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Abstract  Angular distributions of proton-proton elastic scattering have been measured tor in-
caident beam momenta ot 10.0,12.0. 14.2 and 24.0 GeV/e over a range ot lab scattering
angles from 12 to 152 mrad. This 1s equivalent to a range of tour-momentum transter
squared trom about 0.1 to 6.7 Gev? at the highest momentum, Nucleon resonance pro-
duction i the two-body reaction p+p » p+ X has been studied at 24,0 GeV/e inadent
momentum trom 13.5 to 112 mrad by measuring the proton momentum spectra from
the elastic peak down to a momentum corresponding to a nussing mass ot about 2,6 GeV,
I'he new data are compared with previous results and theoretical models,

1. Introduction

Since the advent ot multi-GeV proton accelerators large numbers of experimen-
tal studies of elastic proton-proton scattering have been made. In addition, a con-
siderable amount of information on the simplest two-body 1nelastic pp reactions,
p +p = pt+ X (where X denotes a nucleon 1esonance), has been gathered. Asa re-
sult, the general teatures of these basic proton reactions are well-known up to
about 30 GeV/c meident proton momentum, but the derailed features of the angu-
lar distributions, particularly at higher momenta above say 10 GeV/e, are poorly
known. It may be added that pp clastic scattering has been measured at the highest
momentum transfer of any hadion-hadron reaction studied because of the high n-
tensity and good optical quality of proton beams,

The purpose of the present experument was to study angular distributions in
detail over a large range of momentum transfer and with high accuracy. With this
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object 1n view a high-resolution, single-arm, magnetic spectrometer was employed.
The results obtamed comprise angular distributions of elastic scattering for incident
proton momenta of 10.0,12.0, 14.2 and 24.0 GeV/c over a range of lab scattering
angles from 12 to 152 mrad. This 1s equivalent to a range of tour-monientum trans-
fer squared from about 0.1 to 6.7 GeV2 at the highest momentum. Some data were
also taken at an incident momentum of 19.2 GeV/e to overlap with earhier measure-
ments [1]. Nucleon resonance production was studied at 24 0 GeV/c over a range
of four-momentum transfer squared from about 0.1 to 6.4 GeV2, Prelmmary values
of both elastic |2] and nucleon resonance production [3] data from this experiment
have been already published. In the present paper the final results will be collated
with previous expenimental data, the aim being to present as complete a picture as
posstble of the sttuation up to 30 GeV/c.

The contents of the paper are arranged as follows subsects, 2.1, 2.2 and 2.3
give an account of the available experimental data on pp elastic scattering and 1n
subsect. 2.4 a brief résumé ot the varrous theoretical models used to describe elastic
scattering 1s given, The present experimental status of single nucleon resonance pro-
duction 1s discussed 1n subsect, 2.5 together with a brief review of theoretical mod-
els. In sect. 3 the experimental techmque 1s described and 1n sect. 4 the method of
data analysis and the results are presented. Sect. S gives a discussion of the results
on both elastic and nelastic scattering together with a companison with theoretical
models, and sect. 6 presents the conclusions of the experiment in the hight of other
results.

2. General discussion of the present status of high-energy proton-proton scattering
experiments

2.1. Elastic proton-proton scattering - general remarks

The most striking feature of high-energy proton-proton elastic scattering, in
common with the other hadronic systems, 1s the division of the angular distribution
into two rather distinct regrons of momentum transfer. The regions may be charac-
terized, qualitatively, as follows

(1) There 15 a sharp forward peak, which may be described by

do__ .2
i exp (=bltl+ct?), H

where | zhis the square of the four-momentum transfer and b and ¢ are paramecters
(b~10GeV 2and ¢ =2 GeV— around 15 GeV/e). Relation (1) 1s vahid for
1151 GeV2. This part of the angular distribution 1s weakly encrgy dependent or,
in other words, the parameters b and ¢ vary shghtly with energy. the angular distri-
bution thereby shrinking. The forward peak 1s generally recognised [4] to be a dif-
fraction or shadow scattering phenomenon caused by the absorptive processes
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(comprising about 30 mb out of a total cross section of about 40 mb) n high<energy
pp collistons As aresult, the forward scattening amplitude s mamly imaginary.

() Fon 11121 GeV?2 the angular distributions are much tlatter than described
by ¢q. (1), bemg qualitatively of the form ~ exp —(b'+/171), and have a very stiong
energy <dependence, There 18 no general agreement about the scattening mechanism
i thisegron, Thus, for this reason and because of the lack of accurate expernimen-
tal data. the experniment presented tn this paper concentrated upon this momentum
transter region,

The description of elastic scatterning which tollows 1s based upon the crude divi-
sion contained above in pomts (1) and (). This 1s not to say that any protound
physical signiticance should be attached to such a dwviston, rather 1t proves to be a
convenient means of presentation,

2.2, Hastie proton-proton scattering i the ditfraction region { 1< 1 Gev? )

The expermmental information {5] collected n the diftraction region 1s consider-
able, and the shape parameters b and ¢ of tormula (1) are reasonably well deter-
mined up to 30 GeV/e incdent proton momentum, by fitting over 4 | #lrange up
to 1 GeV2, T or asutficiently small range ot 171 formula (1) 1s obviously well approx-
mated by

do
d—1~exp( bitly, 2)

In the seimplest optical model description [6] of ditfiaction scattering the param-
eter bomeasured as 110, 15 proportional to the square of the proton 1adius, The
essential energy-dependence or shninking ot the diffraction peak 1s charactenised by
the mcrease of A with energy. Measuiements |7], for 111< 0.1 GeV2, show that the
shinkage continues up to 70 GeV in a manner compatible with a logarthmic
energy -dependence. Furtheimore, iesults [8] obtained at the CERN Intersecting
Storage Rings (1SR indicate that the shrinkage extends mto the region of several
hundred to above one thousand GeV Recent measurements [9] at the ISR, tor
energies equivalent to 500- 1500 GeV. show that formula (2) 1s not a good repre-
sentation of the differential cross section over the range 0 S 1102 Gev2 In
fact. there 1s 4 “break ™ m the angular distribution around 141~ 0.1 GeV2 and for-
mula (2), with an appropriate value ot b, gives a good description of the data below
this momentum transfer. This structure was indeed suggested by the data up to
30 GeV/e, as pomnted out by Carngan [10], however the details of the angular distri-
butions up to | tl2 0.2 GeVZ aie not yet well-known 1n this momentum 1ange.,

2.3, Flastc proton-proton scattering at moderate and large momentuni transfers
(1121 Gev?)

Fxpenments to measure complete angular distributions in detail tor | 1121 Gev?2
have been little pertormed at proton momenta above 7 GeV/c. Reasons for this
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are that the cross sections become very small and that large ranges of momentum
transfer must be covered; for example, the momentum transfer for 90° scattering
at 30 GeV/c corresponds to £ 1=27.2 GeV?2,

Farly measurements of high-cnergy pp scattering for 1712 1 GeV?2 were per-
formed at CERN [11] and at Brookhaven [12] The data collected, although rather
sparse and not very precise, did indicate the rough general features as described by
point (11) 1n subsect, 2.1 above. In particular, they showed the very rapid decrease
with energy of the cross section at fixed momentum transfer. A simple parametrisa-
tion representing the rapid decrease was suggested by Orear [13] who showed that,
within errors, the differential cross section at large momentum transfers could be
written

9%=Acxp( p,l/a), (3)
where s 15 the square of the c.n. energy, do/d2 15 the c.m. differential cross section,
and pr 1s the transverse momentum psin 0.

In the Orear fit the constant @ was 158 + 3 MeV/ce. This formula was found to
hold within the rather large expenimental errors over a range of pp trom 0.8 to
4.0 GeV/c and for data covering incident momenta from 1.7 up to 30 GeV/e, In
addition, the same parametrisation, ditfering only n the coetticient A, was found
[13] to fit the available data on the mnelastic reaction p+p — 7t +d.

The exponential dependence on the transverse momentum ndicated by eq. (3)
led to an attempt to understand the physics of large momentum transfer scattering
in terms of a specific model, the “statistical” or “thermodynamic” model of Hage-
dorn [14]. Indeed, the coetficient g as determuned by the Orear parametrisation
scemed to be numenically very close to 1ts analogue (the maxunum temperature) in
the thermodynamic model. In addition the experimental results of Ankenbrandt
et al. [15] on the production ot nucleon resonances at large momentum transfers
in proton-proton collisions could also be interpreted from a statistical or thermody-
namical point of view, since the cross sections were found to be ot the same order
and to behave in a similar manner to those for pp elastic scattering.

The thermodynamic model of Hagedorn could give only a gualitative prediction
that the differential cross section near 90° should fall as an exponential in tians-
verse momentum, with a slope of about the value found experimentally, and no -
formation about the angular distribution, However, other statistical model consider-
ations by Ericson [16] gave specific predictions on the angular distribution, by anal-
ogy with the situation in low-energy nuclear reactions, Because of the random na-
ture of the partial-wave scattering amplitudes 1n a statistical model, Ericson predicted
that the angular distnibution at fixed energy should show a characteristic structure
n the form of fluctuations Such fluctuations had indeed been observed in nuclear
reactions in the 10 MeV range.

An expeniment designed to search for these fluctuations was carried out by
Allaby et al. [17] who measured the angular distribution for pp elastic scattering at
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16.9 GeV/e incident momentum over the c.m. angular 1ange 677 10 90°. No {luctua-
tions were found, which led to a discarding ot the stuetly statistical interpretation
of large momentum transter scattermg, In addition, this experiment showed an ex-
ponential tall-oft with py  but with a different coelficient from the “umversal”
slope of the Orear fit. The value of g from the new experniment was 225 + 4 MeV/e.

This result fed to an extension 18] of the measurements over a 1ange of nci-
dent momenta from 8.1 to 21.3 GeV/e to deternune the momentum-dependence
of the parameter @ n the angular region 67° 90°, The parameter @ was found to
change abruptly from a value of 160 MeV/e to 230 MeV/e at an icident momen-
tum ot ~ 10 GeV/e,

Related experiments weie carried out by Akerlof et al. {19] who measured the
differential cross section at 90° c.m. angle at many momenta between 5.0 and
13.4 GeV/e. The discontinuity 1 the parameter ¢ was retlected by a sharp change
n the rate of deciease of the differential cross section at 90° as o function of inci-
dent momentum, In tact. when the results were plotted in the form of In(da/d? )y
against /’gm. they were found to lie on two straight hnes inteisecting at a value of
/’S.m. corresponding to a lab momentum ot 8 GeV/e

Since this mteresting phenomenon seemed to appear in the 1egion ot 8 GeV/e
incident momentum, further measurements were made [20] 1n the range 7 to
12 GeV/e m order 1o study the angular distribution over the range 40° 90° ¢.m.,
The results suggested that the “break ™. o1 change ot exponential slope of the angu-
lar distribution, was the reflection ot an unsuspected structure which seemed to
appear at mcident momenta above 8 GeV/e and at a value of the four-momentum
transfer squared | #1= 1.5 GeV2, Unfortunately the data did not extend to small
enough angles to permit a detinite conclusion, also any mterpretation relied on
linking up these data pomnts with older results on elastic pp scattering i the diffrac-
tion region,

Thus 1t scemed desirable to extend these measurements over a wide angular range
Using a high-resolution, single-arm spectrometer, the angular distiihutions tor elastic
pp scattering were measured at CLRN [1] over the 1ange 0.1 < [11< 6.0 GeV2 at
19.2 GeV/e incident momentum and 0.1 < [711< 1.9 GeV2 at 21.1 GeV/e. These
elastic distnbutions gave strking confirmation of the structure at 171= 1.5 GeV2
suggested by the pievious measurements. The present experniment provides funther
information on this point between 10 and 24 GeV/e.

2.4. Elastic scattering - tieoretical approaches

A large amount of theoretical work [21] has been done on elastic proton-proton
scattering and the following does not aim to give a comprehensive survey ., rather
the most wntensively pursued models or approaches will be listed and brietly de-
scribed inorder to provide a background tor comparison with the data.
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2.4, 1, Thermodynamuc or statistical model

The purely thermodynamic or statistical model, which has alrecady been men-
tioned 1n subsect. 2.3, has becn rediscussed by Frautschi [22] who suggested that
a necessary condition for the generation of Ericson fluctuations s the presence of
direct channel resonances 1n the scattering system, As the pp system possesses no
direct channel 1esonances, the experumental absence [17] of fluctuations cannot
then be used as a proot of a non-statistical behaviour 1 large-angle pp scattering,
This question may therefore be considered to be still open.

2.4.2. Diffraction or shadow scattering models

The physical 1dea that high-energy elastic scattering 1s essentially shadow scat-
tering resulting from the absorption of the mmcident waves by the many open inter-
action channels has been turned mto a tormal diffraction model by Van Hove [4].
The use of a particular “ansat/” for the overlap function describing the contribu-
tion of all melastic final states to the unitarity conditton for elastic scattering leads
to a form for the diffraction peak of the type given by formula (1) n subsect. 2.1,
and to the correct ratio of elastic to total cross sections. This approach has also
been employed 1n an attempt to understand the ongin of the “break™ at 8 GeV/c
described above n subsect. 2.3, It was pointed out [18] that the baryon pair pro-
duction processes near threshold should have reactive eftects on the low partial
waves of elastic scattering, thus modifying the angular distnbution at large angles.
A umitanty calculation along these hines by Kokkedee and Van Hove [23] indicated
that the total baryon pair production cross section around 10 GeV/e was of the
right order of magnitude to explain the change of slope at 8 GeV/c.

The diffraction model of Knisch |24, 25] also relates elastic scattering to pro-
duction processes. Usmg all the data available up to 1967, Knisch tound that the
tormula

3
dU_ . 2.2
@7_2 ¢ exp (- 62p3 /g,) . “)

where ¢, g, are parameters, § 15 the c.m. proton velocity and p 15 the transverse
momentum, gave a rather impressive fit over 12 orders of magnitude of the cross
section. The tact that three regions appeared which were exponential n the varn-
able ﬁzp% was interpreted as being the result of diftraction scattering associated
with three different types of inelastic processes namely pion production, kaon pro-
duction and anti-proton production. In other words, proton scattering should be
understood in terms of shadow scattering from three distinct spatial regions. Sub-
sequent more accurate data do not fall on the dependence (4). In particular the
data 1n the region of the structure, at | #| values ~ 1.5 GeV2, fall well below the
suggested parametnzation. Hence the simple and attractive features of the model
are rendered 1nvalid. Furthermore, experiments |26] on inelastic processes, per-
formed specifically to test the model, have given negative results.
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2,2
Finally, in this context. 1t 1s worth noting suggestions [27] that the variable 8°py
for elastic scattering 1s a special case of a more general variable of use in discussing
scattering processes and 1 particular at small momentum transfers.

2.4.3. Optical models

As shadow scattering is evidently an important element in elastic processes the
description by a Fraunhofer diffraction optical model s clearly indicated. The math
ematical formulation 1s well detined and the physical input consists essentially of a
postulated matter density distribution, An carly attempt in this direction was made
by Serber [28] who tried to reproduce the t-dependence of the data of refs. [11,
12] using a matter density distribution obtained by superimposing a Yukawa and
a Gaussian shape. The model did not represent the situation very well, particularly
with the advent of later data of higher accuracy

With regard to the question of the matter density distribution, Wu and Yang
[29] made a suggestion which connected elastic pp differential scattering cross sec-
tions with the fourth power of the proton electromagnetic torm tactor This effec-
tively 1dentifies the proton matter distribution with the electiomagnetic charge
distribution. as determined by electron-proton scattering Taking mto account this
idea and considenng protons as extended nuclear matter distiibutions, determined
by the electromagnetic form tactor. optical models [30] have been used 1o calculate
an elastic scattering angular distribution which 1s supposed to hold at asymptotic
eneigies This latter point 1s an mteresting suggestion, as 1t indicates that the him-
1ing ot asymptotic behaviour can be predicted trom mformation already available.
It ss typical of these models that they predict sharp diffraction zetos, the positions
being determined by the detailed shape of the density distnibution

The observed structure n the angular distitbution, desciibed in subsect. 2.3,
bears a qualitative rtesemblance to that ot the opuical models but, as such models
are vahid only at asymptotic energies, the observed eneigy dependence cannot be
discussed within this context. Additional energy-dependent amphtudes have to be
included to give a teasondble description of the data Indeed some optical models
merely use the formahsm as a tramework to provide a fit to the data using encrgy-
dependent amplitudes

2.4.4. Multiple scattering models

Results {317 smular to those from the optical models have been obtained by
considering the proton as made up of a large or small number ot constituents, or
more specitically of quarks, and performing the calculation of the cross section in
terms of the multiple scattering formalism of Glauber [32]. In fact a formal con-
nection exists between the optical models [30] and the multiple scattering method.
The higher-order diffraction mimima of the optical models appear m the Glauber
method as mterference between different orders of scattering (single and double, or
double and tiple scattering, ete.). For creasing momentum transfer, higher-order
scattering processes become more important with respect to single scattering Con-
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sequently, a possibility underhned by this approach is that there 1s no true high
momentum transfer elastic scattering, rather that large transverse momenta are built
up 1n a series of steps and not generated 1n one localised deflection.

In the framework of a multiple scattering description. a particularly lucid discus-
ston has been given by Coccom [33] who related the transverse momentum depen-
dence which is essentially Gaussian in behaviour at small angles [eq. (2)] to the ex-
ponential behaviour at large angles [eq. (3)].

2.4.5. Models mmvolving Regge singularities

It has been hoped that Regge theories would provide a dynamical basis {or strong
interactions and in particular of hadronic elastic scattering. Such an ambitious pro-
gramme 15 very far from being achieved, and may indeed be impossible to accomplish.
nevertheless a usetul phenomenology has emerged on the basis of this theory. In the
following, some of the Regge approaches to elastic proton-proton scattering will be
briefly listed.

Conventional Regge-pole theory has been repreatedly used [34] to describe scat-
tering at small and at intermediate momentum transters. Such models generally -
volve the exchange of at least three trajectories, in particular the P, P"und w. The
approach is such that the number ot independent adjustable parameters 1s large and
consequently good fits to the data can be obtammed

While the normal Regge-pole calculations would be generally considered to apply
for small to moderate momentum tiansters, 1t has been noted [35] that other singu-
lanties in the complex angular momentum plane, namely branch points or cuts,
should play an mportant role, particularly at large momentum transfers Conse-
quently models involving both poles and cuts have been used to discuss the data
The “hybrid™ model of Chiu and Finkelstein [36] 15 an interesting attempt in ths
direction. An amplitude containing both poles and cuts 1s constructed from a part
cotresponding to the asymptotic himit of Chou and Yang (etfectively a tined
Pomeranchuk pole) and a part consisting of normal moving Regge trajectornies, The
latter introduces an energy dependence which becomes asymptotically zero, the
need tor which was noted above mn subsect, 2.4.3,

An approach related to the onginal work ot Anselm and Dyatlov [35] has been
made by Frautschi and Margolhs [37] who employed a Glauber-hke multiple scat-
tering tormalism to generate multiple exchange corrections m a model employing
a moving Pomeranchuk pole At energies in the 20 GeV region, both the Chiu-
Finkelstemn and Frautschi-Margolis models give qualitatively similar results. At con-
siderably higher energies however the Chiu-Finkelstein cross section approaches the
Chou-Yang asymptotic limut while the Frautschi-Margohs calculation predicts a
cross section which decreases drastically with energy, essentially because of the typ-
wcal energy-dependence of a normal (moving) Regge-pole.

Other [38] pole and cut models with specific forms for the singulatities, for ex-
ample a Venesiano representation [39]. have been worked out

In a rather ditferent approach it has been suggested {40] that the pp scattering
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amplitude 1s composed of two parts, one being a diffractive taill which falls very rap-
wdly for fixed ¢ as the enewgy 15 increased, and the other a point interaction of cur-
rent-current form which depends on ¢ alone. As the eneigy in the scattering process
15 ncreased the contact term eventually donunates. In this model the energy-depen-
dent part of the amplitude 1s provided by a normal Regge pole term. The contact
mteraction, of vector form, 1s concerned with the same current whose transition
form factors are measured 1n weak and electiomagnetic processes. A calculation
satisfying umtanty yields a smooth, structureless angular distribution. not too ta
mn overall cross section trom the data around 25 GeV, While the absence of struc-
ture may be considered as a defect of this model, the interpretation of large-s, high
energy pp scattering in terms of a tundamental point-hke interaction remains an
mtcresting suggestion,

2.4.6. General properties of the scattermg amplitude

The strong energy-dependence of the large-angle differential cross section, de-
scribed roughly by eq. (3), has been discussed n connection with the geneial prop-
ertics of the elastic scattering amphtude. It may be shown [41,42], from analyticity
and unitanty, that there 1s a lower bound for the elastic amplitude at fixed (large)
angle which 1s given by

1(s,8)=Kexp! —c(0)s” In s} (5)

where ¢(0) and 1y ate positive. and K 1s a constant. The original work of Cerulus and
Martin |41] gave y = §, whereas a later discussion [42] involving a hinearly rising
Regge trajectory gave y = 1. The large momentum transfer data available violates in
no way the bound for either possibility. That this lower bound seems to be satu-
rated has led to the speculation [43] that large-angle scattering takes place with a
nummal interaction, the cross section decreasing with the energy 1n the fastest pos-
sible way.

2.4.7. Summary

The previous paragraphs may be taken to indicate that, in spite of the great diver-
sity of models, there 1s no complete and satisfactory description of high-energy pp
scattering Neveitheless several mteresting general points emerge from the various
considerations, First, there 1s the possibility of a limiting or asymptotic angular dis-
tribution emerging at presently available encrpies, which may be related to the elec-
tromagnetic form factor of the proton, Next, multiple-scattering effects enter natu-
rally ma several models and may be judged to be a possible universal feature of the
scattering outstde of the main diffraction peak. Fially, the question of what actu-
ally may be learned about the structure of the proton in pp scattering experiments
1s raised, the answer to this being very different depending upon the model favoured,



J V. Allaby et al., pp elastic scattering 325
2.5. Nucleon resonance production i inelastic proton-proton scattering

2.5.1, Experimental summary
Systematic studies of the melastic two-body process

ptp-ptX

at hugh energies were first made by Chadwick et al. [44] and by Coccontet al. [11.
45]. The expenmental approach employed was that commonly called the “missing
mass” method. in which forward-scattered protons were detected after magnetic
analysis.

Taking (£, pyy) as the mcident proton four-vector and (£, p) as that of the scat-
tered proton, the missing mass My 15 given by

My =(M+Ey-£)2 (py,—p)?. (6)
and hence
My =M2+2M(E, E)+1. (7
For not too large angles and for high energies, eq. (7) may be simphtied to give
M: -m?
=T ®

where Ap 15 the difference 1n laboratory momentum at 4 fixed lab angle between
elastically scattered protons and those melastically scattered to produce a missing
mass M.

The measured momentum spectra {11,44,45],ina range ot Ap =~ 2 GeV/e, ex-
hibited peaks superimposed on a continuous backgiound. The peaks remained at a
fixed Ap independent of eneigy and scattering angle, indicating the excitation of
states of well-defined mass. In fact, the calculated values of the missing masses cor-
responded to those of three nucleon resonances found m pron-nucleon scattering
phase-shuft analyses [46] namely the 1sospin / = 3 A(1236) and the 1sospin
/=3 N(1520) and N(1688). In addition, there was the suggestion [45] of a peak
at a mass of about 1.4 GeV excited at small momentum transfers, which was tenta-
tively assoctated with an 1sospin 3, py; state found [47] in phase-shaft analyses at
a mass of 1.47 GeV.

In subsequent work by Bellettini et al [48], between 10 and 26.4 GeV/c, the
strong excitation of a welldefined peak centred around a mass of 1.40 GeV was ob-
served at very small momentum transfers (11 < 10-2 GeV2) This result strength-
ened the belief that the peak corresponded to a nucleon resonance rather than to a
kinematic effect [49].

Further work on single nucleon resonance production in two-body processes by
the missing mass method may be listed as follows An extensive mvestigation ol
resonance production for |/ <1 Gev? at incident momenta of 6, 10,15, 20 and
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30 GeV/e was made by Anderson et al, [50] who included the observation of the
excitation ot the 1sospin 3 resonance N(2190). Data in this small 7-range but at
lower mcident momenta, between 2.8 and 7.9 GeV/e, have been reported by Blair
et al [51] and at very small |71, less than 0.2 GeV 2 by Foley et al. [52]. The low
energy (incident momenta between 3 and 7 GeV/c) and large momentum transter
region has been extensively studied by Ankenbrandt et al. [S3], while Allaby et al.
[54] have explored the large momentum transfer (1¢1 < 6 GeV2) region at

19.2 GeV/e. The piesent experunent provides an extensive study at 24 GeV/e up
toa ltlvalue of 6 GeV 2.

2.5 2. General features of results

The angular distrihutions of the nucleon resonance reactions exhibit the general
features, which have been outhined for elastic scattering in subsect. 2.1, of essen-
tially ali penipheral two-body hadronie reactions, The detailed form of the weakly
energy-dependent torward peak (~exp | Bltl]) depends, however, upon the
resonance produced. the parameter B varying between about 4 GeV 2 tor the
N(1688) 10 about 18 GeV 2 tor the N(1400) In this region the detailed dynamical
teatures of the production process clearly play a 1ole. For 17122 1 GeV 2 the angular
distiibutions of the production of the A(1236), N(1520) and N(1688) have been
measured [53] i detail at energies up to 7 GeV,and they exhibit a tlat 7-depen-
dence smular to elastic scattening at large momentum transter

Hhe most stiking feature n the single resonance excitation s the difference m
the eneigy dependence of the tsospin 3 state A(1236) and of the 1sospin § states.

It 1y tound [50] that the production cross section fo1 the 1sospin 1 states 1s rathel
constant between 5 and 30 GeV/e, while that tor the A(12306) decieases rapadly .
I'his behaviour, an early and impottant result of these studies. indicates the doms-
nance at high energies ot processes i which nunimmal exchange of dynamical van-
ables occwr Production ot a A(1236) necessitates an exchange process mnvolving a
unit of 1sospin, while the production ot the N(/ =1 ) tesonances 15 on an equal
footing with elastic scattering m this tespect 1equitmg no change of 1sospin, These
general ideas have been tormulated [55] under the heading ot “dittraction dissocia-
tion’ processes m which the final states are, with regaid to the impoirtant quantum
numbers, identical to the mitial states.

For this class of 1eaction an empirical selection rule has been proposed indepen-
dently by Moirison {56] and by Gribov [57]. This 1ule constrains the parity change
AP and the spin change AJ between the mitial state and the final state particles
(diffractively produced) to tollow the relation AP = (- 1)47. The bumps in the
missig mass spectra at 1.52, 1,09 and 2.19 GeV indeed conespond to the mass
values of known resonances whose spi-party obey this rule. It has also been found
to apply tor meson-imitiated reactions [52]

It should be noted that the present evidence tor a great number of resonant
states 1 the pron-nucleon system causes some difficulty 1n assigning unambiguously
the established resonances to the bumps seen in the missing mass spectra. In fact
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there 1s no experimental proof, at present, that each peak of the missing mass spec-
trum corresponds to the excitation of only one resonance, and not to a mixture of
several of the many nucleon resonances known from phase-shift analyses.

2.5.3. Theorencal considerations

While the theoretical discussion of elastic pp scattenng can ivoke certain general
features of collision theory, for example the use of the optical theorem to fix the
unaginary part of the forward scattering amplitude, the discussion of the inelastic
two-body processes p + p = p + X 15, ¢ priorr, much more dependent on the details
of specific models For instance, it might be expected that changes of 1sospin, of
spin and of panty 1n the final state resonance should have important dynamical con-
sequences However, as noted in subsect, 2.5.2, while observations indicate that the
spin and parity cannot be ignored, it 1s the 1sospin character of the resonance which
1» the most important feature at high energies. Specifically the 1sospin 3 A(1236)
excitation has a strong energy dependence i 1ts production, while the observed 1so-
spin 3 states have essentially no energy dependence.

The general idea of ditfraction dissoctation [55] for the 1sospin 3 resonances, al-
though powerful in overall dynanucal content, 1s quite vague in detail Optical mod-
els based on thisidea and on the older nuclear physics concept ot ““inelastic diffrac-
tion scattering” [58] have been elaborated by Feld |59] and by others [60], al-
though without any very clear conclusion, The more general aspects of the dittrac-
tive excitation of the 1sospin § states have been discussed by Chou and Yang [61)

In a related context some discussions [62], based on the Wu-Yang conjecture
[29]. have related the production of the 1sospin 3 resonances to elastic scattering.

The basic difference 1n the energy dependences ot the 1sospin 3 and § states is
automaticatly accommodated in a conventional Regge-pole model., as evaluated.
for example by Contogouris et al [63]. In this tramework, the / = § 1esonance pro-
duction 1s the result of the Pomeranchuk trajectory exchange, while the /=2 A(1230)
production s donunated by pron exchange. The energy dependence given by pion
exchange 1s approximately s 2, which 1s compatible with the data on the A(1236)
production A dominant pomeron exchange leads naturally to constant cross sec-
tions, as discussed by Frautschiet al [64], Contogoutis et al. [63] and later by
Margolis and Rottstemn [65] for a tigjectory with a slope of about | GeV 2. as
fitted by the data, However, complete conventional Regge-pole discussions mvolving
more than a single trajectory contamn all of the ambiguities and parametrisations of
those describing elastic scattering.

The role of cuts in 150spin 5 resonance productipn has been discussed by Chiu
and Finkelstemn [36] and by Frautschi and Margolis [66] 1n treatments analogous
to those used for elastic scattering. In general, Regge cuts, interpreted physically in
terms of multiple scattering, would appear to be umportant at large momentum
transfers and lead to rather umiversal angular distributions

Cross sections for nucleon resonance production have been calculated by Hendry
and Trefil [67], employing the quark model and using the multiple scattering tor-
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malism ot Glauber. In this approach the ditterence between the angular distnibutions
of the N(1400) and of the N(1688) production 1s explained by the difterence in
then 1espective thiee-quark system wave functions, the tormer corresponding to a
radhal excitation and the fatter to an obital excitation,

It may be concluded that while all ot the theoretical tormalisms apphied to elas-
tic scattering may be apphed to the resonance production processes with varying
degrees of success, there are two general ideas which remain the most important,
These are the general concepts ot diftraction dissoctation for 1sospin + states and
the importance of multiple scattenng eftects at laige momentum transfer,

3. The experimental technique

The expermment was pertormed at the CLRN Proton Synchroton using a slowly
extracted proton beam incident on a liquid hydiogen target. The layout of the ex-
permment is shown mn fig. 1, The torward-scattered protons were momentum anal-
ysed by a smgle-arm, magnetic spectiometer and detected by scintillation counter
hodoscopes.

The same appardatus was used to study other processes proton-neution elastic
cross sections have been obtamed from proton<deuteron scattermg |68]. the difter-
ential c1oss sections tor the production of dat and dp* trom pp collisions have
heen measuted [09].a survey of particle production from pp collistons has been
repoited [70]

3.1 Beam, target and monitoring

The extracted proton beam used at 24.0 GeV/c was the standaird CERN facility
and had a spill length of about 350 msec and an intensity of about 1012 protons
every 2 sec bor the measmements at 10,0, 12.0 and 14.2 GeV/c, the extracted
proton beam was operated i a patasttic mode with a spill length of about 100 msec
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Fag, 1. A plan view of the experimental equipment. The components are described 1in the text.
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modulated by the RF structure of the accelerator The mtensty of the beam n this
mode was typically 10! protons per pulse

The proton beam was focused onto the hiquid hydiogen target where the spot
size was approximately 4 mm diameter with a beam divergence ot less than
+ (.5 mrad.

The hquid hydrogen target {71] was refrigerated by cold gaseous helium and
was remotely controlled. The target cells were cylindrical and 4 ¢cm in diameter
with the axes aligned along the direction ot the proton beam. Data were taken with
cells of 10 and 20 ¢m length. The cells were composed of stainless steel and the end
windows, through which the scattered particles passed, were each about 0 035 mm
thick. The proton beam flux was monitored by a secondary emission chambel
(shown as “SLC™ in tig 1) placed 2.5 m ahead of the hydrogen target, I'wo triple-
comceidence counter telescopes, Ty and T, detecting secondary particles emitted
from the target at 40° at at 140°, respectively, were used for relative monitoring ot
the beam intensity  The secondary emission chamber and the counter telescopes
were cahibrated absolutely by measuring the 24\a activity produced in thin alumin-
wm fotls placed in the heam ahead of the secondary emission chamber. An activation
cross section for the aluminium foils of 8.6 + 0.5 mb [72] was assumed ., indepen-
dent of energy.

3.2. The muagnetic spectrometer

The layout of the spectrometer 1s shown in f1g. 1 The angle of the spectrometer
with respect to the incident proton beam was fixed at 37 mrad. Particles produced
in the target at 37 mrad were focused by the quadrupole doublet Q; Q, to an
image of the target at [, The magnet M, composed ot three standard 2 m bending
magnets, produced a deflection of 120 mrad and a momentum dispersion at F, of
I 6 em for Ap/p = 1.0%. The quadrupole doublet Qg Q; produced a parallel beam
which was foreseen to allow the use of a differential Cerenkov counter A 6 m long
bending magnet M3, producing a further bend of 120 mrad, was used to compen-
sate the dispersive, momentum dependent change of inchnation of the trajectortes.
In order to reduce the momentum-dependent displacement of the trajectories, the
central plane of M, was 1maged at the central plane of M5 by means of the quadiu-
pole triplet Q3 Q4 Qs acting as a field lens.

Thus, the optical transfer properties fiom the target to the exit of My and further
downstream weie fairly achromatic, which 1s 4 desirable teature for clean particle
identfication and background rejection. In particular, the final focus at Fy. produced
by the quadrupole doublet Qg Qg, could be kept to a small size, given only by the
chromatic aberration of the quadrupole lenses, the size of the source and multiple
scattering 1n material along the spectrometer.

A ray diagram of the spectrometer optics 1s shown in tig. 2. A horizontal angular
acceptance of £ 1.5 mrad and a vertical acceptance of £ 4.5 mrad were tound to be
safe in order to guarantee (by calculation) full transmussion throughout the system
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Fig. 2. Stmphtied ray-tracings ot the spectrometer optics in the honzontat and vertical planes.

with a relative momentum interval of at least £ 1.5% of the cential momentum and
for displacements in the target plane of at least 2 1.5 ¢m. This acceptance could be
defined conveniently by a cylindrical collimator of 10.0 ¢m diameter placed n the
middle of Q, . 1t was vaiied by using inserts of different diameters from 1.0 to

10.0 cm. The most frequently used collimator of 8.0 cm diameter thus detined (by
calculation) a solid angle acceptance of 1 30 # 10 5 sterad. The ratios of the accep-
tance tor different collimator sizes were 1epeatedly measured by observing the rela-
tive intensities of elastically scattered protons as well as for momenta at which the
momentum distribution of scattered protons was flat. In view of the results of these
measurements and of the shape of beam profiles at critical places (especially in the
region Q5 to Qg) a = 5% systematic uncertainty was assigned to the absolute value
of the sohd angle.

As mentioned above, the spectrometer axis was fixed at an angle of 37 mrad with
respect to the inadent beam direction. Scatteinng at angles other than 37 mrad could
be measured by utilising the steering magnets SM; . SM, and M. The septum mag-
nets SM; and SM, were mounted on remotely-controlled carriages such that therr
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positions could be varied. My wasa 2m C-magnet fixed on the axis of the spectio-
meter. By varying the positions and currents ot the magnets SM, and SM, and the
current of the magnet M| . scattening angles in the range 12 to 152 mrad were sc-
lected. This way of varying the horizontally accepted scattering angle as well as per-
torming the momentum analysis of the spectrometer in the same plane has the un-
desnable effect that, within the acceptance, the momentum 1s coupled to the horn-
sontal scattering angle 8 by the relation

p(6  37.0) = constant , (9)

where 37 mrad 1s the fixed angle ot the spectrometer with respect to the incident
beam direction The imphcations of this etfect on the procedure used in taking
data are discussed 1n subsect, 3 4,

The principal dispersive elements i the spectrometer, magnets M, and My, were
equipped with nuclear magnetic resonance probes, All dipole magnets contained
temperatuie stabihised Hall probes which were used for the on-line control of the
spectrometer. An absolute calibration of the spectrometer and steering magnets
was made, using the floating-wire technique, to an accuracy of Ap/p =+0.1%,

The length of the spectrometer trom the target to the Fy focus was 86 m. For
most of this distance the accepted particles were transmitted in a vacuum ptpe in
ordet to keep absorption losses and multiple scattering to a mmmmum,

3.3, Particle detectors and electronies

The charged particles transmitted by the spectrometer were detected by two
santillation counter hodoscopes A and B positioned at the foci F| and F, . tespec-
tively. Hodoscope A divided the momentum acceptance into nine channels of
0 1%. For the data at small scattering angles there was adequate momentum reso-
lution using this hodoscope alone. However, at laiger angles the momentum focus
at F became smeared out due to the target length Since the target 1s imaged at
the focus F; . each of the five channels in the B hodoscope viewed a different region
of the target. Using the A hodoscope data 1in comcidence with each B hodoscope
channel 1t was possible to effectively reduce the target length and thus improve the
momentumn resolution tor the larger angle data (sce subsect. 4.1 for further details).

The A hodoscope consisted of nine scitillation counters which provided the
nine contiguous momentum channels. Immediately downstieam (see fig. 1), a larger
scintillation counter A'(4.0 cm wide by 3.0 em high) accepted the tull momentum
bite of the spectrometer. The B hodoscope was composed of three overlapping scin-
tillation counters which were used to provide five contiguous channels by means of
a suitable electromc logic. The counter S, (placed near F,, with a santillator size
of 4 0 cm wide by 3.0 cm high) and counter 85 (5 m downstream from F5) accepted
the tull flux of particles transmitted by the spectrometer.

Fig. 3 shows a logic diagram illustrating how the pulses produced in the photo-
multipliers were combined to form the various logical signals, which were recorded
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Pig. 3. A logic diagram ot the fast electronic carcuntry.

on scalers All combimations of the nine A, channels and the five B, channels weie
recorded on scalers in the form of a 45-element matnx with elements/l,lx’/.

The spectrometer also contamned fowr gas threshold Cerenkov counters (C; to
C4)and a muon detecton (see fig. 1) Smee for elastic proton-proton scattering and
resonance production the pron and muon contamimations were found to be negli-
gible, these detectors were not used. In tact, the Cerenkov counters were evacuated
during these measurements to reduce multiple scattering and absorption losses. The
Cerenkov counter system was used 1n particle production measurements [70].

During the data-taking of this expernment, raw cross sections d26/dS2 dp from
about S X 10 23 10 SX 10 32 em2 /st GeV/e were recorded, that 1s, with counting
rates varying from about 10° per sec. to 10 -2 per sec. For a 10 cm hydrogen target
and an 8 cm diametes collimator size, a cross section of 10 29 em?/sr GeV/e at
24 GeV/c gave a counting 1ate of about 10° events per sec summed over the nine
A channels In order to measure the cross sections at small angles 1t was necessary
to use the smaller-sized collimators to reduce electronic losses to below a few percent,
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The small aperture, long magnetic path-length, and two focal planes in the spectro-
meter provided an instrument with a high resolution in momentum and extremely
good background rejection. Fig 4 contains some typical spectra which demonstrate
the proton-proton elastic scattering and resonance production peaks over scveral
orders of magnitude 1n count rate. The sharpness of the peaks and low levels of
background, especially at momenta above that for elastic scattening, are clearly seen,
The spectrum at 59.5 mrad also contains a peak at a momentum higher than that
for elastic scattering which 1s due to macroscopic double scattering in the hydrogen
target (see subsect 4.1).
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3.4 Data collection

During the setting-up phase ot the experiment a careful study was made ot the
pertormance ot the spectrometer All the magnetic elements were tuned experimen-
tally with elastically scattered protons to obtam the optimum transmission at each
maomentum value. All curtent settings were tound to be within a few percent of the
caleulated values. The momentum dispersion at b was tound to be 1 60 cm for
Ap/p = 105, which s within 19 ot the design value,

The spectiometer was controlled by a small on-line computer with 8 K of core
memory For a given incident momentum, proton scattering angle and secondary
momentum, the computer caleulated the required current settings for all the ele-
ments of the spectrometer and then set these values automatically  The relation
between the momentum and curnent tor each dipole and quadiupole magnet was
expressed as a polynomual tunction The currents in the quadrupoles and the volt-
ages from the Hall probes in the bending magnets were monitored contmuously
while takmg data, Small dites i the settings were corrected automatically . for
larger dutts, the mtervention of the expenmenter was requned,

As mientioned above i subsect 3.2 there was a coupling ot the momentum dis-
perston of the spectrometer and the honzontal scattenng angle as given by eq. (9)
Thus the faboratony scatternmg angle € varied over the 9 elements ot the A hodo-
scope aceotding to the relation (9), where the constant was determined by the 0. p
values at the elastic seattenng peak. During the measurement of a momentum spec-
tum, the momentum change from one setiing to the next was, theretore, always
correlated with a small change i the angular setting so that the two outer counters
ot the A hodoscope overlapped with the 8, p values ot the previous setting Thus,
relation (9) enswed that at the overlappig counters the values of 8 and p were the
saine tor both settings

Each data run lasted trom 1 to 30 nun, depending on the event rate At the end
of each run, the scaler data, tngger rates and beam monttormg intormation were
recorded on punched cards and paper tape and, in parallel, transferred into the com-
puter The computer displayed the data on a graph plotter in the form of normalised
momentum distributions and thus, over a period of several hours, built up a com-
plete momentum spectium containing both elastic and inelastic scattenng. Data
taking tuns with the target empty were pertormed at regular intervals,

In order to plot the data as a momentum spectrum 1t was necessary to determine
the product AQ X Ap for each of the nine A counters (where AS2 15 the acceptance
solid angle and Ap 1s the momentum bite of each counter). This was achieved by
performing about five closely -spaced (overlapping) momentum scans over a reason-
ably flatregion ol the production spectrum (that 1s, at missing mass values greater
than 2 GeV) These data were then titted with a polynomial function using a least-
squares ht computer progiam in order to obtam the relative quantity A2 X Ap tor
cach counter The average value ot these nine quantities was normalised to the value
calculated 1or the middle of the nine A counters The values obtained m this way
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include geometric effects such as unequal scintillator sizes, counter efficiencies, etc.
The values, which were determined experimentally every few days, were found to
be reproducible throughout the whole expennment and to have a spread of a few
percent around the calculated values.

4. Data analysis and results
4.1. Extraction of the elastic scattering cross sections

Angular distributions of proton-proton elastic scattering have been measured at
10.0, 12.0, 14.2 and 24.0 GeV/c over a range of lab scattering angles from 12 to
152 mrad. Some data have also been taken at 19.2 GeV/c to overlap with earher
measurements [1]. Preliminary values of these elastic data have already been re-
ported [2].

The elastic cross sections were obtamed by integrating the arca under the elastic
peak 1n the momentum spectra. Typical spectra are shown in figs. § and 6, which
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Fig. 5. The momentum spectra from the A hodscope array showing the elastic proton-proton
scattering peaks for (a) small and (b) intermediate scattering angles. The broken curves indicate
the estimates of the background under the elastic scattering peaks.
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fig 6. The momentum spectra are shown for typical data at the larger scatterning angles ot this
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background under the elastic peaks Fhe dotted curve shows the detenoration in the momenturn
resolution when only the datain the A counter arrav 1s used.

are chosen to llustiate the charactenstics of the background conditions at the small,
mtermediate and large angles of the present measurements.

For the data at small angles (ig. Sa), elastic scattenng domiated and there was a
neghgible amount of background beneath the clastic peak 1in the momentum spec-
trum. At mtermediate angles (fig. 5b) an esuimate of the background under the elas-
tic peak was made by linear extrapolation of the spectrum shape from the data on
the low-momentum side of the peak. Because ol the timte target length and the
steep angular dependence of the cross section. protons which weie scattered twice
in the target gave an appreciable contribution to the momentum spectrum at inter-
mediate angles as seen in fig 5b (indicated as “macroscopic double scattering™).
These protons have a known [68] momentum distribution extending above that of
singly-scattered protons, and thus could be subtracted 1ehiably. The accutacy of this
subtraction was checked by companing the data taken with 10 and 20 cm target
lengths.

To extract the elastic peak events from the data at large angles, where there was
a relatively laiger background contribution and a broademng of momentum resolu-
tion due to the target length, a more 1efined ticatment was required which used the
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Table 1
Praton-proton elastic scattering cross sections at 10,0, 12.0, 14,2 and 24.0 GeV/e madent
momentd

Inadent
momentum 10.0 GeV/e 12.0 GeV/e
0.l 1) do/dt It do/dt
ab <22 20002 ~ 2 22
(mrad) (GeV?) («m”/GeV?) (GeV?) (cm”/GeV?)
27.0 0.104 3.57T1-26
32.0 0.146 2.59 k-26
37.0 0.135 1.96 F-26 0.195 1.571-26
42.0 0.173 1,74 F-26 0.251 9.89 1-27
47.0 0.217 1.29T-26 0.313 5.95 F-27
52.0 0.264 8.09 L-27 0.382 3411-27
57.0 0.317 4,60 I'-27 0.458 1.88 I-27
62.0 0.374 3.34 L-27 0.540 9.89 1-28
67.0 0.435 1.84 £-27 0.628 4,99 I-28
72.0 0.501 1.31 F-27 0,722 247 F-28
77.0 0.571 6.71 F-28 0.822 1.201-28
82.0 0.645 4.131-28 0.928 5.95r-29
87.0 0.723 2,32 1.-28 1.04 3.031-29
92.0 0.804 1.40 L-28 1.16 1.83L-29
97.0 0.890 8.52 E-29 1.28 1.20 L-29
102.0 0.980 4.471-29 1.40 8.96 1-30
107.0 1.07 3.081-29 1.54 8.14 1.-30
112.0 1.17 1.86 1-29 1.67 7.08 [-30
117.0 1.27 1.76 1-29 1.81 5.92 E-30
122.0 1.37 1.32 L-29 1.96 5.06 E-30
127.0 1.48 1.091-29 2.11 4.05 F-30
132.0 1.59 9.42T-30 2.26 3.411-30
137.0 1.70 8.33 F-30 2.42 2.73T-30
142.0 1.81 7.18 F-30 2.57 2.17 E-30
147.0 1.93 6.29 F-30 2.74 1.68 L-30
152.0 2.05 507 F-30
24 0 GeV/c
12.0 0.0828 3.051-26
13.5 0.105 2.62 E-26
14.5 0.121 2.45 E-26
15.1 0.131 2.16 E-26
17.0 0.166 1.59 E-26
19.5 0.218 1.12 E-26
22.0 0.277 6.08 £-27
24.5 0.343 3,78 £-27
27.0 0416 1.74 L-27

29.5 0.496 1.04 £-27
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Table 1, continued.

Incident

14.2 GeV/c 24,0 GeV/¢

momentum

04 Il do/d: Il do/dt

(mrad) ((}c\’z) (cmz/(;c\/z) (CchZ) « 1112,’GcV2)
32.0 0.582 4951-28
34.5 3.675 2.531-28
37.0 0.273 6.51 1-27 0.775 942 F-29
39.5 0.881 3.86 L-29
42,0 0.351 3,27 £-27 0.994 1.451-29
44.5 1.11 6.37 -30
47.0 0.438 1.59 E-27 1.24 3.371-30
49.5 1.37 247 1.-30
52.0 0.535 7.22TF-28 1.51 216 1-30
54.5 1.65 1.96 1 -30
57.0 0,640 2,93 L-28 1.80 1.61 I"-30
59.5 1.95 1.29 F-30
62.0 0.754 1.201-28 2.11 9.67 1-31
64.5 2.28 7.64 F-31
67.0 0.876 4.36 I-29 2.45 5.421-31
72.0 1.01 1.96 F-29 2.80 2.79 L-31
77.0 1.15 1.06 I -29 3.18 1.26 L’-31
82.0 1.29 6.931-30 3.57 6.801-32
87.0 1.45 6.07 1-30 398 3.111-32
92.0 1.61 5.021-30 4.40 1.491-32
97.0 1.77 4.23 F-30 4.84 7.73 E-33
102.0 1.95 3.39 F-30 5.30 4,72 T-33
107.0 213 2.451-30 5.76 2,61 1-33
112.0 2.31 1.911-30 6.24 1.61 E-33
117.0 2.51 1.34 I'-30 6.72 8.491-34
122.0 2.70 1.00 E-30

127.0 2.90 6.921-3)

132.0 3.11 4.891-31

137.0 3.32 3.44 [-31

142.0 3.54 2.41 L-31

The lab angles for the torward-scattered protons are shown together with the corresponding
value ot the four-momentum transfer squared !¢l . The statistical errors in the data are small
(typically ~ 1), however there 15 an estimated random error 1n the data points of 6% at
24.0 GeV/c and £ 8% at the other momenta due to the lack of reproducibility at cach setting
There 15 an overall normalisation uncertainty 1n the data which 1s estimated to be £ 10% at
24.0 GeV/e and £159% at the other momenta.
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informanon from the B hodoscope counters. As mentioned i subsect. 3.3, the B
counters effectively cut up the target mnto several smaller regions and thus an wn-
proved momentum resolution was obtained. The momentum spectium in the A,
counters was plotted tor each of the tive B, counters and the background contiibu-
tion under each elastic scattering peak, which varied acioss the hodoscope darrays.,
was estimated as indicated by the broken curves in fig. 6. The elastic peak cross
sections were then calculated from the suimn of the elastic peaks in the five B coun-
ters The pooter momentum resolution obtamable with the A counters alone 1s -
dicated by the dotted cutve 1n tig, 6. The mtormation provided by the comcidences
between the two arrays of counters allowed a momentum resolution of 0.2 to
be maintained at all angles

Fmpty-target subtiactions varied from 1 to 8% . depending upon the scattering
angle. The amount of matenal through which the protons passed was minunised by
employing vacuum pipes wherever possible 1n the spectrometer. Nevertheless there
still remained about 8 g - cm 2 of windows, scintillators and residual au, leading to
a correction for proton absorption which was calculated using the nuclear mnelastic
and elastic cross sections of Bellettini et al [73]. The correction was about 10% at
all the energies of the experiment Corrections for dead-times and accidentals were
i general a few percent, however, for measurements at the smallest angles, conec-
tions of up to 10% were applied. Pron contanunation was neghgtble. even tor the
data at large angles. Target botling was calculated to be neghgible during these mea-
surements,

The final elastic cross section values are given in table 1. The statistical enors of
the measurements were neghgible compared with the systematic uncertainty, Atter
constdering the spread m values of some repredtedly measured pomts, errors were
assigned to the data of £ 6% at 24.0 GeV/c and * 87 at the other momenta These
errors are believed to anse from the uncertainty and nreproduaibility i the madent
beam direction. In addition, at 24.0 GeVie there 1s an overall scale error of # 107,
mainly resulting from the + 7% uncertamnty i the 24Na activation cross section and
* 5% uncertainty m the solid angle of the spectrometer. At 10.0, 12 0 und 14.2 GeV/e
the scale error 15 estimated to be 2 15% due to the smaller number of repeated mea-
surements at these energies and to the poorer beam conditions during these runs.

4.2, Analvsis of the nucleon resonance production

Nucleon resonance production has been measured over the range of tour-mo-
mentum transfer squared, I7 [ trom 0.1 to 6 4 GeV2 for an incident 24.0 GeV/¢
proton beam momentum. Fig. 7 shows all the momentum spectia collected. where
the data have been converted into the differential cross section d2a/dr d M. Prelinu-
nary results have been published previously [3]. Some typical spectra are shown n
more detail1in tig. 8 For each spectrum the value of |7 | changes by a small amount
over the explored missing mass range (M < 2.6 GeV) because the spectra were mea-
sured at angles and momenta given by eq. (9).
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Lig. 7. A loganthmic scale plot ot all the missing mass spectra taken at 24.0 GeV/e. The lab
angle (inrad) ot the torward elastically scattered proten is given with each curve. The elastic
scattering pedks are not shown in the figure,

The measured spectra contain two distinet peaks at missing mass values near 1.52
and 1:69 GeV. For |7 | values less than about 1.7 GeV? there 1s a wide bump present
around M = 2.2 GeV. At |7 values less than 0.3 GeV?2 there 1s evidence for a shoul-
der around M = 1.4 GeV on the low-mass side of the peak at M =1.52 GeV. Fol-
lowing the usual interpretation, as discussed 1n subsect. 2.5, the three promnent
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Fig. 8. Typical momentum spectra ot torward-scattered protons trom proton-proton collisions
at 24.0 GeV/c, The quantity 8 denotes the proton scattering angle and 718 the tour-momentum
transter squared value corresponding to elastic scattering. The fitted curves to the measured
points are shown together with the individual resonance and background contributions,

bumps are assumed to result from the excitation of the N(1520). N(1688) and
N(2190) resonances, and the shoulder around M = 1.4 GeV 15 considered to corre-
spond to the excitation of an N(1400) resonance.

The resonance production cross sections have been extracted from cach missing
mass spectrum by fitting the spectrum with a sum of resonant terms (having Breit-
Wigner shapes) and a polynomial term representing the continuum, of the form

T,
(dth) Z_; oy M+ E ] (10)

A M2y

where M, and T, are the mass and width of the 1th resonance, respectively, ¢p1sa
coefticient and g, represents the differential cross section for resonance production,
1.e. the area of the Breit-Wigner curve. A computer program was used to obtain the
least-squares solution for the polynomial coefficients, the cross sections and some
of the masses and widths of the resonances. In the typical spectra, shown i fig. 8,
the solid curves are the fitted torms of eq. (10) and the broken cuives indicate the
resonance and polynonmual contributions.

The widths of the two peaks at M =~ 1.52 and M = 1.69 GeV were determined
by fitting some high-statistics spectra at intermediate momentum transfer values
where there was hittle N(1400) contnibution. The two widths after unfolding the
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experimental resolution were 118 £ 20 MeV and 152 £ 15 MeV., respectively. These
two values have been used as fixed parameters in the final fitting procedure. For the
mass and width of the N(1400) the values obtained friom other experiments [48.
50, 51.74]) have been taken 1.41 GeV and 150 MeV . respectively The width of
the N(2190) could not be extiacted fiom the data and was taken as 250 MeV, which
1s typical of previous measurements. Varymng the N(2190) width from 200 to

300 MeV changed the resonance cross section by about a tactor ot 2. essentially n-
dependent of momentum tianster. This vanation has been taken mto account in
assigning the errors to these cross sections. Another check performed was to use
Gaussians for the shape of the resonance peaks. It was found that resonance cross
sections about a tactor 2 smaller than for the Breit-Wigner forms resulted from such
tits.

In the fitting procedure, the cross sections. the coefficients of the polynonnal
and the masses of the three peaks corresponding to the N(1520), N(1688) and
N(2190) were left as free parameters. The values of the masses ot the three peaks
deduced trom the best fits to all the spectra were 1500 & 10 MeV, 1694 £ 8 MeV
and 2160 50 MeV, respectively. The cross sections obtained from the best fit
were found to be insensitive to the order ot the background polynomial, which was
vanied between 4 and 6. Polynomials of order 4 were finally adopted. The x? vatues
cortesponding to the best fits were always reasonable

The values of the mass and width ot the peaks determimed by means ot the fitting
procedure are given 1n table 2, together with the results obtamed with incident pro-
tons of lower energy [50, 53] and trom reactions nitiated by negative pions | 74|
and elections [75] The figures reported 1 a compilation [46] of phase-shitt analyses
are also shown for comparnison. The satisfactory agreement among the difterent de-
terminations of masses and widths shown n table 2 15 the basis of the conventional
iterpretation that the peaks observed n the missing mass spectia are principally
due to the excitation of these particular resonances

The problem of obtaining the N(1400) cross sections 1s indicated m tig 9. At
moderate momentum tiansfer, for example at 171=0.37 GeV2. the shape of the
missing mass spectium around M = 1.4 GeV 1s well-qeproduced by the tail ot the
Brett-Wigner function which fits the N(1520) peak. At smaller momentum transters
the shape of the spectrum 1s very difterent and an adequate fit cannot be obtamed
without introducing a tesonance with a mass ot about 1 4 GeV, At larger momentum
transters. the shape of the spectium 1s also different and can be well 1epiesented by
including the N(1400) 1n the tit. However, it 1s also possible. tor 171> 0.5 GeV2, 1o
produce a reasonable fit without the N(1400) by allowing the background to have
a discontinuous change between moderate and high 171 regions 1t has been assumed
that such a discontinuity 1s unhkely, and the cross sections and errois for N(1400)
production have been evaluated trom fits to the mass-spectra even beyond 171 =
=05 GeV2,

In addition to the resonances already mentioned. there wis also a small enhance-
ment close to the tail of the elastic peak. This was wdentitied as the /= 5‘ A(1230)



Table 2
The mass M and width I' in MeV for the N(1520), N(1688) and N(2190) resonances as reported by several groups

Experiment

— - — N(1520) N(1688)
ii‘;:':" ?gl’{‘,j:;“m Ref. M r M r
pp 3- 7 ) [53] ) 1508 :__2_ 92+ 3_ 1683+ 3 _ 110+ 4
pp 6-30 [50] 1501+ 6 140 + 43 1690+ S 133 + 26
pp 24 this expt. 1500 10 118 + 20 1694 + 8 152+ 15
mp 8,16 {74] 1503+ 6 105 9 1691 + 4 119+ 9
ep 7-117 (78] 1508+ 5 80 + 20 1705 £ 15 85+ 25

phase-shift

analyses [46] 1521+ 9 121 £ 12 1688+ 4 12521

N(2190)

2160 + 50

2180 ¢ 25

2176 + 97

Jurag103s ousojo dd v 12 Aqopy ‘A1

(343
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[ig. 9. Typical momentum spectra illustrating the ditticulty ot extracting a cross section tor the
N(1400) resonance,

resonace which 1s known [48, 50, 51] to be only weakly excited m pp collisions at
high energies. The production cross section of this resonance could not be extracted
by the above fitting procedure due to the difficulty of fitting the continuum near
to its kinematic limit, which s also close to the tail of the elastic peak. Thus quali-
tatwve values for the cross sections were estimated using the graphical procedure 1llu-
strated 1n fig. 10.

The final values ot the resonance production cross sections are given m table 3.
These data are affected by an overall scale error of + 15%, mainly due to the uncer-
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Mg, 10, Typical momentum spectra atit! values < 0.9 Gev? showing the evidence tor the
A(1236) resonance, The tatl trom the elasuc scattering peak and the non-neghgible background
contnibution 1n the region ot the A(1236) make 1t ditticult to estimate the cross section tor
this resonance production,

tainty 1n the beam calibration, as discussed 1 subsect 4.1, and to the background
subtraction procedure,

Values of the polynomial background cross sections resulting from the fitting
of the spectra by eq. (10) are histed n table 4. The values of du/ds for the non-reso-
nant background have been calculated at each value of mussing mass (M, GeV) and
are normalised to an eftective width of 1.00 GeV in mussing mass according to the
relation

(sig) _100(Gev) Y ;d%o_) M (1)
dr M=M AM ,'[/11_1‘&” dram background ‘ ‘
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Table 3
Resonance production cross sections in proton-proton collisions at 24.0 GeV/e

[ 3l da/dt
lab 2 2 2
(mrad) (GeV?) (cm? [GeV?)
A(1236)
- o ' Y
13.5 0.099 a7 7 e 28
+1.1
15.1 0.124 a1 " e T8
17.0 0.160 4.4 i;; )1-29
19.5 0.211 33 T2 19
22.0 0.270 (2.2 “sz )F-29
24.5 0.335 @2 T2
+ 1.1
27.0 0.407 " e129
29.5 0.487 ar fitr
32.0 0.572 (8.0 8.0 )E-30
34.5 0.666 (2.2 +22 )F-30
37.0 0.767 (0.0 * 1.1 )E30
39.5 0.873 0.0 =1.1 )E-30
_  N(1400) ] o ) o
13.5 0.094 (1.08 + 0.22) 1 27
15.1 0.119 (6.6 =13 )L-28
17.0 0.155 (3.1 £0.7 )1-28
19.5 0.206 0.0 +22)1-29
22.0 0.264 (1.2 0.8 )29
24.5 0.328 0.0 *6.0)F-30
27.0 0.401 (0.0 +2.2 )E-30
29.5 0.480 (0.0 2.2 )E-30
32.0 0.565 (9.0 8.0 )F-31
34,53 0.659 (1.7 +0.4 )F-29
37.0%) 0.760 (1.5 +0.4 )1-29
39,59 0.867 (1.0 =03 )1-29
42.0% 0.978 (8.0 +2.0 )T-30
44.5%) 1.10 (5.0 *=1.3)1-30
47.0%) (.22 (1.8 +0.5 )F-30
49.52) 1.36 (12 +03 )1-30
52.0%) 1.49 (44 + 1.1 )I-31
. _ . _nNa0 _ )
+ 11
13.5 0.091 82 "33 0r2s
15.1 0.116 64 T ypg
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Table 3, continued (1)
014 Il dojdr
(mrad) (GeV?) (em?/GeV?)

N(1520) continued

+ 1.1
17.0 0.151 7.0 o )1-28
19.5 (0.202 44 1.1 )IF-28
22.0 0.259 (2.89 4 0.44)1-28
24.5 0.323 (1.89 £ 0.33) T-28
27.0 0.396 (1.07 £ 0.16) 1-28
29.5 0.475 (74 1.1 )1-29
32.0 0.560 44 +£0.7 )1-29
34.5 0.654 (3.6 £0.6 )1-29
37.0 0,754 (2.44 - 0.44)1-29
39.5 0.862 (1.85 0.22)1-29
42.0 0973 (1.03 + 0L16) 1 -29
14.5 1.09 (6.8 +1.0)F-30
47.0 1.22 (3.3 £0.6 )1-30
49.5 1.35 (2.11 = 0,33) 1-30
52.0 1.49 (1.33 - 0.22) 1-30
54.5 1.64 8.9 + 1.3 )31
57.0 1.79 (4.7 +0.7 )I-31
59.5 1.94 (2.89 £ 0.44) 1-31
62.0 2.10 (2.11£033) -3
64.5 2.27 (1.33£0.22) 1-31
67.0 2.44 (89 +£13)H1-32
72.0 2.80 (54 £09)1-32
77.0 3.19 (2.89 £ 0.44)1-32
82.0 3.60 (1.78 £ 0.33) 1 -32
87.0 4.01 (74 +14)1-33
92.0 4.45 (2.9 0.6 )I-33
97.0 4.90 (1.44 + 0.33)1-33
102.0 5.37 (74 +14 )1-34
107.0 5.%6 (5.7 £1.7 )1-34
112.0 6.35 (2.1 +0.7 YE-34
N(1688)
13.5 0.087 (148 + 0,17 1-27
15.1 0.111 (1.21 £ 0.11) L-27
17.0 0.145 (1.21 £ 0.1 1) F-27
19.5 0.196 (9.3 + 0.9 )L.28
22.0 0.252 (7.0 £0.7 )I-28
24.5 0.317 4.77: 044)1-28
27.0 0.388 (3.09 £ 0.33) F-28
29.5 0.467 (2,11 £ 0.22) 1-28
32.0 0.552 (1.19 £ 0.11) E-28
34.5 0.646 8.6 £09 )F-29
37.0 0.747 (4.91 £ 0.44) I'-29
39.5 0.853 (3.33+0.33)1-29

42.0 0.965 (1.74 2 0.18) 1 -29
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Lable 3, continued (2),

Nab I 71 q do/(lt )
(mrad) (GeV®) ((m~/GeV®)
N(1688) continued
445 1.09 (1.14 £+ 0.11)T-29
47.0 1.21 (5.8 = 0.6 )I-30
49.5 1.3§ (3.81 - 0.33)1-30
52.0 1.48 (2.32+0.22)1-30
4.5 1.63 (1.47 = 0,11)1-30
57.0 1.78 (1.04 « 0,1 T-30
59.5 1.94 (7.8 - 0.8 )1-3})
62.0 2.10 (5.9 +0.6 )1-31
64.5 2.27 (3.44 - 0.33)1-31
67.0 2.44 (2.55+022)1-31
72.0 2.80 (1.28 + 0,11) 1-31
77.0 3.19 (5.8 +0.6 )1-32
82.0 3.61 (2.8 =06 )1-32
87.0 4.03 (1.22 £ 0.22) 1-32
92.0 447 (8.2 < 1.1 )1-33
97.0 4.92 (3.1 +06 )1-33
1020 5.40 (1.22 + 0.22) 1-33
107.0 5.89 (1.22 £ 0,33)1-33
112.0 6.39 4.1 £1.1)F-34
N(2190)
15.1 0.097 (1.04 £ 0.29)1-28
17.0 0.130 (1.02 £ 0.32)1-28
19.5 0.178 (8.3 =2.8)1-29
22.0 0.232 (7.5 +2.2 )29
24.5 0.295 (7.2 2.1 )1L-29
27.0 0.365 6.3 +1.8)1-29
29.5 0.443 (5.5 = 1.8)1-29
32.0 0.527 4.0 +1.2)EF-29
34.5 0.621 2.6 +0.8 )E-29
37.0 0.721 (1.9 +0.6 )1-29
395 0.829 (1.28 - 0.44)F-29
42.0 0.941 (7.4 =23)1-30
44.5 1.06 4.8 +2.2)1-30
47.0 1.19 (2.8 =1.3)1-30
49.5 1.33 (1.5 =07 )F-30

52.0 1.46 (5.6 + 2.8 )31

The Lab angles tor the torward-scattered protons are shown together with the value ot the tour-
momentum transter squared il tor each resonance. In addition to the random errors quoted

n the table, there 1s an overall normalisation uncertainty which s estimated to be + 154, except
tor the N(2190) where the erroras + 30¢¢ due to the uncertainty in the wadth,

¢) These data have an additional uncertainty due to the possible ambiguity in the titting proce-
dure (see subsect. 4.2)
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Non-resonance background production cross sections in proton-proton collisions at 24,0 GeVie

Missing
mass (GeV)

b
mrad

13.5
15.1
17.0

19.5
22,0

245
27.0
29.5
32.0
34.5

37.0
395
42.0
44.5
47.0

49.5
52.0
54.5
57.0
59.5

62.0
64.5
67.0
72.0
717.0

82.0
87.0
92.0
97.0
102.0

107.0
112.0

In
Gev?

0.092
0.117
0.152
0.203
0.260

0.324
0.396
0.476
0.561
0.655

0.756
0.862
0.973
1.09
1.22

1.35
1.49
1.64
1.79
1.94

10
27
2.44
2.80
3.18

3.60
4,01
4.45
4.90
5.37

5.85
6.35

o o

1.5

dojde
( mz/(;cvz)

6.331-27
4.861-27
3.20F-27
2.621-27
1.34 1-27

1.04 1-27
7.211-28
5.81 I-28
4.391-2%
2.681-28

1.711-28
1.401-28
7.681-29
S.78 F-29
3.051-29

237129
1.151-29
9.04 F-30
4.691-30
3.241-30

1.70 1 -30
1.461-30
9.14 1-31
§.31 F-31
3.081-31

1.78 1-31
9.891-32
6.081-32
4.431-32
2.231-32

1.15 F-32
8.06 I-33

IFe
GeV?

0.079
0.102
0.135
0.184
0,239

0.302
0.373
(1.452
0.536
0.630

0,730
0.838%
0.950
1.07
1.19

1.33
1.47
1.62
1.78
1.93

~N

S SIS R Y
o 6 B o —
— &

"
>
w o

4.06
4.51
4.9%
5.46

5.97
6.4%

2.0

do/de
((m3Gev?)

7.221-27
5.87 1-27
5.081-27
3.931-27
2,671-27

1.96 1-27
1.231-27
8.74 1-28
S.811-2¥%
4091-2%

2.561-28
2.131-28
1.311-28
1.021-2%
6.571-29

5.001-29
3.011-29
2,371-29
1441-29
1.011-29

6531-30
4.851-30
3.121-30
1.621-30
8.36 1-31

4.661-31
2,56 1-31
1.471-31
9.911-32
5461-32

2.891-32
1.86 1-32

il
Gev?

0 089
0.120
0.165
0,218

0279
0.348
01.426
0.509
0,602

0.703
0.5810
0.923
1.08
1.17

1.31
1.45
1.61
1.76
1.93

2.09
2.27
245
2.83

3.24

3.68
4.12
4.60
5.08
5.61

6.14
6.69

19
»n

dao/dr
2
(em~/GeV

8.101-27
6.831-27
5.28 1-27
3.6 1-27

2.791-27
1.811-27
1.371-27
9.341-28
6.641-2y%

4.571-28
3.631-28
2,29 1-28
1.821-2¥
1.24 1-28

9.231-29
6.501-29
4.661-29
2.801-29
2.141-29

1.501-29
.121-29
6.501-30
3.201-30
1.76 1-30

1.00 1 -30
6.001-31
3.371-31
2.001-31
1.231-31

5.681-32
3.201-32

The values ot do/dr have been obtained by integration over a missing mass interval of 1.0 GeV

5
M)

using eqs (10) and (11), as explatned in the text. The lab angle corresponds to the clastically
suattered protons tor cach spectra. There 18 an esttmated normahsation uncertainty 1 the data

ot = 2007,

whete AM s a simall interval of missing mass, From considerations of the titting
procedure and the smoothness of the background at different angles, an estimated
uncertamty of £ 20% 15 assigned to these data in the table.
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5. Discussion of results

5.1, Flastic proton-proton scattering

S.1.1, The structure n the angular distribution
The cross sections tor elastic proton-proton scattering given in table 1 are shown
w tig. 11 together with other published data |1, 18,20, 53, 76]. The shoulder-like

(mblGev?)

do/dt

02— —i- — - T T - T - — 3

PROTON - PROTON ELASTIC SCATTERING

o | % MOMENTA (GeVic)
& CLYDE (1966) 30,50,70, 71 |

\ (B67) 142
B o ALLABY et al (1968)1 71,001,21
00 (1968) 1 192 -

v ANKENBRANDT et al  (1968) 30
* THIS EXPERIMENT 100,120,1%4 2,240

05—

l)’! 1 . 1 . ___\1

0 2 4 6 8
FOUR-MOMENTUM TRANSFER SQUARED, Itl (GeV?)

Lig 11, Angular distnibutions for proton-proton clastic scattenng. The data at the same inudent
momentum have been joined by a smooth curve, The symbol at the end ot the curves corre-
sponding to the low-energy data mdicates 90° «.m.. The curve labelled ¢*(1) shows the variation
ot the tourth power ot the dipole torm of the electromagnetic torm factor ot the proton. The
data included i thys figure have been taken trom rets (1, 18,20, 53,76 and this experniment.
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REFERENCE MOMENTA
GeVic
PALEVSKY ET AL (1967) 17
CLYDE (1966) 30 50 70 7N

ANKENBRANDT ETAL (1968) 30
ALLABY ET AL (1968) 71 101121
(1967) %2193
ALLABY ETAL (1968) 192
THIS EXPERIMENT 10012012 240
1
owde — 1L a1 1 Y I
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FOUR-MOMENTUM TRANSFER SQUARED, [t| (Gev?)

Fig 12, Angular distnibutions tor proton-proton elastic scattering over a range ot tour-momen-
tum transfer larger than that shown in fig. 11, The data at the same mmadent momenta have
been joined by a smooth curve. The loci of cross sections tor fined com. scattening angles are
indicated tor 60°, 80° and 90°, The data are taken from rets, |1, 18,20, 53, 76, 78] and this
experiment,

structure which was observed at 19.2 GeV/c ata lrlof 1.2 —1.5 GeV?2 1s present

in the new data, from 10.0 to 24.0 GeV/c. The structure 1s not seen in the results

of Clyde [76] at 5 and 7 GeV/c, nor in those of Brabson et al. [77] up to 5.5 GeV/c,
hence 1t evidently becomes more pronounced with icrease of energy. first devel-
oping between about 7 and 10 GeV/e.

Another presentation of the data 1s given 1n fig. 12, which covers a |71 range
larger than that of fig. 11 1n order to accommodate cross sections measured up to
c.m, scattering angles of 90°, In addition fig. 12 indicates the loct of cross sections
for fixed ¢c.m. scattering angles. By this means the association, discussed n subsect.
2.3, of the 90° “break™ in the cross section at around 8 GeV/¢ with the develop-
ment of the structure at |r 12 1.2 GeV2 s clearly demonstrated.

The structure 1n pp elastic scattering 1s quahitatively different from that exhubited
at lower incident momenta 1n 7%p, K “p and pp elastic scattering tor 17 1< 2 GeV?2,
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L1g. 13. A comparison ot angular distributions ot pp and pp elastic scattening, The antiproton
data are trom ret. [80) and the proton data trom rets. [18,20.53.76] and this experiment,

These latter structures, which tend to decrease with energy have been discussed in
various ways and a strong connection has been made [79] with the operation of
direct channel resonances which are absent in the pp system, Fig. 13, shows a com-
parison of the structure m the pp and in the pp [80] angular distributions and ex-
hibits the difference in energy dependence, From considerations within the frame-
work of the Pomeranchuk theorems, 1t mmight be expected that this difterence will
decrease with increasing energy unul the angular distributions are the same under
asymptotic conditions.

There 15 interest 1n the comparison of the form of the pp angular distribution
with that of the angular dependence of pp polarisation Fy(r) Mcasurements [81]
with polanzed targets have been made up to 17.5 GeV/c madent momentum over
a range of £ 1up to 2.5 GeV?2, so that a limnted amount of data of reasonable preci-
ston 15 available for companson. kig. 14 shows comparisons of do/dt and Fy(r)
around 6 GeV/c and at 10 GeV/e, At both these momenta the polansation distribu-



J. V. Allaby et al., pp elastic scattering 353

_— . - _— - — B

10 i .
BRABSON ET AL (1971) 55 Gelke . ALLABY ET AL (1968)
0 AND THS EXPT 100 Gevk
ol
10-8-
g 1028
5
29
5 107 . o
8 |
©
103
W0 ; 07
- i H - - T
030 BORGHINI ET AL (970) 60Gevic T 930 BORGHINI ET AL (971) 100 Gevic
- L] |
.
020 020 T
i ¢
= | .
vo ¢ L4 i * |
2% g10 ¢ ﬂ‘@ . . o1ols .
A | o l |
% % - - “y '
g 1 LA . .
a 0 “l 1 —_— 0 R | E—
g o, .
g , o
-010 | -ono{
I 1 1 N I - 1 . - i i —_
0 1 2 3 ‘ s 0 1 2 3 4 5

FOUR-MOMENTUM TRANSFER SQUARED, It! (GeV?)

Fig. 14. A comparison between proton-proton elastic scattering (refs. [20, 77] and this expen-
ment) and polanization (ret [81]) data near 6 and 10 GeV/e.

tion 1s qualitatively the same, exhibiting a dip or zero at 17t~ 1 GeV? and a peak
at 1l 1.5 GeV2. It scems, however, that the structure in FPy(1)1s a ittle more
pronounced at 10 GeV/c than at the lower momentum, although the energy depen-
dence of the polansation structuie 15 considerably less than that in the angular dis-
tribution in thus region. Fig 14 shows that 1t may be concluded that the parts of
the pp scattering amplitude (essentially “spin-orbit” contributions) which give nse
to the polanisation exhibit momentum transfer dependent properties which are
smoothed out in the angular distribution by other parts of the amplitude. The situ-
ation 1s thus rather different from that found. tor example, in 7 p scattering in
which the *“dip-bump” stiucture in both Py(r) and in do/d¢ develop together. The
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relationship of the “dip-bump” structure i 7* p angular distributions and polansa-
tions 1s well known and 1s well explained by duahity considerations [79] through
direct channel resonances. Such dynamics play no part 1 the pp system however.
1t has been suggested (29, 82] that the pp differential cross section should ap-
proach asymptotically to G4(¢), the fourth power of the electromagnetic form
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Fig. 15. A detailed companson betw cen measured difterential cross sections and G*r) The
quantity X 1s the ratio of the ditterential cross section, do/dz. to the calculated optical theorem
value in the forward direction, The figure shows X divided by G*(r) as a tunction ot Itl. The
lines drawn are merely to link the points corresponding to a fixed inadent momentum, which
1s indicated at the end ot cach line. The symbol at the end ot the curves corresponding to the
low-energy data indicates 90 ¢.m. The data included in this figure are trom rets [1, 12, 18,
20,53, 76, 83| and this expeniment,
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factor of the proton. This function, normalised to the optical theorem value at
20 GeV/c,1s shown with the pp datan fig. 11. For simphceity, the dipole form for
G (1) has been used

G(r)y=(1+111/0.71)72 . (12)

since the small deviations of the form factor data from the dipole form make no
essential difference for this companson. In fact, as seen n fig. 11 the pp angular
distributions tall below G4(r) by about a factor ~ 10 1n the region where the struc-
ture develops, and rise above G4(¢) at larger momentum transfers Nevertheless. the
variation of G3(1) as expiessed by eq. (12) does qualitatively follow the pp angular
distributions over nine orders of magnitude. Thus, independent of any theoretical
1deas, a comparison ot the pp cross sections to the form of G“(I) 1$ a convenient

way of approximately removing the stiong ¢-dependence of the angular distributions,
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In fig. 15.a compilation of pp scattenng data {1, 12,18, 20,53, 76. 83] 15 shown
i the torm of X/GH(0), wheie X 1s the ratio of the measured pp differential cross
section doidr 1o the caleulated optical theorem value in the torward dnection The
development of the structure with inadent momentum can moie easily be seen. The
most promment teature ts the sharp dip at lel=1.2 GeV? which develops at mo-
menta above 7 GeV/e, At lrlvalues above ~ 3 GeV2 there 1sa flattenmyg of the
quantity X/G4r) starting at 10 GeV/e and becommg mote pronounced with in-
creasing incident momentum, This feature ot the angular distribution suggests the
development ot a second structure, slowly being revealed as the energy increases.

The energy dependence ot the pp elastic scattering cross sections at fixed Il
values s shown in fig 16, The energy dependence n the diftraction regron 1s not
very strong, (~1In s), however it apidly develops, being approximately s W0 at 1l
= 15 eV, I such a behaviow persists at much higher energies, the 1ange of mo-
menta transter over which cross sections may be measured will be quite restricted
On the other hand. 1t the cross section at large s and 7 remains greater then G4(1),
as suggested by vanious models. then the curves drawn in tig 16 mught be expected
to flatten at momentum transters larger than so tar explored.

5.1.2. Comparison of results with vartous models

In this section, pp elastic scattermg angular distributions aie compared with the
results of some of the theoretical models outlined i subsect. 2 4. The comparison
15 meant to be illustiative rather than exhaustive,

Fig. 174 shows data at 5, 12 and 24 GeV/e together with results ot an optical
model calculation, by Durand and @pes [30], using animpact parameter representa-
tion tor the purely unagiary scattering amplitude (curve 1) The matter distribu-
tion was assumed to be the same as the chaige distribution determined by the elec-
trocagnetic torm factor As remarked i subsect. 2.4.3 the resulting angular distni-
bution 1s supposed to be asymptotic A modification to this, by the inclusion of a
small real part in the amphtude. s also shown (curve 1) The calculated distnibutions
exhubit ditfraction seros or nunmima i the viciity of the structure 1n the expenmen-
tal results, a possibie second structuie. developing with energy . 1s also seen 1n the
data of tig 15

Lg. 17b gives the results of another type of optical model by Cheng et al. [30],
fitted to data at 5. 10 and 19.2 GeV/e, In this model an mpact parameter formula-
tion was employed to desernibe dittraction scattering from a grey . absorbing region
of radius about 0.7 0.8 fm 1ogether with peripheral or resonant scattering from
the surface ot the absorbing sphere. The components of the scattering amplitude
were varied with energy to fit the angular distribution, the polaisation, the total
cross section and the phase of the forward scattering amphitude. This model leads
to a ditffraction-type structure which develops with energy as the teal part of the
amplitude, which ettectively fills up the dips at low energtes, decreases. For the
overall fit in this model, 13 adjustable parameters are required at each energy.
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1. 174, A comparison ot the results ot the Fig 17b A tit ot the model ot Cheng et al
model of Durand and Tipes [30] with exper- [30] to data trom the collection of tig 11

imental data shown n tig, 11. Curve 11s the
result tor an asy mptotic purely-tmagimary
scattering amphitude while curve 1f shows the
ettect of including a small real part in the am-
plitude,

In fig. 17¢ the results of the hybrnid model of Chiu and Finkelstein [36] aie com-
pared with the data at 5,12 and 24 GeV/c¢. This model takes seriously the asymp-
totic distribution of Durand and Lipes [30] or Chou and Yang [30] and identifies
1t, dynamically, as generated by a fixed Pomeranchuk pole and cuts. In addstion an
energy dependence 1s introduced, for non-asymptotic eneigies, by means ot the nor-
mal, moving, pole contributions of the exchange-degencrate w and £ 9 trajectories
and their cuts, While not particularly successful, apart from mdications of the struc-
ture. this model at least provides a means of relating the present experuncents to a
possible hmiting distribution, 1if 1t exists,

The Regge-pole model of Frautschi and Margolis [37] 15 based upon a moving
Pomeranchuk pole (slope = 0.82 GeV 2y and 1ts 1iterations or cuts, the formalism
used being that ot the Glauber expansion leading to multiple exchange terms, The
results of the calculation are given 1n fig. 17d together with data at 5,10 and 24
GeV/c. The model indicates a shift of the ditfraction minima to lower momentum
transfer as the energy 15 increased and a steady fall m cross section at fixed ¢ due
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Fig, 170 Results of the model ot Chiuand hig. 17d. A compartson ot the results ot the
Finkelstein (36] compared with experimen- model ot | rautschr and Margolis [37] with
tal data displayed in fig, 11, daty shownn tig, 11,

to the charactenstic energy-dependence of a moving pole. In addition a slowly rising
pp total cross section 1s predicted

Fig. 17¢ shows a f1t of the model of Gieco [38] to data at 7, 10 and 19 GeV/e.
In this approach the Pomeranchuk pole and 1ts cuts are considered as dual [79] to
non-resonating background mn the scattenng amplitude. A Venesano {39] formula
1s used to describe the pole and cut terms n the scattering amplitude, As can be
seen in fig. 17¢, the {1t to the data 1s good and the energy dependence, as shown by
the predicted distribution at S8 GeV/e,is rather stiong. The slope of the Pome:-
anchuk pole 15 found to be 0.90 GeV-1 and the total cross section 15 predicted to
devrease asymptotically to about 30 mb,

Finally. fig 171 shows the tesuits of the caleulation of Abaibanel et al [40]
with data at 5, 12 and 24 GeV/c The calculation, based on the dominance ot
a new cunient-current mteraction over a dittractive Regge pole-like tail. was per-
formed so as to obey unitanty and requited to approach within a constant tac-
tor the fourth power of the electiomagnetic form factor A smooth dependence
on momentum tiansfer results (curve 1) Abarbanel et al. [40] have remarked that
the optical model calculation of Durand and Lipes [30] did not satisty unitanty,
Consequently Abarbanel et al. have carned thiough the Durand and Lipes model
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Fig. 17¢. A fit of the model ot Greceo [38] Fig. 171, A comparison ot expenmental data
to experimental data shown n tig. 11, A pre- with the results of calculations ot Abarbanel
diction tor 58 GeV/e 15 also shown. ct al, [40], Curve 1 shows their current-cur-

rent model results, while curve I11s g unitar-
1sed version ot the Durand and Lipes [30]
model.

requning this condition The result s shown n tig 17t (curve 11) which, on compar-
1son with tig 17a, indicates a sttong damping ot the ditfraction structure

All of the models discussed above apart from the special one of Abarbanel et al
[40]. share the common feature that they may be formally mterpreted (sce a review
of Jackson [21])1n terms of a multiple scattering mechanism i which one attempts
to understand the angular distribution structure as due to transitions between differ-
ent orders of scattering (1 ¢. from single to double, etc.) by analogy with the scat-
tering of composite systems. In this interpretation such structure would be expected
to be a common property of all hadron-hadron scattering processes.

5.2. Inelastic proton-proton scattering

The present experument at 24.0 GeV/c exhibits several characteristic features of
the process p + p = p + X, where X 15 a nucleon resonance or a continuum state.
The differential production cross sections of the resonances are given 1n table 3 and
their angular distnibutions are summarized in fig. 18. The vanous points exhibited
in fig. 18 are now discussed and compared with the situation at other energies.
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5.2.1. General features of resonance excutation and comparison with data at other

energies

At small |71, around 0.1 GeV2, the N(1400), N(1520) and N(1688) are cxcited
rather strongly and with comparable cross sections. The A(1236) and N(2190) are
also observed 1n this region of £ 1but are produced less strongly (~ 1) than the
other three states. The momentum transter distributions do/d¢ for the A and N reso-
nances are given 1n figs. 19 -23.

1t 1s customary to {1t the angular dependence of nucleon resonance production
at small to moderate four-momentum transfers by the formula

de de
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doldt

do_ (d0> exp( Bir)).
t=0

(13)

p+p —= p+N(1400)

10'
— * 99 GeVlc
Y ——- 5 EDELSTEIN
-- - 2200 ET AL(R72)
- 57 ‘
o - +193 * BELLETTINI
0 ETAL (1965)
N 0260 THSEXPT
~
~
\\g
N
10 N ~ '
\\ -
\\
a)
. 1
10° ' f
0 01 02 03
10
b)
——  « 260GeVic THIS EXPERIMENT
10°
0"
2 ¢ .
0 o«
.
0} « v, ¢ )
' , R
0 B
0 05 10 15

FOUR -MOMENTUM TRANSFER SQUARED, fti (Gev?)

I 1g. 20. Difterential cross section tor the production of the N(1400) resonance 1n proton-proton
collisions. In (a) the data ot this experiment at 24.0 GeV/c are compared with other published
results (refs. (48, 50]). In (b) the data trom this experiment up to(#l = 1.5 Gev? are shown.,
The broken lines on the data points at '¢1 2 0.5 Gev? represent the additional uncertainty in the
cross sections due to the possible ambiguity 1n the fitting procedure (see subsect. 4.2).
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11g. 21. The ditterential cross section tor the production of the N(1520) i proton-proton col-

listons at 24.0 GeV/c s compared with the available published data (rets. [50, 53, 54]).

The total cross sections ¢ ate obtained by integrating eq. (13) and multiplying by a

factor 2 to take account of both target and projectile excitations. Hence

)0

g

o)
<

"B

dr

(14)
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[1g. 22, The cross section tor the production of the N(1688) resonance in proton-proton colli-
stons 4t 24.0 GeV/e 1s shown with other published data (rets, [50,53,54)).

The measured distnibutions have been fitted using eq. (13), and the values found
for the slope parameter B, the cross section (do/d?),_y and the range of I lused in
the fit are given n table 5 tor each resonance. The 1s0spin } states exhibit a certain
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1 1g. 23. The cross section tor the production of the N(2190) resonance in proton-proton inter-
actions at 24,0 GeV/c 1s compared with the data of Tdelsten et al. {50,

systematic order 1n the steepness of thewr angular distribution in that, on the average,
the heavier masses appear to have smaller slopes.

The angular distribution parameters of eq. (13) and the total cross sections are
given i f1g. 24 for the A(1236) and 1n fig. 25 for the N resonances. These figures
exhibit the well-known encigy dependence of 1sospin exchanging processes tor the
A(1236), and the eneigy independence of the N states characterising diffraction
dissocration,

The large uncertainties associated with the N(1400) and A(1236) data are caused
by the ditficulties of extracting these cross sections from the spectra. On the one
hand the N(1400) 15 very close to the N(1520) and has a very steep angular distitbu-
t1on, and on the other the A(1236) appears between the elastic and N(1400) peaks
and has a small cross section due to the suppression [55. 56] at high energies of
scatterig mechanisims mvolving 1sospin exchange.

The large errors in the A(1236) cross section as measured 1n the present expert-
ment render any comment uncertain, however tigs. 19 and 24 show the general fea-
tutes. The angular distributions are qualitatively similar to those of the other reso-
nances, while (do/dr), -y and hence the total cross section decreases strongly with
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Lable 5
The slope parameter B, intercept (do/dr),= and total cross section o values dernved from the
resonance production results at 24.0 GeV/e and usng eqs. (13) and (14)

Resonance l(’(l}‘f'dvnzg)c (S(l:l:; b;) :i:xf(’lts% :me)
—A(]236) 2222_ 6.4 +0.8 0.18 = 0.05 0.057 = 0.017
N(1400) 3:222‘ 242 &2.5 116 4.2 0.96 * (.35
N(1520) 8:23;_ 4.84 = 0.24 0,91+ 0,19 0,37 £ 0.07
N(1688) 8:22;‘ 5.12 £ 0,08 2.35 £ 0.36 0.92 +0.14
N(2190) 0.097- 3.01 £ 0,17 0.16 + 0,05 0.108 £ 0,033

0.941

The quoted errors include the etfect ot the £ 15% systematic error in the (ross section measure-
ments, except tor the N(2190) where the systematic error 1s = 3097,

energy. These facts are consistent with what 1s known about A(1236) production
in bubble chamber experiments [85]*.

The cross sections for the production of the N(1400) are shown 1n fig, 20. Re-
sults obtained by applying the present fitting procedure to the published spectra of
Bellettini et al. [48] are shown in the figure and are also histed n table 6, The pre-
sent data at 24.0 GeV/c are 1n good agreement with the previous measurements in
reproducing the fast drop of the differential cross section as |7 11s increased. In fig.
20 the results for 171> 0.5 GeV? are plotted with the error bars resulting from the
fitting procedure. The broken lines indicate the additional uncertainty n the cross
sections due to the possible ambiguity in the fitting procedure at large 171, This
region of momentum transfer was not covered 1n previous experiments, Due to the
difficulty mn extracting the N (1400) cross sections, expecially for 171> 0.5 GeV?2,
these results can only be regarded as a suggestion of a second dif fraction-like maxi-
mum which may be developing.

The |71-dependences of the N(1520) and the N(1688) are very sinular over the
whole range studied (figs. 21 and 22). Above |7 1= 2 GeV?2 the distributions are also
very similar to that for elastic scattering. This feature suggests a common mechanisim
for elastic scattering and N(1520) and N(1688) production at large momentum
transfers. The clastic scattering structure at |71 1.5 GeV2, dividing the steep for-
ward peak (B =~ 10 GeV 2) hiom the large momentum transter scattering, 1s not

* The present data are also in agreement with the recent and more accurate results at 17 GeV/e
on the reaction p+p - A(1236) + n, reported by G, Grayer et al at the Batavia Conterence
In September 1972,
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g, 24, The total cross section o tor A(1236) production as a tunction of mnadent momentum.
The data from this experiment at 24.0 GeV/c are shown with other published results [SO. ST
The slope parameter 8 and intercept (do/dt),-, are detined 1 eq, (13).

found 1n the resonance distributions, which exhibit very smooth ¢ Idependences.
With respect to encrgy dependence 1t 1s seen that the angular distributions have
only a weak s-dependence at small 171, and a very strong one at large momentum
transfer. From fig. 25,1t 1s seen that the forward cross sections, and consequently
the total cross sections, are essentially energy independent,

The data at 24.0 GeV/c on the production of the N(2190) up to 112 1.5 GeV?
are shown 1n fig. 23 together with the results of Edelstein et at. {50] at 20 0 and
29.7 GeV/c. As the two angular distributions are, within the errors, the same, 1t
should be expected that the 24.0 GeV/c data should have at least the same slope.
Fig. 23 shows that this 1s not so, thereby indicating some systematic difference be-
tween the two experiments in their extraction of the N(2190) cross section.

At 24.0 GeV/c 1t may be observed that the N(1520), N(1688), N(2190) and
elastic cross sections are all comparable around 1712 1.5 GeV2.
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Fig, 254, The momentum dependence ot the torward production cross sections (do/dt), -, de-
fined 1n eq. (13), of the 1sospin % resonances, The data are trom refs, [48, 50, 51] and the
present experiment,

5.2.2. Comparison of N(1688) production with elastic scattering

The N(1688) production cross scction was determined with less ambiguity than
the other resonances because of the prominence of the peak i the measured spectra.
In fig. 26 the ratio of N(1688) production to elastic pp scattering 1s compared with
the same ratio for corresponding reactions iitiated by 16 GeV/e negative pions
[86, 87]. and by high-energy electrons [75). In the region 0 < 111<0.5 GeV? the
rat1os for 1 p and pp are essentially the same [86] in support of the idea of facton-
zation of the Pomeranchuk singulanty {88], that 1s, the production ctoss sections
satisfy the relation

7rp—>7rf\i(16ti8)=p_p—>gN(l(188} (15)

mp = 7p pp = pp ' )
For It 1values between 0.5 and 1.5 GeV?2 the ratio for the protonanitiated reactions
1s larger, showing a peak which reflects the structure in the elastic cross section.
Beyond |71= 2 GeV? the ratios for the pp and ep data are similar, as conjectured by
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I'1g. 25b. The momentum dependence of the slope parameter B, defined n eq. (13), tor the
production of the 1s0spin % resonances, The data are from the present ¢xperiment at 24.0 GeV/c
and from refs, (48, 50,51].

Wu and Yang [29]. In addition, as has already been noticed by Anderson et al. [86],
fig. 26 shows that the 7 p and ep ratios are similar over their whole common range
of momentum transfer.

3.2.3. Comparison of resonance and background momentum transfer distribution
Fig. 27 shows the elastic, the N(1520) and N(1688) angular distributions to-
gether with continuum cross sections for missing masses of 1.5, 2.0 and 2.5 GeV.
The continuum cross sections were calculated from the polynomial expression in
eq. (10) and normahised to a missing mass interval of 1.0 GeV according to eq. (11).
In addition an estimate was made of the contribution 1n the non-resonant background
continuum due to protons produced v the decay of excited projectile protons. The
results of a Monte-Carlo calculation, which made use of the measured angular distri-
butions for the N(1520), N(1688) and N(2190) resonances, are shown in fig. 28.
The calculated contribution of the decay protons in the non-resonant background
in the region of the N(1688), for example, varied from 0.8 to 3.0% as |z | varied from
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the other published results (48, 50,51,

0.1 to 3.0 GeV2, It was therefore concluded that projectile excitation could give
only a small contribution to the continuum spectrum mn comparison to target break-
up. As a general point |70, 89], and consistent with that made for the 1sospin § reso-
nances 1 subsect. 5.2 1, fig. 27 shows that the angular distributions become flatter
as the produced mass increases. This 15 a well-known and significant effect |75, 90]
in electron-proton inelastic scattering.

The energy dependence of the background at large 17115 very stmilar to the energy
dependence of the / =4 resonances, and thus also similar to that for elastic scattering,
This may be contrasted with the results of previous measurements [50], at small |71,
which indicate that the non-resonant contributions to the missing mass spectra have
a dependence of s !, The present data are compatible with such a trend. Various
theoretical studies [91] involving the triple-Pomeranchuk vertex indicate that the
energy dependence implies that the tniple-pomeron coupling is small.

Another method of companson ot resonance and background cross sections, for
specifically the N(1688). 1s shown in fig. 29 where the ratio of the N(1688) produc-
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Fig 26. The ratio of N(1688) production to elastic scattering 1s shown as a tunction ot the
tour-momentum transter squared, t1!, tor 24 GeV/c pp collisions (this expeniment), 16 GeV/¢
n "p collisions [86] and high energy ep colhisions {75].

tion to the non-resonant production cross section in the same mass range 1s given as a
function of Ir1. As |z 1 increases, this ratio has an initial fast rise and then a fall-off
with a superimposed structure in the region 1 < 171<2 GeV2 It 1s not clear trom
the figure whether the ratio 15 levelling off to a finite value at large |71, or proceeding
towards cero. It has been speculated [92] that a large momentum transfers the rela-
tive importance of the process in which the nucleon breaks up into many fragments
increases with respect to the occurrence of quasi-two-body processes. This idea 15

in quahtative agreement with fig 29,

5.2.4. A phenomenological description of nucleon resonance production

The various models (subsect. 2.5.3) used until now to describe nucleon resonance
production give neither a good description of the shapes of the angular distributions
nor of the total cross sections Hence a summary of the results of some of the calcu-
lations, in the style of that given (subsect. 5.1.2) for elastic scattering, will not be
presented here. Instead, a discussion by Ehitzur {62] on the relationship between
the 150spin § resonance production and elastic scattering will be summarized.

The basis 1s essentially an optical model 1in which the cross section 1s related to
the product of the form factors of the matter distributions of the colliding particles.
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Fig. 27. The production cross section tor non-resonant backhground (integrated over a missing
mass interval ot 1,0 GeV)in proton-proton collisions at 24.0 GeV/c 18 compared with the elas-
tic and resonance production cross sections,

The suggestion of Wu and Yang [29] 1s then used to identify the form of the matter
distribution with the electromagnetic form factor. It 1s then congectured on the
grounds ot an analysis of Bloom and Gilman [93] that the electromagnetic form
factors of all the resonances are given by one function, namely the electromagnetic
elastic form factor, when written in terms of the vanable 17 l/M*z(whcre M* 1s the
resonance mass). These 1deas lead immediately to the relationship

do (1) [dael(f)_ docl(l’)} 5

Cdr dr (16)

——— — = const

dr

2
where r* = ((M/M*)~. Furthermore. assuming that the forward scattening peak 1s
exponential in terms of 171, the slope parameter B for tsospin / = ! resonance pro-

duction [eq. (13)] 1s related to that for elastic scattering, b, |eq. (2)] by

B=1b|1+M/M*)) . (18)
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[ig. 28. The results of a Monte<Carlo calculation of the contribution in the non-resonance back-
ground continuum due to protons produced in the decay of excited projectile protons, The
present measurements of the N(1520). N(1688) and N(2190) anzular distributions have been

used 1n the calculations,

Thus the forward angular distributions for the nuclcon resonance production are
expected to be much flatter than that for elastic scattering, the slope parameter dif-
fering by about a factor < 2, qualitatively in agreement with the data.

Fig. 30 shows the results of evaluating eq. (16) at 24 GeV/c using the 24 GeV/c
clastic scattering data as input with arbitrary normalisation factors for the excita-
tions of the N(1520), N(1688) and N(2190). The shapes of the N(1520) and
N(1688) distributions are quite well reproduced but that for the N(2190) less well.
The dependence predicted for this resonance 1s steeper than that observed at
24 GeV/c although, as indicated 1n subsect. 5.2.1, the data of kdelstein et al. {SO]
at 20.0 and 29.7 GeV/c would be more m accord with the predicted trend.

The N(1400) does not fit at all mnto the scheme descnbed by eq. (16) as the slope
parameter B for this resonance 1s more than a factor 2 bigger than that for elastic
scattering. Apart from 1ts rather constant total cross section the least massive of the
150spIn 4 states has always appeared to possess difterent excitation characteristics
from the other N resonances and thus remains particularly worthy of further study.
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To conclude, 1t appears that, in spite of the detailed shortcomings of this phenom-
enological description, the relations (16) and (17) are useful 1n correlating elastic
and 1nelastic pp data.

6. Conclusions
6.1. Flastic scattering

(1) The main new results of the present experiment concern the development
of structure n the pp angular distnbution Together with data at incident momenta
up to 7 GeV/e, the results show that a shoulder in do/dr ata {rlof 1.2 1.5 GeV?2
develops rather suddenly between 7 and 10 GeV/e Tt 1s mamifested also in the torm
of a sharp break [19] in the energy dependence of the 90° cross section and in the
angular distribution [ 18] near to 90° at the incident momentum of 8 5 GeV/e Be-
tween 10 GeV/e and 30 GeV/e the structuie changes little in form, although there
1 a shight increase in its prominence, as may be judged from figs 11 and 15%. Over
the momentum range available 1t seems clear that the shoulder remains at a fixed
four-momentum transfer. In addition. fig. 15 mdicates the possibihty of the devel-
opment of a second structure at tixed 1712 5 GeV2, although the evidence 15 rather
mconclusive

(1) A comparison of polarisation data with the angular distribution at the same
energy shows that the “dip-bump™ structure mn P(r) develops at lower energies
than the shoulder in the angular distribution (fig. 14) Theie 15 not, therefore, an
overall one-to-one relationship between the Py structure and that in do/ds as there
181, for example, 7' p scattering. In addition the energy dependence of the pp
structure in do/de differs completely from that for 7 p in that 1t develops with
energy, starting around 8 GeV/c, while the phenomenon in the 7* p system at
I71~ 1 GeV? dechnes with energy so tar as it 1s measured up to =~ 20 GeV/e The
comparison of the pp and pp angular distributions shown mn fig 13 may be viewed
in a stmilar manner

(1) Another aspect of the nucleon-nucleon angular distribution structure 1s 1ts
1sospin independence. Measurements [68] of elastic proton-neutron scattering at
24 0 GeV/c up to I 71= 6 GeVZ show that the pn angular distribution follows the
pp very closely, and hence the scattering appears to be independent of 1sospin. This

* The structure in the elastic proton-proton angular distributions summarised 1n subsect. 4.1 has
been observed i a CEHRN ISR expeniment at equivalent conventional accelerator momenta up
to 1500 GeV/ce. These prehminary data, reported at the Batavia Conterence 1n September 1972
by the Aachen-Cl RN-Genoa-Harvard-Tunin Group, show that the structure atfzl =12 1.5
GeV? becomes more pronounced as compared with the results ot the present experniment, In
addition, the energy dependence at tixed 11 appears to slow down, These tacts are compatible
with the suggestion ot the appearance of an asymptotic distribution as given by the papers ot
ret [30]
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15, of course. consistent with the very small cross section 941 of pn charge-exchange
scattering at hugh energy m the br frange where the process has been measured.

(1iv) The overall energy dependence. at tixed ¢ 1w the tegion of the structure 1s
rather strong up to 30 GeVie,as may be seenm fig 16 From the present data it 1s
mposstble to predict whether a hmitng distnibution i the stiuctwe region will be
reached at much ngher energies. This would necessitate the rapid flattenimg with
encrgy of the steeply descending curves shown in tig 16, A general feature ot high-
eneigy scattenng appedrs to be that cross sections at tixed s aie further trom an
asy mptotic behaviowr the larger the momentum tiansfer

{v) The basic wdea of Wuand Yang [29]. concerning colhsions at laige momen-
tum transters and energies, that the pp elastic scatternng ditterential cross section
approaches the dependence of G4(1) 15 not contradicted by the data tor 17 125 Gev2
at the lnghest energies shown in figs 11 and 15 OF cowse. thisather tentative sup-
port of the Wu-Yang suggestion may be only fortuitous, particulatly considering the
compatdatively low energies mvolved (s S50 GeV2) It s clear that expenments
study g high momentum tianster scatternng at much greater energies are needed to
test these ideas ngorously  In the region of moderate momentum transter
(11~ 1GeVaythe stiong deviations trom a (4 (1) behaviour are expected on the
basts of the optical models (subsect 5.1.2) which also employ the electromagnetic
torm factor to determme the shape of the nuclear matter distribution

As demonstiated m subsect 51 2 the expenmental teatures outlined above are
not quantitatively explained by any single model or theoretical approach. It s only
i the general o1 qualitative feature that the models have some measure of success.
One of the most interesting of all ot these models 1s that the structure is the first
hint of an asymptotic or hmiting distitbution outside the mam diffraction peak.
The dynamical mechanism generating the scatterig o this region has been described
by the pomeron pole and cuts, by explicit multiple scattering models mvolving
quarks or partons, and by the operation ot a point-like interaction analogous to
electiomagnetism  The present datg ofter no possibility to distinguish between these
alternatives even if the basic premise, namely that the structure 1s a hmuting teature,
1s correct

Another dufticulty 1s the energy dependence for 1121 GeV2. This, in the above
terms. 18 generally considered to be made up from strongly energy-dependent con-
titbutions, particularly ordinary Regge pole and cuts However, the quantitative
formulation 1s very unsatistactory and even the qualitative feature that the structure
becomes apparent at g rather well-detied energy . around 8 GeV.1s unexplained
apart trom the observation (see 1ets [18, 23]) that baryon pan production comes
into play in this energy region It may be concluded that the basic 1dea that the
structure 1s asymptotic can only be studied by pp experiments at higher energies or
by searches for structure which develops with energy m the other hadronic systems
The discovery ot such ettects in, tor example, 7p scattermg would provide consider-
able suppott tor the idea of a common hadrome scattening mechanism at very high
energies
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6.2 Inelastic scattering

The expenimental facts obtained tiom the present experiment at 24.0 GeV/e sup-
poit the known body ot mtormation outhned i subsect 25 The new featuies
emerging specifically concern large tour-momentum transfers, beyond the torward
peak, at 171 values 21 GeV?

(1) The sumtlanity of the elastic, the N(1520) and the N(1688) distitbutions for
11122 GeV2 strongly supports the idea of a common mechamsim, for example
multiple scattering. for the scattering process

(n) While the elastic scattenng distitbution exhibits one rather well-detined struc.
ture around 171= 1.5 GeV2  the N(1520) and N(1688) ctoss sections are rather
smooth. While there may be common dynamical mechanisms tor both elastic and
inelastic amplitudes i this region, the more complicated spw structure of the nu-
cleon resonance amphtudes may cause a hilling-in ot the stiuctuie, a proposal which
15 commonly mvoked 1n the elastic scatternmg with respect to various scalar model
predictions

(u1) The production ot the N(1400) has been explored, tor the fust time up to
I112 1.5 GeVZ The suggestion of g structwse i the angular distiibution of tig 20b
should be viewed with caution, considenng the difticulties involved in extracting
the N(1400) cross sections, as discussed 1n the text.

(1v) The mass dependence of the angular distributions, etther nucleon 1esonances
or contmuum states, 1s an mteresting feature and may be compaied with the behay-
1our of inelastic electron-proton scatternmg In the latter, dynanmical mportance is
attached to the flattening of angular distnibutions at laige nussimg mass Proton-
pioton reactions perhaps also reflect these features, in common with other hadronie
processes However as the basic mechanmsm of hadronic interactions 1s nuch less
clear-cut than the one photon processes of electioproduction, ittle can be said
thrs direction.

(v) Apart from the general teatures ot diffraction dissociation and multiple scat-
termg already discussed, the available theoretical discussions contribute hittle 1o
quantitative considerations of the resonance production data, particularly at knge
Iz]. The relationship between elastic and inelastic scattering appears to be more
profitably discussed howevei

(v1) As a practical point 1t would appear difficult to pursue the details ot the
sigle resonance production reactions to much higher energies by missing mass ex-
permments The available expenmmental mass resolutions rapidly become msutticient
using piesent techniques

6.3 A final remark
Although the present expeniment exhibits tnteresting features, as outhned above,

of elastic or melastic proton-proton scattering 1t seems clear that the eluadation ot
the dynamics can only result from expenments at hugher energy and comparison
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with other hadronie scattenng systems, In addition more detailed work between 7
and 10 GeV/c, where the stiuctuie n the angular distnibunion develops would seem
to be usetul
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