 540 GeV differs strongly from that of the pp cross-section at ISR energies
and develops a shoulder at | t | » 0.9 GeV2, rather than a dip at | t | « 1.4 GeV2

as is the case in pp at e.g. Vs = 53 GeV. We shall therefore compare two of
these models, resp due to Chiu [33] and to Bourrely et al. [32] with the data
of this experiment.

Optical models are characterised by an amplitude of the form (see eq. 1.8):

F(s,t) = 2is ƒ d2b T(s,b) e (8.6)

In the models to be discussed, the profile function f (s ,b) is written in terms of
an eikonal function x ( s ' b ) :
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together with the results of this experiment (black dots). The point at

Vs = 540 GeV has been taken from ref. [84]. b) Ratio of the elastic to total
cross-section for pp (solid symbols) and pp (open symbols) at various energies

together with the results of this experiment (circles).
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r(s ,b) = 1 - e 'X( s ' B ) (8.7)

The eikonal function can be written as the sum of a "diffractive" and a "Regge"
component:

X (s ,b) = x D (s ,b) + xR (s ,b) (8.8)

The eikonal in b-space is related to the eikonal in t-space by the Fourier trans-
form:

X(s,t) = (2n)"1 ƒ dab x(s,b) e i q b (8.9)

with q2 = - t .
In (8.8), the Regge term accounts for the difference in pp and pp at low

energies and dies out rapidly as s increases towards ISR energies. In older mo-
dels, notably in the model of Cheng and Wu [34], the diffractive term is factor-
ised:

XD(s,b) = S(s)G(b) (8.10)

where G(b) represents the hadronic matter distribution in b-space. For stan-
dard Regge trajectories and the appropriate parametrisation of eq. (8.10), based
on data at lower energies, the Cheng-Wu model then agrees qualitatively with
high energy pp and pp data, in particular the above mentioned shoulder in pp
at | t | = 0.9 GeV2, observed at Vs = 540 GeV. As pointed out in ref. [33]
however, quantitatively the model predicts too little shrinkage of the diffraction
peak. This can be remedied by making the s-dependence in (8.10) a function
of t , as the optical equivalent of a Pomeron trajectory with finite slope:

XD(s,E) = S(s,t)G(S) (8.11)

For the specific parametrisations of the functions in eq. (8.11), we refer to
refs. [33] and [32].

The resulting total cross-sections and values of p are shown in table 19 and
in f ig . 60. The total cross-sections, as predicted by Bourrely et a l . , are
systematically above our data, a feature which is also exhibited by the model of
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Chiu, in particular for pp. The p-values are reasonably well reproduced,
especially by the model of Bourrely et al. This model however fails to describe
the elastic cross-section, for which it predicts to strong an energy dependence.
The difference in the total cross-sections is well described by both models.

Table 19: Comparison with optical models.

ref. Vs=23.5 30.7 52.8 62.5 GeV

[33]
[32]

this exp.

c t o t (pP ) 39.48 40.57 43.19 44.10
40.02 41.05 43.69 44.61
39.65±0.22 40.1U0.17 42.38±0.15 43.55±0.31

[33]
[32]

this exp.

o-tot(pp) 42.47
42.04

42.84
42.50
42.13±0.57

44.53
44.40
43.32+0.34

45.24
45.18
44.12±0.39

[33]
[32]

this exp.

P(PP) -.004
0.018
0.022±.014

0.026
0.043
0.034±.008

0.062 0.070
0.079 0.086
0.077±.009

[33]
[32]

this exp.

P(PP) 0.074
0.048

0.081
0.063
0.055±.029

0.091 0.094
0.087 0.093
0.106±.016

[32] ae| l
this exp.

[32] ae|(

this exp.

'pp) 5
6

:pp) 6

.80

.8U0.19

.43

6.

6.

6.

7.

08

75±0.

53

16±0.

17

34

6

7

7
7

.84

. 17±0

.06

.44±0

.09

.32

7.
7.

7.
7.

11

51 ±0

29

46±0

.19

.32
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Figure 60: Comparison of our measurements with the optical model predictions
of Chiu [33] (solid curve) and of Bourrely et al. [32] (dash dotted curve).

The black dots are pp and the open circles pp.
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8.6 Conclusions

From the results of this experiment we conclude the following:

1. The differences in the pp and pp total cross-section, the real part of the
scattering amplitude, the forward nuclear slope parameter and the total
elastic cross-section tend to vanish at ISR energies. This implies, in
particular, that the pp total cross-section shows a significant rise at ISR
energies.

2. The energy dependence of the pp and pp total cross-sections is well de-
scribed by a Regge parametrisation in addition to a In2(s) dependence in
the energy range Vs = 5 GeV up to at least Vs = 700 GeV.

3. The energy dependence of both p(pp) and p(pp) is found to be consistent
with the energy dependence of the total cross-sections.

4. There is no evidence for the existence of odd contributions to the scat-
tering amplitude ("odderons") which would cause the difference in the to-
tal cross-section to diverge at high energies. From our measurement of
Aa. t at Vs = 62 GeV it follows, under the assumption that the total
cross-section continues to rise as In2(s), that the relative "odderon" con-
tr ibut ion, Aa. ./a^ ., c a n n o ' ' : exceed the level of one percent above ISR
energies. A f i t of Ao^ . to a Regge parametrisation and an additional
"odderon" contribution which diverges as ln(s) yields as a result that the
cross-section difference would reach the level of 1 mb only at
Vs s 300,000 GeV.

5. Optical models are in qualitative agreement with the data of this experi-
ment. Inclusion of these results in the data set from which the optical mo-
del parameters are determined and refining the parametrisations to obtain
a good quantitative description of pp and pp elastic scattering at ISR en-
ergies, would improve their predictive power at the energies of future
colliders, but not fundamentally alter our understanding of hadronic scat-
tering.
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APPENDIX A

With the optical survey one measures the vertical positions of surveymarks
with respect to a ruler which is removed after each session. Therefore each
survey has its own frame of reference and, in order to link the various mea-
surements together, one has to perform a translation to the measurement (j) of
surveymark ( i ) :

Define:

m:

" j

t!

1

Z w--

j

z W i j
i

Z X Ü
j

Z Xjj
i

measurement of mark (i) during session ( j ) .
if x-j is measured, otherwise 0.
number of measurements of mark ( i ) .

number of marks measured in session ( j ) .

translation to apply to session ( j ) .
best estimate for the position of mark ( i ) .

The results of each survey (j) are translated in such a way that the differences
between a given measurement x - and all the other measurements x.^ are optim-
ised for all survey marks (i) simultaneously; i.e. one minimises:

X2 = f f wijCxIJ-Bj-2|)-

Putting the derivatives with respect to B and ? to zero, one obtains:
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j

Solving these equations, one gets the following matrix equation for the transla-
tions B-:

k a j k B k = q j

with the matrix o and the vector q given by:

ajk = Z P ' 6jknk

If one puts arbitrari ly one translation to zero, the above equation can be
solved numerically.
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APPENDIX B

With an ADC one measures the total charge released by the phototube:
Q = ƒ i(t)dt. In the trigger logic one discriminates on the peak current
m = ' m , « - F° r a given rise time T, the peak current is proportional to the totalmax
charge released:

m(T) = O(T) Q (B.I)

Assume T fluctuates according to a gaussian distribution. Then, to first order,
a will also fluctuate according to a gaussian. The corresponding distribution of
m is then given by:

P(m)dm = P(o)da
= P(o) |da/dm| dm
= 1/Q P(a)dm
= 1/(Q6V2n) exp -1/2[(a-aD)/Ö]2 dm (B.2)

According to eq. (B.I) one has:

(a-ao)/6 = (m-mo)/Q6

and therefore:

P(m) = 1/(Q5V2TT) exp -1/2[(m-mc)/Q6]a

The efficiency introduced by a cut c on the peak current is given by:

ijCmo) =
 cJ°°P(ni)dm

Using the definition:

(B.3)

(B.4)
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erfc(x) = 2/VTT XJ°° exp(- t2 )dt

one obtains from eqs. (B.3) and (B.4):

1 - Ti(m0) = 1/2 erfc [ (m0 - c)/Q6V2]

From eq. (B . I ) one has:

m0 = a0Q

Together with the definitions:

c = a0Qc

a0 = V2 6/a0

eq. (8.5) becomes:

1 - n(Q) = 1/2 erfc [(Q-Qc) /a0Q]

(B.5)

(B.6)

Eq. (B.6) expresses the inefficiency caused by a cut on the peak current in
terms of the ADC channel (Q) and the parameters Qc and a0 which are to be
determined.
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APPENDIX C

Malfunctioning of the luminosity monitor system can be indicated by an ab-

normally high accumulation of monitor counts between triggers. These events

(together with their associated monitor counts) can be rejected by placing a cut

on the number of monitor counts recorded since the previous trigger. Using a

preset rejection efficiency it is shown how to calculate the cut.

Knowing (e.g. from previous passes of the analysis) the average monitor

counting rate (RiJ and the trigger rate (FU-) the distribution of monitor counts

per trigger can be determined as follows: the probability to find Jt (n) monitor

counts (triggers) in the time interval t is given by the poisson distribution:

PU,t) = (RLt)Vje! exp (-RLt)

P(n,t) = (RT t ) n /n ! exp (-Rjt) (C.I)

Let Q(t)dt denote the probability to find a time interval t i dt between tr ig-

gers. The probability to find at least one trigger in the time interval t is then

given by:

dt' = 1 - P(0,t)

which gives upon differentiation with respect to t:

Q(t) = -d/dt P(O,t)

= RT exp (-RTt) (C.2)

The probability to find X monitor counts between triggers is: (probability to

find time interval t between two triggers) x (the probability to find z monitor

counts in time interval t ) , integrated over all time intervals. Using eqs. (C.I)

and (C.2) one obtains:
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PU) = «J°°PU,t)Q(t)dt

= (1-a) a*

a = 1/(1 + RT/RL)

= (1-a) a* (C.3)

A cut c on the monitor counts per event will cause a fraction £ j of the triggers

to be rejected:

CO

e T = I PCX) = oc (C.4)
c

c = ln(eT)/ln(a)

Similarly a fraction £• of the total number of monitor counts will be lost:

E, = I APU) = [c + a/(1-a)] £T (C.5)

For instance in a typical proton-proton run 126.103 triggers and 231.104 monitor

counts were recorded. Allowing a trigger rejection efficiency tj = 10"s one

finds: c = 259 monitor counts/trigger. The induced rejection of monitor counts

is then: £. = 3.10'4 which can be compared with the statistical error on the

integrated luminosity: E. = 0.4 (AL/L).
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SUMMARY

In this thesis, measurements are described on the elastic scattering process-
es:

p + p — p + p and p + p — p + p
where the scattered particles emerge at small angles with respect to the incom-
ing beams: 1-10 mrad measured in the centre of mass frame.

These measurements were performed at the CERN Intersecting Storage Rings
with centre of mass energies: for pp Vs = 23.5, 30.6, 52.8, 62.3 and for pp
30.4, 52.6 62.3 GeV. After the successful construction and operation of the
CERN antiproton accumulator, both pp and pp collisions were made available to
experiments at the ISR. This new facility extended the range of the pp/pp
comparison from a laboratory energy E = 300 GeV to E = 2000 GeV.

The present experiment measured the differential elastic cross-section at
small momentum transfer, typically | t | = 0.5-50.10"3 GeV2. From these mea-
surements the total cross-section (a. .) is extracted, using the optical theorem,
while the measurement of the Coulomb-nuclear interference yields the ratio of
the real-to-imaginary part of the forward nuclear scattering amplitude (p). In
addition, the forward nuclear slope parameter (b) was measured at the two
highest ISR energies, both for pp and pp.

In chapter 1 we describe some general features of pp and pp elastic scatter-
ing. The pp total cross-section rises with energy while o, .(pp) decreases up to
the highest measured energy E = 300 GeV. The energy dependence of the dif-
ference in the total cross-section, Aa, can be described by the exchange of
Regge trajectories. Regge theory predicts that this difference vanishes at the
highest ISR energy. The rise in o t o t (pp) would then be followed by a corres-
ponding rise in a. t ( p p ) . It is the aim of this experiment to test this predic-
tion experimentally. The measurement of p is of interest because the energy de-
pendence of p and o"̂  i are related through a dispersion relation. A set of
asymptotic theorems restricts the possible energy dependence of the total
cross-section. However, these theorems leave room for contributions to the
scattering amplitude which cause Aa to remain constant or even rise with ener-
gy. The measurements of this experiment constrain the magnitude of such
unorthodox contributions to Aa.

In chapter 2, the CERN ISR and the Antiproton Project are described. Here
we introduce the concept of luminosity and discuss briefly the techniques of
cooling-, injection-, stacking- and focussing of (anti)proton beams.
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In chapter 3, we describe the layout of the detector: eight sets of
scintillator hodoscopes, four of which are mounted inside movable indents of the
ISR vacuum chamber and three monitor systems which measure the luminosity.

The measurements consisted of the detector survey, the calibration of the
luminosity monitor systems, and data acquisition. They are described in chapter
4 along with an overview of running conditions, on-line analysis and monitoring
of the performance of the detector.

The techniques used to select elastic events from the sample of measurements
are described in chapter 5. The calculation of inefficiencies and checks on the
performance of the selection routines are discussed in detail. The last section
of this chapter is devoted to the calculation of the integrated luminosity.

In chapter 6 it is shown how the measured counting rates are converted into
differential elastic cross-sections. Border losses and binning effects are ac-
counted for by a calculation of the event distribution in the detector from mea-
sured beam profiles, beam positions and the angular dependence of the differen-
tial elastic cross-section.

A f i t of the measured differential elastic cross-sections yields Of0f, P and b.
Two additional parameters describe the normalisation of the data and the syste-
matic error in the detector survey. A combination of circumstances determines
which of these five parameters are input to the f i t and which are output. This
is discussed in chapter 7 where we present the results of the experiment.

In the last chapter the results are compared with existing data. It is shown
that the energy dependence of the pp and pp total cross-section is well de-
scribed by Regge theory and a In2(s) term which accounts for the rise with in-
creasing energy. Using dispersion relations it is shown that the energy depen-
dence of p and Ox . are consistent and that the description of the energy
dependence of the total cross-section is valid up to at least Vs = 700 GeV. The
results on Ao show that there is no evidence for Aa to diverge at high ener-
gies. In any case, the difference in the total cross-section would probably be
too small to ever be detected experimentally.
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SAMENVATTING

In dit proefschrift worden metingen besproken aan de elastische verstrooings
processen:

p + p — p + p en p + p — p + p
waarbij de verstrooide deeltjes uittreden onder kleine hoeken ten opzichte van
de invallende bundels: 1-10 mrad gemeten in het zwaartepunts stelsel.

Deze metingen zijn verricht aan de CERN snijdende opslagringen bij de
zwaartepunts energieën: voor pp Vs = 23.5, 30.6, 52.8, 62.3 en voor pp 30.4,
52.6, 62.3 GeV. Na de succesvolle bouw en in werking treding van de CERN
antiproton accumulator, werden in het ISR zowel pp alsmede pp botsingen ter
beschikking gesteld aan experimenten. Hiermee werd het gebied van de pp/pp
vergelijkende studie uitgebreid van E = 300 tot 2000 GeV laboratorium energie.

Met het huidige experiment werden de differentiële werkzame doorsneden
gemeten bij kleine impulsoverdracht, gewoonlijk | t | s 0.5-50.10~3 GeV2. Door
gebruikmaking van het optisch theorema wordt hieruit de totale werkzame doors-
nede (er. .) verkregen en de meting van de Coulomb-nucleaire interferentie le-
vert het quotient van het reële deel en het imaginaire deel van de voorwaardse
verstrooings-amplitude (p). Bovendien werden, zowel voor pp als voor pp, de
voorwaardse nucleaire hellings-parameters (b) gemeten bij de twee hoogste ISR
energieën.

In hoofdstuk 1 worden enige algemene kenmerken van pp en pp elastische
verstrooing beschreven. De pp totale werkzame doorsnede neemt toe met toe-
nemende energie terwijl a± ^(pp) afneemt tot aan de hoogste gemeten energie:
E = 300 GeV. De energie afhankelijkheid van het verschil in werkzame doors-
nede, Aa, kan worden beschreven door de uitwisseling van Regge banen. Regge
theorie voorspelt dat dit verschil verdwijnt bij de hoogste ISR energie. De toe-
name van c t o t (pp) zou dus gevolgd moeten worden door een toename van
o. x(pp). Het doel van dit experiment is om deze voorspelling aan metingen te
toetsen. De meting van p is van belang omdat de energie afhankelijkheid van p
en OY-. samenhangen door een dispersie relatie. Een stelsel van asymptotische
theorema's beperkt de mogelijke energie afhankelijkheid van de totale werkzame
doorsnede. Deze theorema's laten echter bijdragen aan de verstrooings ampli-
tude toe die tot gevolg hebben dat Aa constant blijft of zelfs toeneemt met en-
ergie. De metingen van dit experiment begrenzen de omvang van dergelijke on-
conventionele bijdragen aan Aa.
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In het tweede hoofdstuk worden de snijdende opslagringen en het antiproton
project beschreven. Hier wordt het begrip luminositeit ingevoerd en de methoden
van koeling-, injectie-, opslag- en focussering van (anti)proton bundels worden
in het kort besproken.

In hoofdstuk 3 worden de detector componenten beschreven: acht scintilla-
tor hodoscopes waarvan er vier in beweegbare instulpingen van de vacuumpijp
van het ISR zijn aangebracht en drie systemen waarmee de luminositeit wordt
gemeten.

De metingen bestonden uit de positiebepaling van de detector, de calibratie
van de luminositeits-monitoren en de opname van de eigenlijke meetgegevens.
Deze worden beschreven in hoofdstuk 4, samen met de omstandigheden waaron-
der gemeten werd, de directe analyse van de metingen en de controle op de
verrichtingen van de detector.

De methoden die gebruikt zijn om elastisch verstrooide deeltjes te selecteren
uit de verzameling van meetgegevens worden beschreven in hoodstuk 5. De ber-
ekening van verliezen en controles op de verrichtingen van de selectie proce-
dures worden in detail uiteengezet. Het laatste gedeelte van dit hoofdstuk is
gewijd aan de berekening van de geïntegreerde luminositeit.

Hoofstuk 6 beschrijft hoe de gemeten telsnelheden in differentiële werkzame
doorsneden worden omgezet. Randverliezen en binning effecten worden in rek-
ening gebracht door de verdeling van de verstrooide deeltjes in de detector te
berekenen uit gemeten bundel profielen, bundel posities en de hoekafhankelijkh-
eid van de differentiële werkzame doorsnede.

Een chi-kwadraat aanpassing van de gemeten differentiële werkzame doorsne-
den levert a± ±, p en b. Twee extra parameters zijn nodig om de normalizering
van de metingen en de systematische fout in de positiebepaling van de detector
te beschrijven. Een combinatie van factoren bepaalt welke van deze vijf parame-
ters dienen te worden ingevoerd en welke uit de aanpassing kunnen worden
verkregen. Dit wordt besproken in hoofdstuk 7 waarin de resultaten van het
experiment worden gepresenteerd.

In het laatste hoofstuk worden de resultaten vergeleken met bestaande me-
tingen. Er wordt aangetoond dat de energie afhankelijkheid van de pp en pp
totale werkzame doorsnede goed kan worden beschreven door Regge theorie en
een In2(s) term die de toename met toenemende energie in rekening brengt. Met
behulp van dispersie relaties wordt aangetoond dat de energie afhankelijkheid
van p en a t o t consistent zijn en dat de beschrijving van de energie afhankel-
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ijkheid van de totale werkzame doorsnede geldig is tot ten minste Vs = 700 GeV.
De resultaten voor Aa tonen aan dat er geen reden is om aan te nemen dat Aa
divergeert bij hoge energie. In ieder geval is het waarschijnlijk dat het ver-
schil in totale werkzame doorsnede te klein is om ooit experimenteel te worden
waargenomen.
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Stellingen behorend bij het proefschrift

Energy dependence of proton-proton and antiproton-proton

scattering at the CERN intersecting storage rings

1. De conclusie van Block en Cahn dat het verschil in proton-proton en

antiproton-proton totale werkzame doorsnede boven SPS-collider energieën

relatief nooit groter kan worden dan 1%, zou voor de hand gelegen hebben

indien de auteurs in plaats van een fit aan bestaande metingen gebruik

hadden gemaakt van het asymptotisch theorema van Eden en Kinoshita.

M.M. Block en J.C. Cahn, Phys. Lett. 120B(1983)224.

R.J. Eden, Phys. Rev. Lett. 16(1966)39.

2. De bewering dat een meting van het quotient van het reeele en het
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door fotonen welke zijn afgestraald van elektronen en positronen, is te

weinig nadruk gelegd op deeltjes identificatie en het belang van lage
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installeren van e^n dergelijk systeem in de ruimte een hernieuwde

bewapeningswedloop tot gevolg heeft.

De gangbare opvatting dat Einstein op school een middelmatige leerling zou

zijn geweest, is onjuist.

A. Pais, Subtle is the Lord: the science and the life of Albert

Einstein, Clarendon Press, Oxford, 1982.

M.A.J. Botje

6 december 1984


