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FOREWORD 

The Rencontre de Moriond held at Meribel-les-Allues (France) from 

March 2 to 14, 1975, was the tenth such meet ing . 

The first one was held in 1966 at Mor iond in the French Alp s .  Ther e ,  

physicists - experimentalists a s  well a s  theoricians - not only shared 

the.ir scient ific preoccupations but also household chores . That meet ing 

grouped ess entially French physic ists interested in electromagnet ic 

interactions. At following meetings a s ess ion on high energy strong 

interactions was added to the electromagnetic one . 

The main purpose of thes e meet ings is to discuss recent developments 

of contemporary phys ics and to promote  effec t ive collaboration between 

experimentalists and theoriticians in the f ield of electromagnet ic 

interactions and elementary particles . Bes ides , the length of the meet ing 

coupled with the small number of participants favours better human 

relat ions as well as a more thorough and detailed discuss ion of the 

contribut ions . 

This concern for res earch and experimentat ion of new channels o f  

communication and d ialogue which from the start animated the Moriond 

meetings , incited us , fi�e years ago , to organize a s imultaneous meet ing 

of biologists on Cellular D ifferenc iation at Meribel-les-Allues . Common 

seminars were organized to study to what ext ent analytical methods used 

in phys ics could be applied to some biological problems . This year , 

Profes sor ZICHICHI , gave an introductory talk to the High Energy Physics 

and the experimental methods and Professor VAN DER WALLE has presented 

a method of data analys is in the res earch on the cancer . Thes e conferences 

as well as a round table discuss ion on the present problems of Biology 

gave ris e  to spirited and enriching discuss ions between biologists and 

physicists. They l ed us to hope that biological problems , at present so 

complex , may gave birth in the future to new analytical methods or 

new mathemat ical languages . 
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The first  sess ion of tne t enth Rencontre de Moriond (March 2-8, 1975) 
is devot ed to high energies hadronic interactions . A .  CAPELLA , A.  KRZYWICKI , 

Barbara and F. SCHREMPP have given me their help in �etting the program 

of the Rencontre. 

The s econd s ess ion (March 8-14, 1975) was devoted to high energies 

leptonic interact ions and the coordination was as sumed by M.  GOURDIN 

and L .  MONTANET . A p articular attent ion was given on the discovery of  

the  narrow resonances and their interpretation. 

Mrs G.  BEUCHEY and M . T .  PILLET , Miss es M . P .  COTTEN and N. RIBET , 

all devoted much of their t ime and energy to the success of this meeting. 

On behalf of the part icipants I thank them as well as Mr . and Mr s .  Raiberti 

who welcomed us in their hotel. 

J. TRAN THANH VAN 
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SINGLE AND DOUBLE DIFFRACTION DISSOCIATI ON 

AT FNAL AND ISR ENERG IES 

G. Goggi 

Istituto di Fi sica Nucleare, Uni versita di Pavia , Italy 
Istituto Nazionale di  Fisica Nucleare , Sezion e  di Pavia , I taly 

Abstract : The present status of s ingle and double di f fra� 
tion dissociat ion at high energies is discuss ed in view 
of r ecent results and new preliminary data from FNAL and 
ISR on both types of processes . Some results of the Pavia­
Princet on collaboration on exclusi ve double diffraction 
dissociation at t he ISR are pres ent ed. 

Resume : Nous presentons une revue de la dissociation diffractive 
(simple et double ) a hautes energies . Quelques resultats de la col­
laboration Pavia-Princeton sur la double diffraction dissociative 
exc lusive aux I�R sont aussi presentes .  
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1 .  - INTRODUCTION 

High energy p-p inelasti c interactions ,  in parti cular the 

reactions generally identi f i ed as diffractive di ssociati on , r� 

present a class of processes extensively studied at the lower 

accelerator energi es and presently under investigation up to 

the highest available energies at FNAL and CERN ISR.  

Inclusive spectra obtained at the ISR provided the first 

indicati on of a large d i f fractive component in high energy p-p 

collisions and speci fi cally in the inelasti c part of the inte-

raction . Soon after bubble chamber data from FNAL in the 1 00-

400 GeV region began to f ill the pi cture with more sp eci f i c  i� 

formation on the different topologi cal components of the pro­

ton diffractive dissociation with data on some speci f i c  reac­

tion channels. Recent results obtained at the ISR on semi-in-

elusive and exclusive di f f��ctive reactions extend considera-

bly the explored energy range and are parti cularly important 

to check whether a more general definition of di f fraction dis­

sociation can emerge from data available at high energy . 

In this talk I shall f irst try to summarize the data on i 

nelasti c di f fractive reactions at high energi es both from the 

inclusive and exclusive vi ewpoint. Given the many complementa-

ry aspects of the available results , high energies a·re defined 

here as the FNAL and ISR  energy range.  By no means a complete 

review, thi s is intended to be j ust a survey providing basi c 

information , as well as indi cations on existing problems and 

limits of the presently availabl e data. Compl ete revi ews of 

di f fraction have been published recently ( 1 •3 ) . 

Our interest will be focused on the relationships between 

inclusive and exciusive data on single and doubl e diffraction 

and on the questions that may ari se from thi s compari son . 

The general di scussion on single di f fracti on di ssociation 

is the obvious starting point to discuss double diffraction 

processes, whi ch probably share with single di f fraction a com-



mon dynamical nature .  The l atter processes, more easily acces­

sibl e at t he highest energi es at l east in terms of rapidity se 

parat ion of the decaying systems, wil l  be discussed in vi ew of 

some recent experimental results ,  as y et unpubl ished, and as a 

natural extension of single di ffract ive reactions using the 

well known theoretical tool of factorization .  

Al though doubl e di f fraction i s  expected t o  be onl y  a small 

fract ion of the total di ffract ive cross section ,  it represents 

an exciting and so far almost unexplored field of investigation , 

whose dynamical connect ions with sin gl e di f fractive processes 

are pot entially  capabl e of providing new insights into the ge­

neral mechanisms of di ffraction di ssociat ion . 

2 .  - DIFFRACTION DISSOCIAT ION 

2 . 1  A general outl ook 

Before showing any data , l et us review bri efly the basic 

properties and charact eristics of di f fractive scattering which 

will  be recal l ed in. the fol l owing . 

We can describe di f fract ion di ssociation in terms of the 

exchange of a Pomeron (1f) in the t-channel , or iden t i fy the 

dif fraction process by its properti es observed in scattering 

reacti ons. These properties, unfortunately , do not represent a 

compl et e  description of the process or of the Pomeron i tsel f ,  

but are just a set of phenomenol ogical prescriptions. Bas,ical­

ly what we do have is a set of rul es that all ow us to classi fy 

what is  meant by di ffract ive reaction or 1f -exchange process: 

a - energy independent cross section - or weakly dependent 

on energy , such as the el astic one ,  to factors of ln s 

b - forward p eak in the angular di stribution - di f f erential 

cross section described by an exponential parametriza­

tion 

c - exchange  process characterized by the quantum numbers 

of the vacuum in the t-channel - I=O , Q=O , S=O , B=O , 

C=+ 1 ,  G=+ 1 

d - spin and parity change obeying the Gri bov-Morrison ru-
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l e  

.6.P = (- 1) L!.J 
or f inal state quantum numbers fol l owing the natural 

spin-parity  ser i es 

e - t-channel helicity  conservat ion mostly  obeyed 

f vari ous branching ratiG sum rules, connected with the i 

soscalar nature of the exchange; for exampl e :  

<:S"" [pp-p ( nrr+)} 
O"' fP - p ( p Tr 0 )] 2 ( 1 ) 

Factorization i s  not expl icitly included in thi s l i st sin 

ce, rather than an operat ional cri t erion, i t  is a property 

which l inks di f f er ent reacti ons and the theoretical assump­

t i on underlying the concept must yet be tested exp erimental l y  

in detail. 

Whenever, a given reaction exhi bits the above characteri­

stics, or most of them, we describe it as a diffractive pro­

cess and try to interpret it in t erms of 1? -exchange in Regge 

languag e .  It has to be remembered, though, that the experimen­

tal picture is far from being sati sfactorily  described by the 

exchange of a simple Regge pol e and the Pomeron must therefore 

be considered as a somewhat unspecifi ed notion . 

2 . 2 The high energy region 

The presently wel l  establ i shed exampl es of di f fractive 

production are all of the single diffraction dissociation type; 

for an excl usive di ssociated system a rel evant prop erty is that 

its invariant mass distributi on should t end to become stabl e as 

s --.co . 

Doubl e diffract i on di ssociation can be relat ed to single 

d i f fraction processes on the grounds of theoretical arguments 

assuming factorizabi lity of the 7f' -exchang e ampl itudes. In 
this framework diffraction dissoci at ion processes are directly 

relat ed to d i f fraction scatt ering; neglecting phase space fac-

tors: 
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The simplest appl i cation of factorizati on is the following re­

l ationship of the three mechanisms: 

thus 

4 4 
0-DD

( pp ) • 0- el 
( pp ) ,.., g

pD0gp p 

o ; ( pp ) 

0el 
( pp )  

0-
DD 

( pp ) (2) 

where 6"
D 

is the cross section corresponding to singl e vertex 

dif fraction. 

The total inelastic dif fractive cross section is made up 

of three terms, namely 

<S ( beam dif fraction ) +�( target diffraction ) + 

+ <S"( doubl e diffraction ) 

for the pp system this is just 2 o-0 + 6Do· 
Fig. 1 shows a summary of the data on the total inelastic cross 

section , as wel l as the elastic and the inelastic dif fractive 

component . The main feature of this set of data is the energy 

dependence of the total inel astic cross section which steadily 

increases in the range 6 + 1 500 GeV. Many authors
( 4, 5) 

attribu-

t e  the increasing behaviour of the inelastic cross section to 

the dif fractive component , whose energy dependence seems to be 

compatibl e with a ln  s dependence. Probabl y a large f raction 

23 



24 

0 
' 

I l 
l � Jlll 

! JI I l I iI � 
pplnd»tic 

Fig.  1 - Elast i c, total inel ast i c  and 
di f fract ive inelast i c  cross sections. 
For the l atter points are from ref .  9 . 
the band represents ISR val ues( 4 , 1 0-13J 

and the dotted line corresponds to
( ) rs- D = . 7  l n  ( M�+ . 0725 s/ 1 . 2 M2 )mb 3a 

• 

Th� predi cted doubl e di f fracti�e cross 
section (5"

DD 
is al so shown. 

of the increase in i-

nelastic  cross section 

( L'i('.5". = 3 . 3 .± . 7  mb) in 
in the ISR energy ran-

ge is  due to this me­

chanism ; it seems li-

kely that the  single 

di f fractive cross sec-

tion rises by - 2 .± 1 

mb in the range p)ab 
300 to 1 500 Gev

( 6  

The NAL and ISR  da 

ta show that these 

di ffract ive processes 

account for � 2 0% of 

the total inelast i c  

cross section and this 

contribution is  comparabl e to the total elast i c  cross section. 

c>( Total di ffraction cross section)  
"" 1  

�( Di ffracti1e·elast i c  scatt ering ) 

As a first consequence we can tentatively estimate the total 

doubl e di ffraction cross section: 

O'" ( pp )  ...... D 

0-el (PP) 
2 

er ( p p )  -
DD 

15"'el (PP) 
4 

'"" 1 .  5 mb ( 3 )  

The analysi s of the detail ed properti es of the exci ted stat es 

app ears as the obvious next step . 

3 .  - �HE INCLUS IVE AND SEMI-INCLUS IVE APPROACH 

3. 1 Missing mass data 

Recent i nvestigations of the recoil proton spectrum obser­

ved i n  p-p col l i sions at NAL and ISR have provided evidence for 

the presence of a si zeabl e inelast i c  di f fractive component in 

the data.  The energy and momentum-transfer dependence found for 

such inclusive processes can be considered as evidence for 



their di ffractive nature . 

As is  wel l known we talk about exclusive or incl usive 

reactions dep ending on whether the emission of secondari es be­

sides those detected and measured is excluded or included. From 

this viewpoint the singl e di ffractive or the double di ffractive 

cross secti ons give inclusive information from whi ch we can get, 

at most, the energy and momentum transf er dependence .  

The I S R  data were first t o  show that the momentum spectrum 

of the proton is  qui te fl at, with a peak in the invariant cross 

section for x- 1 (Figs. 2a, b) .  After substraction of elasti c e­

vents the peak is attributed to a process of quasi-elasti c sea! 

tering off an excited proton. This process is i nterpreted as dif 

fraction excitation of the recoiling system with a missing-mass 

squared given by 

M2 
� s( 1-x )  

Since di ffraction producti on seems to be present for x > . 95, 

masses as large as 1 0  GeV are excited at the top ISR energies. 

Fig. 3a and 3b show the missi ng mass spectrum for inela­

sti c events at 2 05 GeV/c as measured and FNAL(fl, 9 )  at various 

energi es. The di f fractive peak i s  a prominent f eature of the da 

ta, extending up to 50 Gev2• 

The dominant f eatures of these data are: 

a - the l arge p eak for l ow M2 

b - the relatively flat di stribution at high M
2 

c - the constant height of the peak between 102 and 405 

GeV/c 

d - the greater width of the peak with respect to the l ow 

energy data 

The general picture emerging is a relatively constant cross sec 

tion for l ow mass si ngle di ffract�on in pp col l isions, with a 

value "' 2 . 2  ± . 5  mb from 2 0  GeV/c onwards into the ISR energy 

region. With factorization the corresponding inclusive doubl e 

diffraction cross section turns out to be from (3) :  

o;;D � 700 t'b (4) 
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�ig� 2a. - Invariant cross sec­
tions for inel asti c  protons i n  
p--p collisions a t  rs = 23, 3 1  
and 45 GeV as a function of 
x = 2 PL I {S( 7). 

0 50 IOO 150 200 250 
M2, GeV2 

Fig .  3a - Missing mass distribution 
for inelastic event s  at 20 5  GeV/c .  
Dashed l ines represent a hand-drawn 
ba,ckground ;  the solid l ine shows 
background plus a 1 /M2 dependence 
for the tail of the peak ( B ) . 

Fig. 2b - Mi ssing mass di­
stributions  at rs = 31 
GeV at dif ferent t.-v�lues� 

Fig . 3b  - Same as in Fig. 
Ja at di f f erent energies 
between 100 and 400 GeV/c. 



3 . 2  Topological decompositions 

Many of the characteristics of very high en ergy reactions 

observed at ISR and FNAL can be interpreted in t erms of two-com 
( 10- 1 3 )  

pon ent model s with features of both mul tiperipheral and 

fragmentation ideas. The component which is responsibl e for the 

diffractive part of the int eraction can be phenomenologically 

defined as the one which l eads to events with l arge rapidity 

gaps.  In other words in an ordered rapidity distribution for an 

individual event there should be a large rapidity gap correspo� 

ding to Pomeron exchange ;  this feature is used t6 sharpen the 

sel ection criteria adopted t o  cl assify diffractive events into 

the different topol ogical cat egories. 

An example  is given in Fig . 4 where the 205 GeV/c inela­

stic events are separated into t� 

Fig . 4 - Missing mass squa­
red distributions for va­
riou� topol ogies for events 
of Fig . 3a. (a ) 2 -prong inel,  

pological classes. It  is cl early 

seen that the l ow mass peak is a� 

sociat ed mainly with the l ow-mul-

2 
I -j I 

4 6 10 20 40 60 100 200 400 1000 
M2 (GeV2) 

Fig . 5 - Average charged mul tiply  
city of the system recoil ing off 
the sl ow proton vs . the missing 
mass.  

tipl icity configurations, whereas the tail receives contribu­

tions from higher topologies as the missing mass is increased. 

This correl ation is even more evident in Fig .  5 ,  where the ave­

rage charged multiplicity of the system JS plott ed against the 

square of the missing mass . 
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At both 100 and 2 00 GeV t he size of the total p-p diffra� 

t ive di ssociation cross section into four p rongs is  about 

( 14) 2 mb for a mass of the di ssociat ing syst em up to 4 GeV .  It 

is  then possibl e to esti mate the amount of doubl e diffract ion 

di ssociation in the 6-prong t opological channel with both 

(M
1 

and M
2

) � 4 GeV. 

• ( 1mb)2 
- 150 ( 5) 

whi ch is only about 2 %  of 0- (6 prongs). 

3 . 3 Resonance excitation and differential distributions 

The interesti ng feature emerging from t he data considered 

so far is that at high energies t here seems to appear a mecha­

nism responsibl e for the exci tation of high masses decaying 

predominantl y  into high-mul tipl i city final states. Because of 

kinemati cal l imitat ions this aspect of diffraction was not 

evident at l ower energies. On the other ham.l ow energy i nela-

+ 270 GcV/c + 180 GcV/c 

F i g .  6 - Resonant structures in 
the reaction p+d-d+x .  The de� 
teron structure is taken i nto 
account by normalizing t o  the � 
last ic form factor. 

sti c  int eractions are charac 

t erized by the well known dif 

fractive excitation of reso-

nant states. The correspon­

ding processes depend only 

weakly on energy and popula­

te primarly l ow-mass , l ow-mul 

tipl i city channels. At high 

energi es the l ow mass diffra� 

t ive dissociation region 

(M2< 10 GeV2) still  contrib� 

t es a large fraction , about 

50%, of the total di ffractive 

dissociation cross section .  

Data on the reaction 

p + d-d + x (6) 

in whi ch the coherent nature 

of the process on deuterium 



isolates a pure isoscalar exchange channel , giving a powerful 

sel ect ion cri t erion for diffractive r eactions, show clear re­

sonant contributions at 1 80 and 270 GeV/c ( 1 5)
(Fi g .  6) . The l ow 

mass enhancement appears to have approximately the same cross 

section and t dependence at FNAL energi es as the one measured 

in the 20 GeV range for the N*(1400).  

Turning now to four-momentum and mass dependence of cross­

sections the double differential cross secti ons d20-/dM2 dt for 

pp - p+x can be very well represented by exponential fits,  as 

exp ected given its dominant diffractive nature .  An examp l e  is 

shown in F i g .  7. 

The resul ts are summarized in Fig. 8, where the expon en­

tial slope b(M) is shown as a function of the mass of the ex-

100 

- I - 2 -.3 - 4 I IN (GeV/cJ2 
Fig. 7 - Invariant cross sec­
tion versus t ,  for various mi � 
sing mass int erval s,  for the 
reaction p+p -p+x at 2 05 GeV/c .  
(a) M2 < 5 Ge  v2 , ( b)  5 � M2 < 1 o 
Gev2 , (c) 10"M2< 25 Gev2, (d) 
25�M2<50 Gev2 , (e) 50.,.:M2<100 
GeV! 

20 
b 

(Gev/ c�-l 

15 

10 

T 
... 

l 

b( M,) 
pp------p+ x 

205 Gev/c 
p d -d+X 

180 GeV c 

10 

Fig .  8 - Exponential slope b 
as a function of missing mass 
at 2 05 GeV/ c .  Dashed point is 
from pd data at 180 GeV/ c .  

cit ed system. The strong sl ope-mass correlation ,  already pre-
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sent at lower energies, in again evident and shows a limiting 

val ue of about 6(GeV/c) -2• 

The same general description appl ies for data from reac­

tion (6) at higher energi es. 

3 . 4  Conclusions 

The data shown in this section and the above considera-

tions suggest the fol lowing conclusions on the general asp ects 

of high energy proton excitation : 

a - singl e-particl e excitation , as already det ect ed from the 

study of missing mass distributions in the 30 GeV region , 

is  hol ding throughout the ISR energy range , as expected 

for a diffractive phenomenon 

b - the diffractively exci ted states extend much beyond the 

known resonances, in effect up to exci t ed hadronic states 

of 1 0  GeV and more 

c - the cross section for such a singl e di ffractive excita­

tion mechanism is of the order of the elastic cross sec-

t i  on 

d - the final stat e mul tipl ici t i es associ ated with these ex­

cited hadronic states can be relatively high and show a 

posi t ive correlation wi th the mass of the dissociated fi 

nal state .  Furthermore the most prominent mass p eaks are 

associat ed with the lowest multiplici ties 
. 

( 2 2 ) . t e - in the low mass region M < 4 GeV resonance exci ation 

exists with energy dependence which is  small or absent 

f - the sl ope-mass correl ation , known at low energies,  is ob 

served also at high energi es with the same general featu 

res 

g - incl usive doubl e diffraction di ssociation shoul d be of 

the order of .5 + 1 mb, or about 10% of the total inela-

st ic diffraction cross section .  



!4.� 1 Open questions 

The cu.J:standing f�e�ture that the in��l ast:t,:: cross se�tion� 

ar;d J.t·�:; r:iffractive component in partic-:ular, are a monotonical. 
ly ,��:)i . .ng f-uDction of energy lE:'ads i.nu'Ylediately to enquire a--

bout t:t1e behaviour of the indi vidua:l pPod1_lc-l-1on cross sections. 

Decomposi�1g the inclusive information in to its ex cl usi ve contri 

butions allows a direct investigation of how the overall pheno-

menun cid. ineJ. -::isti.c diffraction is dist�ri b;1ted among the increa-

The general behaviour of any exclusive channel cross sec­

tLm is known: following a rise after' threshold to some peak V§; 
lue, whose height and position depend on the specific channel, 

there is a fall-off with some j_nverse power of the incident la-

-n 
boratc)ry momentum,o-� PL • 

The study of effective mass distributions, associated with 

full 1'e,'.'.onstruct ion of 1ow-mul tiplici ty events, has been emplo-

yed to analize mainly the two and four-prongs events in greater 

detail. The present problems and the opportunities open to fur­

ther investigation in the high energy behaviour of diffractive 

react.ions can be summarized in tbe fc·llowing points: 

a - the invariant mass distr.ibution of the produced seconda-

ries is expected to reach wi.th energy a limiting distri-

bution. This phenomenon is the exclusive aspect of the 

impressive scaling observed at the ISR  for single parti-

cle distributions in the fragmentation region. 

b - In connection wj_th point ( a ) a question can be raised 

concerning the resonance composition of the final states. 

Resonance excitation is known tc contribute a considera­

ble fraction of low--energy inelastic diffraction where 

N� production is a clearly identifiable reaction having 

the specifjc signat;ire of well defined spin-parity sta-

tes. It is interesting to determine to what extent high 

energy inelastic dif fractic>n can be considered as being 

3 1  
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kinemat i c  in origin or dominat ed by resonance excita­

t i on .  

c - The separation of the diffractive part i n  an excl usive 

reaction , certainly easi er at high energies, can provi­

de a better definition of Pomeron exchange .  The comparl 

son of several channels in a wide energy range can pro­

vide substantial information on ( a ) the s-behaviour of 

�-exchange amplitudes, ( b ) the weight of different inc� 

herent contributions to the total diffractive cross sec 

tion at different energies. 

d - The study of the function b ( s, M ) , the slope parameter 

as a fun ct ion of energy and produced mass, can give a 

deep er insight into the general mechani sms of diffrac­

t ion . Elast i c  di ffraction is essentially shadow scatt e­

ring at t hese en ergi es and it is  i mportant to check wh� 

t her shrinking is  a universal property of diffraction .  

The dependence of the sl ope on the produced mass is  fu£ 

t hermore an important ingredient in s-channel impact-p� 

rameter descriptions of thi s  class of processes and can 

represent a direct t est of factorizati on if measured in 

double diffract ion . 

I t  is  cl ear how these features and the detai l ed measurement of 

the related physical quantit ies are important for any predi c­

tion or comparison involving doubl e diffraction di ssociation 

processes. It is  pherhaps worth to l i st what experimental in­

format ion is needed for a deeper understanding of the diffrac­

tion pi cture. I t  can be summarized as foll ows: 

- measurement of exclusive channel reactions in the widest po� 

sible energy range 

- separation and identifi cation of structures with high mass 

resolut ion 

- measurement of the decay angular properti es,  whi ch is  also 

rel evant to the general problem of helicity conservation in  

diffractive processes 



- analysi s of the properties of subsyst ems in the final stat e ,  

parti cularly for high multipli city reactions 

measurement of di fferential cross secti ons in a wide t-range 

allowing compari sons with structures, dips or breaks already 

observed in elasti c  scattering at the ISR and in low energy 
. ( 16)  resonance p roduction • 

4.2 Experimental results: a few answers 

Three experiments ,  the first in  bubble chamber(17 ) at 

FNAL and two othe�s performed with counter techniques at the 

ISR( 1 8•19 )
, have provided detai led informati on on the reactions 

{S= 53 GeV( 1S) 

fS = 20 GeV( 17) 
(7 ) 

( 8 )  

and 

(S = 45 GeV( 19 ) 

In the following their common features will be discussed with 

respect to the properties of the mass spectra, the production 

cos SJ<O 
-I> 005 GeV1 

1 r.os8J>O 

-t > 00� GeV1 

,l · . '\ . 'l 1fl.on 
�����-�--.1...........��� j-�=11 __ / t2 t4 16 1a 20 22 24 76 

Mass (nrt') (GeV) 
Fig .  9 - Effective mass di stri 
bution of the (n"+) system in

­

pp-p (nn+ ) at {S = 53 GeV, 
backward and forward in  the 
Jackson frame . 

F i g .  10 - Effective mass di­
stributions from the reaction PP-P(Prr+rr-) at 205 GeV/c. 
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cross sections and the characteristics of the differential 
cross sections, with reference to specific resonant states whe 
never possible . 

Reaction (7) , as measured at the ISR detecting all the f� 
nal state particles, shows (Fig .  9 ) resonance excitation in 
the backward Jackson hemisphere with a clear N*( 1688) and some 
excitation around 1. 4  GeV and 1 . 5 1  GeV . Events in the two hemi 
spheres of the Jackson frame show distinctly di f ferent distri­
butions . 

Bubble chamber results at 205 GeV/c on reaction (8) indi­
cate the presence of an unresolved peak around 1 . 7  GeV; the a­
nalysis of the (p 'TT) subsystems shows excitation of the 
/::::, ++( 1236) with, i f  present, a much weaker �0 signal (Fig . 10) . 
The same feature for the same reaction at v-;; = 45 GeV is advo 
cated as evidence for I=O exchange . In fact for a pure I = 1/2 

+ p 11 rr state Clebsch-Gordan coef ficients yield 

Y [( 6++3/2 3/2 rr
-) I= 1/2-P rr+ "-] 

Y [u:i.03/2 3/2 7/lI.; 1/2-P7T+,,
-J ( 9 ) 

The mass-spectrum for this last experiment is shown in Fig.  1 1 . 
Resonance excitation of masses around 1 . 5  GeV and 1 . 68 GeV 
seems to account for a large fracti on o f  the observed events . 

From the measured cross section of reaction (7) , 270 ± 80 
� b, it is possible to derive, using eq . ( 1) ,  the total (NJT) 
cross section for the I=O p-p channel . Since this reaction is 
known from isospin analysis to be denominated by I=O exchange 
also at low energies it is then possible to determine the s-de 
pendence of the isoscalar exchange cross section, as shown in 
Fig . 12 . 

The point from reaction (6) , which is pure I=O exchange 
too, does compare rather well with the fitted curve . It has to 
be remembered in fact that final states other than (n .,/ +p rr0 ) 
contribute to this reaction through higher multiplicity states . 

No such simple picture appears in the p 7T + 71 channel of 



reaction (8 ) ,  The high energy points in the total cross sec­

t i on l i e  systemat icall y  above the 

Fig, 1 1 - Effective mass 
di stri butions for the sy 
st em (p1r+TT- ) from the 

-

reaction pp - p (prr+ rr-) 
at {S = 45 GeV, Smooth 
curves indi cat e the ac­
ceptan ces of the appara­
tus. Dott ed lines in (b) 
show the contribut ions 
of N*(15 2 0 )  and N*(168 8 ) ,  

Fig, 13a , b - Cross sect ions 
for (a) pp-p (p17+.,,.- ) and 
( b) pp -pN*( 15 2 0 )  and 
pp-pN*( 1688 )  as a func­
tion of pLAB 

power law extrapolating lower-ener­

gy data ,  suggest ing either a break 

or a smal l er exponent, cl oser to the 

value n = - . 4, typi cal of the iso­

scalar exchange channel (Fig. 13a ),  

(pp-N (Nn i.u) 1p0-xo) 5 -�'-----, hl'j,li�7 - 't� 
P,·,: • 

I� 
7 10 20 50 100 200 500 1000 2000 

Fig, 12 - Cross sect ion as a func­
t ion of pGAB for the reaction 
pp -N (N7T) in pure I = 1 /2 state, 
A point f rom reaction pd-d+x is 
shown (personal estimate from the 
data publ ished in ref, 3 and 1 5 ) .  

Al so the t otal cross sections 

for the excitation of the two i 

so bars N* ( 152 0 )  and N*( 1688 ) , 

.2 

.05 0 11113,15 

Fig, 13c - Cross section, as a 
function of PLAB' for N*( 1 688 )  
product ion, The upper l imits � 
re obtained by integration of 
publ i shed different ial cross 
secti ons in the mass range 
1 . 56 + 1 . 8 GeV (see note 2 1 ) .  
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sealed from the cross section of the p rr + rr channel using the 

known branching ratios, seem to deviate from the predi cted be­

haviour in the direction of smaller , if not zero , exponents 

(Fig. 13b ) .  
( 1 8 )  . From the data on reaction (7 ) one can esti mate a cross 

sect ion in the N*(1688 )  mass band of about 7 5  ± 2 5  pb from whi ch , 

bran ching rati os and i sospin factors taken into account , a t otal 

cross sections of 17 0 ± 70 �b· for the excitation of that N* can 
. (2 1a ) . be obtained at an equivalent pLAB = 1480 GeV. Similarly we 
. (2 1b) can estimate analogous values from the data on the reac-

tion pd- xd. The overall p i cture is shown in Fig. 13c. 

More data at other high energi es are clearly needed. 

The third p i ece of experi mental information comes from the 

differential distributi ons in  the four-momentum transfer. Figs. 

14a, b show the different ial cross sections for reactions (7 ) 

an<i ( 8 )  (the latter at 2 0 5  GeV/c )  integrated over all masses. 

� 10 
:g 
0 

�(all masses): 2.4e 9.2t � � GeV 

. 
•• • 

+. 
+ 

+ t + 
t 

02 04 06 08 10 
-t (Gel/) 

Fig. 14a - Differential cross 
section for the r eaction 
pp - p (n 7T +) at {S = 5 3  GeV 
integrated'over t he (n7T+) in­
variant mass. 

The processes are dominantly 

p er ipheral and exhibit very 

similar slopes, both slightly 

smaller than the elast i c  slo-

pe. 

In Fig. 14a a structure appears 

around t -.3 (GeV/c ) 2 ; Fig. 15 

indi cates that this phenomenon 

is mainly associ ated with low­

mass final stat es. The slope 

at ISR energi es appear genera! 

ly steeper than at PS energies 

(dotted lines in  Fig. 15 )
(2o ) . 

A structure at small t appears 

also in the di fferent ial cross 

secti ons relat ive to reaction 

(8 )  at Vs = 45 GeV (Fig. 16) .  

The expon ential slope b a s  a function of mass is  plotted 

in Fig. 17 for two different energies,  2 4  GeV/c and 1500 GeV/c. 
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Fig. 1 4b - Differential cross 
section for the reaction 
pp_...p(prr +TT - ) at 205 GeV/c 
integrated over the p .,.+ rr -

invariant mass up to M = 3 GeV. 

Fig. 16 - Differential cross sec 
tion for the reaction pp-p(p rr+rr-:) 
at (s = 45 GeV for different 
mass intervals. 

" 

� 

1.15'M'l.32 I ---\ "'"" ' ' ' I \ 
I 11!11 1' 

I !! 
,�, •. 1,1.80 

\\ '-
\ 

,, !j \ 't I It lj !I 

'1 lt11 

U,M,J.O 

Fig. 15 - t-dependence of 
the cross section d2 6"/d:tdM* 
in various mass regions for 
the reaction pp-p(n-rr+) at VS= 53 GeV. Broken lines 
are fits to data at 24 GeV/c 
(ref. 20) . 
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Fig. 17 - Slope b vs. mass 
at 24 and 1500 GeV/c for 
pp-p(n ri+). Elastic slo­
pes at the same energies 
are al so shown. 
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The shape seems invariant with energy whereas shrinkage, as o� 
served in elastic scattering, appears as a general feature of 
inelastic diffraction, regardless of the produced mass. 

Other results ( 19b ) from reaction (8 )  confirm this trend. 

4. 3 Conclusions 
The results discussed in this section represent the very 

first piece of detailed information avail able at high energies; 
preliminary and somewhat scattered as they are, they allow to 
draw some conclusions: 

a resonance excitation is present to a considerable extent. 
The competition with the non-resonant part of the cross 
section still appears open 

b - a flattening, if note a rise, appears as the characteri-
stic behaviour of many exclusive cross sections with in 
creasing energy. 

c - the slope-mass correlation in the momentum-transfer de­
pendence is unchanged from the low-energy region apart 
from a sizeable shrinking 

d - shrinking appears as a universal feature of diffraction, 
independent of the value of the produced mass and rou-
ghly equal to the corresponding shrinkage of the elastic 
peak. 

e - structures appear in the low-mass regions in the range 
.2 < t < . 4  ( GeV/c)2 of the differential cross sections. 

5 .  - DOUBLE DIFFRACTIVE PROCESSES 
This section will be somewhat different from the preceding 

ones since it is necessary to combine in it published and unp� 
blished data. After discussing some relevant properties of fac 
torization I shall briefly summarize the former and give a lon 
ger report on the latter on the basis of preliminary results, 



5 . 1  Factorization 
By factorization we mean a decomposition of the amplitude 

into vertex functions not dependent on s and on the other int� 
racting particle and a propagator independent of the nature of 
the particles. At finite energies this simple picture is· com­
plicated by the presence, in the inelastic channels, of a num­
ber of effective masses, sub-energies and partial momentum 
transfers whose role in the factorized amplitude is not clear 
at all. 

Various tests can be performed on single diffractive cross 
sections to check the validity of this hypotesis and the re­
sults obtained so far are strongly in favour of factorization 
which, even at low energies, seems to hold to within + 20%. In 
general these tests on single diffraction look for the invarian 
ce of cross section ratios as a function of: 

a - the nature of the incident particle 
b the energy 
c - the four-momentum transfer 
d the mass of the excited system 

or a combination of these. 
For instance it is possible to check that ( 2 ) the excitation of 

R 

.2 
.1 

05 +++ 

02 

10 20 

a0[PP - p(pn·n·)] 
R� -------0\PP - PP) 

I 
11 

50 100 200 500 1000 2000 

Fig. 1 8  - Ratio of the cross 
section for the reaction 
pp--p (p iT + ;,.-- ) to the cross 
section for elastic scatte­
ring as a function of inciden 
laboratory momentum. 

a proton isobar can be indepe£ 
dent of t, s, and the nature 
of the incident particle. 

For example one can test 
whether the ratio 

R = 6i)[pp-p (prr+rr-- )1 
0- [PP --PP] 

remains constant in s. Data a-
re shown in Fig. 18. 

The factorizability assum­
ption for diffraction dissoci� 
tion has serious consequences 
on the other hand when 
it is applied to dou-
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ble diffractive processes, namely to reactions where both ini­
tial particles become excited systems in the final state. Phe­
nomenologically the asymptotic value of the single diffractive 
slope is approximately half the size of the slope obtained in 
elastic scatering (see Fig. 17) . This would imply a value very 
close to zero for the slope of double diffractive processes. 

ses 
A linear relationship among the slopes for different mas­

can be obtained as follows(23) : 

d2o- d2 tS 

dt1dMj dt'dM2 
or, diagrammatically 

· [I]'[Ir 
We have then [ I]- [Ir 
In particular, for high effective masses M*»(mp + mrr 

so that 

d2o 1/2 b t' 
dt'dM* � e el 

� rougnly independent of t 1 dt'dMjdM2 
Different models give various predictions; the main features ex 
pected for the slope-mass function are: 

a - a very small asymptotic value for large produced masses 
since single dissociation has a less sharp t-dependence 
than elastic scattering 

b - for a symmetric state in the two produced masses a cross­
over of the two slope-mass functions (single and double) 
must appear around the value of the elastic slope 

A detailed test of factorization as a function of s, t and M* is 



possible by comparing single and double diffractive processes 
at different energies. 

5 . 2  Some experimental results 
Low-energy experimental tests of factorization were first 

attempted looking for double diffractive events in Tr -p scatte 
ring reactions. Evidence for this type of events was found(24: 
27 ) , through rather complex selections , in agreement with the 
behaviour predicted by f�ctorization. 

In the high energy region FNAL bubble chamber data at 300 
GeV/c(28 )  support the factorization hypothesis in the semi-in­
clusive six-prong final state (neutrals included ) :  

S-DD(pp - 6 prongs + neutrals) = . 1 2 + . 0 5  mb 
<S'. (pp ._ 4 prongs + neutrals) = • 82 + . 08 mb D -

The first value is consistent with the cross section ( 5 ) estima 
ted in sec. 3. 2 from inclusive data. 

Evidence for double diffraction was also found(29) in the 
semi-inc1 usi ve reaction + 

P P - P 7r 7T + x at the ISR at (S = 4 5  
GeV where a quasi-elastic peak i n  the momentum spectrum o f  the 
p 7r +Tr system was seen excluding events in which x is just a 
single proton. The simultaneous detection of the single diffra� 
tive and elastic reactions allows a more detailed factorization 
test at different values of the four-momentum transfer. The 
cross section ratios again agree with the predictions. 

First data on the double diffractive exclusive reaction 
( 10 ) 

have been recently obtained by the Pavia-Princeton coll. at the 
ISR(3o , 3 1 ) at fs = 23 , 3 1  and 53 GeV. 

The differential distributions as a function of four-momen 
tum transfer are displayed in Figs. 1 9  through 22. The slopes 
associated with the integral over all final-state masses are 
markedly smaller than those measured for single diffractive ex­
citation and the distributions exhibit similar structures around 
t � . 3  (GeV/c) . These structures seem to get clearer with increa 
sing energy. 

The steeper points represent the same differential distri­
bution with both masses selected in the N(1470) mass band. We 
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see that the slope-mass correlation appears also in double di� 
sociation with a conspicuous effect (roughly a fourfold increa 
se in the exponential slope). As expected an intermediate va­
lue, b � 5  ( GeV/c ) -2 , is obtained by selecting one mass in the 
N (1 470 ) band and integrating over the mass spectrum of the se­
cond (p Tr+ T7 - ) system , as shown in Fig. 2 1 . 

This type of analysis was performed for symmetrical final 
states as a function of the mass to compare the relati ve beha­
viour of the single and double diffraction slopes. The results 
at (s 53 GeV are shown in Fig. 2 2 ,  where the dashed points � 
re from reaction (7 ) at the same energy and the elastic slope 
is also indicated. 

Although the two final states considered here are not di­
rectly related by factorization the comparison can be made if 
we accept the experimental evidence that the two processes sha 
re the same diffractive nature. The cross-over between the two 
slope-mass functions seems to be present at the value of the e 
lastic slope and the general properties are those discussed in 
sec. 5 .  1 • 

5 . 4  Conclusions 
Although the presently available data on double diffractl 

ve processes are much more limited and preliminary than those 
on single diffraction the comparison is stimulating and some 
trends can be identified : 

a - factorization seems to hold as far as cross section ra-
tios are concerned. Positive indications exist also as 
a. function of four-momentum transfer 

b - the general shape of the (p rr� rr - )  mass spectrum in do� 
ble dissociation is very much similar to the correspon­
ding distribution for single excitation into p 7T+ TT 
and changes very little with energy. Mass spectrum st� 
bility seems approximately valid and factorizable in 
the two vertices.(3 1) 

( 3 1)  c - resonance excitation exists also in double dissociation ; 
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Fig. 1 9  - t-distri but ions for 
reaction ( 1 0 )  at rs-= 2 3  GeV. 
Data with a steeper slope re­
fer to a mass selection of 
both ( p rr + rr - ) systems in- the 
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Fig. 2 1  - t-distributions for 
reaction ( 1 0 )  at {S = 5 3  GeV. 
The curve with a steeper slo­
pe refers to events with one 
of the two masses in the 
N ( 1 47 0 )  mass band, the second 
mass uncontrained. 
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Fig. 2 2 - Exponential slopes 
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Data are from reaction ( 7 )  
and reaction ( 1 0 ) .  The ela­
stic slope is also shown. 
The dashed region represents 
the slope obtained in reac­
tion ( 1 0 )  (double dissocia­
tion) constraining one of 
the two masses in the N ( 1 47 0 )  
band. 
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in particular double resonance excitation has been obser 
ved 

d - a very small value for large produced masses is observed 
for the exponential slope in double dissociation 

e - there is evidence in the behaviour of the slope-mass 
function for a direct relationship among the elastic, 
the single and the double diffractive slope. 

The experimental results on high energy diffractive reac­
tions in p-p collisions which were briefly summarized and di­
scussed in this talk constitute just the preliminary survey 
of a wide new field of investigation. More detailed problems 
are now emerging which propose challenging experimental and 
theoretical questions on the nature of diffraction dissociation 
dynamics. 
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DIFFRACTIVE PRODUCTION OF THE pn+n- SYSTEM AT THE !SR 

P .  Strolin , CERN 

Abstract : The paper reports the results obtained in a series 
of experiments at the CERN !SR ,  where a multiparticle 
forward spectrometer equipped with multiwire proportional 
chambers has been used to study di ffractive production of 
the pn+n- system . Resonant structure s in ·the invariant mass 
distribution of this system have been observed and cross­
sections for nucleon resonance production at I SR energies 
have been measured . 

Resume : On presente les resultats d ' une  serie d ' experiences 
effectuees aux !SR ,  dens lesquelles on a etudie la 
production di  ffractive du systeme pTT+TT- en utilisant un 
spectrometre magnetique pour systemes de plusieurs 
particules . La resolution en masse du  s pectrometre a permis 
! ' observation de structures resonnantes dens la 
distribution de masse invariante de pTT+TT- et la mesure des 
sections ef f icaces pour la production de resonances 
nucleoniques aux energies !SR . 
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In the first generation of I SR experiments on proton 
fragmentation two complementary approaches have been taken . The 
Pisa-Stony Brook group has used a ""' 4n sci ntillation counter 
system to study the pattern of the produced charged particles and 
its energy dependence ( limiting fragmentation , diffractive 
component in the low multiplicities ,  correlation studies , etc . ) .  
The s pectrometer approach o f  the CERN-Holland-Lancaster-Manchester 
group (and the Aachen-CERN-Harvard-Genova-Torino group,  mainly 
active on elastic scattering ) has produced single particle 
i nclusive spectra and led to the discovery of diffractive 
production of large missing masses - much beyond the nucleon 
resonances observed at accelerator energies- recoiling against a 
quasi-elastic proton detected i n  the spectrometer . More recently 
the CHLM group(! )  has supplemented their set-up by scintillation 
counter hodoscopes , and established that the particles associated 
with missing mass M (in  GeV units )  s pread over a rapidity interval 
ln M2 in direct analogy to the ln s s pread in the general p-p 
collisions , where the available energy is /s . 

We have now the first results ( 2 , 3 , 4 , 5 )  of experiments where 
multiparticle systems are fully analysed by magnetic spectrometers , 
having their angular aperture around the forward direction of one 
or both ISR beams . These experiment s ,  where the mass of the 
system is  directly measured with good resolution ( � 50 MeV, 
compared to a few GeV or more in missing mass measurements ) ,  are 
however limited to relatively low masses and multiplicities . When 
ln M2 > t ln s ,  i . e .  M > 6 � 7 GeV at the ISR , proton fragments 
spill over to the opposite hemisphere . I n  practice available data 
are thus confined to M < 3 GeV, i . e .  to the nucleon resonance 
region . The presenf paper reports the results obtained by the 
Aachen-UCLA-CERN(3) and Aachen-UCLA-Riverside-CERN (4) groups in 
studies of the reactions 

(1) 

(2) 

where the system pn+n- is detected by a multiparticle forward 



spectrometer i n  one of the orms (arm 1 ,  as i ndicated by the 
subscript in the above eqs . )  of the ISR intersection region 6. 

The experimental set-up is  shown i n  fig . 1.  The spectrometer 
magnet (fig . 2)  surrounds the ISR beam, which is shielded by on 
iron septum. The field integral (JB dl  = 4 . 7  x 2 ,  5 kGxm) is uniform 
within a few % across the magnet aperture , so that tracks are 
unambiguously and rapidly recognised and particle momenta are 
g iven essentially by the deflection . Furthermore the magnet does 
not distort the ISR beam and so the vacuum chamber is of minimal 
size and thickness, minimizing effects due to interactions in the 
chamber walls . The spectrometer is  equi pped with multiwire 
proportional chambers ( ,.., 10, 000 wires ) and an eight-element 
atmospheric-pressure gas Cerenkov counter . 

U1 BACK 
MWPC • : SCINTILLATOR 

Fig . 1  Exper imental se t -up . 

F i g .2 Mag net aperture , v i ewed a l ong beam 1 .  

The spectrometer covers the range 10 to 100 mrad with respect 
to the beam direction . For the three particle system prr+rr- , and 
therefore for the inclusive reaction ( 1 ) , the acceptance extends 
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to -t = 0 .  I n  the study of the exclusive reaction (2) , p2 is 
detected by means of a telescope of small ( - 9x9 cm2) MWPC iQ  
arm 2 ;  for  this reaction the minimum distance from the vacuum 
pipe at which these chambers could be made sensitive sets the 
limit e > 15 mrad , i . e .  - t > 0 . 12 GeV2 at fs = 45 GeV . 
Scintillation counters ( � 40 over a � 4TI solid angle) were used 
to trigger the read-out of  the MWPC or to register the pattern of 
charged particles produced . 

Fig , 3 shows the PTI+TI- total momentum vector ptot as measured 
by the spectrometer with an inclusive trigger - i . e .  reaction (1 ) . 
I n  analogy to inclusive proton spectra , a pronounced peak is seen 
at x = 1 .  Its width reflects the spectrometer resolution 
APtot/ptot � 7% FWHM . It corresponds to events where the incident 
protons dissociates 
i nto a low mass system 
( fig . 4a) fully detected 
by the spectrometer : 
vetoing events with 
charged particles at 
large angles by means 
of the counter hodoscopes 
Yl ( O . l  < e < 0 . 4  rad ) and/ 
or X (0 . 4  < e < TI -0 . 4  rad ) 
does not noticeably reduce 
the peak population (see 
fig .  3) . From now on ,  any 
reference to reaction (1) 
implies only the events in 
this peak (x > 0.9) . 

For the two runs of 
figs . 3a and b ,  the beam 
momentum in the 
spectrometer arm was 
pbeam = 26 . 6  GeV/c , while 
the other beam had 
momentum 1 1 . 8  GeV/c 

"' 
1-
z 
w 
> 
w 

.. 0 

X = Pror / PBEAM 

26/11 (•) 

F i g . 3  Inclusive pn+n spectrum. 



{.rs = 35 GeV) and 26 . 6  GeV/c (.fs = 53 GeV) respectively . In 
comparing these run s ,  at di fferent s ,  the phase-s pace covered by 
the spectrometer is  unchanged and no difference is observed i n  the 
production and decay of the multiparticle system ( see fig . 4) . 
Hence the effects of  geometrical acceptance and all efficiencies 
cancel out i n  a first approximation . For the events i n  the peak 
one obtains : 

35) 

53 ) 
1 .03 :!:" 0 .05 (3)  

This result provides a test  of limiting fragmentation (6) , similar 
to the one by the Pisa-Stony Brook group (7) (compari ng single­
particle pseudo-rapidity distributions when the momentum of only 
one of the two beams is  changed ) ,  but with magnetic analysis and 
applied to a s_peci fie reaction . 

���������� 
A comparison in the {a) {c )  
c . m .  frame , i nstead 
of in the !SR frame 
as above,  would 
give a result 
which negligibly 
differs from Eq . (3) . 
The result then 
also implies s­
indepenence of 
the invariant 
cross-section 
E d3o/dp3 � j . e .  
scaling (S 

c: 
.0 
..... (}) 
.... c: Q) > 
w 

A preliminary 
evaluation of the 
absolute acceptance-
corrected cross­
section gives 
(0 .4  :!: O . l)mb 
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mass (da shed curve shows t he acceptance) , ( b )  p� , (c )  pn· 

and (d ) pn+ i n v a r i a n t  masses . 
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( including a multiplication by a factor of  two to allow for 
fragmentation of either proton )  for M(pn+n-) < 2 . 2  GeV . 

The pn+n- mass spectrum ( fig . 4a) ,  dominated by a peak at 
"' l'. 7 GeV, will be examined in more detail when reporti ng the 
measurement on the exclusive reaction (2) , the ma j or contributor 
to reaction (1) . A strong t;;. ++ (1236) signal i s  present in the pn+ 

invariant mass spectrum ( fig . 4d ) . Charge i ndependence yields 9 : 1  
for the ratio (6n) I=l/2 � ( pn+) I=3;2n- to � ( pn-) I=3;2n+. The 
relative suppression of a t;;.0 ( 1236) signal i n  the pn- invariant 
mas s spectrum (fig . 4c) i s  compatible with a I = 1/2 dominance 
in  the pn+n- state. Evidence of i soscalar exchange i s  also provided 
by the obs ervation (2) of reactions like ( 1 )  and (2) with the 
I = 1/2 system A°K+ instead of pn+n- (and cross-section of a few 
% of (1) and (2) ) .The  sharp pt depend ence ( fig . 4b) and the weak 
energy dependence (Eq . 3) confirm the dominant d iffractive 
production mechanism .  Fig . 4b also s hows no turn-off at small p� . 

Let us now examine x2 as obtained with an i nclusive trigger 
on pn+n- ,  and select events witn momentum transfer small enough 
so that in the case of s i ngle dissociation (sd : x2 = p2) the proton 
p2 collinear to Ptot neither exits from the vacuum pipe nor 
interacts in  it ,and therefore no coincidence signals should be 
registered by the FRONT and a 

BACK hodoscopes in arm 2 .  100 

This is in fact the case 
for the ma j ority of 
the events (NO HITS 
events,  see fig •. 5b) . 
However HITS events also 
occur and in  their ptot 
distribution a peak is 
present at x = l ( fig . Sa ) . 
Thi s  peak ,  containing -!!% 
of all events with x > 0 . 9 ,  
provides evidence of 
double di ffra�-t"ion 
dissociation (dd ) .  The clear 

c: 
.a 

50 

b 

100 

NO H ITS 
o L..��o<=�e:=,c_:=--�-'---�__::,,..,_�_J 
10 20 Ptot 30 ! GeV/c J 

F 1g . S  p
tot 

d istr i b u t i o r. Yv i t h  P x i ns i a e  
t he p ipe . Projections o f  pn+n· ver�ex (c , d )  
s how absence of non beam - beam background 



identification of this process  at the ISR is due to the large 
rapidity range which is  available and which results in the 
separation of the two fragmentation regions . After corrections 
of losses , etc . the observed fraction of dd events is  
dd/(sd + dd ) = (12 + 2 . 5 )% . A test  of Pomeron factorisation at  the  
very small momentum transfers selected as described above 
(< p� > = 0 . 03 GeV/c2 ) , is obtained by compari ng the above ratio 
to the ratio sd/(elastic + sd ) � 13 . 5% , as evaluated from refs . 
(9) and (10) for the M and t ranges covered by our data . 

For the study of reaction (2 ) , the trigger required a 
particle through the MWPC telescope i n  orm 2 i n  coincidence with 
the i nclusive trigger signal used for reaction (1 ) , namely at 
least one particle in both the upper ond lower half of the 
spectrometer and no signal in the borrel hodoscope X at large 
ongles . Single diffractive events are positively identified by 
collinearity withi n  o few mrod (see scatter plot in fig . 6) 
between ptot and the track (p2) detected in arm 2 .  The hatched 
Ptot distribution in fig . 6 ,  obtained from a run at 22/22 GeV/c ,  
shows that a background-free sample of  s i ngle diffractive events 
is obtained . One also detects events where x � l and where i n  

'< :;; 
1 800 p p  - ( p ,, + ,, -) p 

D Aii events 
l9 1 400 Eil Colrineor events 
"' 
N 0 
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; I I � 
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F i Q .6 Ptot 
d i stri but i on w i t h  tr igger f o r  react i o n  (2)  
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arm 2 there is a non-collinear track ( i . e .  f p2) ,  though 
having a common vertex with ( pn+n-)1 . This  gives further evidence 
of double di ffraction dissociation, It also allows a test of 

factorisation which is exclusively based on data collected with the 
same apparatus , in identical experimental conditions, and implies a 
direct comparison of rates , rather than cross-sections . The 
experimental apparatus permits i n  fact the observation of reaction 
(1) with x2 f p2 i . e .  dd , reaction (2) , s ingle dissociation in 
arm 2 pp � p1 X2 and elastic scattering pp � p1p2 . These reactions 
are related by the factorisation prediction 

(4) 

where the terms in parentheses are the various fi nal states (all 
detected in the experiment) and x1 = ( pn+n-)1 . Because of the 
symmetrical fashion i n  which p1 , p2 , x1 and x2 enter into Eq . (4) , 
effects of acceptance and of efficiencies cancel-out , and a 
relation similar to (4) holds for rates . We selected 
M (pn+n-) < 1 . 85 GeV, where the resonance centred at � 1 .7 GeV 
dominates . As shown in Table 1 the result is consistent with 
factorisation over the full t-range covered by the- arm 2 MWPC 
telescope and adds to our previous factorisation test at t � O .  
Given that the exponential slope for single di ffraction 
dissociation is  in general smaller than the one for elastic 
scattering , this result implies that the slopes for single and 
double diffraction dissociation differ in the same fashion (see (5)  

also the preliminary results presented by Goggi at this meeting ) .  

Table I .  Factorisation test 

-t range (GeV ) 
0 . 15 - 0 . 275 

0 . 275 - 0 . 1-0 
0 . 40 - 0 . 525 

(/s = 53 GeV) 
L . H . S ./R . H . S .  of Eq .4  (rates ) 

i . 12 :!" 0 . 14 
1 . 15 :!" 0 . 18 
0 . 97 :!" 0 . 15 



For the study of  reaction 
(2) we hav-e used ,.,, 7000 ev-en-ts 
obtained i n  a run at 22/22 GeV/c 
colliding beam momenta (Js = 45 
GeV) where 2x!06 triggers we� 
recorded . As for reaction (1 ) , 
the M (pn+n-) distribution is  
do mi  noted by  a peak at -1 .  7 
GeV ( fig . 7) ; a smaller 
structure is present at � 1. 5 
GeV . Similar features have 
been obs erved at incident 
laboratory momenta 10-30 
GeV/c ; spin-parity ana­
lyses of diffractively pro­
duced Nn and Nnn systems (!!) 

have led to their interpre­
tation os being dominantly 
the nucleon resonant states 
N (l688) with Jp=5/2+ and 
N (l520) with Jp=3/2- (among 
the states given by phase 
shift analyses i n  these mass 
ranges ) .  Fits of the acceptance 
corrected M (pn+n-) distribution 
with two Breit-Wigner amplitu­
des , added incoherently and 
superimposed to a fourth-order 

> 
� 
N 
0 
0 

. 
"o 

E 
z 

o l  
350 

0.1 � - I " 0.6 GeV2 

280 6 7 3 1  events 

bl  
160 0 . 1  .:s -t < 02 GeV2 

3 4 6 1  events 

L2 1.4 1.6 1.8 2.0 2.2 2.4 2 6 2.8 3.0 

M { p .,, + .,, - ) (GeV ) 

F i g . 7  Ex perimental  d i st r i butions of M(pTt'rf). 
Smooth c u rve s r e p r e s e n t  t h e  a c ceptan ce. 
B r oken c u rv e s  f i t ted reson a n ce s .  

polynomial background (much reduced i n  comparison to low energies ) 
have given for the central masses and widths of the peaks M = 
(1678±4) MeV, T= (148±16) MeV and M = ( 1500±8 ) MeV, T= (l50±50)MeV 
respectively.  This  is consistent with their N(l688) and N (l520) 
i nterpretation . Dominance of ,t.++(1236) and relative s uppression of 
a �o signal are in accordance with the I = 1/2 assignement , The 
geometrical acceptance of the apparatus has been calculated i) with 
a three-body phase-s pace description for the resonance decay and 
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-

also i i )  for a decay through 6++(1236) with isotropic production 
and decay of the /).++; these different assumptions did not affect 
the results beyond quoted errors . ·we also note that a shorter run 
with a 26 . 6  GeV/c beam in the spectrometer arm (the acceptance is 
reduced by a factor N2) and /'s = 53 GeV has provided acceptance­
corrected mass distributions and cross-sections consistent with 
those obtained in  the main run at 22/22 GeV/c . For a g iven M (pn+n-) 
the acceptance changes by no more than 10% over the t-range of the 
experiment . 

The acceptance-corrected differential cross-sections shown in  
fig . 8 suggest 1.15 ::s: M < 1 32 t32 .i;; M < 144 144 ::s: M < t56 156 .; M < 1 80 180 ::s: M < 240 
the presence of  
a structure at t 2 "' 
-t ..... 0 . 2 GeV . � 
An analogous 
observation 
has been done 
(4)for the 
reaction 
pp -> (nn+)p,  
as shown in 
fig . 9 

t 
04 04 

F i Q .9 D i ffere n t i a l  cross - section 

+ + 

04 04 
-t { GeVl) 
P P =  ( nrr+) p ( refs. 4 a nd 12)  

OB 



together with the fits by Humble (l2.) , based on a peripheral impact 

parameter description for i nelastic diffraction . According to th is 
picture , the  structure reflects the zero of the J0 Bessel function 
which parametrizes the zero helicity flip amplitude, and for higher 
masses and maximum spins of the dissocioted system gets washed out 
by the contributions from larger helicity flips . At approximately 
the t-volue where indications of o structure exist for low masses , 
a change i n  slope is observed in fig . 4b .  The fitted exponential 
slope in the -t range 0 . 14-0 . 5  GeV2 for the mass interval 1 . 6-1 . 8  
GeV, i . e .  essentially the N ( l688) , i s  b = 6 . 3*0 . 4  Gev-2 • At 24 

GeV{c incident beam momentum the N (l688) slope is 5 . 1*0 . 08 Gev-2 
(l3 , implying a shrinking with i ncreasing s which parallels the 

one for elastic scattering . 
The total cross-section for pp � (pn+n-) p  has been obtained by 

extrapolating to t=O the measured dcr/dt ( a systematic error 
arising from the uncertainty i n  the forward slope has been allowed 
for in the error assignement) .  I ntroducing a factor of two to 
account for fragmentation of either proton ,  for M(pn+n-) <2 . 5  GeV 
( from which the upwards arrows in fig . 10) one obtains 0 . 33± 0 . l  mb 
at Js= 45 GeV and 0 . 34:1:(). l  mb 
at Js= 53 GeV. A comparison 
with cross-sections at 
accelerator energies indi­
cates a decreasing s-dependence 
with i ncreasing s .  This is i n  
accord with recent FNAL results 
( l4) as well as with the i nva­
riance of the inclusive cross­
section from Js = 35 to 53 GeV 
(Eq . 3) . F its to the M (pn+n-) 
distribution g ive the fraction 
of the cross-section for reaction 
(2) which can b� ascribed to the 
structures at 1 . 7  and 1 . 5  GeV : 

10 100 1000 
PLAB (GeV/c) 

Fig . 10 Total cross-sections fo r  
p p =  ( pn•rr-) p , N ( 1 520) p a n d  N(1688) P 

at Js= 45 GeV one obtains 0 . 19±0 . 06 mb and 0 .063±0 . 02 mb respecti­
vely . Under the ass umption that the observed structures are the 
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N ( l688 ) and N (l520) and allowing for other decay modes of these 
resonances , for the reactions pp � N (l688 )p and pp � N (l520)p one 
obtains 0 . 56±0 . 19 mb and 0 .25�0. 08 mb . As one can see from fig . lOb , 
these cross-sections are practically unchanged from accelerator 
energies (the observed reduction in pp � ( prr+rr- )p is  mainly due to 
the non-resonant background ) . Also in this respect there is  a 
striking similarity with elastic scattering . 
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COHERENT DIFFRACTION DISSOCIATION OF PROTONS 

ON DEUTERIUM AT HIGH ENERGIES* 

STEPHEN L .  OLSENt 
The University of Rochester 

Rochester , New York 14627 ( USA ) 

Abstract : We have measured p-d inelastic scattering at small 
momentum transfers by detecting the slow recoil deuterons from 
a deuterium gas j et target . We find that for low masses the 
cross  section exhibits structure and is dominated by an enhance­
ment at M� - 1 . 9  ( GeV ) 2 • In the higher mas s region, 2 
M2 2; 5 . 0  (GeV ) 2 ,  we find the differential cross se ction a2�dtdM 
v�ries only slowly with energy and behaves to a good approxi�­
tion as l/M2 • 

x 

Resume : Nous avons observe la diffusion inelastique des pro­
tons sur une c ible gaseuse de deuterium. Nous avons mesure les 
impulsions des deuterons lents de recul . Pour des faibles mas ses , 
la section efficace a une structure et elle e st dominee par un 
maximum vers M� - 1 . 9  ( GeV ) 2 •  Pour des masses plus grandes ,  
M� � 5 . 0 ( GeV) 2 , nous trouvons une section efficace differentielle 
d cr/dtdM� qui varie lentement avec l 1 energie incidente et qui , 
e n  bonne approximation , se comporte comme l/M�. 

tA .  P .  Sloan Fellow 

*
This experiment was done in collaboration with : Y. Akimov, R. Cool , 

L .  Golovanov, K .  Gouliano s ,  D .  Gro s s ,  A .  Meli ssinos , E .  Malamud , S .  Mukhin, 
D. Nit z ,  H. Sticke r ,  G. Takhtamyshev, V. Tsarev , R .  Yamada and P . Zimmerman . 
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COHERENT DIFFRACTION DISSOC IATION OF PROTONS ON DEUTERIUM AT HIGH. ENERGIES 

In an experiment performed at the Fermi National Accelerator Labora-

tory, we studied the coherent inclusive reaction 

p + d + X + d 

at small momentum transfer . 1 • 2 Here we report results for m2 < M2 < 30 p x 
( GeV ) 2, at energi es ranging from 50 to 400 GeV. 

The target consisted of a deuterium gas j et placed in the internal 

beam of the accelerator. The recoil deuterons were detected in stacks of 

two s ilicon solid state detectors of thicknes s  typically 200µm for the 

front and 1500µm for the rear detector.  Only recoils stopping in the rear 

detector were accepte d ,  and deuterons were unambiguously identified by the 

energy deposited in each detector . The detectors were placed on a move-

able holder near 90° with respect to the beam direction ,at a distance of 

2. 5m from the target with each stack subtending a solid angle of 16 x 10-6 

steradians . 

At a fixed recoil angle w (measured from 9 0 ° )  the mas s  M2 i s  x 
given by 

m + P 
M2 = m2 + 2P[sinw � - _d __ ! t i l x p 2Pmd 

where P is the inci dent momentum and I t J ,  the four-momentum transfer, i s  

given by 

with T the kinetic energy of · the recoil deuteron. The data were normal-

ized by using a fixed detector stack which measured elastic scattering at 

J t l = 0 . 043 ( GeV/c ) 2 • The elastic p-d cross-section was taken to be 
2 

d � = 

( cr
t (pd )  

( l + p2 ) e-b l t l + ct2 
dt l eJI, 1611 

with cr�d the total pd cross-section and p the ratio of real to imaginary 

part of the forward elastic scattering amplitude . The parameters b and c 

were determined by simultaneous measuremeniB which were made for elastic 



scattering. 3 

The resolution in M2 is dominated by the uncertainty in the recoil x 
angle ,  6w. Detector s i ze and the width of the j et limit 6w to about ±3  

mrad . It holds that 

M2 
� 2p� 6w x 

For measurements in the low mass region ( M2 near m2) at the higher inci-x p 
dent energies we used a slit to limit the extent of the j et target ( along 

the beam direction) seen by a particular detector . This reduced 6w to 

±1 . 2 mrad . Furthermore ,  slit scattering was monitored by running a j et at 

low energy ( 50 GeV) where essentially no inelastic protons are produced 

over the useful kinetic energy range covered by the detector . Since the 

elastic scattering is so dominant , the bulk of slit scattered deuterons 

originate from the elastic peak which i s  ( practically) independent of the 

incident energy. Thus the 50 GeV slit data could be used to measure the 

background pres ent at higher energies . Use of the slit is limited to 

� � 4 GeV2 becaus e ,  to assure proper normali zation , each detector must 

also monitor elastic scattering ( i . e . ,  be located at small angles ) .  

The maximum M2 reached i s  proportional to the incident energy . x 
Since the Feynman scaling variable x, defined as Pl /P of the deuteron 

I max 
in the c .m .  system, i s  given by 

1 - x. 
M2 - m2 
2......__Q 
2md<Plab 

I l t l > 
2md 

each detector samples the same x region independent of the incident 

energy . An ideal situation for testing scaling behaviour . 

At the higher miss ing mas ses the counting rates are low and back-

ground from recoil deuterons which enter the detector stacks after re-

scattering from the walls of the scattering chamber becomes appreciable . 

We observed some recoils in the unphysical region M2 
< m2 at a level of x p 

- 3 x 10-4 of the elastic counts at the same I t  I value . This was observed 

to be independent of angle over the range it could be observe d .  To 
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correct for this we made a background subtraction which amounted to as much 

as a 15% correction to the results for the higher masses . The resulting 

cross sect ion for l t l = 0 . 035 and 0 . 05 ( GeV/c ) 2 and Plab = 275 GeV i s  

shown i n  F i g .  1 .  We note the existe nce of a prominent broad enhancement 
M x  - M e V 

> QJ 

6 

5 

938 1 4 00 1688 

•' 
, .  1 :  1 1  I I I I I I I r : I I I 

p + d - X + d  

Pla b = 2 7 5  G eV / c  

(_') 4 I I I N ,_ -!2 > QJ S? 
D E I 

D " 
b N 

D 

I r I I I r I 
3 E l ast i c  ; 

x 1/5 0 •  

2 

� 

0.5 

I I I r r r I I I I I I 

15 2 3 4 5 10 15 20 30 

Mx 2 
- G e V  2 

Fig . 1 - Differential cross sections vs . M2 for t=0 . 035 and x 
0 . 05 ( GeV/c ) 2 and Plab = 275 GeV/c . 

in the region M2 � 1 . 9  GeV2 and a small x 

2 . 8  GeV2 which is probably the N* ( 1688)  

second peak or shoulder at M2 = x 
nucleon resonant stat e .  For the 

higher masses the cross section falls smoothly approximately as l/M2• x 
We have fitted the differential cross-sections with the form 



2 -b ( s ,M2 ) (  I t ! - 0 . 0 5 )  + c ( t2 - 0 . 05 2 ) 
= A ( s ,M ) e  x 

x 

The value for c was taken from the deuteron coherence factor Fd ( t )  defined 

as 

dcr ( pd+nd) cr
2( d )  dt � _ T p 

�---- - -
2
--

dcr ( pp+pp ) GT( pp )  dt 

-b J t l  0 e 
+ ct2 

Here b = 26 ( GeV/c ) -2 and c = 62 . 3  ( GeV/c ) -4 are preliminary results 0 
from the analysis of the pd elastic scattering experiment3 . If factor-

i zation is valid ,  the relation 

should hold 

( pd + Xd) ( pp + Xp ) Fd ( t )  

at small value s of ! t i . In this case the results of the fit 

for b can be related to the corresponding slope values for the pp reaction 

bN by bN = b-b0 . Our results indicate an abrupt variation over the low 

mas s  range and a more or less constant behaviour for M2 > 5 GeV . x -
2 1 . 9  GeV , bN 

2 2 -2 2 24 GeV- , while for Mx = 2 . 8 ,  bN � 1 2 GeV and for M
x 

� 5 

GeV2 , b � 7 GeV-2 . This change from roughly twice the value for the N 
elastic pp slope parameter to half the elastic slope value has been ob­

served in pp interactions at lower energies . 4 There was no evidence for 

any turnover in the cro s s  section for values of ! t i down to - . 0 3  ( GeV/c ) 2 • 

The factori zation of the cros s-section , at least for the lower mass e s ,  i s  

demonstrated b y  comparing our results divided b y  the coherence factor with 

the results from a measurement of pp + Xp . 5 This comparison is shown in 

Fig . 2 . The data are consistent with the factori zation hypothesis at 

least to the 10-20% level . 

The energy variation of the low mass cross-section is shown in 

Fig .  3 . Here the 20 GeV data from Edelstein et al . ,  are included . 
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l t l =o . 025 

175 GeV pp data ( ref . 5 ) ;  

b )  A s imilar comparison of our 275 GeV data with the 

260 GeV data of ref. 5 .  
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Fig . 3 - A comparison of our results for (1/Fd ) ( d2cr
2 I dtdM 

at 50 GeV and 275 GeV with the x t=0 . 042 

20 GeV pp results reported in ref . 4 .  

The data are consistent with a constant cross section for the production of 

the M2 = 1 . 9  and 2 . 8  GeV2 states together with a smooth "non resonant" x 
background which decreases with energy . 

We have fit our data for M2 > 5 GeV2 to the formula x -

A
l dtdM2 x l t l =0 . 05 
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This yielded the following results 

F
lab 

M2 
range GeV

2 
D ( Mb/GeV4

) Cl 
x 

x
2

/d. f .  

150 5 . 0  - 15 . 0  4 . 38 ± 0 . 33 1 . 068 ± . 0 35 1 . 10 

275 5 . 0  - 26 . 0  3 , 63 ± 0 . 17 1 . 028 ± . 019 o . 8 3  

385 5 . 0  - 38 . 0  3 , 19 ± 0 . 15  1 . 004 ± 0 . 017 1 . 90 

The values of a obtained from the fit are consistent with unity and a fit 

with a constrained to a = 1 ( d2o/dtdM
2 

� l /M
2

) is statistically acceptable .  
x x 

These results are in general agreement with the fit of triple Regge 

formulae of Kaidalov et a1
6

. 

This experiment was carried out as a j oint effort between Soviet 

phys ici sts from Dubna and American physicists from Fermilab , Rockefeller 

UniversitJ and Rochester . Working in this international collaboration has 

been quite exciting both sc ienti fically and socially . We were ably 

assisted by the Fermilab staff, in particular Drs . D .  Jovanovic and 

P .  Marts ch of the Internal Target Lab , for which we are deeply grateful . 

Finally, we would like to thank Dr . R .  R ,  i,;_;_1son of Fermilab and 

Dr . A .  Baldin of the J . I . N . R .  for their enthusiastic support and en-

couragement . 
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PRELIMINARY RESULTS ON DOUBLE DIFFRACTION DISSOCIATIO N AND DOU­
BLE ISOBAR PRODUCTION I N  THE REACTION pp - ( p 1T + TT - ) ( p rr + rr- ) 
STUDIED WITH THE S. F . M .  AT THE CERN ISR 

G .  Goggi 
Istituto di Fisica Nucleare, Universita di Pavia, Italy 

Istituto Nazionale di Fis i ca Nucleare, Sezione di  Pavi a, Ital y 

M .  Cavalli Sforza, C .  Conta, M .  Fraternali, G .  Goggi, F .  
Impellizzeri, G . C . Mantovani, F .  Pastore, S .  Ratti, B .  
Rossini, H .  Sadrozinski, D .  Scanni cchio ( Pavia-Princeton 
collaboration ) 
Abstract : Preliminary data are presented on the reaction 
pp - ( p7r + ,.., - ) ( p rr + rr - ) studied with the SFM at the CERN 
ISR, at three energies {S = 23 G eV, 3 1  GeV, 53 GeV .  Mass 
spectra o f  the sys terns ( p n + n - ) show evidence for the 
double isobar production pp - N ( 16 88 ) N ( 16 8 8 ) . Differential 
cross sections d <>/dt are given . Comparison of slopes and 
mass distributions for double and singl e  dLssociation 
seems to support the hypothesis of factori zation of dif­
fracti ve  cross s ections . 
Resume : Nous presentons les  donnee s pre liminaire s sur la reaction 
pp (pn+n- ) ( pn+n-) obtenue s aux ISR a 3energies /s = 23  GeV, 31 GeV, 
53 GeV. Le spe ctre de masse  de s systemes (pn+n

-
) montre l ' evidence 

pour la  production de 2 i s obars pp - N( 1 688 ) N( 1 688 ) .  La c omparai s on 
des pentes et des distributions de masse  pour les di ssociations dif-­
fractive s s impl e s  et doubles montre que l ' hypothe se · de la fac tori­
sation semble etre verifiee . 
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Single and double di f fract ion di sso ciation are processes 

responsibl e  for a non negl igibl e fract ion of the t otal high e-

nergy col l i s ion cross sections .  Thei r comparison may give rel e­

vant information on the mechani sms at work ( l ) . Factorization o f  

production ampl i tudes and cross s ect ions has been test ed a t  low 

energi es to be val id for s everal react ions ( both di f fraction-l i 

ke or exchange-l ike ) at a l evel o f  about 90%
( 2 )

, In the case o f  

dif fraction di ssociation this may be connect ed with the rol e  pl� 

yed by Pomeron exchange in di f fract ive phenomena .  

We  present  prel iminary data on  the  r eaction 

pp - ( p Jr + rt - ) ( p rr + n - ) ( 1 ) 
presently under investigation at the ISR at five di f ferent  ener 

gi es , using t he Spl it  Field Magnet Detector
( 3 )

. Stat i st i cs i s � 

vai l abl e to dat e for r;; = 2 3 ,  3 1  and 5 3  GeV . 

Events  wi th low masses ( � 3 GeV) decaying symmetri cally  in the 

two opposite  teles cope·s of the SFM were tri ggered , sel'ected 

and geometrically  reconstructed . The signature of the s ix  prong 

events is characteri zed by a l arge rapidity gap between the two 

final ( p rr +rr
-

) systems imposed by a veto on charged part icles 

produced at ( 90 ± 45 ° ) .  

The events  have been fitted kinemati cal l y  to  reaction ( 1 ) .  Mo­

mentum balance with fitted and measured quant i t i es cl early 

shows a strong correl ation between rej ect ed events and miss ing 

neutral s .  

N 

300 

Fig . 1 - Reconstruct ed beam momen­
t'im for d i f f erent X 2 int ervals at {S = 53 GeV . 

Fig . 1 shows the correla­

t ion between the value o f  

the beam momentum recon-

struct ed from the fi nal pa£ 

ticles in each telescope 

and the "/., 2-value for the 

fit , as obtained at our hi­

ghest energy . 

We estimat ed that at thi s 

prel iminary stage accepting 

events fitting reaction ( 1 )  



with -X.2 � 35 is a safe criterion to select our statistical sam-
pl es. 
The X 2-distributions ( not shown) ar:e such timt a cut at X, 2= 35 
reasonably reproduces a theoretical distribution for a 4-con-
straint fit superimposed to a flat background. 
The numbers of events used in the present analysis are callee-
ted in Table I. 

23 
3 1  
53 

TABLE I 
N. of events 

')(, 2 � 35 

537 
49 8 
403 

The (p rr+ ii -) mass spectra for 
either of the two dissociated sx 
stems at the three energies are 
shown in Fig. 2. Structures a­
round 1 . 4  and 1 . 7 GeV appear o-
ver a smooth distribution domina 
ted by small-mass final states , 

These data are not yet corrected for the acceptance of the app� 
ratus and therefore some distortions in the spectra are to be 
expected. However the overall detection efficiency is a smooth 
function of M ( p 1T +1'1 -) in the interval 1. 5 GeV-2.5 GeV and 
falls off at threshold and for very large masses , In particular 
the structures in the region of N ( 1 6 88) cannot be canceled out , 
The general shape of the distribution does not vary appreciably 
in the whole energy range investigated and compares very well 
with the corresponding spectra obtained in single ( p  "/T + 1T -) ex­
citation ( 4) , 
The produced ( p 1f +71 -) systems are dominated by the presence of 
the .tl ( 1 236) isobar . The l::,.++/,o. 0 ratio in the spectra of the 
( p n-) subsystems ( shown in Fig. 3 only for {S = 23 GeV) supports 
at all energies an isospin composition of the final state consi­
stent with diffractively produced I =  1/2 systems j 1/2, 1/2 > de­
caying into a bir pair in the ratio 

R = 
_1_1 �/2�, 1�/_2_)_-_�( _b._+_+_rr_-�) 
/ 1/2, 1/2) - ( 6  ° 7r+) 

Particularly significant is the production of at least one 
N ( 16 88) isobar ( Fig. 2) , 

( 2) 

Selecting events with one of the two masses in the region of the 
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" 

50 

25 

1.4 1.8 tB 

1 1  G eV 
M I P n·rn 

2B 
M IQevl 

M !o.v) 

M IQ.VJ 

Fig. 2 - Mass spectra of the 
p 7T + rr - systems from reaction 
( 1 ) at rs = 2 3 ' 3 1 and 5 3 
GeV i both values plotted for 
each event. 

"' 

100 

2.2 2.4 2.6 
M • G o V I  

Fig. 3 � Mass distributions of 
the ( p ·rr ) subsystems for reac­
tion ( 1 )  at Ys = 2 3  GeV. 

: r-
60 
40 
20 

1.28 1 68 

N ( 1688) . ANY 1 pn·rn 
D ALL ENERGIES 
i!! 23 Gev 

2.32 2.64 2.96 
M I P  n• n-1 

Fig. 4 - Mass distribution of 
one ( p 'if  +71 - ) system for rea_£ 
tion ( 1 ) ,  the other mass con­
strained in the , N ( 1 6 88 )  band. 



N ( 16 8 8) at all energies produces a mass distribution of the com 
panion (p rr + 7f -) combinat ion as shown in Fig. 4. The prominent 
structure in the same mass region, provides a supporting eviden 
ce for the double isobar production 

pp � N( 16 8 8) ..,.. N( 1 6 8 8) (3) 
l-(p 17 + rr -) i_(p JT+ ,,. -) 

The signal f or this channel is parti cularly/clear at r; = 23 
GeV (hatched histogram in 'Fig. 4) ; however it is present at all 
energies. Similar enhancements are present also with d i fferent 
mass cuts. 
The four momentum transfer-square distributions are collected 
in Fig. 5, for all f inal state masses (Fig. 5a) and for a sam­
ple enri ched in pp .- N( 1470) N( 1 470) (Fig. 5b) . Due to a lack in 
statisti cs, at r;, = 53 GeV the latter distribution has been sub 
stituted by the useful sample (see later) enriched in 
pp -> N( 1470) X(p 1T + 7f -) ,  where X(p 7T+ 7T -) stands for any mass of 
the final state (open circles in Fig. 5b) . 

• ALL 

26 GeV 

* 1470 • 1470 
o 1470 • ANY 

+. 
lOl v 11 GeV 

11\t \ 1 5  GeV 
\ 

10 \t 
++ 26 GeV 

0 .4 .8 12 1.6 0 .4 .8 t2 1.6 
t (GeV/c)' t (GeV/c)2 

Fig. 5 - Dif ferential distributions at 
three energies for all events and for se­
lected mass intervals. Typical slopes are 
b � 4 (all) , b -v 1 2  (2x 1470 ) , b "' 6  ( 1 470 • any) 

The slopes of the 
distributions for 
all events are def i  
nitely smaller than 
those measured for 
single dissociation 
( 1) but the distri-
butions exhibit 
striking similari-
ties with them; i. 
e. 1 )  there are 
structures in dS/dt 
at values around 
. 3  + . 4  GeV/c ;  2) 
such structures 
tend to become clea 
rer with increasing 
energy. 

7 1  
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The data o f  Fig .  5 b  show that there i s  a fourfold increase in 

the exponen t i al slope for the events  enriched in low ( p  rr+ rr - ) 

masses in bo th telescopes o f  the SFM and ,  as easily expected, 

an int ermediate value of the slope b ( b� 5 ( GeV/c ) -2 ) if an in­

t egration on al l possible final masses in one t el escope is per­

formed. 

In order to further investi gate the slope-mass correlation and 

to compare the result s  with those obtained in the singl e  dif­

fractive channel 
( 5 ) 

( 4 ) 

at r;,, = 5 3  GeV , we s el ected symmetri cal masses in both tel esco 

pes and plotted in F i g .  6 the 

· . . .. !f 
1 6  G e V  

b(M) 

dep endence o f  the slope b on the 

mass M ( p rr + TT - ) for our sampl e 

at r-;; = 5 3  GeV. 

·-r 
10 

12 1.4 1..6 1.8 2.2 2A 26  2.B 

Fig . 6 - Exponential slopes as 
a fun ction of excitation mass 
a� {S = 53 GeV for singl e and 

In Fig.  6 the dashed points r� 

present values from reaction 

( 4) .  The  value o f  b for ela-

stic  scattering i s  al so indica 

ted.  On pure empirical grounds 

we observe that the behaviour 

o f  the slope-mass correlation 

is  such that in doubl e disso-

ciat ion symmetric production 

of small mass es result s  in a 

steeper slope than in singl e 

double dissociation . production o f  the same masses .  
The  elastic slope  i s  also  shown . The doubl e product ion of symm� 
The dashed region represents  
the s lope obtained in reaction 
( 1 ) ( double dissociat ion ) con­
straining one of the two masses 
in the N ( 1 470 ) band .  

tion . 

tric large masses is on the 

contrary flatter in t than the 

corresponding single produc-

We further observe that the two slope-mass functions cross-over 

at a value of b which is  not di fferent from that of the elast ic 

slope.  

It  is  very tempting to infer from these observations that reac 



tions ( 1 )  and ( 4) share a common diffractive nature and that 
the coincidence of the cross over point with the elastic slope 
may support the idea of factorization of the diffractive scat­
t ering amplitudes . 
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EXPERIMENTAL RESULTS ON LARGE ANGLE ELASTIC PP SCATTERING 

AT THE CERN ISR 

CERN - HNIBURG - ORSAY - VIENNA COLLABORATION 

Prese.nted by E .  NACY 

AJlS'rRACT 

New experi�ental resu lts  are presented on proton-proton elastic  

scattering at centre-of-mass energies IS =  2 3  CeV and IS =  62 GeV . 

The data are obt ained us ing the Spl it-Field-l!agnet detector at the 

CERN Inter sect ing Storage Rings (ISR) . The differential cross  

sect ions show an  energy dependent behaviour : the  pronounced 

d i f f raction minimum at t � -1 . 3  Gev
2 

is movin� inward s  with 

increasing energy an<1 the cros s  sect ion at the second maximum is 

increasing with IS. 
RESU'IE 

Nous pr€sentons <le nouveaux rfsul tat s expCriment aux sur la 

di f fus ion elastiq11e pp a grand angle pour des energies au centre 

de mas se de IS =  23 CeV et IS =  62 CeV . Les donnees ant ete 

obtenues avec le detecteur SFM (Aimant a Champ Fract ionne) des 

ISR (Anneaux de Col l i sions)  au CEm: . Le comportement de  la 

sect ion eff icace d i f ferent ielle est dependant de l ' energie :  

l e  minimum d i f f ract i f  observe a t � -1 . 3  GeV
2 

s e  deplace vers 

l ' interieur quand l ' energie croi t ,  et l a  section e f f icace du 

deuxieme maximum augmente avec /;. 

75 



76 

Since the f irst observation1)  of a pronounced minimum in the differential 
cross section of elast i c  proton-proton scattering at momentum transfers 
t � -1 . 3  GeV2 , it has been an open question whether this structure is 
depending on the reaction energy. 'lew data have been obtained over the 
centre-of-mass  energy range IS = 23 GeV to 62 GeV using the Split-Field­
Magnet Detector ( SFM) at the CERN Intersecting Storage Rings ( ISR) . We 
are reporting here results2) at the two extreme energies , corresponding 
to integrated luminositi�s of l . lxlo7/mbarn at 23 GeV and 2 . 3xl07/mbarn 
at 62 GeV , and discuss the observed s-dependence of the differential 
cross  section. 

The SF'! Detec.tor has been described before3) : it contains two forward 
telescopes equipped with 28 multi-wire pronortional chambers of 2 mm 
wire spacing , most of them 1 m high and 2 m wide . Each chamber has a 
vertical and a horizontal wire plane . The average magnetic field i s  
1 .  0 Tesla resulting in  a momentum resolution for elastically scattered 
protons of /::,p/p = ±0 . 04 to ±0 . 09 .  The acceptance for elastic events 
increases from about 0 . 3  at the polar scattering angle e = 15 mrad to 
about 0 . 7  at 250 mrad . The data acquisition speed is about 100 events/sec ,  

The trigger i s  defined in two steps ; a fast trigger using s ignals from 
the proportional chambers and a slow trigger using their memory levels4) . 
The fast trigger ,  requiring at least one particle in each telescope , 
results in a rate correspond ing to nearly the total pp cross section .  
The memory level trigger (decision t ime � 2 µsec) requires rough 
coll inearity of the two tracks and the absence of further tracks . It 
also determines the scattering an_gle e of the event and allows a 
0-dependent scaling-dmm ; all events with large t and only a wel l  
defined fraction of events with low t are recorded onto magnetic tape . 
The memory level logics reduces the trigger rate by a factor 100 to 1000 . 
The recorded events are passed through three analysis  programs , performing 
track recognition ,  track fitting in the magnetic  f ield and a kinematical 
f i t .  The results presented here are based on 380 , 000 (420) elastic 
events at 62 GeV and 6 3 , 000 (270) at 23 GeV ( in brackets we give the 
number of events beyond the diffraction minimum) . 



In order to determine absolute differential cross settions , we have to 
apply t-dependent acceptance corrections and an overall normalization 
factor . The acceptance of the detector is calculated using Monte Carlo 
methods .  This simulation takes into account the beam oositions and 
their size , particle traj ectories in the magnetic field , the detector 
geometry , absorption and scattering in the ISR beam tube and in the 
detector material , the trigger conditions , proportional chamber 
inefficiencies and losses in the reconstruction program and in the event 
selection. The quality of the simulation has been extensively checked 
by comparing distributions in the azimuthal scattering angle of real 
and Monte Carlo events at f ixed t value s ,  Great care is taken in 
calculating the length 9, of traversed material . The largest uncertainty 
in acceptance is resulting in this part of the calculation , and therefore 
an estimated systematical uncertainty of ±0 . 2 of the average length <£> 
is taken into account in the evaluation of the cross section .  

The absolute normalization is obtained by  collecting monitor counts 
simultaneously with data taking , A scintillation counter monitor has 
been calibrated using the Van der Meer methods) , The systematic 
accuracy of the monitor is estimated to be ±5% by comparing elastic 
scattering cross sections determined in different suhsets of the data .  

We present the evaluated cross section� in  the t-region where the beam 
tube absorption uncertaint ies do not exceed ±15% ,  i . e .  for -t > 0 . 2 GeV2 

at 62 GeV and for -t > 0 . 02 GeV2 at 23 GeV. The results are shown in 
figure 1 and table 1 .  The error bars represent (added quadratically) 
the statistical errors of the data ,  the statistical errors of the 
acceptance calculation and the estimated systematical uncertainty of 
absorption in the beam tube

*) . No background has been subtracted ; 
a study of the collinearity-x2-distribution in several t-bins has 
shown that the background contamination is •less than 5% for 
l t l ' 1 . 2 GeV2 • In the region of larger t ,  the contamination is estimated 
to be less than 3 . 10-6 mbarn/GeV2 at both energies . 

*) The systematical errors are not independent in different t�bins . 
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TABLE 1 

Differential cross section of pp elastic scattering data. 

rs = 62 GeV 

-t / H  dcr /dt * Error 
GeV2 mbarn/GeV2 

. 2 10 ', 02 . 9SS9E+Ol . 17E+Ol 

. 230 . 02 . 7SSOE+Ol . 13E+Ol 

. 2SO . 02 . S437E+Ol . 89E+OO 

. 270 . 02 . 416SE+Ol . 66E+OO 

. 290 . 02 . 3046E+Ol . 47E+OO 

. 310 . 02 . 24S2E+Ol . 37E+OO 

. 330 . 02 . 20S4E+Ol . 30E+OO 

. 3SO . 02 . 1729E+Ol . 2SE+OO 

. 370  . 02 . 1467E+Ol . 2 1E+OO 

. 390 . 02 . 1196E+Ol . 17E+00 

. 410 . 02 . lOlOE+Ol . 14E+OO 

. 430 . 02 . 8296E+OO . 12E+OO 

. 4SO . 02 . 63 19E+OO . 87E-01 

. 470  . O;! . S331E+OO . 7 3E-Ol 

. 490 . 02 . 4180E+OO . S6E-Ol 

. S2S . OS . 272 1E+OO . 36E-Ol 

. S7S . os . 1629E+OO . 22E-Ol 

. 62S . OS . 8607E-01 . 12E-01 

. 67S . OS . S038E-01 • 72E-02 
• 7 2S . OS . 2324E-Ol . 3SE-02 
• 77S  . OS . 1490E-01 . 2SE-02 
. 850 . 10 • 7742E-02 . 12E-02 
. 9SO . 10 . 207SE-02 . 39E-03 

1 . 050 . 10 . 5448E-03 . 72E-04 
1 . 150 . 10 . 9262E-04 . 20E-04 
1 . 2SO . 10 . 2702E-04 . 94E-OS 
1 .  3SO . 10 . S046E-04 . 13E-04 
1 . 4SO . 10 . 3462E-04 . 99E-05 
1 .  sso . 10 . 6 103E-04 . 14E-04 
1 . 650 . 10 . 6SS5E-04 . 14E-04 
1 .  7SO . 10 . 7026E-04 . lSE-04 
1 .  8SO . 10 . 9 147E-04 . 17E-04 
1 .  9SO . 10 . 6014E-04 . 14E-04 
2 . 100 . 20 . 5932E-04 . lOE-04 
2 . 300 . 20 . 3593E-04 . 70E-OS 
2 . 500 . 20 . 2S86E-04 . 55E-05 
2 . 700 . 20 . 1801E-04 . 40E-OS 
2 . 900 . 20 • 718SE-05 . 23E-05 
3 . 100 . 20 . 9892E-05 . 29E-05 
3 . 300 . 20 . 3849E-OS . 17E-OS 
3 . 500 . 20 . 32 16E-05 . 14E-05 

* Errors include statistical and systematical errors added quadratically. 
An additional overall scale error of +/- 5% should he added to these 
f igures at each energy . 
Warning : The systematical errors may not be independent in different 

t-bin s .  



Table 1 ( continued)  
IS =  2 3  GeV 

lit da/dt 
* -t Error 

GeV 
2 ? 

mbarn/GeV-

. 030 . 02 , 5 192F.+02 • 9 1E+Ol 

. 050 . 02 . 3%2E+02 . 5 5E+Ol 

. 07 0  . 02 . 3 228E+02 . 40E+Ol 

. 090 . 02 . 25 86E+02 . 30E+Ol 
. 1 10 . 02 . 1 860E+02 . 2 1E+Ol 
. 130 . 02 • 1 3 9 3E+02 . 15E+Ol 
. 150 . 02 • l 1 5 1E+02 . 12F.+01 
. 170 . 02 . 9079E+Ol . 90E+00 
. 190 . 02 . 8 101E+Ol . 7 8E+OO 
. 2 10 . 02 . 6066E+Ol . 64E+00 
. 23 0  . 02 . 48 17E+Ol . 49E+0() 
. 250 . 02 . 42 7 2E+01 . 41E+OO 
. 270 . 02 • 347 7E+Ol . 33E+OO 
. 290 . 02 . 2708E+Ol . 2 5E+OO 
. 3 10 . 02 . 2 1 21E+Ol . 19E+OO 
. 330 . 02 . 1 766F+Ol . 16E+OO 
. 350 . 02 . 1286E+Ol • l lE+OO 
. 37 0  . 02 . 12 14E+Ol . l lE+OO 
. 390 . 02 . 9842E+OO . 89E-Ol 
. 410 . 02 . 7037E+OO . 60E-CH 
. 430 . 02 • 6 1 5 1E+OO . 5 3F.-Ol 
. 450 . 02 . 44 16E+OO . 39E-01 
. 47 0  . 02 . 3906E+OO . 36E-Ol 
. 490 . 02 . 38 12E+OO . 32E-01 
. 52 5  . 05 . 2492E+OO . 16E-01 
. 575 . 05 . 14 7 3E+OO . 9 5E-02 
. 625 . 05 . 9 lli8E-01 . 6 2E-02 
. 675 . 05 . 6 374E-01 . 45F-02 
. 7 25 . 05 . 42 9 7E-Ol . 3 2E-02 
• 7 7 5  . 05 . 2395E-01 . 18E-02 
. 825 . 05 . 1608E-01 . 86E-03 
. 875 . 05 . 1021E-Ol . 59E-03 
. 92 5  . 05 . 6614E-02 • 36E-03 
. 97 5  . OS . 3865E-02 , 2 2E-03 

1 . 025 . 05 . 2515E-02 . 16E-03 
1 . 075 . 05 . 1504E-02 . lOE-03 
1 . 125 . 05 . 8880E-03 . 7 1E-04 
1. 175 . 05 . 4664E-03 . 46E-04 
1 . 225 . 05 . 2356E-03 . 30E-04 
1 . 27 5  . 05 . 1075E-03 . 20E-04 
1 .  3 2 5  . 05 . 5429E-04 . 14E-04 
1 . 375 . 05 . 3037E-04 . lOE-04 
1 . 450 . 10 . 8 165E-05 . 37E-05 
1 . 550 . 10 . 2067E-04 . 58E-05 
1 . 650 . 10 . 2 635E-04 . 6 5E-05 
1 .  7 5 0  . 10 . 4 384E-04 . 84E-05 
1 . 850 . 10 . 5492E-04 . 98E-05 
1 .  9 5 0  . 10 . 4582E-04 . 92E-05 
2 . 050 . 10 . 33 73E-04 . 7 9E-05 
2 . 1 5 0  . 10 . 3660E-04 . 82E-05 
2 . 250 . 10 . 29 7 3E-04 • 74E--05 
2 . 350 . 10 . 28 1 0E-04 • 7 2E-05 
2 . 500 . 20 . 2 279E-04 . 46E-05 
2 , 700 . 20 . 14 25E-04 . 35E-05 
2 . 900 . 20 . 67 1 8E-05 . 24E-05 
3 . 100 . 20 • 1098E-04 . 33E-05 
3 . 300 . 20 . 2853E-05 . 17F.-05 
3 . 500 . 20 • 2 7 2 7E-05 . 16E-05 

--

79 



"C b "O 

> 
.. <!> -.c E 

80 

100 

10 
• ' • • ' 

\ 
' 
' 

P P - P P 
VS = 23 GeV 

100 -

10 r-� 
• • 

\ >-- • ' • 
• 
• 

! I 

P P - P P  
Vs= 62 GeV 

I -

-

0.1 
• 
• 
• 
• 
• 

0.1 >--
-

10-2 

10-3 

10-4 

10-6 

• 
• 
• 
• 
• 
• 
• 
• 
• 

• 

+ 
+ +•+ t t' "t+ + 

10-4 >--

+ t t t I t 
10-5 >--

10-6 -

2 3 
- I  [GeV 2 ]  

FIGURE 1 

• 
• 

• 
• 
• 

• 

• 

I 1 
-t [GeV 2 ]  

-

-I I 2 3 

DiffePential cJ"oss sections of e fostic pI'oton-pI'oton scatteJ>ing at the 
tuJO extJ>eme ISR eneJ>gies. The eI'l"OI' baJ>s J>epI'esent s tatistical anc1 
estimated systematical eJ>I'OI'S fol' each t-bin . An addi tiona l oVeJ>a l l  
scale unceJ>tainty of ±5%  is to be added sepaJ>ately fol" each eneJ>gy . 

� 



A dominant property of the differential cross section is the narrow 
minimum near t = -1 . 3  GeV2 . This has already been observed at the three 
other ISR energies , 3 1 ,  45 and 53 GeV , by Bohm et al . 1 )  without 
conclusions on its energy dependence . Our data show clearly that the 
position of the minimum changes to lower values of ! t i for increasing 
energy as expected from diffraction on an obj ect of increasing radius .  
To determine the precise position of the minimum, we attempt to 
describe the data by a function6)  of the form 

[ l ]  

folding it  with the experimental resolution in t .  The Monte Carlo 
simulation gives one-standard-deviation resolutions of �t = ±0 . 013 Gev2 

at 23 GeV and ±0 . 028 GeV2 at 62 GeV in the vicinity of the minimum. 
Equation [ l ]  gives an excel lent description of the data in the t range 
between -0 . 6  and -3 . 6  GeV2 , the best fit values for the nosition of the 
minimum being: 

t �in - ( 1 . 44±0 . 02) GeV2 at rs =  23 GeV 

t min - ( 1 . 26±0 . 03) GeV2 at rs =  62 GeV 

The errors include the one-standard-deviation of the fit  and an 
estimated systematical uncertainty in the t scale of �t = 0 , 008 (0 , 015) Gev2 

at 23 ( 62) GeV. 

We note the fol lowing further features of the data: 

1 .  Between t = -0 . 25 GeV2 and t �· -0 . 6  GeV2 , da/dt has an exponential 
shape compatible with energy-independence.  

2 . The slope between -0 . 6  Gev2 and -1 . l  GeV2 increases with energy. 

3. The differential cross section at the' second maximum , as determined 
by averaging the experimental cross  section in a t-range of ±0 . 2 GeV2 

around the fitted maximum position ,  is rising with energy. 

4. da/dt for -t > 2 . 0  GeV2 is again compatible with energy-independence .  

8 1  
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b [GeV-2] b [GeV-2] t i [GeV2
] 

*(2nd ) [ mb � 
crtot [mb ] 

7) 
ts [-0 . 25 , -0 . 6 ]  tE:[-0 . 6 ,-1 . 1 ]  m n max GeV2 

IS = 62 GeV 1 0 , 3  ±0 , 3  1 1 , 8  ± 0 , 3  1 , 26±0 , 03 ( 7 , 2±1 , 0 ) 10 -5 4 4 , 1  ± 0 , 9  

IS =  23 GeV 1 0 , 3  ± 0 , 2  9 , 1  ±0 , 1  1 , 44±0 , 02 ( 4 ' 5±0 ' 5 ) 10 -5 38 , 7  ± 0 , 7  

Ratio 1 , 00±0 , 04 1 , 29±0 , 04 -1 ( 1 , 14±0 ,02 )  ( 1 , 27±0 , 11 ) 2 1 , 14±0 , 03 

Scaling 8) a R2 a R2 -2 a R4 a R2 
Prediction a R 

TABLE 2 

Observations 1 .  to 3 .  and the position of the minimum are summarized in 
table 2 ,  where we also show values of the proton-proton total cross 
section7 ) . The ratios of the observed quantities at IS = 62 GeV and 
IS = 23 GeV can be compared to the predictions derived from the hypothesis 
of geometrical scalings) . If the opacity of the colliding protons is a 

r function of only one variable p = R(s)  , where r is the impact parameter , 
the observed quantities should depend on the scaling parameter R(s )  as 
given in line 4 .  Property 4 .  o f  the data has been predicted in a two­
amplitude model of Phillips and Barger6 ) ; elastic scatterin� in the 
large t region is described by coherent superposition of two exponential 
amplitudes where the second one is energy-independent and the first one 
is shrinking with increasing energy. We have tested this hypothesis by 
fitting the two data sets in the range -0 . 6  to -3 . 6  GeV2 with equation [ l ]  
and imposing equal values o f  the parameters C and D for both energie s .  
The quality o f  the fit  is good a s  can be seen in  fi�ure 2 .  



0.1 

10 
dO" 
d t  

( mb 
GeV 

p p  .. p p  
o VS =  23 GeV 
• VS =  62 GeV 

A23 " ( 1 4 , 7± 1 , 3 )  mb/GeV2 

A62 " ( 31 , 8±6 , 3 )  mb/Cev2 

B
2 3 • (7 , B±O , l) GeV-2 

R6 2  • (9 , 4 ± 0 , 3) GeV- 2 

" ( 0 , 003 2± 0 , 000B) mb/Gev2 

= ( 2 , 01±0 , 11) GeV-z 

cos 4'2 3 "' -0 , 987±0 , 007 

c o s  ¢02 = -0 ,973±0,014 

FH";URE 2 

Differential cross sections for momentum transfer -t > 0 . 6 Gev2 . The 
t resolution in the vfoinity of the minimum is ±0.  07 .3 Gev2 at 23 GeV 
and ±0. 028 GeV2 at 63 GeV. The solid lines represent the best fit results 
of a vJo-amplitude mode l6J . 
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ELASTIC SCATTERING IN THE REGGEON CALCULUS 

AT ISR ENERGIES 

A .  CAPELLA , J .  TRAN THANH VAN 

Laboratoire de Phys ique Theorique e t  Particules Elementaire s ,  Orsay 

J. KAPLAN 

Laboratoire de Phys ique The orique de s Hautes Energie s ,  Par i s  

Abstract : Thi s talk contains two parts .  The f i r s t  part i s  a very bri ef 

review of some important aspects  of the Reggeon Calculus . The sec ond part 

deals with a perturbative approach re levant at pre s ent energies and its 

application to e lastic scattering . The work de scribed in thi s  sec ond part 

i s  the result of a c o l laboration between J .  Kaplan, J. Tran Thanh Van and 

mys e lf . 

Re sume : Cet expos e  contient deux parties . La premiere partie e s t  un bref 

re sume de quelque s aspects importants du Calcul de Regge ons . La deuxieme 

partie traite d ' une approche perturbative uti l isable aux energies actue l l e s  

et s o n  application a la  di ffusion elastique . L e  trava i l  decrit dans c e tte 

deuxieme partie e s t  le resultat d ' une c o l laboration entre J. Kaplan, J . Tran 

Thanh Van et moi-meme . 
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The Reggeon Calculus  is a t-channe l dynamical the ory of strong inter­

acti ons - or at least of two body proce sse s .  The first c ontribution one 

c onsiders i s  t- channel Pomeron exchange , i . e .  a pole at j = rY ( t ) ,  with 

rY ( 0 )  "°' 1 .  ( * ) In order to implement t-channe l unitarity, one c onsiders , next , 

the c ontributions of graphs c ontaining n Pomerons in the t-channe l .  In a 

field theoretical language the se diagrams c orre spond to the emi s sion of n 

Pomerons by the initial state of the t-channe l and the ir subsequent ab-

s orption by the final state . Finally, one c ons iders the graphs c orre sponding 

to the emi s sion of n Pomerons which interact among them before being ab­

s orbed by the final state . ( In the fol lowing , we shal l  restrict ourse lve s to 

3-Pomeron interactions ) .  The rules to compute the se graphs are given by the 

Reggeon Calculus Technique due to Gribov
( 1 ) 

fol lowing a method origina l ly 

introduced by Sudakov. It turns out that for a Pomeron of intercept exact.ly 

equal to one , the graphs without Pomeron interaction - called  non-enhanc ed 

graphs - are asymptotical ly non-leading as c ompared to the pole . ( This c ores­

ponds to the we l l  known fact  that an n Pome ron cut is depressed by a factor 

( lns ) -n + 1 
) . On the c ontrary , the graphs containing Pome ron interactions -

called enhanced graphs - are dominant as c ompared to the pole . ( Thi s is only 

true in the case of a triple Pomeron c oupling that doe s not vani sh when a l l  

three Pomerons are massless . In what follows , w e  shall  restrict ourselves t o  

this case ) .  The larger the number o f  3-Pomeron interactions in a n  enhanced 

graph , the more important its  asymptotic behaviour . Thus to get the asymptotic 

behaviour of a two body amplitude , one has to find the asymptotic behaviour 

of the sum of a l l  the graphs containing triple Pomeron interac ti ons . 

It i s  possible to formulate the Regge on Calculus as a non-re lativistic 

the ory for a quasi-particle ( Pomeron) , in 2 space dimensions and 1 time 

dimension,  and obtain the asymptotic behaviour of the sum of a l l  graphs using 

renormalization group technique s .  Let me remind you very briefly how this is 

done . Le t us  c ons ider the case of an input ( bare ) Pomeron with a linear tra-

j e ctory 
f"I ( q2 

T 
f"I ( 0 )  - rY' ( 0 )  q2 

T 

( * )  To begin with the Pomeron is repre sented by a ladder diagram . However , in 

the Reggeon Calcu lus , one c omputes the asymptotic behaviour of any graph in 

terms of the a;sympt0tic behaviour of the -various ladders i . e  one repla c � s  

each ladder b y  a Pomeron propagator . 



2 
where q 

T 
i s  the tranverse momentum transfer ( at high energie s  t - q T ) .  

Defining an " energy" E equal to 1 minus the angular momentum, ,,, ( q2 
T ) , one 

gets 

( 1 ) 
2 

,,,• ( 0 )  q T + 1 - Of ( o ) ,  
which i s  analogous to the equation of  a non-re lativistic particle  with mas s  

m = 1 /2 Of '  ( 0 )  and energy gap 1 - Ol ( 0 ) . The important point i s  ohat one 

gets from the Gribov rules for the Reggeon diagrams that the energy E i s  

c onse rved at the three Pome ron vertices ( this i s  only true when 2 of the 

3 Pomerons form a c l osed loop , i . e .  when one c onsiders a two body proce s s ) .  

The next step i s  to assoc iate a quantized field t (X, t )  to the quasi­

partic l e  ( Pomeron) . Here t i s  the Fourie r  c onjugate of the energy E- c on­

served at the vertic e s  - and X are two space dimensions Fourier c onjugate 

of q - which is obvious ly also  c onserved at the vertice s .  Fina l ly ,  one 

writes a Lagrangian for the fie ld w (X , t ) . Its non-interacting part i s  de­

termined by the fact that the equation of motion coincide with eq . ( 1 } .  For 

the interac ting part , it is possible ( 2 ) , ( 3 ) to write a cubic term in such 

a way that the Feynman rules assoc iated to it - together with the commu­

tation rul e s  for the field - are identical to the Gribov ' s  rul e s  for the 

Reggeon graph s .  

It can b e  seen from eq . ( 1 ) that if the Pomeron intercept i s  exactly 

equal to one , i . e .  Ol ( 0 )  = 1 ,  one has E ( 0 )  = 0 .  Then,  the c onservation of 

E at the vertic e s  impli e s  that the s ingularities  of the Reggeon graphs 

pi l e  up at E = 0 .  One encounters an infrared problem which has been s o lved 

using group renormalization technique s .  With the se techniques one gets ( 3 ) ,  
( 4 )

the following asymptotic behaviour of the total cross-section 

( 2 ) cr T 
( s )  

'T1 11 - 1 /2 
C 

1 
( ln s )  + C 2 ( ln s )  + . • •  

Here 'T1 i s  a critical exponent , independent of the quantities appearing in 

the lagrangian. 

We sha l l  not discuss the asymptotic solution ( 2 )  any furthe r .  Our aim 

i s  to argue that thi s s o lution is not valid at pre sent energie s  and to de­

ve lop a perturbative expansion r e levant at those energie s .  The fact that 

one should not expe c t  the s o lution ( 2 )  to be valid at ISR energie s  with 

only a few terms , can be made plausible by the following argument . Let us 

c onsider the Y-graph and the loop graphs (figs 1 b  and 1 c ) .  The latter 

behaves asymptotically as ln s and it is one of the graphs that build µp 

the first term in eq . ( 2 ) .  The Y-graph has an asymptotic behaviour in 
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ln ln s and c ontribute s  to the sec ond term in eq .  ( 2 ) - and not to the 

first term. However ,  at JSR energie s  the c ontribution of the Y-graph i s  

one order o f  magnitude larger than that o f  the loop graph . Thus one does not 

expects  c2 in eq . ( 2 )  to be smaller than c1 and in general a great deal of ( 7 )  
terms in eq . ( 2 )  wi l l  be needed a t  ISR energi e s . The l o o p  graph i s  propor-

tional to the dimensionl e s s  quantity ( r2/1 6n ry1 ) ln s ,  where ry1 is the Pome­

ron s lope and r the triple Pomeron c oupling .  With ry1 � 0 . 25 GeV-2 and the 

value of r obtained ( 5 ) from inclusive pp � pX data in the diffractive re­

gion, one gets for thi s quantity 0 . 01 ln s which explains that even at 

the highe st ISR energi e s  ( ln s � 8 )  the loop graph c ontributi otl is very 

smal l .  This provide s the justification for a perturbative expansion,  the 

gra phs containing the sec ond power of r being a lready very sma l l ,  even at 

the highe st ISR energie s .  In thi s  perturbative approach th� only diagrams 

that are important up to ISR energie s  are those  shown in fig.  1 .  The dia­

gram 1 a  - 1 c can be c omputed when one knows the Pomeron traj e c tory, the 

parti c le-partic l e - Pomeron c oupling and the triple Pomeron c oupling ( as 

indicated above the latter can be obtained from inc lusive data ) . In order 

to c ompute the diagrams 1 d  without introducing extra parameters , one can 

use duality arguments for the Pomeron-particle amplitude , i . e . ,  the energy 

integral of the imaginary part of the se  amplitudes is replaced,  at low ener­

gie s ,  by a sum of resonance s  and at high energies by ( i ntegrated ) Pomeron 

exchange ( for detai ls  see ref.  5 ) .  I am not going to discuss the phenomeno­

logical appl icati ons of thi s perturJative approach in any detai l .  I shall  

refer to the  original publi cations ( 5 ) . Le t me  indicate here  the main results 

and c ompare them to the asymptotic solution ( 2 ) .  

First of all  it turns out that for a large range of values of the para­

meters , the c ontribution to , say, the total proton-proton cross-section of 

the sum of all the diagrams in fig.  ( diffractive term) i s  not  very far 

from a linear form in ln s ( a  + b ln s ) .  Thus , if one has to explain the ob-

served rise of pp � with such a diffrac tive term, its extrapo lation to c on-

ventional ac c e larator energies wi l l  give a c ontribution much sma l ler than 

data ( se e  fig . 2 ) .  Therefore , in order to describe the data at all  energies  

one has to introduce secondary Regge traj e c tories with a large exchange de­

generacy breaking . In this way , one obtains a good fit of the data on both 

�T and Re /Im for proton-proton scattering with only four parame ters . The 

re sults are shown in figs 2 and 3 and detai ls  of the fit are given in the 

Figure Caption.  De spite the large exchange degeneracy breaking exhibi ted in 
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The graphs in the Reggeon Calculus that are important up to !SR 

energie s . 
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F i g .  2 

Proton-Proton total cros s-section. The curve i s  a fit c ontai ni ng 

four parameters : two for the diffractive term - the Pomeron inter­

cept and the p-p-P c oupling - and two for the f Regge traj e ctory -

intercept and residue . ( the c ontributions of the w, p and A
2 

Regge 

traj ectories  were obtained from difference of nuc leon-nuc leon 

total cross-sections ) .  The ( nearly) straight line i s  the c ontribu­

tion of the diffractive term with ry p ( O )  � 1 . 1 3 .  The value of this 

diffractive term at 1 5  GeV/c is 27 mb . Note the large exchange 

degeneracy breaking . 
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fig. 2 , one gets the c orrect  shrinking of the diffractive peak with a c on­

ventional value of the Pomeron s lope ( ry1 0 . 25 GeV-2 ) .  The intercept of the 

Pomeron turns out to be apprec iably larger than one , ry p ( O )  1 . 1 3 .  With thi s  

value of the Pomeron intercept it  i s  possible t o  de scribe the data o n  total 

cross-secti ons for a l l  e lastic i-eactions . ( s e e  sec ond re f .  in ( 5 ) ) .  

Fina l ly ,  let me c ompare the above r e sults with the asumptotic solution 

of referenc e s  ( 3 )  and (4 ) ( eq .  ( 2 ) ) .  The rel evant que stion i s  the following 

what is the position of the final J-phase singularity that c orre sponds to the 

intercept of the bare Pomeron we have found ( � p ( O )  � 1 . 1 3 ) .  In the first 

reference s  ( 3 )  and ( 5 ) and in ( 6 )  a formula was given that allows one to 

c ompute the renormalization of the Pomeron intercept due to the insertion of 

Pomeron loops in the Pomeron propagator , as a function of the triple Pomeron 

c oupling r. In the Reggeon Calculus this renormalization is negative , i . e .  

tends to take the Pomeron intercept back t o  one . Howeve r ,  acc ording to that 

formula,  thi s  renormalization effect i s  very sma l l  - of the order of 1 0-2 

for the experimental yalue of r - and therefore the interc ept of the bare 

Pomeron obtained above is practically unchanged and we l l  above one . Thi s i s  

different from the c a s e  studied in referenc e s  ( 3 ) ,  ( 4 )  where one choose s to 

have the renormalized Pomeron exactly equal to one . Had we made the same 

choice we should have had a diffractive term that does not increase at a l l  

with s in the whole ISR energy region ( 5 ) 

I n  our s o lution, due to a Pomeron intercept larger than one , the s­

channe l iterati ons (fig . 1 d ) - which were non leading in the asymptotic 

s o lution ( 3 ) , (4 )  - become c rucial at asymptotic energie s  in order to re store 

the Froissart bound . In fac t ,  one expe cts at ultra high energies a behaviour 

in ( ln s ) 2 . At ISR energi e s ,  we have seen that a behaviour approximately 

linear in ln s is obtained instead . 

In conc lusion the perturbative approach we have advocated,  appears to 

be a good candidate to describe physics  up to ISR energie s  with a small 

number of parameters . Howeve r ,  the results we have obtained in the frame­

work of this perturbative approach do not support the asymptotic so lution 

of tlE Reggeon Calculus , with � Pomeron intercept chosen exactly equal to one . 
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Ratios of Real over Imaginary parts of proton-proton and proton­

antiproton scattering .  The curves are the result of a fit with the 

same four parame ters of Fig . 2 . 
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F i t  of differenc e s  of total cross-secti ons using universality .  

The be st fit give s  � w( O )  = 0 . 40 , � 
0

( 0 )  

the sec ond paper i n  ref . 5 ) .  
0 .  57 . ( par details  see  
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HOW MUCH CAN WE TRUST THE REGGEON CALCULUS? 
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Abstrac t :  Some questions are rai sed regarding the generali ty of  
recent solutions of  the  reggeon calculus near J = 1 and their im­
pli cations for  the h igh-energy behaviour of the e l as tic s catter ing 
ampli tude . 

Resume: Quelques ques tions se posent a propos de l ' applicab i li te 
generale des solut ions r ecemment trouvees au calcu l  des reggeons 
autour de J = 1 et  de leurs consequences concernant la dependance, 
aux hautes energies , de l ' ampli tude de d i ffusion elasti que.  

* )  A . P .  Sloan Foundation Fel low 
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I would like to make a f ew short remarks in the hope o f  s timulating the 
discussion of an important and as yet incompletely answered ques tion , 
namely : To what extent can the reggeon calculus be thought of as a theory 
complete enough to tell us something fundamental about hadron s cattering at 
high energies ? 1 ) What I have in mind specifically is the question ,  To what 
extent is s-channel unitarity incorporated in the calculus ? (s is the asymp­
totic variable) . 

To draw attention to the elements of the prob lem, I refer to Fig.  1 ,  

which in my view shows the relationship between the various developments of 
the calculus . The bas ic motivation of the reggeon calculus was a set of J­
plane discontinuity formulas whi ch follow from the assumption of the exis­
tence of a factorizable Regge pole and from t-channel unitarity ,  proj ected 
and continued into complex t-channel angular momentum J z ) . The formulas 
resemble rather closely the unitarity equations one would write in a non­
relativistic theory with energy E = 1 - J and two-vector momentum kT ' the 
transverse momentum transfer . Hence they could as well be cal led J-plane 
unitarity equations . The Regge poles in these equations are supposed to be 
physical (fully renormalized) s ingularities . These equations are,  of course ,  
very difficult to  solve directly . However , just as  ordinary Feynman per­
turbation theory can be thought of as a clever way of cons tructing solutions 
to ordinary unitarity, one can imagine seeking a corresponding "solution" to 
the J-plane unitarity equations . Such a solution is the reggeon field 
theory , a non-relativistic Lagrangian f ield theory 3 ) . The perturbative so­
lution to the theory has a graphical representation called the reggeon cal­
culus and can be shown to satisfy the J-plane discontinuity formulas order­
by-order in the perturbation theory , where the Regge poles in this  case are 
the bare (unrenormali zed) s ingularities . Of course , as with ordinary f ield 
theory , one is mainly interes ted in the properties of the solutions to the 
reggeon f ield theory . Recently , powerful field theoretic techniques (re­
normalization group) have been applied in an attempt to find one extremely 
interes ting property of the full solution , namely , the nature of the J-plane 
singulari ty at J = and the corresponding ultra-high-energy behaviour of the 
elas tic scattering ampli tude4 ) . The result is that the elastic  s cattering 
ampli tude has the ultimate asymptotic behaviour 

A (s , t) � i s ( log s ) n F[ t ( log s )v] , 

where µ and v are determined. 

As I see it, there are two basic  theoretical problems connected with 
the reggeon f ield theory . The f irst  i s  the usual problem of which 

( 1 )  



Lagrangian to choose .  There are many alternatives which lead to solutions 
of the J-plane discontinuity formulas . My friends who work with the reggeon 
field theory tell me that this does not lead to a great deal of arbi trari­
ness  in the values of µ and v, because these quanti ties are mys teriously 
independent of the f ine details of the Lagrangian5 ) . However , certainly the 
rate of approach to the asymptotic behaviour (1) i s  affected by the choice 
of Lagrangian , and s o ,  therefore ,  i s  the energy beyond which the solution 
can be compared with experiment . The second problem is whether the reggeon 
f ield theory incorporates s-channel unitarity.  Since the J-plane discon­
tinuity formulas arise from t-channel unitar ity , one might well ask whether 
some essential information is being omitted from an approach devoted s trictly 
to the J-plane . Some well-known s-channel cons traints are eas i ly trans­
lated into the J-plane language . The Frois sart bound , derived from elas t ic 
s-channel unitarity,  forbids singularities to the right of J 1 ,  or so 
s trong as to cause the elas tic amplitude to grow faster than s (log s) 2 • 
Thus i t  is possible a posteriori to l imit the choice of Lagrangians in the 
reggeon field theory (or the nature of solutions sought) so that the re­
sults are not in plain contradiction to s-channel unitarity ; but , s ince 
bounds like Froissar t ' s  need not expres s the full content of s-channel uni­
tarity (who can say that inelas tic  unitar ity might not give a more s tringent 
bound? ) , one can never be completely sure that a g iven restriction on the 
Lagrangian is adequate . 

To put the s-channel problem in a more vivid light, i t  is interesting 
to consider yet another route to the reggeon calculus . This route s tarts 
with ordinary perturbation theory (Fig . 1 ) . Historically,  this  approach 
predates the reggeon f ield theory6 ) . It  is well known that in some field 
theories , e . g .  A�3 , sums of ladder graphs lead to Regge poles . Thus one 
might imagine a s cheme in which graphs in a given field theory are summed in 
a particular order so that ladders are summed first . This would then lead , 
if done properly 1 ) , to a perturbation theory in which the bas ic propagators 
were Regge poles and the basic amplitudes , multi-reggeon scat tering ampli­
tudes . It is thought that doing a J-plane proj ection of these amplitudes 
then leads to the d iagrams in the reggeon �alculu s .  Although no one has 
ever done i t ,  one could well imagine a s imilar exercise s tarting with the 
dual resonance model ,  focusing on the Pomeron s ingularity .  The vertices in 
the reggeon calculus obtained in this way are more complicated than those 
usually chosen for the reggeon f ield theory -- they have s tructure .  [The 
general form of such an expansion has been used as a bas i s  for phenomeno­
logical applications 7 > . J 
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What is interest ing about this particular approach i s  that i t  s tarts 
with a model which , at leas t in a perturbative sense ,  satisfies both s- and 
t-channel unitari ty . Consequently , one might expect to use i t  to learn more 
about the relationship between s-channel cons traints and the reggeon cal­
culus . For example,  let us consider elastic  s-channel unitarity.  A par­
ticularly interes ting case is the model of Cheng and Wu which involves a 
bare Pomeron with an intercept above J = 1 a )  Such a s ingularity is in 
conflict with elastic  unitarity .  But cons istency is  res tored i f  the Pomeron 
is i terated in the s-channel s ense (Fig . 2 ) . For s implicity ,  let us con­
s ider a bare pole with zero s lope , located at J = 1 + E .  The "cuts" formed 

H + � + �+ · . . 
F i g .  2 s-channel i teration of a s ingle reggeon 

from the bare pole are actually poles in the zero slope limit , the n-Pomeron 
"cut" being located at J = 1 + nE . The ser ies in the s-plane for the imagi­
nary part of the elastic ampli tude can be represented s chematically as 
follows : 

134 1 +2 E  136s l+ 3 E  
I m  A '- ' = " , . l +E - " _s ___ + ----

,, ,_, 2 ! 3 !  

whi ch can be  summed exactl:i t o  v ld 

(2 ) 

(3) 

which is  somewhat like the exponentiation obtained by Cheng and Wu. Although 
individual terms in the ser ies rise fas ter than s 1 , evidently the total does 
not .  This exercise in algebra thus imitates the mechanism by which the 
eikonal series leads to an amplitude obeying the Froissart bound . Now let 
us do the same summat ion in the reggeon cal culus . Projecting the series 
term by term one obtains 

132 134 1 + it A (J )  = 
J - l - E - 2T J - 1 - 2E 3 ! J - 1 - 3E 

whereas for the sum (3) , the J projection i s  s imply 

A(J)  J : 1 + f (J ) ' 

( 4) 

(5)  

where f rs entire in J .  The sum or the proj ected terms (4)  is  nicely con­
vergent , but it is not at all like the proj ection of the sum of the terms 

(5) .  In o ther words , summing the infinite series does not commute wi th the 
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J-plane proj ection . "Exponentiation" does not trans late into the J-plane 
language .  The mathematical reason is fairly obvious -- in order to do the 
J-plane proj ection correctly , one must proj ect at a value of J to the right 
of all s ingularities , which is  clearly impossible term by term in the series 
s ince there are s ingularities arbitrarily far to the right . (There is no pro­
blem in converting to the J-plane when E < 0 . )  Also the field theory in the 
J-plane does not make much sense ,  because the b.are singularity with inter­
cept above one corresponds in the field theory to a particle with negative 
rest energy , i . e . a sort of tachyon . 

Thus we conclude from this elementary example that requiring that a 
theory makes sense in the J-plane may be so restrictive as to eliminate from 
cons ideration a number of interesting models , such as that of Cheng and Wu . 
At the same time , we conclude that the full content of s-channel uni tari ty 
is probably not capable of a d irect trans lation into the J-plane language .  

S o  what can we  d o  with the reggeon cal culus? One possibility is t o  
find a way around the exponentiation problem. Cardy has a model with a bare 
intercept above J = 1 ,  and shows that with a clever choice of the n-reggeon­
to-m-reggeon coupling it is pos sible f irs t to exponentiate and then to pro­
j ect into the J-plane and ob tain a factori zable s ingularity at J = 1 in 
terms of which the reggeon field theory is then developed8 ) . The key pro­
blem is to obtain a factorizab le s ingularity ,  since without factorization 
the reggeon diagrams do not make sens e .  However , Cardy ' s  trick works only 
for an unusual n-to-m-reggeon coupling . In general one would not expect ex­
ponentiation to yield a factorizable s ingularity at J = 1 i o ) , 

Another possibi li ty is to view the reggeon calculus only as a pertur­
bation theory for a l imited range in log s .  However , one would then be 
abandoning the hope of learning something about very high energy behaviour . 

A third pos sibility would be to res trict  one ' s  attention to Lagrangians 
which make sense in the J-plane . However , one cannot then claim that the 
results are generally valid .  
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HIGH-ENERGY SCATTERING AS A CRITICAL PHENOMENON 

R .  SAVIT 

CERN - Geneva 

Abstract : Asymptotic ( large s ,  sma l l  t ) s cattering can be s tudied as a 

critical phenomenon, akin to the infra-red behaviour of mass l e s s  field 

theorie s ,  or the study of phase transiti ons in stati stical mechani c s . The 

Reggeon calculus provides a framework for the discussion.  The important 

c onc ept of universal ity is described,  and it is sugge sted that the asym­

ptotic behaviour of scattering amplitude s may be independent of the de­

tai l s  of the physi c s . Lattice and field the oretic  methods for the c alcul­

ati on of critical exponents are explained and results are pre sented . Final­

ly , phenomenological impl icati ons for present energies are outline d .  

Resume : La di ffusion asymptotigue ( grand s ,  pe tit t ) peut etre etudiee 

c omme un phenom€ne critique , apparent8 au comportement infrarouge des 

theori e s  de champ a masse nul l e , O U  a l ' etude de s transiti ons de phase en 

mecanique stat istique . Le calcul des Reggeons fournit un cadre a cette 

discus s i on .  Le c oncept important d ' universalite est  dec rit ,  et  on suggere 

que le comportement asymptotique des ampl itude s de diffusion peut etre 

independant des details  de la physique . Des methodes theorique s des re­

seaux et de la theorie des champs pour le calcul des exposants critiques 

sont expliquee s  et  des resu ltats s ont presente s .  Finalement , les  implica­

ti ons ph€nom€no logiques pour l e s  energies actue lles  s ont d€crite s . 
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1 .  INTRODUCTION 

Why should the theory of critical phenomena,  phase transition s ,  long-

range order and s tuff l ike that have anything at all to do with high-energy 

scattering? In order to understand where such ideas might be applicable ,  

let u s  start  a t  a very intuitive , almost kinematical level.  

Many of the notions developed for high-energy physics during the past 

several years have reflected our bias that when you hit something hard , it 

usually gets a big kick sideways , while a glancing blow generally does not 

impart much transverse momentum . Certainly in two dimensions it is  true:  

events with large transverse momenta are sensitive to small impact 

parameters -- or , more precisely, to structure over small transverse dis-

tances -- while near forward events are insensitive to this s tructure , and 

tell us something about larger impact parameters . In the longitudinal 

direction we can make a s imi'lar argument . When we perform a Fourier trans-

form we always have factors l ike 

exp 

exp 

i{Et - p x - p • � } II H .!.. .!.. 

i {i(E + p 11 ) (t - x 11 ) + i<E - p 11 ) (t + x 11 ) - t • �J . ( 1) 

Assuming that the integrand is n<>t too pathological ,  the major contribution 

when integrating over d4x ,  will  come when the obj ect in brackets is not 

too large . When the energy (or s) and p.L 
are both large , then I E  + p 11 I and 

I E  - P ,, I are both large which means that I t - x 11 I  and I t + x ,, I  are both 

small ,  so that l t l and l x ,, I  are both small .  Thus all the components of xµ 

are small .  On the other hand , when s is  large but p .L 
is small , s imilar 

reasoning shows that all components of xµ are large . (For small  s we have 

a mixed case -- one of l x ,, I  or l t l is small ,  while the other is large . ) 

Consequently , high-energy , small p .L 
scattering appears to have the charac-

teristics of an infrared problem in that this kinematic regime is sensitive 

only to the large wavelength s tructure in coordinate space .  As we move out 

of this regime -- either to larger p.L or to smaller s ,  we become more 



sensitive to the short distance s tructure -- that i s ,  to the details of the 

physics . 

This argument suggests that , if we are interested in large s ,  small t 

physics , it might be useful to borrow techniques from other areas of physics 

which have dealt with, infrared problems . Two such areas are f ield theory -­

e specially f ield theories with massless particles , and s tatistical mechanics 

-- especially the s tudy of phase transitions . Both these disciplines s tudy 

critical phenomena, or the appearance of long-range ordering in a system, 

which is the infrared problem. 

To apply the techniques of these fields to high-energy scattering , we 

need to f ind a convenient language in which to talk about our problem -- a 

language into which we can clearly translate field theory or statistical 

mechanics . Let me briefly describe two such languages , both of which are 

based on the reggeon calculus' ) . I want to emphas ize that while these 

languages seem to be rather specific models , the answers to the questions 

which we shall ask of them are expected to be pretty much model independent 

-- universal ,  in the s tatistical mechanics parlance .  Indeed , we should 

expect that other languages will also manife s t  critical behaviour . At the 

end of the talk, I will give an example by showing qualitatively how we may 

expect to see a phase transition exhibited in the language of the Feynman 

fluid analogy. 

The techniques of field theory can be used if we talk about high s 

small t scattering in terms of the Reggeon f ield theory 1) . This theory , in 

its usual form2 • 3 ) , looks like a non-relativistic field theory in two-space 

and one-time dimension with a _particle,  the po�eron , represented by a com­

plex f ield , ¢ .  Its propagator is of the form 

i (2 )  
E - a 1k2 - 6 + iE 

E = 1 -j = 1- [angular momentum in the t-channel] and k2 = -t = ( transverse 

momentum) 2 •  The coordinate space variables are b = impact' parameter ( space) , 
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and T = i ln s ( time) . The propagator blows up when we are on the pomeron 

trajectory, thus , 6 = 1 - a ( 0) plays the role of- a (mas s) 2 [sort of a p 
relativistic (mass) 2 -- the non-relativistic mass is l/Za' . ]  The theory 

has a three-point coupling , 

Fig.  1 
with a purely imaginary coupling constant . The phase of t1»' coupling con-

stant is dictated by the fact that the pomeron has positive signature and 

an intercept near one .  This field theory has the virtue that it explic itly 

satisfies the discontinuity equations of t-channel unitarity4) . 

To calculate the behaviour of , f or example , the elastic-scattering 

amplitude , we mus t ,  in general include contributions not only from the 

single pomeron exchange [Fig . Za] , but also from other diagrams , such as 

those shown in Figs . Zb, c ,  and d .  

(a) (b) (c) (d) 

Fig .  2 

If the pomeron intercept is at one'') , so 6 = 0 (massless pomeron) , then all 

these graphs are a priori equally important ,  since they all contribute to 

an angular momentum plane singularity which is at one for t = 0.  This is  

how the infrared behaviour of large s ,  smal l  t scattering manifests itself 

in the reggeon f ield theory. Recall , for comparison , that in QED an elec-

tron undergoing a mild acceleration can emit any number of zero mass photons 

which can propagate over large distances . The amplitudes for all  these 

emissions have singularities in momentum space at k2 = 0 .  I n  the same way 

a particle scattering near t = 0 can emit any number of zero mass pornerons 

*) Actually, we want the renormal ized porneron intercep t to be at one .  The 
distinction is not important for this  intuitive d iscuss ion . 



with singularities which p ile up at the "momentum" space origin E = k2 = O 

of the reggeon field theory .  The massless pomerons also  propagate over 

large distance ,  i . e .  relatively large � and large ln s .  In Section 2 

I will briefly describe the technique , the renormal ization group (and the 

s-expansion) which is used to obtain information about these problems . 

Let  us now turn to the second language , which can be used to translate 

statistical mechanic s .  This language is a lattice version of the reggeon 

calculus -- in particular , a latticization of the reggeon field theory5) . 

To construct this language , you write down your original field theory , and 

make space and time take on discrete value s .  Derivatives of f ields that 

appear in the Lagrangian then become differences of field values at nearby 

points in space and time. For example ,  a derivative like 3 ¢3µ¢ , which µ 
appears in ordinary ¢4 theory become s ,  on a lattice � ¢ i¢i+t + local terms , 

where the fields ¢i are the field values at the ith lattice site . Now in 

the usual field theory , ¢ can take on values in the range ( -00 , 00) . But 

this is sometimes an inconvenient measure for lattice calculations , so one 

often changes the measure, for example letting -1 S ¢i S 1 ,  or even just let­

ting ¢ i = ± 1 .  With this last choice , Eucl idean ¢4  theory when placed on a 

lattice looks just like the standard Ising model with nearest neighbour 

interactions 6) . 

Now why do we want to bother to put the theory on a lattice? There are 

really two reasons7 ) : 

i) The nature of critical behaviour in the field theory , i . e .  the infrared 

behaviour , may show up on the lattice as a phase transition , and the 

nature of this critical phenomenon is of ten more transparent on the 

lattice than the associated critical phenomenon in the field theory . 

ii) There are techniques which are applicable to lattice theories , but 

which cannot be used in the continuum limit for the calculation of 

certain quantities , the critical exponents of the theory. So, if we 
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can argue that the lattice theory and the continuum theory are in some 

sense the same �which really is not at all obvious given how we have 

chopped up the system to put it on a lattice) , then we can use statis-

tical mechanics techniques to learn about , in our case , the reggeon 

calculu s ,  or more generally large s small t scattering , 

In the next section I will talk about critical behaviour in field theory , 

in particular , in the reggeon f ield theory . Included is a description of the 

renormalization group and the c-expansion .  I n  Section 3 I will d iscuss 

critical behaviour in statistical systems . The focus of most of this section 

wi ll be a lattice formulation of the reggeon calculu s ,  and a discussion of 

phase transit!ons and the high temperature expansion. At the end of Section 

3 I will qual itatively describe how another s tatistical formulation of high 

energy scattering , the Feynman f luid , may be related to the reggeon calculus . 

Finally, the standard conclusion and comments sec tion is the fourth one .  

2 .  CRITICAL BEHAVIOUR IN REGGEON FIELD THEORY 

There are two important properties of critical phenomena which I want 

to emphasize in this and the next section s :  scal ing laws and universality. 

The importance of these ideas will become clear as we go along . 

In field theory , an approach which we can use to help understand the 

infrared problem is the renormalization group6) . The idea is really quite 

simple :  when you do f ield theory you have to do renormalization. The re-

normalized theory contains a normalization point , some value of the momenta  

at which certain Green ' s functions are defined . The unrenormalized theory 

contains no information about the renormalization procedure ,  so 

0 ' (3 )  

where EN labels  the normalization point , ru is  any unrenormal ized Green ' s  



function , and the differentiation is carried out holding the bare parameters 

( coupling constants) f ixen . This is the renormalization group equation . 

Now we can write fu in terms of the renormalized Green ' s  function fR 
and the renormalized coupling cons tants . Doing that and using the chain rule 

of differentiation , we can write ( 3 ) as a differential equation for rR. 

Thi s  equation can be solved and gives us a general form for rR a) .  For the 

Reggeon field theory, the renormalization group tells us that the leading 

behaviour of the Green ' s  functions in the infrared l imit [E . ,k .  + o] is  1. 1. 

+ + (E . ( * ) k . • k .  J x F � , (E) -v g _2:____J_ a' , g* n,m E EN + • • •  (4)  

* E + 0 such that the Ei/E stay finite,  g i s  some value of the renormalized 

triple pomeron coupling called the fixed point value, and n (g* ) and v (g* ) 

are indices of the theory called the critical exponents .  d is the number of 

space dimens ions (for the reggeon field theory , physical d is 2) , and n and 

m refer to the number of external legs of the connected , one-pomeron irre-

ducible,  renormalized Green ' s  function. 

�n,m) 

The scaling form of the Green ' s  functions ( 4 )  is an important property of 

the solutions of the renormalization group equation in the infrared limi t ,  

and a s  we shall see has i t s  counterpart in the theory o f  phase transitions 

in s tatistical mechanic s .  

Now it  i s  a fact that the infrared behaviour o f  these Green ' s  functions 

can be exactly determined when d = 4 .  For d 4 ,  g* + 0 n (g* ) + 0 ,  and 

v ( g* ) + 1 .  1;; 
Away from d = 4 ,  g* � £ 2 where £ = 4 - d .  Likewise the 
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deviations of n and v from their canonical values of 0 and 1 can be expressed 

as a power series in E .  So the hope is  that if  E is  in some sense small ,  we 

may be able to get reliable estimates of n and v by computing only one or 

two orders in the E-expansion . There are only two hitches : i ) E = 2 for 

d = 2 , which is the point of phys ical interes t ,  and 2 is  generally not a good 

expansion parameter ; ii )  in a�y event , the E-expansion probably does not 

converge and may be only an asymptotic expansion .  Therefore , we must  trun-

cate the series someplace ,  but a priori we do not know where . Nevertheles s ,  

we can keep our fingers crossed and calculate n and v t o  some order in  E .  

This has been done t o  order E2 a , • ) and the results are shown in  the second 

and third columns of Table 1 .  

Table 1 

Exponent High-temperature expansion O ( E ) 0 (E 2 ) preferred range 

n � � 1 0 . 17 0 . 38 

v l� � 2 1 . 08 1 . 18 

Now remember that in the reggeon field theory E is 1 - j .  So if  we 

Mel lin transform ( 4 )  with respect to E we can deduce the contributions of 

the rR to the asymptotic elastic cross-section . As long as n < (2/d)v l o) 
the Green ' s  function f�1 ' 1 ) ,  the renormalized pomeron propagator , dominates 

the large s ,  small t amplitude , and gives 

( 5 )  

Bes ides the general scaling form of the solutions ( 4 )  and (5 ) in the 

infrared limi t ,  there is another important property of these functions . 

That property goes under the name universality 6 • 1 1 ) and states that ,  within 

certain limits , the critical exponents of the theory ( in our case n and V) 



are independent of the detailed nature of the theory . Put another way , any 

theory with the same symmetry properties constructed in the same number of 

dimens ions has the same infrared behaviour , in that the critical exponents 

are the same . There is no general proof of this property , but studies of 

various theories indicate that i t  is generally true . For instance , if  we 

add to the reggeon field theory Lagrangian a bare quartic coupling or to the 

bare traj ectory a term cr k4 , n and v are unaffected2 )  (at least to each 

order in E ) . The reggeon field theory has often been criticized as being 

rather arbitrary -- certainly Gribov ' s  original derivation based on con­

siderations of an underlying ¢ 3 theory seems , superficially,  to be model 

dependent . But if we believe universality (as we probably should) then at 

least the asymptotic behaviour of the theory i s  qui te general . In fact ,  as 

we shall d iscuss below, universal ity is more general than just relating the 

infrared behaviour of different , ( in our case , reggeon) field theories , and 

may well apply even at the level of  the underlying particle dynamic s .  

Actually , this makes sense :  the infrared behaviour deals with the long wave­

length structure of the theory , and so ,  as we argued in the Introduction, 

should be independent of the details of the physics -- only when we go to 

larger t or smaller s do we become sensitive to such structure . Of course , 

the claim here is a very big one : namely , the asymptotic behaviour of the 
scattering amplitude is almos t comp lete ly independent of the details of the 
physics. 

With the exciting possibil ity of real ly determining , in a model inde­

pendent way , .the asymptotic behaviour of large s ,  small t cross-sections , it 

is  clearly worthwhile to seek other methods of calculating n and v and 

learning more about this critical phenomenons , 7) . With that in mind we turn 

to the following.  
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3 .  CRITICAL BEHAVIOUR IN S�ATISTICAL SYSTEMS 

As we mentioned , universality is really more general than just  relating 

different field theories .  For example,  it also relates lattice theories to 

f ield theories .  If I can f ind (or construct) a lattice theory with the same 

symmetry properties and infrared s tructure as a given field theory , then I 

should be able to use lattice methods to calculate the critical exponents .  

Again , this universality i s  physically reasonable . I f  I consider just the 

long wavelength kinematic regime , that is , wavelengths larg& compared with 

the lattice spacing , it should not matter that there is a lattice at all --

all the bumps get smoothed out . In addition (although this is a little less 

obvious) , the exact measure of the fields should not matter for determining 

the nature of the phase transition and the values of the critical exponent s .  

In lattice theories , the obj ects of physical interest are the averages 

of operators or spins ( fields) on the lattice in the limit that the number 

of lattice sites goes to infinity (thermodynamic limit) : 

[ -SH [ A/T 8e 8e 
( 8 )  states s tates (6) 

[ e-SH [ A/T e 
states s tates 

where A is  the action , and we have exp licitly included a scale factor l/T .  

The last form demonstrates the connection with field theories , An N-point 

Green ' s  function in field theory is related to the thermodynamic average of 

an N-spin operator , For example , the analogue of the configuration space 

propagator may be taken to be ( ¢ . ¢ . )  - (¢ . ) (¢ . )  where i and j refer to the i J i J 
lattice sites .  

Now, in a lattice theory there is a temperature parameter as well as 

some coupl ing constants .  Some of these couplings are related to the kinetic 

energy terms of the continuum field theory , as we explained in the Introduc-

tion , while others are related to the interaction terms of the field theory . 

Phase transitions of the system occur when long-range order sets in . This 



happens when the values of the coupling constants and temperature are rela-

ted in a certain way which defines a critical surf ace in the parameter space .  

There is  an assumption in  s tatistical physics called the Kadanoff scaling 

hypothesis 1 2l ,  which asserts that near the critical surface , the thermo-

dynamic averages are general ized homogeneous functions of 6 = T - Tc , and 

� i = Gi - Gic ' where the Gi are al l  the coupling constants ,  and the sub­

script c refers to their critical values .  So , for example ,  in a system with 

two independent coupling constants in addition to the temperature, the 

thermodynamic averages near the critical surface have the form 

( 7 )  

The Kadanoff scaling hypothesis also assumes that in  the infrared 

region , i . e .  when the differences in space and time between the lattice 

points + 00 ,  the correlation functions , for . example the propagator , are ,  

general ized homogeneous function s .  For instance , i f  we s e t  al l  the � i 0 

then we can write for the two-spin correlation function in the reggeon 

calculus 

f ( o , r , t) ( <)> . <)> . ) - (¢ . ) (¢ . ) "' 6Af (.LtlB ' 
t
CJ i J i J o o J 

A/Cf" (hl ..!_J t B ' C • 
6 6 

A/Bf 1 (hl ..!_) r B ' C 6 6 

Consequently , we see that the behaviour of the propagator as 6 + 0 is  

(8)  

related to its behaviour as r or t + 00 ,  (Remember that the reggeon calculus 

looks non-relativistic ,  so space and time are on a different footing . )  

I n  the f ield theory , the onset of critical behaviour i s  related to the 

f act  that the renormalized pomeron intercept is at one -- otherwise we do 

not get the build-up of cut s  in the j -plane ,  which we associate with the 

analogue of a massless particle,  i . e . with long-range forces . In the 

lattice language we know we mus t  have a . small to be near the critical sur-

face .  Now, if al l the �i = O, only the size of 6 tells us how far away we 

I l l  
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are from the phase transition . In the f ield theory,  on the other hand , if 

g = g* , the fixed point value, then only 1 - ap (O) is a measure of how far 

away we are from critical behaviour . Hence, we can write 

(9 )  

Now look again at (8) . In the reggeon calculus t � ln s ,  so the con-

tribution of the two-spin correlation functioil to the total cross-section 

is just given by the Fourier transform of (S) with respect to r for l � I  O ,  

evaluated when ap (O) = 1 ,  that is when o = O .  This is  just  

G ( o  o ,  I k l O , t) � t (A+dB) /C � ( ln s) (A+dB) /C . 

So n =  (A+dB) /C (Phys ical d = 2) . S imilarly , the slope parameter v is 

easily shown to be v 2B/C .  

( 10) 

The exponent s ,  A, B and C are related to the behaviour of various com-

binations of the correlation functions (and other thermodynamic averages) 

as o 7 0 .  If  we can determine these behaviours ,  then we  can deduce the 

values of n and v .  This is a j ob for the high-temperature expansion7 • 1 3) . 

Very roughly,  the high-temperature expans ion consists in expanding the 

right-hand s ide of (6)  in a power series in l/T ,  and trying to identify the 

f ir st few terms of the expans ion as terms contributing to a divergence for 

T T l ike 6-p . If we write c 

( 8 )  

then , expanding 6-p in powers o f  T- 1 , we can write 

( l l) 

( 1 2) 

and R£ plotted as a function of 1/£ s.hould be a straight l ine whose inter-

cept is Tc and from whose slope we can extract exponent , p .  Non-leading 



terms on the right-hand s ide of ( 11)  wil l ,  in general , cause deviations of 

R2 from a s traight line ,  especially for small 2 , but the hope is that they 

wi ll not be too big , and will not persist  for too many orders in 2 .  Notice 

that the high temperature expansion i s  an expansion in all the couplings of 

the action, including the kinetic energy terms . That is  what makes it dif­

f icult to do in the continuum . 

Using a variation of this technique we determined n and v (as  wel l  as 

some other exponents) by calculating terms to O ( l/T 3 ) 7) . This is a rela­

tively low order as far as  these expansions are concerned , so we were only 

able to get fair ly crude estimates of the exponents .  These are shown in 

Table 1 .  I t  i s  really quite remarkable that these numbers come out t o  be 

so reasonable ( a  fact which one appreciates intensely af ter going through 

the calculation) . I want to remind you that neither the E-expansion nor 

the high temperature expansion is a rigorous method so a priori our numbers 

could have come out to be anywhere between - 00  and +00 (and almost  did) 1 4) . 

So now we have a reasonably good indication that the reggeon calculus 

may have a sens ible infrared behaviour . But the argument is quite loose .  

On the lattice we  assumed the existence of  a phase transition with valid 

scaling laws,  but we really do not know if one exists .  Fur thermore, we 

assumed the applicability of universality in a rather broad sense . To get 

some idea about whether these a ssumptions are reasonable or not ,  we solved 

exactly a one-dimensional model with many of the properties of the reggeon 

calculus7) . The model looks like an Ising model in an imaginary magnetic 

f ield . The phase of the magnetic f ield reflects the imaginary triple 

pomeron coupling of the regg_eon calculus . That is , 

( 13) 

Surprisingly, this one-dimensional system has a phase transition. at a non­

zero Tc . The transition is in some ways like a first-order transition,  but 

nevertheless appears to obey universality and scal ing laws . All these 

results I f ind very encouraging . 
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I promised to try to say something about the relation of all this stuff 

-to the Feynman fluid picture 1 5) . I think it i-t worth qualitatively describ-

ing the nature of what I believe is the connection .  I will not be very 

precise because a ful l  description of the Feynman fluid implies a more 

detailed knowledge of the dynamics ( s ince it requires a knowledge of the 

equation of state) than we have assumed so far . Nevertheless ,  this system 

should show evidence of a phase transition .  Generally , this comes about as 

fol lows . 

We argued before that 

T - T . c Now suppose ap (O) 

- ap (O) was 

< l (T > Tc) .  

proportional to some power of 

The Reggeon calculus diagram 

which gives the leading contribut ion to the elastic cross-section is shown 

in Fig . 3 . 

I-1 = 
Lc--::J 

Fig . 3 

All other iterations of the s ingularity give contributions which are lower 

in the j -plane* ) . In the usual way we imagine that this reggeon is built 

up by some multiperipheral mechanism ,  and gives a uniform dis tribution of 

hadrons in the Feynman cylinder (except near the ends) . Next , suppose 

ap (O) > 1 (T  < Tc) .  ( It really may not be possible to define such a theory , 

but for the moment let us imagine that we can. If we cannot ,  it  does not 

matt�r -- it j ust means that the critical temperature must be approached 

from above . )  In this phase the biggest  contribution to the cross-section 

from n pomerons comes when they are all lined up in paralle l :  

*) This is not quite true .  Other diagrams may contain poles at the same 
place as the diagram of Fig . 3 ,  but the cuts will be lower . 



le--� 
Fig .  4 

Now depending on what you think the correct cutting rules are , you get dif-

ferent kinds of intermediate s tate contributions , one of which is shown in 

Fig . 4 .  I n  any event , we again expect a uniform distribution o f  hadrons , 

with , in general , a different (probably greater) density than in the case 

a (0) < 1 .  p 

Imagine now starting in the phase of Fig .  3 and letting ap (O) + 1 .  As 

we approach 1, graphs of the form shown in F ig .  5 become just as important 

as the graph of Fig . 3 

(a) (b) 

Fig . 5 

r- -... 
I I "' .. _ ,  

and we  see  the appearance of droplets ,  high mass clusters of hadrons coming 

from intermediate states like (a) mixed in with a uniform distribution of 

hadrons from intermediated states like (b) -- just like s team condensing 

into water , as we lower the temperature .  This should have the effect of 

causing large f luctuations in, for instance ,  the density distribution, as 

schematical ly indicated in F ig .  5.  Thu s ,  even in the language of the 

Feynman gas we expect to see evidence of a phase transition if ap (O) = 1 .  
That is ,  at the crit ical point we should see something like the two phases 

of Fig . 3 and Fig .  4 existing s imultaneously.  Of course ,  the more room 

there is in the cylinder and the more particles there are the more clearly 
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we will see the effec t ,  so again the phase transition shows up most dramat i-

cally at asymptopia .  

Now this argument i s  only heurist ic . I have assumed a very s imple 

structure for the pomeron, s imple  cutt ing rules ,  etc . In fact reggeon f ield 

theory aficionados will recoil in horror , s ince I have not distinguished 

between bare and renormal ized pomerons . Nevertheles s ,  something l ike this 

should happen: new intermediate states which correspond to another phase of 

the system should be present if ap (O) , the renormal ized pomeron intercept is 

one ,  but not if ap (O) < 1 .  I f  this i s  right , there may b e  important pheno­

menological implications . The effects of pomeron renormalization should 

begin when l-0ops in pomeron propagators s tart to contribute . This should 

occur at about 6 units of rapidity.  But , by the argument we have j ust g iven , 

this is ·  also the region where we should begin to see the onset of a phase 

transition ( i . e .  enough energy to produce events with high mass  clusters 

reasonably well  separated , cf . Fig .  5) . The highest ISR energy provides 

10 units of rapidity; thus we have 4 units in which to look for the effects 

of phase transitions -- as for example ,  the beginning of d ivergences of 

certain thermodynamic quantities 1 6) . This is clearly a delicate j ob ,  pheno­

menologically , but with care we may be abl e  to see something like the begin­

ning of an approach to a phase transition. 

4 .  CONCLUSIONS AND COMMENTS 

Let me list them: 

i) From the study of solvable (one-dimensional) lattice systems , as well 

as estimates of the critical exponents using the high temperature 

expansion and the E-expansion ,  we conclude that the reggeon calculus 

probably has a sensible infrared behaviour . 

i i) Studies both on lattices and in the field theory indicate that univer­

sality is applicable to the reggeon calculu s .  It  may even b e  appl icable 

at the level of the underlying particle dynamics ( this  seems reasonable) ,  



so the asymptotic behaviour deduced from the reggeon calculus may be 

correct ,  and independent of the details of the physics .  

iii) I f  ( i i )  i s  true then we can save a lot of money. We have one (or 

several)  lattice formulations of the reggeon calculus . Now all  we have 

to do is find a material that can be descr ibed by this lattice (at 

least in the sense of universality) and measure its thermodynamic 

properties near its  phase transition .  From these measurements we can 

determine n and v, and hence the asymptotic behaviour of scattering 

amplitudes . 

iv) Even without expl icitly measuring the leading divergences near the 

phase transition (either with super high energy accelerators , or , more 

elegantly, with heat baths and thermometers) , we can hope to begin to 

see the approach to a phase transition by a careful analysis of  the 

data. If we are approaching a critical point , then certain measurable 

quantities , for example , the correlation length should s tart showing 

signs of a divergence .  

v )  I am very excited about all this . There is  a lot t o  do , and I think we 

can learn a lot about this kind of phys ics by studying it as a critical 

phenomenon. It is true that asymptotic scattering is  complicated -­

but in a very simple way . 
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SELF-CONSISTENT DIFFRACTION IN THE MULTIPERIPHERAL MODEL 

James S .  Ball* ) 

CERN , Geneva,  Swit zerland 

Abs tract :  Self-cons istency requirements in the Multiperipheral (MP) 
model are reviewed . With a s imple assumption regarding the vanishing 
of the triple-Pomeron vertex , a non-linear integral equation is ob­
tained for the asymptotic scattering amplitude .  A previously obtained 
exact solution to this equation is given and a comparison of this 
model with the ISR elas tic scattering data is  made .  A satisfactory 
fit to that data is obtained , but the values of the parameters indi­
cate that ,  within this model , ISR energies are far from being asymp­
totic .  

Re sume : Le s exigenc e s  d e  c onsi stanc e dans l e  modele multiperipherique 

(MP) sont passees  en revue . Avec une hypothese simple c onc ernant l ' an­

nulation du vertex 3-Pomeron, une €quation int€grale 'non- lin8aire est  

obtenue pour l ' amplitude de  diffusion asymptotique . Une equation exacte 

obtenue prec edemment pour c ette equation est donnee et une c omparai son 

de c e  mode le avec les donnees  de la diffus ion e lastique aus I SR est 

faite . Un ajustement aux donnee s  satisfai sant est  obtenu ,  mais l e s  

valeurs des parametres indiquent que , dans le cadre de ce  modele , l e s  

energies des  ISR sont l o i n  d ' etre asymptotique s .. 

*) On leave from the Univers ity of Utah , Salt Lake City , Utah , USA. 
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1 .  INTRODUCTION 

Thi s paper will discuss the model of ultra-high-energy s cattering and 

particle production developed by F .  Zachariasen and myself1 ) . This model 

has the following virtues : i) it is derived s imply from the conventional 

multiperipheral (MP) model when one insists on self-cons istency at infinite 

energies ; ii)  it produces both diffractive and multiperipheral terms in the 

scattering amplitude and in production cross-sections ; iii )  the total cross­

s ection rises l ike ln s .  

This paper will begin by reviewing the conventional MP model , pointing 

out its  inconsistencies in the case that the total cross-section i s  cons tant 

or growing . A s imple example of a self-cons istent Pomeron i s  given for the 

case that the Pomeron is a f ixed pole .  The next section of the paper will  

describe our self-consistent MP model , together with generalizations that 

retain the asymptotic self-cons istency . The f inal section contains the re­

sults of fitting the ISR elastlc s cattering data , and a discuss ion of the 

relevance of the model to present energies i s  given . 

2 .  THE CONVENTIONAL MULTiPERIPHERAL MODEL 

The MP model is basically a model for particle production and is a 

s traightforward generalization of the one-pion exchange model . 

The amplitude for two pions to N pairs of pions TN is given by 

when all of the momentum transfers along the chain are small . The lines re­

present pions and the circles are pion-pion elas tic scatter ing amplitudes . 

S ince amplitudes generally fall off rapidly with increasing momentum trans­

fer , it is reasonable to assume that thi s form dominates in the regions of 

phase space in which the ampli tude i s  large.  If one then adds the assump­

tion that the region of phase space where one ordering i s '  large does not 



overlap the region where another ordering is large , the s cattering amplitude 

satisfies a Bethe-Salpeter type equation . 

x + 

This equation is partially diagonal ized in the J-plane , and is usually as-

sumed to be completely diagonal , i . e .  an algebraic equation. Assuming that 

the high-energy scatter ing amplitude is imaginary , one obtains : 

A (J , t) A 0 (J , t) + KA0 (J , t) A (J , t) , (1 )  

where the J-plane representation i s  the Laplace transform with respect to 

ln s of the amplitudes ,  i . e .  

A(J , t) J e- (J-l) ln- s A( s , t) d (ln s ) . (2) 

Here A i s  the imaginary part of the scattering amplitude ,  A0 is the imagi-

nary part produced by the two-body intermediate state in the s-channel , and 

K i s  related to the pion propagators and i s  not s ingular in the J-plane near 

the Pomeron s ingularity :  

(3 )  

The usual MP lore then i s  that the most  important part of A0 i s  that part 

due to low-energy resonances , which are dual to normal Regge poles . There-

fore the singularities of A0 in the J-plane should look like a cut due to 

two rho ' s ,  and since this  cut begins at 2ap (O) - 1 i ts behaviour near J = 

can be approximated ' by a pole at J = a 0 : 
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• KA0 (J , t) 

Then A has a pole at J a 0 + SK. 

If ct0  + SK = 1 at t = 0 the total cross-section is constant and the 

multiplicity ( n }  = SK ln s .  The t-dependence produces a diffraction peak 

with shrinkage � ln s .  The topological cross-sections are ob tained by ex-

panding the denominator of Eq .  ( 1 )  giving a Pois son distribut ion in N :  

crt = S • 

The ln s growth of the multiplicity and the near constancy of the cross-

section at relatively low energies is then the result of the low subenergy 

portion of the kernel,  i . e .  resonance contributions to A 0 • 

At high energies the internal incons istency of the foregoing model be-

comes apparent . If A(J ,t )  is singular at J = 1 and t = O ,  then A0 (J , t) is  

also s ingular at that point . Thus the large subenergy portion of the kernel 

cannot be neglected even though the size of this term may be numerically 

small when J is not near the Pomeron singularity.  

A simple model which i s  self-cons istent can be obtained if one assumes 

that a f ixed Pomeron pole is produced by the MP model at J = 1 - E: Clp '  then 

Ao S ( t) A 1 - KA0 J - 1 + E: 

where 

at 

If we �ain assume that K is  independent of J for J near ap , we obtain the 

following equation for S :  

s ( t) 



If we now substitute the pole form for A into Eq .  (2) we obtain 

which has a solution of the form RJ1 (R/=t) //=t independent of the pole posi-

tion. In the limit E + 0 the coupling K mus t  vanish, which in this s impli-

fied model plays the role of the triple Pomeron coupling . A more sophis-

ticated model of this type may be applicable in the energy range above that 

of the simple MP Pomeron discussed earlier and below asymptotic energies 

where the self-consistent Pomeron of the next section applies , particularly 

when one notes that the experimental Pomeron slope is  unusually small . 

3 .  SELF-CONSISTENT MP MODEL 

To produce a Pomeron s ingularity that i s  internally self-consistent in 

the MP model ,  we begin by separating the amplitudes involved in Eq .  (1 )  ac-

cording to their behaviour at J = 1 and t = O; s ingular amplitude� are de-

noted by a subscript P and regular by R .  We  then keep only those terms in 

Eq .  ( 1 )  that are s ingular : 

(4) 

where A 0p is  given in terms of AP through Eq. (3) . 

We know before proceeding further that the equivalent of the triple 

Pomeron vertex in this model mus t  vanish when the t ' s  associated with each 

Pomeron are zero ,  in order to satisfy the Froissart bound . Furthermore,  it 

appears that this condition must be put in, as the MP model s eems to have no 

mechanism for producing this behaviour . 

The term �AoP� in Eq.  (4) couples three Pomeron amplitudes together . 

If one assumes that this coupling is linear in the three t ' s ,  one discovers 

that the leading power of ln s from this term is proportional to tA 0P� 

provided the diffraction peak shrinks . 

The other assumption which we . make is that the low subenergy terms 

would produce a Pomeron pole with intercept ap = 1 .  Equation (4) then be-

comes 
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� =  (5) 

where S and y are constants .  An exact solution to Eqs . (5 )  and (3) i s  

� (s , t) 
Jl (x) 

2aD --x- ln s 

and 

where x = R0 ln s .r.:t. 
The general properties of this  model  are 

aT 'V ln s shrinkage 'V ln2 s 

( n) 'V ln s 

ael = constant . 

Since the basic treatment of the triple Pomeron coupling was based on 

keeping only leading powers of ln s ,  we will list other modifications to the 

amplitudes which will not affect the self-consis tency to leading powers of 

ln s :  

i )  The fixed pole produced b y  the low subenergy kernel can b e  a moving 

pole with intercept at one', 

i i )  Terms proportional to J 0 (x) and J 1 (x) / (x) can be added to � ·  These 

result from keeping a constant and a term linear in J - 1 in the numer-

a tor of Eq . (5) . 

iii )  All terms can be multiplied by exponential t-behaviour , as the d if-

fraction peak will shrink inside any f ixed t-dependence . 

4 . COMPARISON WITH ISR DATA 

.The parametri zation used to fit the elas tic s cattering data i s  given 

below: 

where x 

A ( s , t ) / s  { } 2J 1 (x) 
aD exp [b + a' ln ( s /s 0 ) ]t ln ( s /s 0 ) -x-- + 

+ aM exp{[b' + a ' ln ( s / s 0 ) Jt} J 0 (x) , 

[R0 ln ( s /s 0 ) + R1] .r.:t. 



The real part of the amplitude was parametrized as follows : 

b11t Re T ( s , t) = Re T (s ,O) e , 

where Re T ( s ,O) was calculated from our ampli tude using a once subtracted 

dispersion relation to produce a zero at s ;  470 , as is  observed at NAL2 ) .  
Some of the results of the fit  are shown in Figs . 1 and 2 .  The values of 

the parameters are as follows : 

3 . 71 

0 . 144 

b 1 .  73  

cr n 

b ' 

74 . 5 0 . 57 

2 . 03 a ' 0 . 0  

4 . 5  b" 3 . 24 

With these  parameters a x2 of 1060 was obtained for approximately 600 data 

points 3 ) . 

0 I 0 1  

IJ 01  ·1------,----,...----,------0 1  O ?  0 3  0 4  0 5  0 0 1  0 2  0 3  0 4  0 5  
t 1Gev i 2  

Fi g .  1 Fit to dcr/dt for t small at s 560 and s = 2840 (GeV) 2 • 
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Some comments on these fits are in order . Firs t ,  we note that s uper­

ficially the fits are quite satisfactory . The dip is primarily associated 

with the f irst  zero of J1 (x) . 

The remarkably small ratio of R0/R1 s hould be noted . Thi s  is clearly 

forced by the small  amount of shrinkage observed in the data . In particular 

the quantity R0 ln s is essentially the expansion parameter , which should be  

large in the region of consistency . We  see that even at the highest ISR 

energy R0 ln s is still  less than R1 , which means that while a form that i s  

asympto tically self-cons istent produces a reas onable fit  to  the data , the 

requirements of asymptotic self-cons istency provide l i ttle cons traints on 

the ampli tudes at existing energie s .  

I f  we could produce a successful marriage between the asymptotic form 

which has x " R0 ln s M and the f ixed-pole Pomeron of Sec tion 2 which has 

x = R1 /t, we might be able to jus tify the Bessel function forms as being 

s ignificant at ISR energies . The consis tency would then become a comparison 

of x2 / t  with the various b ' s ,  i . e .  7-9 compared to 2-4 .  

Finally, i f  we cou' ' actually cal culate the triple Pomeron coupling , 

the expans ion in powers of l� s could be avoided and we would expect self­

cons istency requirements to produce important cons traints on the ampli tudes 

at ISR energies . 
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COMMENTS ON THE SYSTEMATICS OF POMERON EXCHANGE REACTIONS 
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S ome of the experimental properties of high energy elastic p-p scatter­

ing are reassessed in search for possible systematics . The different b-space 

profiles obtained for elastic and inelastic diffraction are understood once 

s-channel unitarity corrections are imp lemented . 

Resume 

Un certain nombre de caracteristiques experimentales de la diffusion 

elastique p-p a haute energie s ont passees en revue afin d ' en extraire une 

sys tematique eventue lle . L' introduc tion de corrections d ' unitarite dans le 

canal direct permet de comprendre les differentes fonctions de profil dans 

l ' espace des b pour la diffraction elastique et inelastique . 
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1 .  Introduct i on 

Thi s  c ontribution contains s ome comment s  on the sys tematics  of pomeron 

exchange in elastic  scattering and inelastic  di ffrac t ion . Limitations of 

time and space do not provide for a more c omprehens ive exposi t i on ,  In s ec­

t i ons 2 and 3 we discuss s ome of the exp erimenta l properties  of high energy 

e la s t ic p-p s ca t tering and attempt to reassess  the val idity of general 

s chemes such as geometrica l sca ling and the Chou-Yang eikonal mode l .  S e c t ion 

4 relates to the ana lysi s  of inela s t i c  d i f fraction and its consis tency with 

our knowledge on e la s t i c  scat tering . 

2 . Geome trical Scaling 

The hyp othe s i s ( l ) of geometrica l scal ing ( GS ) has a ttrac ted recen t ly 

a considerab l e  amount of a t t en t i on( 2 ) , mos t ly because of i t s  s imp l i c i ty and 

s trong empirical support ( 3 ) . GS as such is not compa tible with most of our 

theoretical prej udices , notab ly the exchange of t-channel poles . It i s ,  

therefore , very intriguing t o  check whether i t s  experimen tal support i s  

rea l ly c omp e l l ing enough s o  a s  to present a sys tema t i c s  that must b e  incor­

porated into any theoretical understanding of elastic  scattering . 

The imp ortant observab le consequences of GS are 

cto· R4 f ( R2t ) 2 rr. R dt in 

<YT R2 B R2 ( 1 ) 

rre 1 "' R2 t R-2 0 

where R( s ) is a radial s cale  energy dependent parameter.  B i s  the logari thmic 

s l ope ,  and t0 is the position of a dip or a maximum. There is no di spute 

that GS provides a gross description c ompa tib le with high energy p-p s catter­

ing ( Z- 4) , In the following we sha l l  examine s ome experimental deta i l s  in 

order bo point out prob lema t ic aspec ts of this hypothe s i s .  

1 )  The following tab l e  summarizes ISR va lues for rrT and forward s lope 

values . Whereas the s l opes in the very extreme forward directi on ( B0 and B1 ) 
are c ompatib le with GS , the s l ope parameter B

2 
i s  not . The differential 

cross-section a t  . 15 < t < .  4 GeV2 does not exhibi t  any shrinkage over ISR 

range and if we are t o  tru s t  the experimen ta l findings ( 6 ) ,  we have a s evere 



JS ( 5 )  B ( t-tO) ( 5 )  Bl ( t <. 15) 
( 6 )  B2 ( . 15�t�. 4 )  ( 6 )  "r 0 

23 . 5  39 . 1± . 4  1 1 .  8 1 1 . 5 7±. 30 10. 42±. 1 7  
30 .  6 40 . 5 ± . 5  12 . 3  1 1 .  87± . 28 10 . 9 1± . 22 
44 . 9  42 . 5 ± . 5  12 . 8 12 . 87± . 20 10. 83± . 20 
52 . 8  43 . 2± . 6  13 . 1  12 . 40± . 30 10. 80± . 20 

discrepancy with GS . The problem is not removed by Krol l ' s  modification(4) 

as the values of the real part of the amplitude in this t range are too 
sma l l  to affect the results . Compatabi lity of s lope parameters with GS is 
conveniently examined through the relation( 3 )  

Bt ) d log R2 ( 1  + 2 d l og s ( 2 ) 

We refer the reader to Martin ' s contribution to this meeting( ? ) who finds 
similar incompatibi lities . 

2 ) GS is supposed to be an asymptotic property , but its onset is not too 
c lear . For example, Kroll (4) has demonstrated that GS assumed for �ijb , s )  
has a different low energy continuation than GS  assumed for Im F(b , s ) . 
In any approach GS implies the same energy dependence for B and "r over 
ISR range .  Indeed, GS high energy parametrizations ( 2 • 3 )  have been employing 
an overall log s growth which is dictated by the energy dependence of the 
forward slopes . We claim that such parametrization provides only marginal 
"r fits , or alternatively imp lies a complete breakdown of exchange degeneracy 
(ExD) at lower energies . We have compared( 8) two optional parametrizations 
for a combined p-p and p-p total cross section fit above P1 = 10 GeV 

"r A + B log s + C s - 1 /2 

-1/2 s 

( 3 )  

( 4) 

Both fits were constrained to have C < 35 mb GeV for cYT(p-p) which 
amounts to a sma l l  ExD breaking effect .  Our results are summarized in the 
following table . We have used 55 p-p data points and 24 p-p data points .  
Very recent data ( 9 )  is not included in this compilation but does not seem 
to change our conclusion . 
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Parametrization A B C(p p )  C(p-p ) 2 x 
( 3 )  30. 23 1 .  21 26 .  86 7 9 . 50 229 
(4 )  3 1 .  86 o .  156 3 1 .  65 85 . 56 117 

A considerable improvement of fit (3) can be achieved ( lO) i f  ExD is aban­
doned altogether , even as a crude approximation. I t  is an open question if 
such a sacrifice is really justified. 

3 )  We turn our attention now to detailed model ca lculations of p-p elas­
tic scattering and their compatibility with GS . We have observed over the 
past few years an impressive accumulation of elastic p-p scattering data 
which includes low and medium energy polarization and spin state measure­
ments ( ll ) . These measurements which span over a very wide energy range 
00 < s < 3600 GeV2 ) do not enable ,  as yet, for a complete amplitude analysis 
but do enforce very severe limitations on the freedom that we have in choos­
ing p-p parametrizations . In the present context we are interested in the 
behaviour of the non-f lip amplitude which can be deduced from the combined 
high and low energy systematics ( lQ ) . The pomeron contribution has been con­
veniently decomposed into a Bessel expansion 

Im g, NF 

The relevant result is that the three radius parameters are not consistent 
with GS , namely : 

R1,..., con st .  ( 6 )  

Kane (ZO) has treated the same prob lem with a different theoretical input .  
His results differ from ours in details but offer also very little comfort 
for GS . These results are admitedly model dependent, but the fai lure to 
formulate a p-p parametrization compatible with GS with proper low energy 
behaviour is a severe deficiency .  

T o  summarize : it seems that GS provides only a very crude description 
of high energy p-p scattering . In our opinion problems relating to medium 
t range ( . 15 .:;:  t ,:;:  . 4  GeV2) and low energy continuation must be clarified if 
GS is to be implemented as a proper systematics . 



3 . The Chou-Yang Eikonal Model 

The Chou-Yang eikonal model ( l3 )  is based on two intuitively appealing 
assumptions : 

1 )  The opacity O( b , s )  , in an eikonal model , approaches a limiting distri­
bution which is propostional to the matter density distribution of the collid­
ing particles 

O (b , s ) --> O (b )  K p (b )  ( 7 ) 

K is the absorption coefficient . 

2 ) The matter distribution p(b) equals the charge distribution ,  i . e . 

p (b ) ( 8 ) 

The model has been applied mostly in p-p analysis and accounts in a natural 
way for the forward concaveness observed in dcr-/dt and the ISR dip at 
t�  1 . 4  Gev2 . The following is a summary of the main outstanding problems 
in the application of the model to p-p scattering( 8) . 

1) Total cross sections keep growing through the ISR range .  For some time 
it was hoped that the p-p system has reached a limiting distribution and 
that K is energy dependent so that 

O (b , s )  --> K( s )  p (b )  ( 9 )  

h ( 14)  It was, however , s own that such a possibility is highly unlikely 
because it wou ld imply a very rapid growth of the second dcr-/dt maximum, 
contrary to the ISR data . Also , if ( 9 )  holds we expect the 0 increment over 
ISR to be central (and proportional to p(b ) ) whereas it is actual ly peri­
phera l .  It is very interesting to examine the ISR data and check for the 
possibility that we have not reached a limiting distribution as yet .  Such 
an option corresponds to cr-T approaching a finite limiting asymptotic value 
at super high s . 

2) Numerica l analysis depends crucia lly on a good knowledge of the E .M .  
isoscalar form factor employed i n  ( 8) . Theoretica lly, it is not clear a t  
all whether one should use G2 , as most recent papers d o ,  o r  Fi as original­
ly suggested . In the present study we have examined both form factors . Expe­
rimental knowledge of the neutron form factor is considerably inferior to 
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our knowledge of the proton fonn factor. Our comparison is based on Fried 
and Gaisser parametrization( lS ) which provides the best analytical repro­

( 16 ) duction of the proton fonn factor data • 

3 )  A proper Chou-Yang analysis must take into account the real part of 
the amplitude . In our study we have used the Krol l ' s  tables (4) , from which 
we have obtained the imaginary part of the p-p opacity denoted by OK(b , s ) .  

Fig . l  presents the ratios o f  OK relative t o  KG2 and KFi a s  a function 
of the impact parameter b at the two extreme ISR energies .  Since the sma l l  
b opacities are energy independent ( they saturate at about 95% o f  the uni­
tarity limit) , the values of K were readily obtained at b ;  0 . Some imme­
diate conclusions can be drawn from this comparison .  

a) nK(b )  is smaller than KG
2 (b) and may b e  approaching it as a limiting 

distribution .  This is ,  however ,  an unlikely arrangement .  I f  the ISR rate 
of convergence continues , the high energy limit will be reached at excessi­
vely high energies . Moreover, , such a situation requires the second d�/dt 
maximum to increase by orders of magn�tude while approaching its limiting 
value . This phenomenon is nqt at a l l  indicated by the ISR data . It is a 
good opportunity to stress the necessity of simultaneous b and t space stu­
dies if one is to avoid systematic distortions . 

b) In our opinion, Fi is a more appealing choice . Fig . l  suggests an 
intriguing possibility. The proton density matter distribution equals the 
charge distribution plus a second component which is E . M . neutral .  This 
second component is peripheral and can be parametrized as a gaussian. 
Ref erring to the previous section the second component does not geometric­
ally scale ! 

4. Inelastic Diffraction 

Inelastic diffraction ,  unlike elastic scattering , is peripheral in 
b-space ( l l ) . In this section we show( lB) that this is a direct consequence 
of the implementation of s-channel unitarity correct ions . 

We consider a single excitation diffractive reaction which we examine 
in a Deck like model (Fig .. 2 ) .  The elastic amplitude , after being corrected 
for initial and final state rescatterings ,  is approximated by A eBt (which 

A 2 is 
ZB 

exp (-b /4B) in b-space ) .  S tandard calculations replace the pomeron 



exchange sector of Fig . 2 by the experimental cross section .  That is , the 
input pomeron used in inelastic calculations includes elastic corrections 
relating to the rescattering of the incoming particle on the exchanged 
(virtual )  n or R of Fig . 2 • To this we must add the genuine initial and 
fina l state corrections relevant to Fig . 2 . For actual calculations we 
follow Caneschi and Schwimmer( lg) and evaluate the influence of initial 
state absorption in the triple Regge limit (Fig . 3 ) .  The differential cross 
section in b-space is given by 

�b b ' )  dx ' J e- (b-b) 2/4B e- (b ' -b' ) 2/4B 6 2 (b-b-b'+b ' )  d(b-b) 2 d(b ' -b' ) 2 

( 10)  
Initial state absorption is introduced by multiplying the integrand of ( 10)  
by absorptive damping factors . Let us assume complete absorption for b 
b ' smal ler than b0 (black disc absorption) . After integration we obtain 
a peripheral gaussian profi le exp(- (b-b ) 2/4B) which is different from 
the central expC -b2/4B) input .  

0 

Our result is further clarified in an exclusive eikonal model calcula­
tion .  For a two-body problem we have 

f(b) 2i ( e-O(b) - 1 )  ( 1 1) 

When extending ( 1 1 )  to a N multichanne l problem, the scalar D is replaced 
by a NxN matrix denoted by X • Let us discuss a two channel system with 
elastic and one inelastic diffraction mode .  We have then 

X(b) = O (b) (I + e (b ) o- ) x ( 12 ) 

To first order in E we get 

2i f(b) I ( e-O(b )  - 1 )  + <Y E (b )  O (b) x 
-O (b) e ( 13 )  

Namely, the output profile breaks into a diagonal term which i s  central 
and a non diagonal diffractive term which is peripheral .  As can be c learly 
seen , the peripherality of the diffractive amplitude comes out as a direct 
consequence of the central character of the elastic profile . As can be seen 
directly from Eq . ( 1 3 )  the non vanishing of the diffractive channel forces 
the elastic amplitude to saturate below the unitarity limit .  As is well 
known , this phenomenon is actua l ly observed . 
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GEOMETRICAL SCALING IN 

PROTON-PROTON SCATTERING 

P .  Krol l  

I n s t i tut ftir Theoreti sche Kernphy s i k  

Univers i ty o f  Karl sruhe 

Ab strac t : The i n f luence of the real part of the e l a s t i c  amp l i ­

tude on geome tr ical scal ing w i l l  be d i scus sed . I t  wi l l  b e  

shown that the ine las t i c  over l ap func tion s c a l e s  above 50 GeV 

and no t the elastic amp l i tude . Consequences of th i s  result 

for elastic scattering w i l l  be d i sc u s s ed . 

Re sume : Nous discutons de l ' influence de la partie ree lle de l ' amplitude 

de diffusion e lastique sur l ' invariance d ' eche l le geometrique . Ncus montrons 

que la fonction de re c ouvrement in€lastique v€rifie l ' invariance d 1 €ch2 l le 

pour des €nergie s  sup€rieures a 50 GeV c ontrairement a l ' ampli tude 8 lastiq_ue . 

Le s c ons8quence s  de ce r8 sultat sur l ' arnpli tude € lastique seront discut8e s .  
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I . INTRODUCTION 

Some time ago Dias de Deus 1 )  has suggested a scal ing law for the in­

elastic overlap functions of hadronic scattering reactions at high 

energies 

( I )  

where R • R(p) is the interaction radius of the hadrons involved and 

p is the momentum of the incoming par ticle in the s tationary target 

system. This geometrical scal ing (GS) behaviour - originally pro-

posed in order to explain KNO scal ing2)  in geometrical models for 

particle production - has also very interesting consequences for elastic 

scattering . Neglecting the real part (- and of course spin effects -) , 

it follows from unitarity that the imaginary part of the impact parameter 

transformed ampli tude scales too 

Im F (b ,p)  • Im F (b/R) 

and hence 

A lot of  relations for observables follow inunediatly from eq . (3)  

i)  B a da R.n da 
0 tot ' 0e l '  0in' dt d t  

(2) 

(3)  

(4)  

ii)  �� ( t ,p) /�� ( t  • O,p) considered as a function of  R
2

t is inde­

pendent of the energy 

iii)  for the pos ition t
0 

of a dip or a maximum of the d ifferen­

tial cross section one has R2 t • cons t .  and so on. 
0 

These relations have been stud ied in great detail in pp scattering 

at ISR energies and it has been found out that GS works quite success­

fully in this case (compare Bargers3) talk at the London conference) 

even if some problems remain
4 )

. 

In the fol lowing the influence of the real part on GS will be dis­

cussed . From an analysis of pp scattering which wi ll be described 

in the next section, it turns out that the inelastic overlap function 

exhibits GS above 50 GeV whereas the scaling behaviour of Im F is 

dis turbed by the real par t .  Consequences of th is result for elastic 

scattering , that is modifications of  the relations (4)  due to the 



real part will be discussed in the final section. 

2. IMPACT PARAMETER ANALYSIS OF PROTON-PROTON SCATTERING 

INCLUDING THE REAL PART 

In many investigations
5) the overlap func tion for pp scattering have 

been studied at ISR energie s ,  neglecting generally the spin and the 

real par t .  For lower energies , it is not a priori ,  clear that these 

assumptions are correct .  The next s tep towards a complete analysis is 

the inclusion of the real par t .  One may hope that this is the more 

important correction because as can be seen from the polarization data , 

spin effects are very small in pp scattering and decrease very fast 

with energy at least for smal l  I t I (P"' l /p) .  Such an analysis has 

been done by the authors of re f .  6. The real part has been calculated 

for p > 10 GeV and 0 </ t / < 3Gev
2 

us ing a dispersion relation between 

the modulus and the phase of the cross ing symmetric part of the ampli­

tude and assuming Regge behaviour for the crossing odd par t .  Since the 

real part is only a correction in the impact parameter analysis this 

procedure should provide a sufficient approximat ion for i t .  

Using these resul t s ,  the impact parameter transformed ampli tude , de­

fined by 

F(p,b) • i J 1 -t d 1 -t J
0

(b M) F ( p , t) 

0 
has been evaluated and then the inelastic overlap funct ion via the 

unitarity relation 

- I IF \ 2 T
in • Im F - 4 

(5) 

(6)  

do 
As expected from the behaviour of  dt i . e .  the approximate exponen-

tial diffraction peak , T in behaves roughly as a Gaussian . The main 

deviations from i t  are observed in the tail at large b and around b=O 

where T .  flattens out . These facts are wel l  known
5) . 

in 

The interesting point here is the energy dependence of the overlap 

func tion which is d i splayed in f i g .  I .  l
in 

and Im F at b • O have been 

plotted as a function of the energy and furthermore the difference 

between T
in at a given momentum and of that at the highest  one 

(p
m 

• 1480 GeV) 
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1 .6 Im f(b =O) 
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Fig . I :  a)  Im F and T in at b = 0 as a function of p (sol id lines) . The 

dashed l ine represents a result for Im F belonging to the 

sarie T
in 

but without taking into account the real par t .  The 

statistical errors of the overlap func tions are of the or­

der of 0 . 005 . 
b) The energy dependence o f  the inel astic overlap function (cf . 

eq.  (7 ) ) . Typical statist ical errors are of the order of  

0 . 007 . 



(7 ) 

The remarkable fact is that T .  - and not Im F - at b = 0 is constant 
in 

within the errors (± 0 .005) and it clearly increases peripherally . 

Im F(b • O) ' is approximately constant only in the ISR region . 

The difference between both functions is due to the real part whose 

principal behaviour i s  sketched in f i g .  2 below .  

1 .0 Re F/p Re F 
� 1480 GeV 1480 GeV (.!) 
- 025 
� sharp f lat 

1.0 - t  b 0 (GeV2) 
f lat sharp 

-025 
20 GeV 20 GeV 

-1.0 

Fig.  2 :  The s tructure of the real part in the t and b space . 

Al though the real part is smal l  it is not negl igible in the unitarity 

relation for small  b .  Then ,solving eq . (6) for Im F 
Im F • 2 { I - /1 - T .  - -41 (Re F)2 } 

in 
(8) 

one sees that Re F has only to compete with I - T
in 

which is small for 

b � 0 too . For larger b Re F is completly negl igible so that T .  and 
in 

Im F behave s imilarly .  

From fig . I one reads off that T
in 

(and not I m  F)  scales geometrically 

in the very large energy interval from 50 to 1 500 GeV . From GS of Tin 
fol lows only 

o .  in 
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whereas al l o ther relations represented in eq . (4) are disturbed by 

the real par t .  From the behaviour of oin one finds for the radius 

(compare Fig . 3 )  

(9) 

with r
0 

= 0 . 904 fm, r
1 

m 0 . 0 1 6  fm aud p 1 
= I GeV . Of course,  a f i t  with 

R
2 

• c
0 

+ c 1 
inp/p

1 is also possible . 

It should be mentioned that if R is growing as inp ft>r p � m , GS holds 

asymp totically as shown by Auberson , Kinoshita and Martin
7)

. In thi s  

case the amplitude i s  dominantly imaginary 

and behaves as 

Re F 
Im F 

-+ n/R.np 

Im F � 
2J l (R 1-t)  

;_)
a R2 -----4" R 1-t 

corresponding to a grey disk for Im F as wel l  as for T . 
1n 

T .  � 
1n 

a ( l  - .!_ a) 0 (R - b) 
4 

However , at present energies T
in 

is very far from being a grey disk . 

3 . IMPLICATIONS FOR ELASTIC SCATTERING 

In this section dis turbances of the re lations eq . (4)  which fol low from 

perfect GS , i . e .  GS of the full elastic ampl itude (- or GS of Im F i f .  

R e  F i s  negl igible - )  wil l  b e  discussed . I n  doing that we s tart from 

a scal ing Tin and the old unchanged real par t .  Using the overlap func­

tion at 1 480 GeV, the elastic amplitude at a given energy is calculated 

trom eqs . (9) , (8) and the inverse of eq . (5) . 

i) the total cross section 

As is wel lknown a behaves not similar to a . •  Re F distorts 
tot 1n 

via unitarity Im F. Expanding eq . (8) with respect to I t  - T in 
one finds 

Im F ""' 2 { 1 - I� 
1n 

1 Re F 2 
+ - ---

4 1� 
1n 
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dashed line s  are the resul t s  for o tot and o
el 

of calculation wi thou t the real par t ,  s tarting from the same 
ine las t ic overlap func tion. 
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The first term on the right hand side scales if Tin does 

Hence 

_, 
Im F = Im FGS 

Im F m Im F
GS 

f I + 

-2 + .!. �  
4 1-r::r:-

1n 

( I o) 

At t • 0 the real part gives a positive correction to Im F
GS 

- s tronger at small energie s ,  weaker at higher energies - which 

makes Qtot flatter (and produces actually a minimum) than Qin '  
(Compare fig . 3) . 

ii)  The slope parameter 

In a very good approximation one has 

B • 2 -
1
- � Im F/ Im F dt t • 0 

From eq , ( l o )  it follows 

B • 2 Im 
I
F : t 

Im F 
GS + � J 

The first term on the right hand side dominates (checked nume­

rically) , therefore 

-2  
bdb � } ( I I )  

/ I
-Tin 

i . e .  the slope is changed by the same term as otot but in the 

oppos i te direc tion. The slope becomes s teeper than oin · 

From eq.  ( I I )  one sees furthermore , that 

Q tot B 
Q . in 

This relation is tes ted in Fig.  4a) . It  can be seen that it 

works very wel l .  

( 1 2 )  

Notice the fact that nei ther Q in 
nor Q tot 

B/Q in 
change their be­

haviour around 50 GeV . This may be a hint that GS sets in at 
much lower energies and only the incomplete analys is described 



c) 

_GS �----.£-9-
t 0.1 .____..__ _ _._ _ _,_ _ _._ __ _.__ _ _.___.J.__ 100 1000 P[GeV] t OIP turning points 

[ GeV2] ,.----.... 

1£ +H--45�� n� �·--1 1!+ ? dip � GS of -c;" , 

1 6  
Gev-2 

1 5  

100 

b) 

a) 

10 100 1000 P[ GeV] 
F i g . 4 :  Pred i c t ions of GS 

a) o
to t 

B /o
i n  

compared with the energy d ependence of o
in 

( s o­

l id l ine) . The d a shed-d o t ted l ine r e p r esents the energy d e ­

pendence o f  t h e  s l ope i t s e l f .  

b) the po s i t ion o f  the d i p  o f  d o / d t  

c) the he ight o f  the secondary maximum 

References to the d a t a  are g iven in r e f , 6 ) . 
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in the preceding section produces the deviations from GS below 

50 GeV . The next two phenomena are much more comp licated be­

cause the real part enters now twice ,  direc tly in the elastic 

amplitude and indirectly in the unitarity relation. Therefore 

it is only possible to give numerical result s .  

iii)  the dip position o f  �� 

iv) 

The data together with the predictions from perfect GS and from 

GS of '
in 

are displayed in Fig.  4b . Agreement with the data is 

observed . There is only a l i ttle difference between the predic­

tion of both types of GS . However , below 50 GeV perfect GS pre­

dicts still  a dip contrary to GS of '
in ' 

the height of the secondary maximum of do (Fig . 4c) 

Below ISR energies the height of  the 2nSt
maximum should increase 

with decreasing energy , whereas perfect GS predicts a constant I do nd . value of �dt (2 max) . The increase is not only the direct 

effect of in the real part (compare eq . ( l o) ) , because it con-
do tributes only .40% at 50 GeV to dt and 20% at 1 500 GeV . 

Of course,  not only these two phenomena can be calculated from GS but 

the whole differential cross sections . (Compare fig . 7 of ref . 6 ) , 

Forthcoming data from FNAL especially such for l t l > I GeV
2 

will enable 

us to do a crucial test of GS . Prel iminary data for l t l < I GeV
2 

are 

in agreement with GS of ' in
B) 

4 .  SUMMARY 

From an analysis of elastic pp scattering one finds that the inelastic 

overlap function shows GS wi thin the experimental errors above 50 GeV 

but not the elastic amp l i tude . In order to obtain that result  it is 

necessary to take into account the real part of the ampl itud e .  

The main consequences of G S  of  'in are :  

i )  Referred t o  Im F at 1 480 GeV Im F a t  a given p < 1 480 GeV 

is larger than GS of Im F would predict 

ii)  otot shows a minimum around I SO GeV 

iii)  the slope is ris ing faster than oin ' so that otot Blain is con­
stant . 



I iv) a.-z da/dt at the secondary maximum is decreasing with in-
in creasing energy. 

However , at ISR energies ,  both types of GS that is GS of 'in and GS of  

Im F ,  agree within the errors .  
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DOES THE POMERON OBEY GEOMETRICAL SCALING 

Alexander MARTIN 
Centre de Physique Theorique 
C . N . R . S . ,  Marseille 

Abstract : Tests of the validity of the Geometrical Scaling 
Hypothesis are reviewed .  

Resume Nous proposons une verification experimentale de 
la validite de l ' hypothese de geometrie d ' echelle . 
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The hypothesis of Geometr ical Scaling has had some success in corre­
lating the qualitative features observed in the elastic scattering of pro­
tons at ISR energies ,  namely the shinking of the diffraction peak and the 
shift forward of the dip are linearly related to the rise in total cross 
section( l )  In the following I will review briefly the physical ideas 
behind the hypothesis and then assess its validity in a quantitative con­
frontation with the data. 

The conjecture is most plausibly stated in terms of the impact-para 
meter decomposition of the scatter ing amplitude � ( L -\;) namely that only 
the length scale changes with energy, the functional dependence remaining 
unchanged : 

__e,. = -t_ ( b I v.. t \ ) ) ( 1 )  

I n  this form the hypothesis i s  very hard to test since there is a l o t  o f  
manipulat ion involved in  extracting the impact-parameter profile from the 
data, so it is very fortunate that one can give an equivalent statement in 
terms of 

where 

and t 
f ( s , t ) 

f ( s ) 0 

f ( s )  ' 0 
f ( s , o )  

g ( f0t ) 

and g (o )  
(,. ) It is usual to neglect the real part , 

write 
f ( s , t )  Cf,- F (  ()-r t ) 

( 2 ) 

1 . 

and using the optical theorem to 

(3 ) 

We illustrate schematically what happens as we go from energy s1 to ener-
gy with $ 4  °? S I  and CJT ( !. .... ) )" IJ,- ( '; , ) We see that 
the diffraction pattern shrinks as a c onsequence of the rescaling of the 
momentum transfer . 

(,.) Despite some claims to the contrary( Z ) it can be shown that the inclu­
sion of the real part makes no detectable diff�rence in any of the 
checks mentioned below. 



The immediate 

( i) B C s , o ) 
( ii )  t: ... . ..  o( 
( iii )  d er-] c:/. {:  A "4 

C ) '  cl t::r lV � � 

consequences of 3 are 

d. er"!" 
-L Cl""T 

o< er: .1.. ' and 
... ...,. T 

points lie on a universal curve vs . cr-T t 
These predictions have been checked extensively by Barger and his collabo­
rators and found to be in agreement with experiment < 3 • 4) Preliminary 
results on points ( ii )  and (iii )  have been presented by Nagy (S)  and , 
though the experiment , when it is completely analyzed , should be able to 
test prediction (iii) , at present this is  not the case . The experimental 
quantities  necessary for the verification of points (i) - ( i ii )  are either 
ill-defined or not well  known , and do not provide serious tes ts  for the 
hypothesis . As for point ( iv) which considers the data at all t , it is 
not apparent that it excludes a s ystematic deviation from Geometrical 
Scaling . We shall see by the fol lowing that such a violation is indeed seen , 
and that it is no t small compared with the observed change with energy . 
It is apparent 'that the full weight of the exceedingly accurate data available 
has not been utilized in these  checks . Such an obj ective is  realized when 
one looks at the difference with energy of the differential cross section 
at fixed t , for G-S relates it , in a very direct way , to the difference 
in t at fixed s • It can be shown that Eq . 2 is equivalent to the following 
derivative-relation < 4 , 6) : 

(4) 

where 

, and E. • o(t.H( � . o) - 1. 

( 4) 

The left-hand s ide of this relation is the well-known effective Regge-traj ec­
tory, and is  relatively well  determined by the data ( 6) • We will  treat the 
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right-hand side as the prediction of Geometrical Scaling for this quantity .  
The comparison i s  shown in Fig .  2 , where the solid curve represents the 
G-S prediction , 

1 0r---.---.---..----,---..,...--,..--�--� 

-1·0ot"--•0C::.5c--,1;';-o;---.,_'c5--.,:_2·00---,2t.. s,---.,,3.1.,· o,.---=3'=.5--,J4 o 
� t lGtV/c12 

It is apparent from this graph that G-S predicts roughly 50 % more 
energy dependence than is seen . We first discuss the uncertainties involved 
in the analysi s  before taking up the subj ect of the implications for G-S : 

I )  The errors on the experimental are compounded of statistical 
errors and normalization errors) taken all to be 5 % . This generally over­
estimates the normalization uncertainties but i t  should be kept in mind that 
a renormalization would shift whole blocks of points up or down . 

2) 5 ( '> . , -\:.) was taken from a smoothing funct ion which fits the ISR data 
with a X '"  per point of I . 5 , with no apparent systematic departure . It 
is good to better than 10 % at any point in o <. It I <.  I (G:e.'1/, )'-, and 
furthermore such systematic deviations as would be needed to explain the 
discrepancy are excluded by the cumulative effect they would have on d�/.it .  

3) €. is a critical parameter s ince it sets the scale for the G-S 
prediction o. "' d  should b e  determined b y  the rise of the total 
cross-sec tion at ISR in the form 

However , we know that the amplitude i s  the sum of a Pomeron and 
a secondary Regge-pole exchange , and one wants to extract the asymptotic 
scal ing properties . Therefore we should make allowance for the · fact that 
• J:iP h i'\  i n  general O(,H :I= O',._�\o al though ,for a normally shrinking Reggeon , 
the contribution i s  so steep in t , that , at ISR energies , i t  i s  negli­
gible in all but the very forward direction. A fit of the form er..- : A se+ a s·\:. 
then yields values which depend on the estimate of the Reggeon contribu­
t ion. Our resul t c =  , 0 7  7 comes from a fit of this form down to s ,  IS �t.'I� 



In models where the Pomeron component ..{ 1� � the Reggeon contribution would 
be much bigger and 
i s  given by a fit  to 

correspondingly higher . The rock-bottom value of e. 
<:r"-r at ISR with B = 0 , resulting in E = .059 :t: .004. 

Now Barger , Luthe and Phil lips have claimed confirmation of G-S us ing a 
value of e = . 045 . Fig .  3 is a comparison of their 0T fit with the data . 
For clarity we show only a statistical average of the data at each ISR energy· 

In conclusion, we have shown that G-S , though extremely precise 
in its  predictions , is  not easy to test . The indications are that there is 
a large violation at t � • I  (c, .. v fc. \"'" which should be confirmed by more 
accurate measurements of er, combined with normalized d<r I cl t measurements. 
With respect to the val idity of the hypothesis  several alternatives may be 
envisaged : 

I )  It is not true and should be discarded . 

2) It is possible that the energy is not high enough and one is seeing inter­
ference with non-asymptotic terms . The logarithmic traj ectory proposed by 
Coon and Tran Than Van may be what is necessary . 

3) Higher derivatives may be important . This  would cal l for a more elaborate 
treatment , i . e .  fitting with polynomial s ,  or to a restriction to smal ler 
intervals in S . It is certain that the results  would be less conclus ive . 

4) Perhaps G-S should not be taken more seriously than any other model 
which purports to describe elastic scattering at high energy . 

... 1 ••0 P.�• ( Gt.•"t• ) 
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EFFECTS OF THE INCLUSIVE DIPOLE POMERON 

TO E XCLUSIVE P ROCESSES* 

N . G . Antoniou 

Nuclear Research Centre " Demokri tos "  

Aghi a  Paraskevi Attik i s , Greece 

Abstract 

The consequences of the inclusive dipole Pomeron for the exclusive 

processes are inves tigate d .  The factorizat ion of the dipole in 

the Mue l l er diagrams is consistent with positivity if we impose 

that the s e l f  coupling of the double pole is zero ( gdd= O )  . I n  

the weak coupling gsd approximation , keeping on ly f i rst  order 

terms in the generating function we obtain a two component mecha­

nism for the exc lusive production . The s imple pole component o f  

the inclusive Pomeron leads to the Poisson dis tribution and the 

doub le pole component to the d i f fractive component . A meson 

trajectory appears in the multi-per ipheral chain with intercept 

a R  depending on the coup ling gss  whereas the exclusive Pomeron 

has the same dipole s tructure at j = 1 . 

*Th i s  work was done in collaboration with C . B .  Kouris , E . K .  Manes i s  

and G . M. Papaioannou , and i t  i s  pub l i shed in Phy s i cs Letters 5 5B , 

7 7  ( 1 9 75 ) . 
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p-p SCAT TERING-AMPLITUDE MEASUREMENTS 
WITH POLARIZED BEAMS AND POLARIZED TAR GETS AT 2 to 6 GeV / c  

A .  Yoko sawa 
A r gonne National Laboratory 

A r gonne, Illinois 6043 9 
( U. S . A . )  
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The r e  a r e  two groups doing p - p  elastic s catter ing with 

polarized beams at the Z GS ;  one of them, ANL(HE P ) - Northwe stern 

Collaboration, i s  interested in the complete determination of p-p ampli-

tudes at r e latively small I t  I and the other, ANL(AR F ) - Michigan-St .  Louis 

Collaboration, is  trying to  determine only the magnitude of amplitud es at 

relatively large J t I . 
In this talk, I concentrate on " fir st- stage" s c attering- amplitude 

measur ements from 2 to 6 GeV /c involving a r e latively s imple experimental 

s etup, covering a small J t J r e gion where one can accomplish a high-

precision mea sur ement. 

The ela stic p - p  s cattering amplitude consists of the s calar 

1 
amplitude s  a (k, 8 ) ,  c (k, 8 ) ,  m(k, 8 ) ,  g(k, 8 ) ,  and h(k, 8 ) ,  in the M matrix: 

M =  a ( k, 8 )  + i c (k, 8 ) (cr
1

· Ntcrz · N) 

+ m(k, S ) (cr 
1

° Ncr 
2

· N) 

t g(k, 8 ) (cr
1 • Po-2

. P+o-
1

· Ko-
2

• K} 

+ h(k, 8 ) (cr
1

. Po- 2
· P - o-

1 Ko-
2

· K) , 

·whe r e  " 1 
and er 

2 
are  the Pauli matrices  of the incident and tar get protons ; 

N, P, and K a r e  unit vecto r s  a long \ x k
f
, k

f 
+ k

i
, and k

f 
- k

i
; and \ and 

k
f 

are initial and final center - of-ma s s  momenta as shown in Fig. 1 .  

�p k1 N TARGET 

CENTER OF MASS 

K 
! (SCATTERED) 

I U NCIOENTl 

N 2 (TARGET) 

2 ( R ECOI L) 

LABORATORY 

FIG. I UN I T  VECTORS N, P AND K 

We note here that, in the nonr elativistic ca s e, vectors  P and K 

defined in the c enter -of-ma s s  system coincide with the directions of 

s cattered and re coil particl e s ,  r e s pectively. However, this is not 

exactly true for the relativistic c a s e ,  especially at large I t  I r e gion. 



Although the us e of vectors K and P s eems unneces sary for the relativistic 

c a s e, we find them convenient in order to follow traditional p-p 

1 ,  2,  3 
scattering par ameter s.  

4 
R e cently Halzen and Thomas worked out experimental 

ob servables in the r elativistic c a s e  and the s e  obs ervables are expr e s s ed 

in terms of exchange amplitude. Their vector s  are cho s en on a practical 

basis in the laboratory system and are directly r e s ponded to the experi-

mental s etup. Therefore, we use  their notation and at the s ame time refer 

to the traditional one. 

If all the mea sur ements are to be made on the horizontal 

s c attering plane, the spin dir ections , N, L, and S, of polarized beam, 

polarized target, and recoil particles are defined a s  shown in Fig. 2 .  

l ( I NCIDENT) - L l"' P) 

N N 

N :  NORMAL TO THE SCATTERING PLANE 

L :  LONGITUDINAL DI RECTION 

S = N x L  I N  THE SCATTERING PLANE 

F I G .  2 UNIT VECTO R S  N , L  AND S 

We define the polarized target with N direction as "N type, ' '  and the one 

with S and L directions as "H type. " 

I 0 

Measur ements made so far include differ ential cro s s  s ection, 

2 2 2 2 2 . . 
/ a /  + 2 / c /  + /m /  + 2 / g /  + /h / , and polarization par ameter, 

I P = 2 Im (a+m) c*. We need at least s even more mea surements to 0 

determine five amplitudes and their relative pha s e s . 
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Pos sible experiments obtaining s pin dir ection of pa rticle s  1 and 2 

by means of polarized beam, polarized tar get, or spin analysis  of final 

state are listed following ( ':'indicates that spin dir e ction is known; 0 means 

that s pin dir ection is  not known) : 

( 1 )  (2 )  ( 1 )  ( 2 )  
Beam + Target .... Scattered + Recoil Parameters 

* * 0 0 cjk ' Correlation Tensor 

* 0 0 * K
jk ' Polarization Transfer Tensor 

0 * 0 * D
jk ' Depolarization Tensor 

* * 0 * Hijk ' Higher-rank Spin Tensor 

Singl e - s ca tt e r i n g  exper iment s  include C
jk 

mea sur ements 

and doubl e - s c a tte r i n g  exp e r iments inc lude K
jk

' D
jk

' and H
ij k 

mea sur e ­

rne nt s . We list the s e  pa r a met e r s  in terms of the amplitudes in the M 

matrix. 

Single Scattering 

r M e a sur ement �jk 

Polarized Observables 
Target ( l , 2 ; 1. 2 )  

N type (N , N ; O , O )  

H type ( S , S ; O , O )  

H type ( S , L ; O , O) 

( S , L ; O , O )  

H type (L ,L ; O , O) 

D ouble Scatterin,g 
1 )  K

jk 
Measur ement 

(N, O ; O , N) 

(S , O ; O , L) 

( S , O ; O , S )  

(L , O ; O , S) 

;:; 

::: 
-

Historical Coefficients 1 
Notation of the M Matrix 

Io CNN 2 [Re (am*) 2 2 2 ] + /c/ -/g/ +/h/ 

Re [ (a-m) g* 
1 

IoCKK 2 (a+m) h*j 
IoCKP -4 Re c h* 

(L , S ; O , O) 

IoCPP 2 Re ( (a-m) g*+ (a+m) h* J 

Io
� 

2 (Re a*m + /c/2+/g/2-/h/� 
Io� 

2 Re [ (a+m) g* - (a-m) h* J 
Io� 

-4 Re c g* 

I K 0 pp 2 Re [ ( a+m) g* + (a-m) h*] 



2 ) Djk Mea surement 

N type ( 0 , N ; O , N) 

H type (O , S ; O , L) 

H type ( O , S ; O , S )  

H type ( O , L ; O , S )  

::: IoDNN 

IoDKK 

IoDKP 

I D 
o PP 

/a/ 2-/m/ 2+4 Re g h* 

2 Re[ (a-m) c* 1 
2 2 

/a/ -/m/ -4Re g h* 

W e  note that DNN' DKP ' and Dpp a r e  commonl y called the " D parameter, 1 1  

1 1R p a r amet e r, 1 1  and " A  parameter, 11 r e s pectively.  

3 )  H . .  k M e a s u r ement 
lJ 

In this  type of mea s u r ement, w e  can determine thr e e  

p a r amet e r s  s imultaneou s ly for one m e a s u r ement . S i n c e  changing the 

c o nfiguration of the p o l a r i z e d  ta r g et is harder than c hanging t i1e d i r e c tion 

of the pola r i z ed L e arn, w e  list var ious exp e r imental o b s ervables with 

r e s p e ct to different s pin di r e ctions of the pola r i z ed proton ta r get. 

Pol ar ized Experiirental Historical 
Target Observables Notat.icn 

N type (S , N ; O , S )  I H o KNP 

( L , N ; O , S ) :::: I H o PNP 

H type ( Transverse ) 

( N , S ; O , S )  ::: I H o NKP 

(S , S ; O , N) " I H o KKN 
(S , S ; O , N )  (L , L ; O , N) 

Cceffi cients 
of t r e  M Ma.�t�r�i�x'-�-S"'-'-i�multaneous Observables 

2Im [ (a-m) g*(a+m) h*] ( O , N ; O , N),( S , 0 ; 0 , S )  

- 4  Im ch• (0 , N ; O  , N ),(L ,0 ; 0  , S ) 

2Iml-am* � 2 gh*] (O , S ; O , S),(N , O ; O , N) 

-4 Im cg* m , s ; O , OL(O , S ; O , S ),(S , O ; O , S )  

(L, S ; O , N) IoHPKN 2Ira [ (a+m) g* +  (a+m)h*l(L , S ;  0 , 0 ),(0 , S ;  0 , S ) J L , O ;  O , S ) 

H type (Longitudinal ) 

(N , L ; O , S ) z 

(S , L ; O , N) ::: 

( L , L ; O , N )  z 

(L , L ; O , N )  

I H o NPP 

IoHKPN 

I H 
o PPN 

( S , S ; O , N )  

2 I m  [ca-m) c*] ( O , L ; O , S ) ,(N, O ; O , N) 

2Im r- (a-m) g*- (a+D)h� (S , L ; 0 , 0 ),(0 , L : O  , S ) ,( S , O ; O  , S )  . ) 
-4 Im cg* (0 , L ;  0 , S ),(L , O ;  0 , S )  

B y  c on s ider ing exp e r imental s implicit y a n d  fea s ibility, w e  empha s i z e  

only m e a s u r ements that do not r e qui r e  longitudinal s p i n  ana l y s i s  of r e coil  

partic l e s .  T h e  us e o f  a longitudina lly pola r i z e d  beam p r oduced b y  a 

vertical bending magnet is not quite s u itable to mea s u r ement s r e qui r ing 
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a pola rized- proton target. 

C mea surements have been r e c ently ,completed b y  ANL -Northwestern 
NN 

collaborator; at 2, 3, 4 ,  and 6 GeV / c .  The re sults at 6 GeV /c is shown 

0.8 T 
I /l 6.00 Gev/c ANL ( l974) 0.7 I T + I 

0.6 + T • 1.385 Gev/c SACLAY (1967) T I � I T 
0.5 +r .l + . TT I Gev/c SACLAY (l967) J. 0 1.910 
0.4 I .L �  J.c;> 

-
0.3 

.l 1.L I • 6.00 Gev/c THIS EXPERIMENT .L 
z 
z 

0.2 (.) 

0.1 

0 

-0.1 

· 0. 2  
0 .I .2 .3 .4 .5 .6 .7 .8 .9 1.0 I.I 1.2 1.3 1.4 1.5 

lt l  (Gev/c 1
2 

in Fig. 3 to gether with earlier data by A N L - Michigan-St. Louis 

Collaboration. 
6 

C ompar ing with the data at 1 .  4 and 1 .  9 GeV /c 
7 

we s ee 

a strong ener gy dependenc e .  W e  expe ct to  make measur ements of other 

parameter s in the near future.  
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THE STRUCTURE OF AMPLITUDES OF TWO-BODY REACTIONS 

* 
A . P .  Contogour i s  

Laboratoire d e  Phys ique Theorique et Particule s E lementaire s ,  Orsay 

Abstract : A method c ombining fixed-t di spersion re lations with 

an ( incomplete ) set of experimental data and leading to amplitude 

analyse s  is presented and applied to c e rtain two-body nondiffrac­

tive reactions . Characteristic regularities  of the re sulting ampli­

tudes are  pointed out . A c ompari son to  F E S R leads to an under­

standing of the t-structure of the real parts . 

Resume : A partir des re lations de dispersion a t fixe et un en-

semble ( incomple t )  des donnees experimental e s  on introduit une methode 

d ' analyse en amplitude s ; c ette methode e s t  ensuite appl iquee a un 

nombre de reactions a deux c orps non diffractive s .  Quelques r egularites 

caracteri stique s des amplitude s trouvees  s ont signalee s .  La c ompa­

rai s on avec l e s  r8gl e s  de somme a 8nergie finie  apporte une c ompr8-

hens i on de la structure en t des parties  ree l l e s  de s amplitude s .  

* On sabbatical leave from McGi l l  Univer s ity ,  Montreal , Canada . 
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1 . As  an example of the ·application of our method we consider 
0 ( 1 )  . f t h '  h n p � n n , which wi l l  also of er an impor ant test . At ig 

s and fixed t the nonflip ( M
0

) and flip (M1 ) s-channel he l i c i ty 

amplitudes ( SHA )  are given in terms of the we ll-known invariant" 

A ( - ) B ( - ) by ' 
( 1 ) 2M f A 

( - ) ( "' t )  + \J B (- ) ( "' t )  1 
( 1 (- )  M1 ( \J, t )  -t )  A ( ,;, t )  

where \J = ( s  - u ) /4M,  M = nuc leon mas s .  Then at fixed t 

( 2 )  ReMn ( " '  t )  2 \J 
n f 00 lmM ( \J '  , t )  

\J t n 

n = 0 , 1  and the integral inc ludes possible Born term c ontribu­

ti ons . For \J > N,  N to be spec ified below ,  we write 

<Y ( t)  
( 3 ) b ( t ) \J  n 

n 

where an ( t )  = effec tive Regge exponents . Then we split the in­

tegral { 2 )  in two parts A low-energy one , "t < \J s N, where 

lmMn can be calculated in terms of phase-shifts ; and a high 

energy one , N s \J < 00, where the expression ( 3 ) i s  a reasonable 

approximation.  Thus N is determined by the limiting energy of the 

phase-shift analysi s .  Hence at each t ,  both lrnMn and ReMn are 

determined via two real parameters , b
0

( t )  and b1 ( t ) . These can 

be calculated from the experimental differential cross-section 

and polari zation P at a given energy . Having spec ified bn( t )  from 

the data at one energy, we can predict  SHA , d CT/dt and P at other 

high energie s .  

Due t o  large differenc e s  between polari zation data ca lcu­

lati ons are presented vith two di fferent polarization inputs ( 2 )  

( in Figs . 1 ,  2 ,  4 : full line s  CERN P ,  broken line s  Argonne P) . 
The s implest choice for the effec tive Regge traj ectories i s  the 

trajectory : 

(4 ) O' ( t )  O' ( t )  0 . 45 + 0 . 9  t n 



The re sulting SHA at 6 GeV are shown in Figs . 1 and 2 ,  where  
(:;) 

c ompari son is also  made with a number  of amplitude analyse s .  

The ir e s s ential features can b e  summarized a s  fo l lows : 

( i )  lmM1 has a t-structure of the form � J1 (R f-t )  with R ""  1 f ,  

i n  agreement with the dual absorption mode l (DAM) . ReM1 shows a 

"double-zero" struc ture at t � - 0 . 5  Gev2 . On the whole M1 ( v , t )  

appears t o  b e  dominated by a single Regge pole exchange , s o  

( 5 )  ReM
1 

( v , t )  lmM1 ( v , t )  tan n rt ( t )  

2 

( i i )  lmM has a t-struc ture more of less  like � J (R f-t ) .  ReM 0 0 0 
has a turning point at t "" -0 . 6  and bears no s imple re lation to 

lmM . 0 

S 2 .  We now turn to the reactions Kp 

Thes e  are desc ribed in terms of the SHA 
_ o + o (4 )  
K n and K n � K p ( + )  Mn - ( v , t ) , n = 0 , 1 , 

where (� )  c orre sponds to t-channel  tensor/vector exchange ( p/A2 ) .  

Data exi st on d cr/dt f�r both reactions, but on polari zation only 
- _ o  

f o r  K p  � K n . Thus t o  proceed with our method w e  have t o  make 

some assumption.  We as sume that for v > N : 

( 6 )  lmM�- )  ( v , t ) ( + )  lmM1 ( v, t ) , 

name ly that exchange degeneracy holds between the imaginary parts 

of the vector and tensor flip amplitude s .  We use again (4) as 

effective traj e c tory , and in fac t for both vector and tensor 

exchange . 

The re sulting amplitude s at 8 GeV are shown in Fig . 3 .  

C lear ly the vector exchange SHA , M�- )  and M0 
( - ) , are very much 

the same as before . On the tensor exchange SHA we notice  : 

( i )  M1 
(+ ) ( v , t ) also appears to be dominated by a single Regge (+)  (+ )  pole  ( here ReM1 ,,, - cot  .:'.!.....Q' lmM1 J. 

( i i )  lmM0 
( + ) s omewhat deviat�s from the DAM form of J0 (Rf-t ) ,  

since it  has a second zero at t 0 . 4 .  Thi s  has also been 

noticed in other analyses  involving tensor exchange ( 5 )[!) ReM ( + )  
0 
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has no s imple re lation to lmM (+) and , as in  other analyses ( 4 )  0 
involving tensor exchange , it appears to change s ign somewhere 

at j t j < 0 . 5  GeV2 . • 

Conce rning tensor exchange we note that s imi lar results 
( 6 ) have been obtained by Girardi et al , who follow a complete ly 

di fferent approach ( e . g .  the EXIl re lation ( 6 ) ,  used as an assump­

tion in our analys i s ,  i s  an outcome in  Ref . 6 ) . 

$ 3 . We now turn to the c omparison of our results with finite 

energy sum rules  ( FESR ) and to an understanding of the struc ture 

of real parts . Fig .  4 presents FESR for n-p n°n c orre sponding 

to the ! Qwest two moments (k = 0 and k = 1 ,  moment = 2 k + 1 ) .  The 

e s sential point to be made is in  conne c t i on with the lowe st moment 

FESR : for the flip  ampli tude they are very we l l  satisfied up to 

t 0 . 6 ,  for both of our soluti ons ; but for the nonflip , they 

are not we l l  sati s fied . The higher moment FESR are ,  on the whole , 

better satisfied , We would like now to show that these  re sults for 

FESR together wi th the fact that lmMn( v, t )  have the struc ture of 

Jn (Rf-t ) lead to an understanding of the t-structure of 

ReMn ( v, t ) . 

We begin with ReM1 ( ,, , t )  and sha l l  show how the double-zero 

struc ture ari ses . We re-write Eq . ( 2 )  in the form 

( 7 )  
n 

f, N d v'  
lmM1 ( ,, • , t ) 22 '\\ v '  -v 

N 

2 2 v' -v - � :::::: I 
Using a wel l-known Hi lbert transform for the i ntegral 

and expanding the rest  in  powers of 1 /} we finally obtain 

(8 )  ReM1 ( v, t )  

where 

2 
nv D 

( 1 )  ( t )  + 1 



( 9 )  NO' + 1 

O' + 1 

Notice  that D ( 1 ) ( t )  - O 1 - i s  just the lowest moment FESR for the 
TT O!  amplitude n = 1 .  Now , both lmM1 and tan :2 have simple zeros 

at t � -0 . 5  so that the first term in the r . h .  s ide of ( 8 )  has ( 1 ) . a double zer o .  Since the flip  FESR i s  we l l  satisfied and D1 1 s  

further multi plied by 2-. (� _!_ a t  6 GeV) , the remaining terms i n  
TT V  � 9 

( 8 ) are negligible . Thus Eq . ( 5 ) i s  approximately sati sfied . 

( 1 0 )  

Next we turn t o  ReM0 ( v, t ) . S imi lar procedure give s  

lmM ( v , t ) tan TT <Y  + 0 
2 

2 

v 

where D ( 1 ) is given by ( 8 )  with n = 0 replac ing n 1 .  Here 0 
lmM0 J0 (R  J-t )  and F i g . 5 - ( a )  - ( c )  indicate s how the structure 

of Re�0 ari s e s  : s inc e the lowe st moment nonflip FESR is not we l l  

satisfied the term D ( 1 ) ( t )  provides a. non-negligible c orrection.  0 
The pre c i s e  final form of ReM0 ( ful l or broken line of Fig .  1 ( c )  

depends on the detai l s ,  but some sort o f  turning point near 

t = - . 5  wi l l  a.rise . 

Simi lar remarks on ReM can be made on the bas i s  of the n 
FESR for Kp - K

0
n and K+n � K0p .  

(4 ) 
§4 . Rec ently a set of derivative re lati ons for SHA has 

been c onj e c tured . ( 7 ) The se  ca.n be written 

( 1 1 )  M 
1 ( s , t )  � (J-t )n 

n + 

The re lations ( 1 1 )  should be c ons idered as approximate ; never­

the l e s s  it is of interest  to s e e  how they a.re sati sfied by the 

SHA of . our ampl itude analyse s .  

First , c oncerning lmMn ( v, t ) , noti c e  that Eq s .  ( 1 1 )  are 

i dentical to the well-known re lations of Bessel  func ti ons 

1 7 1  



1 72 

\) -x 
d 

dx 
( �  J (x ) )  

x \) \) 

S ince our lmMn have e s s entially the Bessel  function structure , 

they approximately sati sfy ( 1 1 ) .  

( 1 2 ) 

Next,  c oncerning real parts ,  for n 

ReM1 ( s , t )  � /-t d 

dt 

0 Eq . ( 1 1 )  impli e s  

Starting with the form o f  ReM
0 

di scussed i n  paragraph 4 ,  we in­

di cate in Fig s .  5 ( c )  - ( e )  how we end up with a "doub le-zero" 

structure for ReM1 which i s  in approximate agreement with our 

s o lutlon (Fi g . 2 ) .  It i s  not difficult to see  that our SHA for the 

two KN charge-exchange reacti ons (Fig . 3 )  approximately sati sfy 

the derivative re lations . 

0 ( 8 )  § 5 .  We cons i der the appli cation o f  our method t o  Yp � 1T p 

In general thi s  reac tion involves 4 SHA , one nonf l i p ,  two flip and 

one double-f lip .  Experimental data exist on d cr/dt , photon asym-

me try A =  ( a  - a ) / ( a + J. // 1 CTff ) ,  polarized target assymmetry T and 

recoil  proton polari zati on P .  Pre sent data are c onsi stent with 

T ""  P and this allows to take the two flip amplitudes as i dentical � 9 )  
0 

Thus we analyze Yp � n p by means of 3 amplitude s Mn( v, t ) , 

n = O ,  1 , 2 . 

Our SHA at 4 GeV are shown in Fig . 6 and have the following 

bas i c  features 

( i )  A l l  lmMn( v, t ) , inc luding n = 2 , have the DAM zero structure 

( ii )  
- 0 

·is much the same as for n p � n n .  

( i i i )  ReM1 ( v, t )  has two zeros but rather far apart 

king , it has a shifted "doub le-zero" structure . 

roughly spea-

Before c onsidering the c ompari s on of our s o lution with 

FESR, which wi l l  also offer an understanding of ( i i i ) ,  we shall  

briefly di scuss the application of the derivative re lations ( 1 1 )  



to our YP � n p s o lution. Fig . 7 ( 9 )  presents the modulus \M1 I 
and the phase �1 of the flip  areplitude generated from our double­

f l ip ampli tude M2 (Fig . 6 )  and the re lati ons ( "1 1 ) ,  and also  c ompare s  

i t  t o  \M1 \ and qi1 obtained direc tly from our solution (Fig . 6 ) . 

The agreement i s  remarkable . 

§ 6 .  We now turn to a c ompari s on of our solution with FESR . 

F i g .  8 pre sents the results for the lowest moment (k = 0 )  and for 

two higher moments (k = 2 and 3 ;  again ,  moment = 2k + 1 ) .  Clear ly 

the lowe st moment FESR are very poorly sati sfied . However , as we 

increase the moment , the agreement markedly improve s . 

The reason i s  that the � ( 1 236 ) res onanc e ,  which  give s a 

s trong c ontribution to pi on photoproduction, introduce s  into the 

FESR integrands terms with a zero structure that much deviate s  from 

that of Jn( R/"-t ) .  The same is true for the nuc leon (Born) tenn s .  

On the other hand , higher mass re sonance s  do lead t o  terms with 

Besse l func tion zeros . As the moment increase s ,  the Born and 

6( 1 23 6 )  terms are suppressed re lative to high mas s  resonance terms , 

and the agreement with the imaginary parts of our solution improve s .  

To under stand the structure of ReM1 (point ( i i i )  of § 5 )  we 

only need to write  the c orre sponding di spersion re lation in a 

form simi lar to Eq . ( 8 ) . The fact that the FESR for n = 1 , k = O ,  

i s  poorly satisfied impl i e s  a s i gnificant c orrec t i on (�D1 
( 1 ) ( t ) ) ,  

whi ch shifts the "doub le-zero" of lmM1 tan n; towards negative 

value s .  

An important c onc lus ion of the above FESR c ompari son is  

that FESR, in particu lar of  the lowe s t  moment , do not  always reflect 

c orrectly the t-s tructure of the imaginary parts of the high e nergy 
0 

ampli tude s .  In Yp � n p, if we were to r e ly on the k = 0 FESR we 

would obtain imaginary parts of SHA much deviating from DAM . In 

c ontrast the imaginary parts of our high energy solution (Fig . 6 )  

do exhibit the DAM structure . ( 1 0 ) 
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TOWARDS A SOLUTION FOR THE HELICITY DEPENDENCE OF 
SCATTERING AMPLITUDES 

B . SCHREMPP and F . SCHREMPP 
CERN, Geneva 

Abs tract : Derivative rules ,  relating all s channel helicity 
amplitudes of a two-body reaction to a s ingle one , are discussed 
and tes ted . 

Resume : Nous dis cutons et verifions la loi de derivation , permettant 
d ' obtenir a partir d 'une seule amplitude toutes les ' autres ampl i­
tudes d ' h�licite de la voie s d 'une reaction a deux corps . 
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Since a long time it has been a maj or problem in two body physics to find a 

convincing systematics for the helicity dependence of the amplitude s .  We 

shall discuss in this contribution an interesting and powerful hypothesis  for 

the hel icity dependence 

FA A A A ( s , t) = 
c d ' a b  

r-:-o b.A 1 Cl llA 
CA A A A (s)  .i-rc ( - -- ) F

llA=O( s , t) (1) 
c d • a b J--=-t' ci R 

(llA = I A -A -A +A I )  
c d a b 

which relates all s channel helicity ampl itudes - via derivat ive relations -

to a single one . 

An analogous relation appeared alr�ady a long time ago in nuclear phy­

sics 1.) More recently it has been proposed for high energy physics 2 ) -l) . 
A phys ical motivation B) is given by the dual peripheral model 3) ,4) .  

This is an s channel approach for nondiffractive reactions at high energies .  

I t  describes the amplitudes in terms of one single s channel Regge pole 

a(s)  ( interpolating the peripheral resonances with spins J+1/2 � R• k
cms ' R 

"" 1 fermi) dominating the right hand cut amplitude G ( s , t) and its analyt ic 

continuation a(u) building up 'correspondingly the left hand cut amplitude 

G( u , t) [ F ( s , t) = G ( s , t ) + G(u , t) ] 
The assumption of one s ingle s channel Regge pole is. equivalent to the 

requirement of the s imultaneous validity of the following two "downward" and 

"upward" derivative relations ( plus a boundary condition for -t _,. 00 ) 

GA . 
( s , t) 

1 

BA . 
(s)  

1 
b.A r7' b.A 

) ( v -t GA . 
( s , t) ) 

1 

(AA . 
and BA . 

being related) . 
1 1 

(2) 

(3) 

Each single one is free of the deficiency of the dual perpheral model ,  the 

s ingularity at t = O. The first one - ·which is identical to eq . (1 ) - is the 

more attractive one of the two , since it al lows for the naively expected 

"threshold behaviour" b
llA 

for b - o  in the impact parameter amplitude s .  

S o  far for the physical motivat ion. 

It is clearly interest ing to study the derivative relations (1) 
detached from the dual peripheral model.  Let us nevertheless use the model 

once more to get an iaea about tneir domain of validity; one expects S) 



i) the kinematical restriction :  s large , o� -t«s (and for t - u :  s large , 

o � -u« s) 

ii) validity only for amplitudes with definite "t channel exchange" , charac­

terized by t channel signature and (effective) traj ectory intercept (and 

nothing more) 

and one obtains in addition that for these amplitudes the helicity weights 

CA . 
( s )  are energy independent and real . 

l 
(4) 

Ref s ,  3)-7) contain tests of the derivative relations in conj unction with 

additional theoretical assumptions ; these tests are qualitatively very encou­

raging , however , partly failing on the quant itative leve l .  It seems that these 

deficiencies are due to the additional model as sumptions : in Ref .  8) we per-

formed mode l independent tests for the reactions '!I p ___... '!I 0 n, y p - 110 p , 
(-) 

diffraction scattering; KN CEX and '!I N in all cases a very good success of 

the derivative relations was found. Also the prediction (4) appeared to be 

confirmed by the data. Figs . 1 and 2 show representative examples for such tes t s .  

The t e s t  methods have been described i n  great detail i n  Ref . 8) . 

As an outlook for the futµre let us discuss two lines which one might 

pursue 

i) it appears that the derivative relations (1) - once they are established -

may be very powerful for amplitude analyses with incomp lete experimental infor­

mation. For a 0 � ---+ O  � proces s  e . g .  the measurements of dcr/dt and P are 
2 

sufficient input into an eigenvalue problem for the function y = I F
�A=O ( s , t) I 

given by the nonlinear differential equation (C real) 

c2 1 2  4 Y  + 2 y 
dcr - dt y + 0 ( y '  

in conjunction with the boundary condition 

1 d6 � 0 � 2 dt ( 1 - J 1-P ) 1. d6 /"21 .(. y � 2 dt ( 1 + V 1-P- ) 

and a solution for the nonflip phase 

In all practical applications up to now (like e . g .  in 11 p ->TIO n ) thi s  
�igenvalue problem seems to have a unique solution .  

(5)  

(6)  

(7)  

ii)  A speculation about a more general origin of the derivative relations (1) : 
they might be due to an asymptotic symmetry (s ---> oo ,  t fixed) . As is well 
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known the symmetry under the rotat ion group manifests itself in the indepen­

dence of the partial wave amp litudes fJ (s)  on M, �he third component of J, in 

the Legendre expansion. Correspondingly the independence of the coefficients 

fk on /',A in the Laguerre expansion 

FA . 
( s , t ) 

1 
D

A .
(s)  L f

k
[- _

Ci
_ A(t) J /',A 

e-A(t) 

1 k a Ft  
L

/',A 
(A( t ) )  

k 
(8) 

- which automatically fulfils the derivative relations (�) - may be an indi­

cation for the presence of an (asymptotic) symmetry. 
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FIG. l b  

shows a model independent test of the derivative r�latio8 F1=C (o /oi=t) F0 
for the s channel helicity amplitudes FAA=O 1 in TI p -+  TI n at 6 GeV/c .  The 
curves are the re�ult of a fit  of the amp litudes - being parametrized as 
a sum (8) of properly weighted Laguerre polynomials such as to automatically 
fulfil the derivative relation - to the complete experimental information 
available ; a) contains da/dt and P ,  b ) _£ontains all avai�able amplitudei� analyses . The fit yields l/ I C I = 2 . 4  GeV and TI-�C = -8 . 6  with C = I  C l e C 
For data Refs .  see Ref . 8 .  

02 

Figure 2 :  
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FIG 2 

1 
shows the TIN , I t�l helicity amplitudes FAA=O l as they result from the fit  
shown in Fig . l .  They fulfil the derivative re  ation F1=c (3 /o;=t') F0 exactly . 
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Figure 3 :  

shows a model independent test o f  the de­
r0vative relation F1=C(o /o.r::t-) F0 in n-p + 
TI n at various energies . The full curves 
represent the left hand sides ( l . h . s . )  of 
the integrated form 

iF0 (t) I = IF0 (o) I exp��I r:d• ::�: cos (<\-o0-<t>c1 

of the derivative relation ; the broken 

Hecht-Jakob-Kroll amplitude 
and 14 GeV/c , b) those with 
and 16 GeV/c.  

lines are the results of a fit of the r . h .  
s .  t o  the l . h . s .  with the two free parame­
ter§1C l and <l>c · a) shows the results with the 

analysis at the representative ey5fgies 5 , 10 
the Barger and Phillips amplitudes ' at 5 ,11 

Figure 4 :  

The energy dependence o f  the function C(s) in TI p + n°n as obtained model in­
dependently point by point by means of the procedure described in the cap­
tion of Fig . 3 . l/ j c j  seems to reach soon a constant value and n-<j>C remains 
small. 



GEOMETRICAL VERSUS CONSTITUENT INTERPRETATION 
OF LARGE ANGLE EXCLUSIVE SCATTERING 

B .  SCHREMPP and F .  SCHREMPP 
CERN, Geneva 

Abstract : It is pointed out that the large angle pp + pp data 
sug�est �n e�ponential behaviour in pT modulated by_fi regu�ar 
oscillation in pT more natural1y than a power law s It 'is 
argued that these effects are due to a manifestation of the 
same geometrical length scale -R 0 1 f ermi which is known to con­
trol small angle scattering . 

Resume : Nous montrons que les resultats a grand angle de pp 
suggarent un comportement exponentiel en p , module par une 

· -" 1 · - � , . T . -N tion r�gu iere en pT plutot qu une loi de puissance en s 
soulignons aussi la possibil ite que ces effets soient dus a 
festation de l ' �chelle geometrique R 0 1 fermi , connue pour 
la diffusion a petit angle . 

+ PP 
oscil l a­
Nous 
la mani­
controler 
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It is the purpose of this contribution to point out that the large angle data 

of pp + pp give support l)  to a geometrical interpretation rather than to a 

constituent picture . 

The characteristics of these two pictures are as follows : 

i) geometry 2 ) : the hadron behaves like an extended obj ect with a roughly uni­

versal interaction radius R � 1 fermi . This is the length scale , which is known 

to manifestly control the features of the data at small angles (t fixed , s+ oo) . 

Representative models are all t channel Regge models ,  wbere the scale is set 

by the universal slope a ' (R/2rr) 2 
� 1 GeV-2 of the Regge traj ectories ,  or the 

"dual peripheral model" 3 ) which has the advantage of holding out to rather 

large values of -t . 

The dual peripheral model is an s channel Regge approach for non-diffrac­

t ive two-body reactions in the limit t fixed , s + 00• It starts off from one 

nonlinear, complex s channel Regge traj ectory which interpolates the peripheral 
s channel resonances with spins J + V2 � kcms

• R, R � 1 fermi . In a dual way 

it generates t channel Regge behaviour involving a l=t type t channel Regge 
traj ectory , Typically for fixed s it predicts a behaviour 3) like (see Fig .  2 )  

..!... -R·A· /=t do/dt � r-te 1 + C • cos (  R /:t + � ) )  R 1 fermi , 
(t .+ 0) 

c I �  1 ,  A = � log ( s/s  ) ,  rr o C weakly dependent on log ( s/s
0 ) ,  

( 1 )  

where the length scale R controls manifestly the exponential fall off  in  /:t 
as well as the period of the oscillat ion in l=t ( l=t + /=ii for u fixed s+ 00 ) ,  

ii )  constituents :  As is well known, scali_ng in deep inelastic ep scattering 
suggests a constituent interpretation of the hadron . Analogously, one might 

expect 4l to find indications for constituents in exclusive large angle scatter­

ing data ( 8 fixed , s + 00) , This implies in particular the ·loss of the geometri­
cal �cale R � 1 fermi a ' + 0) for sufficiently high transverse momenta. 
Representative for such a constituent approach is the quark counting rule S) 

for a process A + B + C + D 

do /dt �00 s- (nA + nB + nc + nD) + 2 f (G ) 
8 fixed 

(nI number of valence quarks in particle I ) , 

(2 )  



Let us confront the two forementioned pictures with the large angle pp + pp 

data, which are by far the best data available in the "deep" region. 

a) Comparison with the constituent picture : Fig. 1 shows l) the large angle 

pp + pp data 

sis tent with 

energies seem 

power law s -N 

in a plot log dcr/dt 

the predicted power 

to pref er a higher 

see Ref s .  6) . 

versus log s .  For Plato 6 GeV/c they are con­
law s-10 , even though the data at the highest 

power (s-12 ? ) . (For further tests of the 

b) Comparison with the geometrical picture : here we ask the question : is there 

a scale of the order of 1 fermi appearing in the large angle pp + pp data? 

The presence of coherent effects in the deep region has been pointed out al­

ready 7) , 8) . However , our conclusions in detail are different from the obser­

vations made in Ref .  7 ) . 
The cleanest signals for the presence of a dimensional scale are of course 

exponentials and regular oscillations -typical features of the geometrical re­
gion . The main task is  to find the appropriate variable in which to look for 
such exponentials and oscillations in the large angle data. As a guideline , 

let us use the dual peripheral model 3) , which originally has been formulated 

for t (u) fixed , s + 00 •  Even though it is  an s channel approach, it cannot 

straightforwardly be extrapolated to large angles.  The reason is that it does 

not properly take care of t-u crossing symmetry requirements ,  which become 

crucial near 8 = 90° , 
ever , very suggestive 
symmetric variable 

p " T 

PT 

i . e .  near 

to simply 
= k sin ems 

M and 

-t small 

t = u .  In  view 

try instead of 

8 with the ems 

p " T 
-u small 

of the result ( 1 )  i t  is , how-

r-t (or h) the t-u crossing 
additional property 

(3) 

Thus , in analogy to eq .  ( 1 ) , at fixed Gems we might look for a behaviour of 

the following type l) 

dcr/dt ( 1  + (4) 

with g = g (8) and C = C (8) dimensionless ;  i . e .  an exponential fall off in PT ' 
possibly modulated by an oscillation which is regular in pT with a period 2Tr/R 
·given in terms of the hadronic scale R "  1 fermi . 

Fig. 3 shows l) the same large angle pp + pp data as in Fig . 1 at fixed 

angles 8 = 90° , 68°, 55°, but this time with log dcr/dt plotted versus pT 
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( s imilar to the Orear plot) , We realize f irst of a l l :  there does not seem to 
be any indication of a change in the characteristics of the pT behaviour for 
fixed 8 ms almost from threshold up to 25 GeV/c - in contrast to the power law 
behaviour, which agrees with the data only for plab� 6 GeV/c ( cf .  Fig . 1 ) . 

Secondly, the data seem to oscillate regularly around a straight l ine corres­
ponding to an exponential of the type e-R• g (G)· pT ( in case of the 55° data , the 
oscillat ion vanishes in the statistical f luctuations of the data) . In order to 
be able to study these oscillations more closely , we divided the data for do/dt 
by the appropriate exponential . The results for 90° and 68° are shown l) in 
Figs . 4a and b :  a clear indication of a strikingly regular oscil lation in pT; 
the curves correspond to an eyeball fit to 1 + C cos ( R· pT + ¢ ) with a pe­
riod of 2n/R � 1 . 7  GeV/c ,  i . e .  with R e::< 0 . 7 3 fermi . A comparison of Fig. 4a 
with Fig. 4b shows that the zero positions of the oscillation remain fixed in 
pT ' independent of ¢ .  Thus altogether do/dt (pp � pp) seems to behave for large 
fixed angles as suggested in eq. (4) . 

Our analysis leads us to the following conclusion . The exponential , and 
in particular, the osci l lations are a strong indication for the presence of a 
length scale . Moreover ,  this scale looks very much l ;ke the wel l-known hadro­
nic radius R o:: 1 fermi , 

The interpretation of a parton optimist might be : at highest avail able 
transverse momenta we see the transition region where the resolution is j ust 
good enough to make out the constituents within the extended proton (remember 

-10 the compatibility of the data with a power law s for plab;?'.. 6 GeV/c) . The 
pure parton behaviour, i . e . , the loss of the length scale characterizing the 
size of the proton , wil l  show up at higher transverse momenta pT � 3 . 5  GeV/c .  
The oscil lations will then die away . 

A parton pessimist might conclude : there i s  no convincing evidence for 
partons in the large angle pp �pp data . Instead, a geometrical picture , in terms 
of an exponential in pT modulated by a regular oscillation, describes the data 
uniformly almost from threshold up to plab :::: 25 GeV/c .  
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... ig. l. Data for 1og do/dt(pp -+ pp) versus logs at the fixed 

angles Berns = 90°, 68° and 55°. The solid lines correspond to 
a power law behaviour like s - 1 0 ,  the broken lines to one like 
s - l l .  Data from ref. [ 9 ) .  
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Fig. 3. Data for log da/dt (pp ...... pp) versus p 1 at the fixed 
angles 9cms = 90°, 68° and 55°. The straight lines correspond 
to an exponential behaviour like exp(-8. l 3p 1), exp(-8.42p1) 
and exp(- 8.95p1) respectively. Data from ref. [ 9 ] .  
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Fig. 2. Data for two representative reactions plotted in the 
form log[J=((da/dt)] versus .J=I. This is to illustxate the 
agreement with a characteristic prediction of the dual peri­
pheral model: an exponential drop-off in Ft modulated by 
an oscillation which is regular in Ft. Figure from ref. [ 3 }  . 
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Fig. 4. a) Data for da/dt (pp- pp)90° divided by the exponen­
tial of fig. 3: da/dt (pp- pp)90° (cm2/GeV2 J/( l . 1 5  X 10-2• 
exp(-8.l 3p1)) versus Pl· The solid line (1 - 0.54 cos(3.7p1-
0. 774)] is an eyeball fit indicating a regular oscillation of the 
data. Data from ref. [9}.  b) The same as in a), but for 68°. Da­
ta points: do/dt (pp- pp)68° [cm2/GeV2 ]/(1 .445 x 1 0-24 
exp (-8.42p1)), curve: ( l - 0.35 cos(3.7p1 - 0.774) ) ,  i.e., the 
same oscillation as in a), only with a smaller amplitude. Data 
from ref. [9]).  



INCLUSIVE CROSS SECTIONS FOR p + n + p + X 
BETWEEN 50 AND 400 GeV 

F .  SANNES 
Department of Physics 

Rutgers , The State  Univers ity 
New Brunswick, New Jersey 08903 

Abstract : We have measured inclusive cross s ections for the 
reaction p + d + p +· x in the region 0 . 15 < J t J < 0 . 39 Gev2 , 
100 < s < 750 Gev2 and 0 . 80 < x < 0 . 9 2  using the acceleration 
ramp and deuterium gas j et target at Fermilab . These measurements 
are combined with our earlier measurements of p + p + p + X 
to obtain inclus ive cross s ect ions for p + n + p· + X .  

Resume : Nous avons mesure la s ection efficace de la reaction 
inclus ive p + d + p + x dar.s la  region c inematique 0 . 15 < I t  J< 0 . 39 Gev2 ' 
.100 < s <  750 Gev2 , 0 . 80 < x <  0 . 9 2 ,  ut ilisant la cible  de gaz 
deuterium pendant le cycle d 'acceleration a Fermilab . Ces mesures , 
combinees avec nos mesures anter ieures de p + p � p + X ,  determinent 
les sections efficaces inclus ives de p + n + p + X .  
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INCLUSIVE CROSS SECTIONS FOR pn + pX BETWEEN 50 AND 400 GeV 

In a recent experiment we have measured the inclus ive cross sect ions 
for the reactions 

p + p p + x (1 + 2 + 3 + X) ( 1 )  
p + d + p + x (1 + 2 + 3 + X) (2)  

us ing the hydrogen and deuterium gas j et targets in the Fermilab main ring. 
The results  of the pX measurements were reported earlier .  1 In this pp + 

letter we present cross s ect ions for the react ion pd-7-pX and combine the 
two sets of measurements to obtain invariant cross sections for the 
react ion 

p + n + p + X (1 + 2 + 3 + X) (3)  

S ince we wish to compare pd data to pp data ,  it is convenient to us e the 
nucleon rather than the deuteron mass in defining the kinematic variables 
of React ion ( 2) , i . e .  we assume independent nucleon-nucleon interact ions , 
the s econd nucleon in the deuteron being a spectator.  In order to take 
into account the smear�ng of the kinemat ic variables due to Fermi mot ion we 
use the average values defined by 

2 (4) < s> = s + E1 < Pp >/m2 
< t> t 2 - E3 < pF >/m2 (5 )  

2 2 (6)  < x> x - < PF > /2m2 
where m2 is the nucleon mass , x = 1 - �2/s and s ,  t and �

2 are the squares 
of the total center of mass energy , the four momentum transfer and the mass 
o f  X respect ively for a target nucl eon at rest and < Pp 

2> = 0 .012 GeV2 is the 
mean square of the nucleon momentum in the deuteron due to Fermi mot ion. 
For the kinemat ic region of this experiment we have < s>/s " 1 .006 , 
< t> -t " - 0 .013 GeV2 and < x> -x " - 0 . 00 7 .  

The recoil particles were detected and identified a s  protons in  a 
spectrometer cons ist ing of a s er ies of scint illation counters as descr ibed 
in Ref .  1 . In addition , we detected �last ically scattered deuterons in a 
small solid state det�ctor at 85 .5 °  from the beam direct ion. The beam-target 
luminos ity was d etermined as in Ref . 1 us ing the pd elast ic differential 
cross s ections of Akimov et al . 2 and the total pd cross  sect ions of Carroll 
et al . 3 

The pd + pX data are shown in Fig . 1 .  Only statistical errors to which 
we have added quadratically systemat ic errors of � 3 % are d isplayed . The 



uncertainty in the overall normalization is ± 15 % as for our earlier 
measurements1 of pp + pX . However , s ince both reactions were studied with 
the same apparatus , the only difference being the gas used in the j et 
target , we est imate the relat ive error between the pp and pd data to be 
only ± 4 % due solely to uncertainties in the pp and pd elastic  cross 
s ect ions . 

The cross sect ions for pd + pX look very s imilar to those for 
pp + pX. 1 They show a weak s dependence and an exponential t dependence 
of � e6t . There is a minimum in the x distribution at x = 0 . 8 7  and the 
absolute value of the pd + pX cross sect ion is about twice that of pp + pX. 
However , it should not be assumed from this s imilarity that the cross 
sect ions for pn + pX are the same as for pp + pX. The measured shapes of the 
pd inclus ive spectra in our kinematic region (x near 1 ,  low l t l ) are 
determined to a large extent by the Fermi motion of the target nucleons as 
well as the rescatter ing of the recoil part icle off the spectator nucleon 
in the deuteron. 

To extract the pn + pX spectra we assume the impulse approximation. 
In this approximation. the proton and neutron in the deuteron are cons idered 
as independent particles in close proximity . The closeness of the nucleons 
give rise to a shadowing of one by the other , effectively lowering the 
luminos ity of both relat ive to an equal number of free part icles . We 
assume the decrease in luminosity for inclusive react ions is the same as 
that for total cross sect ions , i . e . , opd = opp + opn - o where 
o = o o /4rr < r2> with < r2> = 31 mb . This is the cross section deficit of pn PP 
Glauber theory4 and amounts to a decrease of � 5 % in the effective pd 
cross sect ion over our energy range. 

The effect of the deuteron potential in the impulse  approximation is 
to give the nucleons a center of mass momentum or Fermi mot ion. As a result 
of this our spectrometer will detect recoil protons originating from elastic 
scattering off the moving target proton . To est imate this effect we use the 
Hulthen wave funct ion5 and measured pp elastic scattering cross sections6 

in a Monte Carlo program to simulate the pp elastic spectra as seen by our 
spectrometer . These spectra are approximately gaussian centered around 
x = 1 - M 2/ s .  The same Monte Carlo program is used to smear the inelast ic p 
pp + pX spectra for which we use a compos ite input of all available data7 •8 • 9 

in addition to our published measurements . 1 
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For both the pp elas t ic and inelastic cross s ect ions mentioned above 

we use the forms for "free" protons but modif ied by the deuteron form 

factor4 S (t )  in order to exclude interactions which result in a deut eron 

in the f inal state which is not detected , i . e . , for the pp differential 

cross s ect ions we us e do/dt
free 

[l - s
2

(t)] . 

An addit ional f eature of the Monte Carlo program is the inclus ion 

of an estimat e of the rescatter ing of the recoil protons by the spectator 

neutron which has the effect of spreading the x d istributions for those 

protons which interact . For this we as sume that the neutron on average s it s  

a t  an rms rad ius of /3 1  m b  and that t h e  react ion is the same a s  f o r  free 

np scat t er ing . The probability for an interaction was taken to be s imply 

a /4rr· a:2> and the scatter ing angle was weighted by low energy np pn 
differential cross s ection measurements . 10 

Summari z ing , our f inal pn + pX cross s ection were obtained in the 

following manner : 1) Our pd + pX cros s  s ect ions were multipl ied by 1 . 05 

to correct for the shadowing effect . 2)  From the result ing cross s ect ions 

we subtracted the pp + pp elast ic and pp + pX inclusive cross sect ions both 

of which were Fermi smeared , corrected for coherent pd scatter ing (by 

including the· deuteron form factor) and corrected for rescattering off the 

spectator neutron. A typical spectrum and the distributions from which it 

was derived is shown in F ig .  2 .  

The f inal pn + p X  spectra are p lotted i n  Fig.  3 .  They contain the 

effects of Fermi mot ion and rescatter ing which have not been unfolded . The 

normal izat ion errors have been calculated by taking into account the fact 

that the absolute uncertaint ies in the pp +pX and pd + pX data are correlated 

due to the use of the s ame apparatus for both measurement s .  This l eads to 

overall normal ization uncertaint ies for the pn + pX data of ± 5 . 6 ,  ± 4 . 0 ,  

± 2 . 9  and ± 1 . 8  .nb/GeV2 at < -t:r = 0 . 1 7 ,  0 . 21 ,  0 . 26 and 0 . 34 Gev2 respect ively . 

As can be s een from F ig .  3 the invariant cross s ect ion for pn + pX 

fal l s  as x t ends to 1 in contrast to that for pp + pX which rises above 

x = 0 . 88.  Al so , at f ixed x and t the pn + pX data show no s ignif icant 

energy dependence al though a 20 % drop between the two extreme energies is 

poss ible within errors . 

The s tudy of the charge exchange reaction pn + pX (or equivalently 

pp + nX)
1 1 near x = 1 provides valuable informat ion on the nond iffractive 

component of the reaction pp + pX . The most popular phenomenological 

framework for d iscuss ing both reactions in our kinemat ic region has been the 



triple Regge (TR) fonnalism1 1  which leads to. a predict ion for the invariant 
cross s ection for particle 3 in Reactions ( 1 )  and (3) of 

dt dM 2 x 

2 are the TR couplings . 12  where s0 = 1 GeV and the Gijk 

(7 )  

It was first suggested by Bishari13  that pion e�change might be  
dominant mechanism for  the  charge exchange Reaction (3) . By  extrapolating 
to the pion pole ,  Field and Fox1 1  estimate the contribution of the TITIP and 
TITIR t enns to the process pn + pX. They obtain 

2 
1 gnnp k 4 n  4 n  ° t ( n p )  

2 (-t ) eb ( t- µ ) 
( t-µ 2 ) 2 (8 )  

for the TR couplings where k represents pomeron or reggeon exchange and 
µ2 = m2 • The total TIP cross section is taken to be o (Tip) = op (Tip) //S with p TI R t t 2 ot (Tip) 21 mb and ot (Tip) = 20 mb and the on mass  shell coupling gTinp/4  = 
2 g2 /4TI is 30 . For simplicity we neglect any off shell correct ions by 

TIPP 
putt ing b = 0 in Eq . (8)  an� in the TR fonnula (7 )  we use aTI (t ) = 0 .0 + t ,  
ap (O) = 1 and aR(O) = 0 . 5 .  Furthennore, in order t o  compare with the data ,  
we  modify the theoretical prediction by  a Monte Carlo program t o  account 
for Fenni motion and rescattering . The results , which are shown in Fig. 3 
for < s> = 506 GeV2 and < t> = - 0 . 1 7  and - 0 . 34 GeV2 , are in reasonable 
agreement with the data strongly support ing the hypothesis that pion 
exchange plays an important rol e  in the charge exchange react ion pn + pX . 
The TITIP and TITIR t enns should therefore be included in any analysis of the 
reaction pp + pX which otherwise will  overest imate the other TR contributions , 
mainly t he RRP term. 

2 Finally , at high energy and large M]C the cross sect ions for t he 
reaction pn + pX are expected to be s imilar to those for pp nX ,  assuming 
the dominant mechanism to be p ion exchange , s ince o+ (TI+p )  � ot (TI-p) . We 
therefore find it difficult to reconcile the difference between the cross 
s ections reported in this letter and t hose of a recent ISR exper iment14  for 
the reaction pp + nX which are a factor three or more lower in the kinemat ic 
region where the two experiments overlap . 

We wish to thank the members of the Fennilab Internal Target Laboratory 
and the Accelerator Sect ion for their help and cooperation. 
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Fig . 3 I n c l u s ive cross s e ction s  for the reaction 
pn + pX . The s2rnb o l s  representing < s > = 1 0 9 , 2 8 7 ,  5 0 6  and 7 5 6  GeV are as defined in F i g . 1 .  The s o l i d  
curves a r e  the s um o f  the TITIP a n d  TI TI R  contributions 
to the T R  formula ( 7 )  w i th coup l ings given by Eq . ( 8 ) . These the o re t i c a l  curves have been modi f i e d , 
r e s u l t i n a  in the dashed curves , to account for F e rmi 
motion and res cattering e f fe c ts wh i c h  have not been 
un folded from the dat a .  



RESULTS ON INCLUS IVE CHARGED PARTICLE PRODUCTION 
IN THE CENTRAL REGION AT THE CERN ISR 

G .  Jarlskog 
CERN, Geneva,  Switzerland 

and 
Lund Univers ity , Lund , Sweden 

[British-Scandinavian Collaboration*) ] 

Abstract :  An over-all description i s  given o f  data on inclusive 
production of TI± , K± , p, and p collected at the CERN Intersect ing 
Storage Rings ( ISR) . Th<O' kinematic11l range covered is 23 < I� < 63 GeV , 
0 . 1  < PT < 5 . 0  GeV/c , and 30° < 8cm < 90° . The larger PT data are 
compared with the prediction of the _ constituent interchange model , 
and a qual itative agreement is found . 

Resume : Nous donnons une description generale des resultats inclu­
sifs obtenus pour la production de n± , K± , p et p aux ISR du CERN . 
Ces donnees couvrent le domaine 23 < IS < 63 GeV , 0 . 1 < pT < 5 . 0  GeV / c ,  
e t  30° < 8cm < 90° . L e s  resultats a grande impuls ion transversale 
sont compares aux pred ictions du modele d ' echange de constituants . 
Un accord qual itatif est ob tenu . 

*) The other members of thi s  Collaboration are :  

B .  Alper , H .  Boggild ,  P .  Booth , L . J .  Carrol l ,  G .  von Dardel , G .  Damgaard , 
B .  Duff , J . N .  Jackson, L .  Jonsson, A .  Klovning , L .  Leistam , E .  Lillethun , 
M .  Prentice and J .M .  Wei s s . 
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INTRODUCTION 

The data presented here on inclusive charged hadron production were 
collected during 1972 and 1973 by the so-called wide-angle spectrometer 
experiment at the CERN ISR . Preliminary results for the low transverse 

I 2 ) momentum range ' , pT < 1 GeV/c , and f inal results  on the high transverse 
momentum range3 ) , 1 . 0  < pT < 5 . 0  �eV/c , have already been published . The 
aim of this talk is to point out some important features in our data,  and 
in particular to discuss recent results  of over-all fits to the data . 

EXPERIMENTAL ARRANGEMENT 

The high pT configuration of the spectrometer is shown in Fig . 1 .  It 
consisted of a 1 m bending magnet ,  wire spark chambers with magnetostrictive 
read-out , counter hodoscopes , and two high-pressure gas Cerenkov counters 
providing unique particle identification above 1 . 6  GeV/c . In the range 1 . 0  
to 1 . 6  GeV/c the first ,Cerenkov counter could b e  used to distinguish between 
pions and kaons and time-of-flight measurements to separate kaons and protons . 
The solid angle of the spectrometer was about 12 msr . In the low pT config­
uration the spectrometer had no Cerenkov counters .  The particle identifi­
cation was achieved by time-of-fl ight measurements ,  and an additional 0 . 5  m 
bending magnet was used in the position of Cerenkov of Fig . 1 in order to 
get the option of a shorter spectrometer for the very low momentum region . 

Fig .  1 

H P  
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C 1  SC2 SC3 
Hod2 
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Layout of the spectrometer for the h igh pT model of data-taking . 



ERRORS 

The details of the data reduction have been described elsewhere 1 -3 ) . 
Only the major uncertainties in the data will be s tated here . The accuracy 
in normalization depends on how well th.e luminosity of the ISR can be deter­
mined . Our moni tor was calibrated by the method of van der Meer" ) . Although 
this was done as frequently as poss ible ,  sometimes only a few measurements 
could be done for a g iven monitor (this was modified several t imes during 
the course  of the experiment) ,  which makes it  difficult to assign an error 
to the measurement . For the high momentum data the calibration procedure i s  
estimated to be :  6% for ;; = 44 . 6  and 52 . 8  GeV , 10% for  30 . 6  and 63 . 0  GeV , 
and 15% for 23 . 4  GeV . (The latter value is somewhat uncertain . ) The cor­
responding errors associated with the low momentum data are :  3-6% for 
23 < /; < 53 GeV and 6-10% for /; =  63 GeV .  

In the lowest  range of the high pT experiment , i . e .  1 . 0  < Pr < 1 . 4  GeV /c ,  
the nuclear absorption in the freon and in the s teel wa l l s  o f  Cerenkov coun­
ter 1 was fairly large , and we estimate , for the case of antiprotons , that 
there might be a systematic uncertainty in our correct ions of up to 30% . 
This uncertainty has not been applied to the data points . It should be 
stressed that such an error i s  s-independent . 

The contribution from K� + TITI to the p ion spectra has not yet been cor­
rected for . The uncertainty due to all o ther systematic errors i s  estimated 
to be of the same order as or smaller than the s tatistical uncertainty in 
the data . 

In the following f its the estimated systematic errors (7%)  have been 
applied to the data points , and the over-all normalization uncertainty for 
a given energy is taken into account . 

DISCUSSION OF RESULTS 

F igure 2 gives an example  of the data obtained , namely at ;; = 5 2 . 8  GeV 
and Gem = 89° . Although the experimental conditions for the low and high 
momentum configurations were quite different , the consistency between the 
measurements in an overlap region is good . In order to arrive at a more 
convenient form of presenting all the data , the data points were shifted to 
fit  a grid with s teps of 0 . 2  in the rapidity y, and with s teps of 0 . 1  GeV/c 
in the transverse momentum Pr • as can be seen from Fig . 3 for �+ . For each 
particle type,  a "universal1 1  f i t  in s ,  y ,  and pT was attempted usinR the 
fol lowing two-component expression :  
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where the f ir s t  term is s imilar to the pred i c t ions of hydrodynamical model s ,  

which are known t o  describe the low pT data adequately , and the second term 

gives the power dependence in pT , observed at larger pT , in a form similar 

to parton model pred i c tions . 

For rr+ such a f i t  gives the values : A1 = 2 1 0 ,  A2 = 7 . 6 ,  A3 = 0 . 2 ,  

A4 = 10 . 7 ,  As = 1 . 03 , N = 4 . 0 ,  and P = 10 . 9 ,  with X 2 /N = 1 9 7 7 / 1324 . F igure 4 

shows the 90° spectra of IT+ at a l l  f ive ISR energies . The f i t  g iven above 

is indicated on the /� = 44 . 6  GeV data point s .  For a l l  particles  except pro­

tons there is a c l ear s-dependence already at  low Pr · For pions th is  amounts 

to an increase with s in dcr/dy of about 25% over the I S R  energies . For pro­

tons , which are shown in Fig . 5 ,  there is no such marked s-dependence in the 

t K •  . 10-2 

+ K- . 10·3 

p • 10·� 

1 0  2 0  30 R- [GeV!c] £ 0  5 0  60 

Fig . 2 The invar iant differential cross-s ect ion 
for the product ion of pions , kaons , pro­
tons and ant iprotons at  /s = 53 GeV and 
Gem = 89° . The symbols  corre spond to 
d i f f erent tr igger ing modes or conf igu­
rat ions of the experiment . Error bars 
ind i cate statis tical error s onl y .  
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Fig .  3 The rapidity dependence of the invariant differential 
cross-section for 1T+ at rs =  53 GeV and at fixed 
transverse momenta between 0 . 1  and 3 . 3  GeV I c .  

low Pr region , indicating that a big fraction o f  the low-momentum protons 
are diffractively produced . The f i t  to the proton data shown in Fig ;  5 is 
given by A1 = 5 . 3 , A2 = 3 . 7 9 ,  A3 = -0 . 20 ,  A, = 15 . 7 ,  As = 1 . 20 , N = 7 . 5 ,  

P = 0 . 0 ,  with X 2 /N = 1024/6 6 6 .  The relative composition of produced parti­
cles exhibits a s trong dependence on both Pr and s .  F igure 6 shows the Pr 
dependence of the common charged hadrons as a fraction of Pr for IS = 53 GeV . 
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The invariant d i f ferent ial cross-secti on for TT+ at 
Gem = 89 ° for t i ve d i f f erent ISR energi e s .  The 
hor izontal scale in PT • referring to IS =  23 . 4  GeV , 
has been s h i fted one divis i on between energies  in 
order to di sp lay the energy dependence . The s o l id 
l ine shown on the IS =  44 . 6  GeV data g ives a com­
par i s on with the over-al l f i t  to the rr+ data for  
a l l  s and Gem· 

At low pT almo st 90% of the secondar ies  are p ions with a rr+ /rr
-

rat i o  abou t 

1 .  04 . A l l  the heavier particles  become , however , more abundent as p
T 

in­

crea ses up to about 1 . 5 GeV/c ,  where some stab i l i ty seems to be reached with 
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pions accounting for only 60% of the secondaries with a TI+/TI- ratio of about 
1 . 1 5 .  The fraction of antiprotons , which increases very fast below 1 GeV/c 
seems to decrease above 2 GeV/c . The behaviour of the fractional yields of 
protons and antiprotons is  different both as a function of Pr and of s as 
shown in Fig .  7,  where the p/p ratio increases with s and indicates a broad 
peak in the region of 1 . 5  GeV/c . 
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A COMPARISON OF DATA WITH PREDICTIONS 
OF THE CONSTITUENT INTERCHANGE MODEL (CIM) 

In last year ' s  Rencontre de Moriond on high-energy hadronic interac­
tions

5 ) Blankenbecler described the CIM of Blankenbecler , Brodsky and 
Gunion6 ) . The predictions of this model have since become more specific7 ' 8 ) 

and the qualitative features of these can be compared with our data ,  Al­
though Blankenbecler et al . are ambitiously trying to describe processes 
within the whole Peyrou plo t ,  we restrict our comparison to the large pT 
region where parton models probably should be relevant . A basic assumption 
of the CIM is  that hadrons can be represented by the naive quark model with­
out gluons . An inclusive process ,  as shown in Fig . 8 ,  can be described by 
adding up all contributing so-called hadron irreducible subprocesses . The 
leading behaviour is in general given by the subproces s ,  a +  b + C + d* , 
Fig . 8 ,  containing the smallest number of quarks (although direct quark­
quark scattering is not allowed) . The differential cross-section of the 
subprocess is given by 

where I is assumed to be constant or a slowly varying function and M is  a 
"mass" parameter . The second parenthesis contains the inelasticity E ,  to a 

Ve Y\d· 
( a )  ( b )  ( c )  

Fig .  8 The general decomposition of inclus ive proces­
ses in the constituent interchange model . The 
process A + B + C + x is written as a sum of 
hadron-irreducible processes a + b + C + d* 
(Ref . 7) • 
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power P , which can be predicted as well as the power of Pr by using a s imple 
d imensional counting rule9 ) . The prescription for this game is that 

N 

where ni is the number of quarks in particle i .  

The power P i s  given by 

P = n - 3 - N , 

where n is the number of quarks in the corresponding exclusive limit channel . 

Consider as an example p + p + TI + X ,  where one of the dominant subpro­
cesses are q + IT + q + IT with the exclusive limit channel p + p + IT + IT + 
+ p + p .  We get N 4 ,  n = 1 6 ,  and P = 9 .  A detailed discussion of this 
procedure i s  given in Ref . 7 .  

One typically find s  for the processes p + p + IT± K+ + X :  

where the constants h 1 , h2 , and h 3 refer to different properties of the re­
coiling system .  No estimate i s  given for the relative amp}itudes o f  hi ' 
which makes it difficult to know which term is dominating . The lowest power 
of Pr is in general expected to dominate,  but if s is small a lower power of 
s may be preferred . This  is in qualitative agreement with the observation 
of the need for larger values of N than 4 to fit pion data at large 
xT (= 2prf/;,) at FNAL l O ) . 

We have attempted to fit the high Pr data (pT > 1 GeV/c) of all five 
energies and angles s imultaneously to the CIM using the form 

2 -N r P 
A4 (P� + As ) ( 1  - 2 pT/�s) 

assuming the existence of only one leading subprocess . This  form differs 
from the CIM in that we are using Pr rather than [ p [  in the second paren­
thesis in order to get a good fit  over the complete angular interval of the 
data (40° < Gem < 90° ) .  With all four parameters free , one gets the results 
of Table 1 .  



Table 1 

+ -
K+ K 

- -TI 1f p p 

A4 6 . 9  ± 0 . 3  7 . 4  ± 0 . 3  9 . 2  ± 3 . 4  10 . 4  ± 1 . 6  52 ± 8 9 . 0  ± 1 . 5  

As 0 . 86 ± 0 . 01 0 . 89 ± 0 .01 1 . 3 0  ± 0 . 06 1 . 3 3  ± 0 . 03 1 . 3 5  ± 0 . 03 1 . 08 ± 0 . 03 

N 3 . 85 ± 0 . 02 3 . 8 9  ± 0 . 01 4 . 3 6  ± 0 . 15 4 . 38 ± 0 . 03 5 . 19 ± 0 . 04 4 . 6  ± 0 . 1  

p 1 1 . 0  ± 0 . 2  11 . 9  ± 0 . 2  9 . 0  ± 1 . 0  1 2  . 2  ± 0 . 3  7 . 3  ± 0 . 3  1 4  . o  ± 0 . 6  

X 2 /N 532/202 604/203 245/ 1 1 1  198/ 1 1 1  233/114 287 /114 

All the fits were done using the CERN program chain MINUIT . Notice that 
the parameters are strongly correlated . The errors correspond to a change in 
X2 of 1 .  In Table 2 the model predictions are given and compared with the 

Table 2 

Model Exper . Exper . 
N p N p N p X 2 /N 

+ 4 9-11 3 . 9  1 1 . 0  4 9 . 7  537 / 202 11 
-11 4 9-11 3 . 9  1 1 . 9  4 1 1 . 0  606/203 
+ 4 9-11 4 . 4  9 . 0  4 1 0 . 4  251/111  K 
-

K 4 1 1-13 4 . 4  1 2 . 2  4 5 1 3 . 6  202/111 
p 6 5 5 . 2  7 . 3  6 5 . 7  251/114 
-p 6 15  4 . 6  14 . 0  6 1 1 . 5  318/114 

+ 
results of these fits . If one fixes the parameter N to the value 4 for 11-
and K± and to 6 for p and p ,  which is very close tb the free choice,  the 
X2 /N does not become s ignificantly wor se .  In Figs . 9a-f the data is shown 
with these fits . One may notice a systematic deviation in the normalization 
of the fs = 23 GeV data and also some indication of a rise in the data above 
the fits in the region of smaller Pr for all energies . The relatively high 
values quoted for X2 /N are not alarming considering these effects and the 
varying experimental conditions during the two years of data collection . 
One finds that the experimentally determined parameter P is within the range 
of the predictions for all particles . 

A fit has also been made using the total energy E of the particle in­
stead of Pr ' i . e .  the term (l-2E/fs) P. This is closer to the Blankenbecler 
expression (l-2 l p l //�) P , but gives normally much worse fits . The values for 
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X2 /N are the following : TI+ 1119/202 ,  TI 1058/203 , K+ 438 / 1 1 ,  K 258 / 1 1 ,  
p 300/114 , and p 156/114 . Only the f i t  t o  the antiproton data i s  better ; 
the parameters are in this cas e :  A4 = 35 . 6  ±' 1 . 5 ,  A 5 = 1 . 20 ± 0 . 01 ,  
N = 5 . 10 ± 0 . 02 ,  P = 1 2 . 7  ± 0 . 3 .  

Considering that the predictions o f  the CIM for the leading behaviour 
of the invariant cross-section preceded the availability of high pT data on 
K± , p, and p, the qualitative agreement with our experiment is remarkable . 
It would be very interesting to learn about what quantitative predictions 
can be made on the basis of this model . 



N -"' 

11 *���=f= 
---:i ,4 "' 

� 
1 l'l'�l� 'I I � 

·-. · -�·tr r rfH4*/ ; r 
--� �·· 

� 
� 

·-� 

-+� 

L��-L.,._J�J�lt-1 ,_J�i>.-.L,_J-,t_.L,_ 
XT , f!T/PMAX 

11 
� �I !, � 

Ffflry�l�L �-r¥ �-=t==--+=+-H f'il£1i:;-- ' 
� §: mo �� � i=== =r=-+--;r-,. 

1 

j"' 

�•'i'k=I I I =1-1 · �"' st: � �"'-
!----+----+----
r--r--1--1 I I I ·pt:::= f----+-- t - -+-----

Xl  , PT:PMJ,,\ 

K t r====t=·· r ·  
"[... 

� 
� N 

� .3 100 
� 

{ 1 ---- >:.�-= l--" 1 ---1 
� "" �fJ::b..Lj_ L 1 , b--f �-T . I . 

· . ttdntt : ; I ' I I I , �i_Jol_l_;_l,,-;'-L_,_l�,, �· J,.�-�_i_' ��L...L.. 
\I ,PT/PMAX 

F i g .  9 
a-c 

The large p data for 11± and K+ for � 
sible  agree�ent with C IM pred i c tions . 
energ i e s . The f i t s  are given in Tabl e  

= 2 3 ,  3 1 ,  45 , 5 3 ,  and 6 3  GeV d i splayed to i l lustrate the pos­
The data points are d i s placed ver t ical ly by one decade between 
2 .  Error bars ind icate stat i s t ical errors onl y .  



216 

I 7 I/ 
I/ 

I/ I I 
� '  I - L 

I �/ 1 [  
' I I/ I i/ I l I 

' � 
I o.  

I I I I i Ht I I I i I I 
� i ' 

I I � .. L +, i I I 

I 
_) 

! I ' 1 1 / '  I I I I I , I I  I:-: 1 �e; I I I 
� ->c I :  ' 

I I"! 1 1 :  1 I ,  I I ' 1 t l I 1 1  
I i - 1 I ] 

I I , I I 
L I/ / I! 
' -� 

@ ' � 

� � 
I -IT 

� '  ""' 
I I 
ldO/V�j:SOll 

� 

I ! I I I i 
I 1) I I I 

I ! I ! /,I I I 

-; I i I I 

� f  i . I 

, 
.� c._ I Co ' 

1 1- e i kf. i 
� i j � !Ii  
I '  ' ' :; � 1d0/V0�JSD.j) wgu (('.HW('."*ldl 

i , I  
: 

I ' 

I I 
I I , 

I/ -, 
� 

! 
71 
-; 

I 
' ' 

' 

' 

I , 
i I I I 
' I I 
I 

I I f / o 

0 ' 

7 ; I  17 I/ I I �W-+--+----'++++++-+-/-+' _ ---W-l-cH+-+-+ -�! -,+ 4--f--/-¥--+++l+t+-+---¥-1 - -ftlttt++ I ;+� 
1 re , 1 , , 17 I I l::::::±tl:illili-ttttt l ! I Jlj_J__l_J__)j_UJ+'l-l----1----li+�l-l--+---+#-i.jl;l:t=l-f--*lltttl/+++---ttttbf-t-t-t--1 � i-..l- I � ' I 

I 
i I 1 
I i 1/ i l I 
I � 

I 1 ; I 

I 

' I  
I 1 1 /! 

i I I I I I /  

I � 
... 0 ..... 
() I "' 

� 

Ul < 



1) 

2) 

3) 

4) 

B. 

B. 

B. 

s .  

Alper et al . ' 

Alper et al . ,  

Alper et al . ' 

Van der Meer , 

REFERENCES 

Phys . Letters 47B,  75 (1973) . 

Phys . Letters 47B ,  275 (1973) . 

Nuclear Phys .  B87 , 1 9  (1975) . 

CERN-P0/68-31 . 

5) R .  Blankenbecler , Proc . Conf . on High-Energy Hadronic Interactions , 
Rencontre de Moriond , 1974 (ed . J .  Tran Thanh Van , Orsay , France) . 

6) J .F .  Gunion , S . J .  Brodsky and R. Blankenbecler , Phys .  Rev . D 6 ,  2652 
( 1972 ) . 

7 )  R .  Blankenbecler and S . J .  Brodsky , SLAC-PUB-1430 ( 1974) . 

8) R. Blankenbecler , SLAC-PUB-1438 (1974) . 

9) S .J .  Brodsky and G .R .  Farrar , Phys . Rev . Letters �. 1153 (1973) . 

10) J .W .  Cronin, H . J .  Frisch , M . J .  Shocher , J . P .  Boymond , P .A .  Piroue and 
R . L ,  Sumner ,  Phys . Rev . Letter s �. 1426 (1973) . 

2 1 7  



218 



MEASUREMENTS ON TWO-PARTICLE CORRELATIONS AT THE CERN ISR 

R.  Castaldi*)  
CERN, Geneva, Switzerland 

Abstract : Correlations between charged particles and a photon emit­
ted at intermediate and large angles are presented as a function of 
the transverse momentum of the photon . The correlation function be­
tween charged secondaries and a particle (rr- , K- , p, or n) produced 
in the f ragmentation region is also investigated . 

Resume : On pr8sente les correlations entre un photon 8mis a grands 
et moyens angles et les particules chargees associees ,  pour plusieurs 
valeurs de l ' impuls ion transversale du photon. On etudie aussi la 
fonction de correlation entre une particule (TI- , K- , p, OU n) produite 
dans la region de fragmentation et les particules chargees associees . 

* )  On  l eave from Istituto Nazionale di  Fisica Nucleare ,  Sezione di  Pisa,  
Italy . 
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INTRODUCTION 

S ince the very high energy machines at CERN and FNAL started operating , 

great interest has been focused on the s tudy of particle correlations in 

many-body reactions . In fact , only at the ISR and at FNAL does the available 

phase space become sufficiently large that the "true" dynamical correlations 

can be disentangled from those imposed by energy-momentum conservation. 

During the last few years the Pisa-Stony Brook (PSB ) Col laboration has 

col lected at the ISR a large amount of data , in several different experimen­

tal condit ions , with the aim of obtaining an extended ins ight into the dyna­

mics of particle correlations . The results 1 )  of fully inclusive measure­

ments have shown the existence of strong pos itive short-range correlations 

between charged particles in the central region . In addition,  evidence for 

long-range correlations has also been found in the data ;  this  effect was 

interpreted as an indication of the existence of an important diffract ive­

like component in the inelastic cross-section . 

In these early measurement s ,  neither the charge s ign nor the nature of 

any of the detected particles was identified . The next natural step in the 

two-pqrticle correlation study is  to measure the correlation function between 

a momentum-analysed particle ( ident ified by a suitable detector) and the 

associated charged secondaries . 

I shall report on three experiments recently performed along this l ine 

by the PSB Collaboration2 ) alone and together with the CERN-Roma 3 ) and 

DESY-Karlsruhe4 ) Collaborations . 

EXPERIMENTAL PROCEDURE 

The schematic layout of the three experiments is shown in Fig . 1 .  The 

basic experimental apparatus was the same 4n-detector already used to measure 

the proton-proton total cross-section. This apparatus , which has been des­

cribed in detail elsewhere5 ) , cons isted of large arrays of scintillat ion 

counters which divided the solid angle around the interaction region into 45 

independent 8-bins ,  for the measurement of the polar angle of the emitted 
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par t i c l es , and four �-b ins for the measurement of the associated azimuthal 

angles , In addition,  in the r egion around 8 = 9 0° , a special hodoscope 

al lowed the measurement of the az imuthal angl e  in 20 independent b ins . The 

main features of the system con s i s ted in the large coverage of the s o l id 

ang l e  (� 3 . 2rr s r) and in the very high e f f iciency of the tr igger (� 97%  of 

all  inelastic  events were detected) . 

In the pre s ent speci f i c  s tudy of correlations , this apparatus was imple-

mented by the addi t i on of par t i cular detectors t o  provide different trigger 

s ignatures . 

In the f i r s t  exper iment 6 ) , the PSB Col laboration has s tudied the char-

ged particle  production associated with one photon emit t ed with a c .m.  po lar 

angle 8 = 90° and 8 = 1 7 . 5° . The photon was detected and its energy meas-
./ 

ured by an array of lead-glass Cerenkov counter s .  

In the s econd experiment7)  (CERN-Roma-PSB Col laboration) , IT- , K- , o r  p 
emitted at 8 = 0 were det ected and their momentum measured by a small­

aperture magne t i c  spectromet er 8 ) , whi l e  the emi s s ion angles of the accompan-

ying charged particles  were measured by the 4rr-hodos copes . 

In the third experiment 9 )  (CERN-Roma-DESY-Kar l s ruhe-PSB Collaborat ion) , 

the charged particle  angular d i stribution was measured in events containing 

a forward emi tted neutron , The neutron was detected and i t s  energy measured 

by a total ab sorpt ion calor imeter 1 0 ) .  

DEFINITION OF THE EXPERIMENTAL QUANTITIES 

Let us def ine the s ingle-par t icle and the two-par t i c l e  dens ity dis tri­

but ions Pl  and p 2 in t erms of the rapidity y *)  

* )  

P 1 (y) = 1 dCT ( 1 )  
CTinel dy 

P 2 (Y 1 , y, )  d2CT 
( 2) CTinel dy 1 dY2 

The long i tudinal var iab l e  y is  def ined as y = 1 ln [ (E+p ) / (E-p ) ] ,  where 
E and p1 are respectively the energy and the l ong i tudinat momentum of the 
detected particl e .  



p2 gives the probability of a coincidence of two particles at y 1 and Y2 • 
Correlations between two particles can be expressed in terms of the correla-

tion function 

------- - 1 .  ( 3 )  

I f  the two particles at  Y t  and y2 were emitted independently ,  R(y 1 , y2) would 

be zero . 

For relativistic particles in the angular range covered by the PSB hodo-

scope system, the rapidity y is wel l approximated by the polar angle vari-

able n = - ln tan 6 / 2 . Since the 4rr-detector measures only angles but no 

momenta , the variable n will be used instead of y for the particles detected 

by this apparatus . For a f ixed value y = y 1 of the momentum-analysed par-

ticle ,  the correlation function (3) s imply becomes :  

(4) 

In Eq .  (4) N 0 is the counting rate of inelastic pp coll isions and 

( l /N 0 )  6N0 (n) is the s ingle-charged particle density distribution measured 

by the 4rr-detector when the inclusive inelastic trigger is required ; N and c 
(l/Nc ) 6Nc (n) are the corresponding quantities for the sample of events with 

the selected s ignature .  The quantity R(y 1 , n )  defined by  Eq .  (4 )  i s  therefore 

the ratio of counting rates measured by the same apparatus for two different 

trigger conditions ; to a first approximation one can then neglect correc-

tions due to spurious secondary effects such as photon conversion , a-ray pro-

duction , hadron showers in the beam pipes , and to the f inite angular resolu-

tions of the counters . 

CORRELATIONS BETWEEN CHARGED PARTICLES AND A PHOTON 

The photon identification was provided by a 6-counter hodoscope G1 fol-

lowed by a 12  x 12 counter hodoscope G2 with a 1 cm thick lead plate in be-

tween. The photon energy was measured by a matrix of 4 x 4 lead-glass 
..,, 
Cerenkov counters . In Fig .  1 the photon detector is shown positioned at the 
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two settings at which data were taken , Each of the 16 lead-glass blocks 

was calibrated in an electron test beam and the s tability was continually 

monitored during the experiment , The resulting uncertainty of the energy 

calibration during the data taking was ±5% ,  and the FWHM energy resolution 

measured in the test beam was 6E/E = 0 . 14 (GeV)},/ /E .  Beam-beam events were 

identified by requiring the appropriate t ime of f l ight between the s ignals 

contributing to the trigger , In the 90° measurement the background rej ection 

was improved by requiring no s ignal in the. counters G4 or G5 placed on the 

s ides of  the lead-glass .  The level o f  residual bE.ckground contamination was 

less than 2% and the bias introduced in the results was negligible . 

Figure 2 shows the behaviour of R(n) + for different values of the 

t·ransverse momentum of the detected photon at a c .rn .  energy /;; = 53  GeV . Open 

points are 90° data , while full points are 1 7 . 5° data :  the corresponding 

rapidity values of the photon are yy 0 and yy "' 1 . 9 .  The correlation func-

tions have been measured separately in the two hemispheres,  toward and away 

from the detected photon. 

The low p.l 
data show the usual short-range correlation effect already 

found in other y-charge 1 1 )  and charge-charge 1 ' 1 2 ) correlat ion measurements . 

As the transverse momentum of the observed photon increases , the two-body 

correlation function in the "away" hemisphere shows a rapid increase over a 

very wide n region. On the o ther hand , litt le  p" dependence is found in the 

"toward" hemisphere .. 

A better understanding of the p .l dependence of the correlation function 

is achieved using a different presentation. As a matter of fact ,  when the n 

distribut ion associated with a h igh pj_ 
photon is divided by the inclus ive n 

distribution, the short-range correlation effect d<Ie to the presence of the 

photon itself makes less evident the manner in which the correlation function 

changes with increasing pj_
. On the other hand , if the n distribut ion for a 

high p J_ photon is normal ized to the distribution associated with a low p .l 

photon, the resulting function illustrates the pl. dependence of the correla-

t i.on in a more suitable  way . In Fig .  3 the distribut ions are shown normalized 

to the data of the low p
.l 

bin 0 � p" � O . S  GeV/c .  
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For a 90° photon, the "away" correlation increases with p� over a broad 

angular region around n = O, while the "toward" correlat ion remains almost 

constant , At small  angles , on the contrary , the data show a depress ion of 

the correlation with increasing p" in both az imuthal hemispheres . 

For the 1 7 . 5° photon data , the behaviour of the "away" correlation is 
qualitatively the same , except for a more pronounced decrease Bt E o rward 

angles in the polar hemisphere of the detected photon . Thi s  nPgat ! ve c o r r e·­

lation may have a kinematical origin when the photon takes away a large frac­

tion of the available  energy . In addition ,  a sma l l  increase of the correla­

tion is seen around the central region in the "toward" hemisphere . 

The growth with p" of the "away" correlation, which is evident both in 

the 90° and in the 1 7 . 5° data over a broad angular region, is a very inter-

esting phenomenon which sheds some l ight on the dynamics of the large trans-

verse momentum balance . 

In order to understand this point better , it is convenient to study the 

azimuthal distri,bution of the associated particles . For 90° photons the par­

tial mul tiplicitie s ,  normal ized to the low p" data , in the interval -0 . 7  < 
< n < 0 . 7 , are shown in Fig.  4 as a function of the c .m .  azimuthal angle ¢ 

for different values of p" . The origin of the ¢ angle scale has been chosen 

in the direction of the photon detector .  The associated charged multiplicity 

shows a definite growth with p" in a broad azimuthal region centred at 

¢ = 180° .  

Figure 5 shows the p" dependence of the charged particle azimuthal dis­

tribution for the 1 7 .  5° photon data. The partial mul tipl icitie. s ,  normal ized 

to the low p" value s ,  are shown as a funct ion of ¢ in three different n 

regions . The average n value of the detected photon is ny � 1 . 9  and there­

fore the following n intervals ,  -1 . 9  s n s -1 . 3 , -0 . 7  � n � 0 . 7 ,  1 . 3 s n s 

S 1 . 9 ,  have been chosen to display the effects associated with the transverse 

momentum balance , For all the three n regions the azimuthal distribution 

shows an important increase with p" of the charged multiplicities in the 
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azimuthal hemisphere oppos ite the detected photon. The widths of the � dis-

tributions are fairly broad as for the 90° data and roughly independent of 

the n region and of P � · 

The behaviour of the associate charged multiplicities hints that a large 

transverse momentum might be balanced mainly by particles produced over al-

most the entire azimuthal hemisphere oppos ite the photon direction . If  this 

interpretation of the data is correct ,  then simple "back-to-back" scattering , 

as advanced by recent theoretical models 1 3 ) to explain phenomena involving 

large transverse momenta, is inadequate .  

CORRELATIONS BETWEEN CHARGED PARTICLES AND A FORWA!ID 
NEGATIVE PARTICLE OR A FORWARD NEUTRON 

Negatively charged particles produced at 0° were detected and momentum­

analysed by the CERN-Roma magnetic spectrometer 8 )  (see Fig . 1 ) . Particles 

entering the spectrometer were bent by a 2 . 5  m long septum magnet . Their 

traj ectory was measured by four multiwire proportional chambers F 1 , F 2 , B 1 , 

and B2 ; their nature (rr- , K-, or p) was identified by fou� threshold 
.; .., .,, Cerenkov counters C 1 to C � . The trigger was provided by s ix scintillation 

counters S 1 to S 6 • The solid angle covered by the spectrometer was 

6� � 4 µsr ,  the momentum acceptance was 6p/p � ±12% ,  and the momentum reso-

lution was about 1 % . 

In addition, neutrons emitted at 0° were detected by the calorimeter 1 0 ) 

shown in Fig .  l ,  This detector cons isted of 40 scint illator s ,  interspaced 

by 2 cm thick iron plates , viewed by a s ingle photomultiplier . The first 

four iron plates , followed by a trigger counter P 1 , were used as converter 

to local ize the neutron interaction , A second trigger counter P2 was placed 

at a depth of 12 cm of iron . A lead absorber (� 5 radiation lengths thick) 

followed by a scint il lation counter A was placed in front of the detector to 

rej ect y-rays and charged particles . The sol id angle covered by the calori-

meter was about 5 µsr and the energy resolution ranged from ±35% at 5 GeV to 

±10% at 30 GeV . 



Both for negative particles and for neutrons , data were taken for y 

values larger than ymax - 2 , i . e .  in the fragmentation region . 

The correlation function R{n )  for rr- at � = 53 GeV is shown in F ig .  6a 

at three different values of the fractional momentum x (x = 2pL/I�) . For 

positive n values the data show, on top of a smooth continuum, a fairly wide 

bump centred at n � 3 . 7  which decreases and f inally disappears with increas-

ing x. At large negative n values one notices a clear enhancement , again 

more pronounced at low x. Around the central region the smooth continuum 

shows a s lope which i s  steeper at higher x ;  this behaviour may qualitatively 

be understood as an energy-momentum conservation effect which yields a nega-

tive correlation in the same hemisphere in which a very energetic particle 

is produced . The dashed l ines in F ig .  6a show the results of a phase-space 

calculation by the Monte Carlo method , which support the above interpretation . 

Figure 6b shows the correlation functions for K- at I� = 53 GeV . For 

low values of x ,  the shape of the correlation of K is s imilar to that of rr 

apart from the enhancement at large negative n .  At high x, on the other 

hand, the bump at positive n values remains prominent , while for TI it tends 

to disappear . 

In Fig . 7 ,  at the top , a comparison is shown between the inclus ive car-

relation functions for TI , K- , and p, at x = 0 . 4 .  The distribution R (n )  for 

p has a very s imilar shape to the one for K , 

To understand better the features of the data for the different par-

ticles , the semi-inclus ive correlat ion functions R (n) have been measured , n 
Rn(n) is defined , as in Eq .  (4) , for subsets of events having a given value 

n of the total raw multiplicity. In Fig .  7b-d the TI- , K- , and p data are 

shown divided into four classes of multiplicity . The corresponding n dis-

tributions , measured by the 4TI-detector with the fully unbiased inelastic 

tr igger , are shown in Fig. 7a to il lustrate the shape of the denominator in 

Eq. (4) . These distributions have been obtained by interpolating the data 

with a smooth curve and should be cons idered only as qual itative . 
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The semi-inclusive IT data (see Fig .  7b ) show clearly that both the en-

hancement and the bump which are found in the inclusive correlation function 

are low-multipl icity phenomena . A similar behaviour is found in the neutron 

data . Figure 8 shows the inclusive and semi-inclus ive correlation functions 

for neutrons at /;; = 53 GeV for three different values of x. A prominent 

feature in these data is the large bump at the low�st multiplicities, in-

creasing with x .  t vs "  53 GeV 
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A s imple  dynamical interpretation of these facts is that,  in the low­

multiplicity events ,  both TI- and neutrons are produced in the fragmentation 

region in association with a cluster of other particles . One can then eas ily 

understand on the bas is of kinematical arguments ,  the reason why these struc­

tures are more pronounced at lower x for TI and at higher x for neutrons . In 

events in which a leading c luster ( i . e .  a c luster with baryonic number +l )  

is produced by  the fragmentation of one of the incident protons , on  the aver­

age the nucleon takes a high momentum, while the pions remain with lower 

momentum. In the l imit of very low mult ipl icity, the production of a leading 

c luster coincides with the process of diffractive exc itat ion of the nucleon . 

The inclus ive correlation functions for K and ji show a bump at positive 

n , which is s imilar to the one of TI and neutron . This feature suggests that 

in the fragmentation region K and ji are also produced in association with 

a cluster of particles . However , the behaviour of the semi-inclus ive corre­

lation functions shows that the structure at positive n for K- and p, unlike 

that of TI and neutrons , is not a low-multiplicity phenomenon and is due to 

a different production mechanism. 

CONCLUSIONS 

In events in which a photon of large transverse momentum is emitted at 

intermediate or large angles ,  a strong positive correlation is induced over 

a large region in the azimuthal hemisphere opposite the photon direct ion . It 

is therefore reasonable to conclude that the large p� value is balanced by 

particles produced over a wide n region and that a "back-to-back" picture 

alone is insufficient to explain the dynamics of the process .  

When an energetic TI or neutron i s  emitted in the forward direction, 

the strong correlations measured in the low multiplicity events show the 

presence of an important production of leading c lusters in the fragmentation 

region. In addition ,  the behaviour of the correlation functions for K and 

p reflects a different production mechanism and indicates the presence of a 

c luster of charged secondar ies accompanying these particles even in high 

multiplicity events . 
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SEMINCLUSIVE CORRELATIONS AT THE ISR 

AND CLUSTER INTERPRETATION OF RESULTS 

A .  MENZIONE 
Istituto Nazionale di F is ica 
Nucleare , Pisa 5 6 1 00 ( Italy) 

Abstract : F inal results from the Pisa-StonyBrook ISR 
experiment on two-particle correlation s  at f ixed char ­
ged multiplicity are shown . Pos itive , very short range 
correlat ions are found at all  multiplicitie s .  The data 
have been interpreted in the language of the indepen­
dent cluster emiss ion model . We show that the average 
cluster mu ltiplicity <k>  depends smoothly on the ener­
gy and on the event multip l ic ity n .  Scaling of <k> as 
function of n/<n >  has also been found . 

�e sume : Nous montrons les re sultats definitives des 
·me sures e f fectuees par le group Pisa-StonyBrook aux 
ISR sur les correlations entre deux particules chargees 
en fonction de la multiplicite de l ' evenement .  Pour 
chaque valeur de la mu ltiplicite nous obtenons des cor ­
re lations a tres courte portee qu ' on peut bien inter­
preter avec un model a c luster . Nous montrons que la 
mu ltiplicite moyenne des clusters varie doucement avec 
l ' energie et avec la multiplicite et que une invar iance 
d ' echelle est valide si on presente les donnees  en fon­
ction de n/ <n > . 
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INTRODUCTION 

The study of inclusive correlation function s  for an under ­
standing of the behaviour o f  multiparticle production at high 
energy had been suggested already several year s ago by many 
authors .  Fir s t  results on inclus ive correlation ( 1 )  showing 
a broad positive peak of short range corre lations , were sug­
gesting of the . creation of unstable resonant states between se­
condaries ( c lustering ) . 

Furthermore two additional features of inelastic interac­
tion s  have been a lso determined by experiments ( 2 ) : 
i )  The existence o f  a d i f fractive component a t  low multipli­

c ity ( �20% o f  the overall production ) .  
i i )  The d i fferent y dependence o f  s ingle-particle distr ibu­

tions at d i fferent event multiplicity . 
These phenomena g ive or igin to long range correlation ef­

fects which are leading in inclusive measurements and cannot 
be separated from the genuine dynamical short range e f fects . 

In the following , the method applied in our exper iment 
for the separation of these effects will be described and a 
quantitative measure o f  the short range clustering effect wi l l  
b e  g iven . These results have been obtained b y  the study o f  the 
correlat ion functions at fixed charged mu ltiplici ty ( seminclu­
sive correlation s ) . 

In the last section the ideas o f  the independent cluster 
emiss ion model are applied in order to determine the cluster 
size from the separate contr ibu�ion of short range correlations . 

THE EXPERIMENT 

The P isa-StonyBrook ( • )  exper imental set-up has been de­
scr ibed in deta i l  e lsewhere ( 3 )  and i s  skematically shown in 
fig . 1 .  

The features of the detector which are relevant to the 
present measurement are : a system of hodoscope s ,  structured in 
polar and az imuthal ang les , and covering �90% of the fu ll  solid 
ang le , is used to determine emiss ion ang les of charged seconda­
r ie s .  By requir ing that at least one charged particle were emit­
ted in the . two emi spheres downstream each beam, more than 9 5 %  
of a l l  ine lastic proton-proton events are detected by the appa­
ratus . The fast rate o f  data acqu i s it ion and the s impl icity o f  
the data reduction al lowed to study the correlat ion function 
with very large statistics ( 1 a8 entr ies in the two-body corre­
lation matr ix ) . S ince the apparatus measures only angles and 
not momenta , the geometrical approximation to the rapid ity 
y0n =-ln tg e /2 has to be used . 

( • ) Member s o f  the Pisa-StonyBrook collaborat ion are : 
S . R . Amendolia , G . Be l lettin i ,  L . Bosisio , P . L . Braccini , C . Brada­
schia ,  R . Castald i ,  T . Del Prete , G . Finocchiaro , L . Foa , P . Giromi­
n i , P . Grann i s , D . Green , H . Jostlein , R . Kephar t ,  P . Laurelli , A .  
Men z ione , L . Ristor i ,  G . Sanguinetti ,  R . Thun , and M .Valdata . 
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Several  sources o f  systematic errors have been taken into 
account and the corrections have been applied by making use o f  
very detailed Montecar lo calculations . The most important cor­
rection had to account for the finite size  of the counter ele­
ments , and for secondary interactions in the mater ial of the 
vacuum pipes and in the apparatus itself ( s trong interaction s ,  
delta ray prod�ction and photon conversion )  . The overall corr­
ection resulting from these effects are summari zed by a set of 
efficiency coefficients for each counter at g iven multiplicity 
and at g iven energy . The overa l l  corrections are generally be­
low 1 0 % ;  the value o f  2 5 %  i s  reached only at the highest mul­
tiplicities in the largest counter s .  

One shou ld be aware of the fact that secondary interactions 
may s imulate cluster ing effects . Being spur ious cluster ing ef­
fects locali zed in narrow angular regions , the analys is  has  
been made by excluding from the correlation matrix a l l  the 
pairs of particles fall ing in the same az imuthal quadrant . 

WHY SEMINCLUSIVENESS ? 
Cluster ing e f fects are possibly an important feature of the 

inelasti c ,  non-d i f fr active production at high energy . In order 
to gain a better insight into the prob lem we have focu sed our 
attention on correlations in the centr al region of the rapidi­
ty plot as a function of charged multiplicity . In this region 
( y  = 0 )  and for high enough multiplicities ( n> < n > )  the con­
tr IEution o f  the d i ffractive component can be neglected . 

We g ive in the following the defin itions o f  the relevant 
quantities together with their normal i z ation properties : in 
full  analogy with the inclus ive single particle d istribution , 

p (y ) =--1- � 
cr in a y  f p ( y ) = < n >  ( 1 ) 

( cr io i s  the inelastic cross-section ) one can define the se­
minclus ive d i s tr ibution 

( ) 3 cr n  
P n  y = - f pn ( y ) = n 

cr n  3 y  h_ were cr n i s  now the topologi cal cross-section . 
corre lation function in rapid ity space is : 

( 2) 
The inc lu s ive 
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with 
( 2 ) ( ) = _ _  a a__ ( 4 )  P Y1 • Y2 am a y1 a y2 

and the s eminclusive corre lations are defined s imi larly as : 

( 5 )  

( 6 ) 

It i s  possible to express the inclusive correlat ion function ( 3 )  in terms of the complete set of the seminclusive ones ( 5 ) , 
the expres s ion being the fol lowing {ref 4 )  : 
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The r ight hand s id e  of expre s s i on ( 7 )  contains two terms : the 
f i r s t  one is the sum o f  s eminc l u s ive cor r e l at ions weighted on 
the mu l t i p l i c i ty d i str ibu t i on ; the s econd term is bui l t  wi�h 
the d i f ferences b e tween the i n c lu s ive s ingle par t i c l e  d i s tr i ­
bution s  and the semin c lu s ive ones : such a term i s  independent 
o f  the d ouble d i f ferential c ro s s - s ect ion . T h i s  l a s t  term i s  
strongly a ff e cted b y  exper imental b ia s e s  and i t  render s any 
direct compa r i s on between exper iments very d i f f i cu l t . 

In f ig . 2 we g ive the semin clus ive cor r e l at ion -function at 
d i f ferent mu l t i p l i c i t i e s  and ener g i e s  a s  measured in our I S R  
exper iment . In fig . 3 we show t h e  d ecompo s it ion o f  t h e  i n c l u s i ­
ve corre l at ion i n t o  t h e  two terms appear ing in t h e  r ight-hand 
s id e  of eq . 7 determined by means o f  inclus ive and s eminc lus i ­
ve s ingle and two-part i c l e  d i s tr ibution a s  me asured i n  our ex­
per iment . 

�-;:---
· ::::: . · .  

. . . a) p) · · · · · .,/' c) 
• J l+IJ e-A\< 

F ig . 3 
By inspect ion of fig : 3 one l e ar n s  the most impor t an t  fact 
that the shor t -r ange p e ak d i sp l ayed by s emin c l u s ive corr e la­
tions i s  much narrower and much smal ler than the bump d i sp la­
yed by the tot a l l y  in clus ive correlat ion function . 

SEMINCLU S IVE CORRELATION ANALYS I S  

I n  order t o  g ive a measure o f  the shor t - r ange cor r e l a­
tion e f f e c t  which i s  put in eviden ce by the ser i e s  of peaks o f  
fig . 2 we fo l low t h i s  s imp l e  l ine o f  argumen t s . By d e f i n i t ion , 
in absence of any d in amical correlat ion , the corr e l at ion func­
t i on would be g iven by : 

( 8 )  
wh ich i s  a negat ive smooth fun c t i on , showing a min imum at y1 =0 . 
We interpr et the central peak s een in fig . 2 as due to shor t -r a ­
n g e  dynamical cor r e lations s tanding in t o p  o f  the above nega t i ­
v e  term . As i t  c a n  be s een from t h e  d a t a , and as i s  conf irmed 
by detai led f it s ,  th i s  peak is we l l  repre sented by a g au s s i an 
d i s tr ibution . Due to the norma l i z ation cond it ion ( 6 )  s tated 
above , the presence o f  the centr a l  dynam i c a l  peak wi l l  have to 
be compens ated by a deeper negative part with r e spect to the 
no-corre lati on leve l .  Our s imp l i f ing hypothe s i s  is to a s sume 
that the negative contribut ion does not change in shape and re 
mains propor t ional to p ( y 1 ) a l s o  in presence o f  shor t - r ange cor ­
r e l ati ons : 
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Experimental corr . 

II 
where Cn ( y 1 , o )  

Gau s s ian term + Norm . term 

In this approach , one can try to f i t  the exper imental corr e la­
tion fun ction at each mu l t i p l i ci ty a s  a function o f  three p ara­
meters : c* (0  , O ) ,  6 , B • A l l  fits ar e r ather good in the inter ­
val o f  mu l�i p l ic ityn con� idered : the r e su lting values of "X.2 are 
between 4 0  and 1 2 0 for 4 3  experimental points . A s  an i l lustra­
tion of the p l au s i b i l ity criter i a  which have guided our analy­
s i s  and wh ich have been commented b e for e , we show in f ig . 4 
some exampl e s  of the gau s s i an form o f : c ( O ) +B ( ) n Y1 •  n P n Y1 
The agreement with the data of such a s imple hypothes i s  i s  
indeed remarkab le . 
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For mu l t i p l i c i t i e s  h igher than < n > , 6 ( n ) , as shown in f ig . 5  
r e a che s a r ather con s tant value , o f  the order o f  . 8 5  r apidity 
un it s . D ev iations f rom this v alue at low mu l t i p l i c ity may be 
und e r s tood a s  due to the presence o f  the d i f fr act ive compon en t . 
B i s  found to be a mu l t i p l i c i ty-dependent function , which wi l l  
bl:l d i s cus sed l.ater i n  connect ion with the indipendent c l u s ter 
emi s s ion mode l .  An impor tant incr e a s e  o f  C� ( O , O )  with increa­
s ing mu l t i p l i c i ty i s  observed at both ener�i e s  ( fig . 6 a ) , wh ich 
is qu a l i tative l y  s im i l ar to the behaviour of p ( 0 )  ( shown in 
f ig . 6b ) . n 
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F ig . 6 
IND IPENDENT CLU STER EMI SS ION MODEL 

This mod e l  d e s cr ib e s  the mu l t ipart i c l e  product ion in terms 
of the un corr e lated product ion o f  a few c lu s ter s wh ich decay 
i s otropica l ly in their c . m . s .  into k charged h adron s . In the 
fr amework o f  this mod e l  i t  i s  p o s s i b l e  to cal culate the corre­
lat ion fun ction C ( y1 , y 2 ) at f ixed mu l t i p l i c i ty . The detai l ed 
c a l culat ion may bl:l fauna in the l iterature ( 5 ) . Let p ( y1 ) be 
the probab i l ity o f  produc ing one particle at y . In oPder to 
det ermine , within the mod e l , the j o int probability for having 
a s econd par t i c l e  at y 2 two d i f ferent c a s e s  have to be con side­
red . In the fir s t  case the second particle i s  or igin ated in the 
de c ay o f  the s ame c lu ster and the two-part i c le d i.s tribution is 
s imply given by the product o f  p ( y 1 ) t imes the r ap id ity d i s tr i ­
bution o f  the second par t i c l e  ( g�u s s i an centered a t  y 1 ) .  Alter ­
natively the se cond par t i c l e  c an come from the decay of a d i f fe ­
r e n t  c lu s te r : the cor r e sponding contribution to t h e  corr e lation 
fun ction r e s u l t s  to be negative s in c e  c lu st e r s  h ad been suppo­
sed to be uncor r e l ated . The r e su l t  of the c a l c u l at ion is the 
fol lowing : 

C ( O ) < k ( k - 1 ) >  ( O
.
) e -y�/ 4 6 n _ .!_ ( 1 + < k ( k -1 ) > ) ( ) ( O ) n • Y 2 < k > 2 hr 6  P n n < k >  P n Y 2 P n n 

Thi s  fun c t i on con s i_sts of a po s it ive g au s s i an term and o f  a ne­
gat ive one proport ional to p (y)  . 

In add it ion to the c lusrer d ec ay width 6 , the f actor : 
< k ( k- 1 ) > / < k >  is the phy s i c a l  quan t i ty that caR be determined by 
compar i son with the d at a .  This factor contains the aver ag e  mu l ­
t i p l i c i ty < k >  and a quan t ity , < k ( k - 1 ) > , which �s r e l ated to the 
d i sper s ion o f  the same d i str ibution . If the d i stribution i s  very 
narrow < k [ k - 1 ) > / < k > z  < k > - 1 . In the c a s e  of a Pois son d i s tr ibu-
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tion the s ame quant ity i s  equa l  to <k> . 
In order to evaluate <k (k-1 ) >/<k> as a function of n we 

have d ev ided the exper imentally d etermined values of ct ( 0 , 0 )  
( f ig 6 a )  by the corresponding values o f  P n ( O ) ( fig 6 b ) . The 

result ( se e  f ig 7 )  shows a smooth increase of the parameter 
with incre a s ing mu ltiplici ty at both energ ie s . 

"-/P. 
1 1  + I I  GM/c 

I I j 
31 + 31 �  b) 

� � � + + a) 
+ + .5 

¢ ¢ ¢ ¢ ¢ ¢ � f � 

IO 20 30 n I() 20 30 n 

F ig . 7 
A compar ison between the d at a  at the two d i f ferent energi e s  

i s  a l s o  made b y  u s ing as a variable the actual mu ltip l i c ity s c a ­
l e d  by its average v a l u e  <n > ,  with the a i m  o f  comparing the d i f ­
ferent d a t a  a t  the s ame value o f  t h e  density o f  par t i c l e s  in 
phas e  space ( fig 8 ) . 
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One observes that the two sets of points f a l l  r ather we l l  
one i n  top o f  the other . A s c a l e  i n  terms o f  <k (k-1 ) > / < k >  i s  
a l so g iven . W e  conclude from t h i s  analy s i s  that at n o <n>  the 
value of <k (k- 1 ) >/<k>  i s  1 . • . 1 and in creases to o.,1 . 6  at n= 2 < n �  



Such a sma l l  value for the c lu s ter mu ltip l i c ity sugge s t s  
the pos s ib i l ity that t h e  production o f  w e l l  known me s on re sona­
nces cou ld p l ay a d ominant role for the gener ation o f  short-ran ­
ge corre l ation s  in h i g h  energy ine l a s t i c  r e action . 

In the fo l lcwir'g d is cu s s i cr. the agreer.:Pr:t t etween cur 
corre lation fun c t i or; and the analogous measurament of the 
A . C .M .  col laborat ion was treated . Fig . 9 shows the compa­
r i son where the d ata are analyzed u s ing as var i ab le the 
d i f ference o f  r apid it i e s  ( y1 -y2 ) and s imu lating the accep­
tances in ang l e s  and mu ltip l i c i ty o f  the A . C .M .  experi�e­
ntal apparatus ( 6 ) .  C�l -y2) J e P S B  1 1 +1 l G e�c 
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Multipartic l e  Production in Particle-Nuc leus 

Collisi ons at High Energie s  

G .  Berlad, A .  Dar and G .  Ei lam 

Phys ics  Department , Technion - I srael 

I nstitute of Technology,  Haifa - Israe l 

Abstract .  A simple model  i s  proposed for multiparticle  production in 

high energy parti c le-nuc leus c o l l i s i ons . The production proc e s s  fac­

toriz e s  into a product of nuc lear prope rties and measured parti c le­

particle  c o l l ision prope rtie s .  Most results are insensitive to 

nuc lear structure detai l s .  Good agreement between experiment and theory 

is obtaine d .  An important implication to high energy particle phys i c s  

research i s  pointed out . 

Re sume . On propose un mode le simple pour la production multiple dans 

les  collis i ons particule-noyaux a hautes energie s .  Le proce ssus de 

production se factorise en un produit de proprietes nuc leaire s et de 

proprietes de c o l l i s i on parti cule-particule . La plupart des resultats 

s ont independants des detai ls  de structure nuc leaire , et un ban accord 

avec l ' experience est obtenu .  Une impli cation importante pour la phys ique 

des particules a hautes energie s  est di s cutee en detai l .  
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( 2 )  

INTRODUCTION : Recent experiments ( ! )  o n  multiparticle production in 

particle-nuc leus co l l isions at high energ ies (E lab = E > 10 GeV) 

have revealed a number of interesting features such as : 

(a) The mul tiplic ity rat�q 

<n>A 
<n> 

where <n>A and <n> are , respectively, the average charged mu lti­

pl icity in parti cle-nucleus ( shower particles only) and partic l e -

particl e col l i s ions, increases only b y  a factor of about 2 from 

( 1 )  

hydrogen t o  uranium (see Fig . 1 ) , and exhibits n o  energy dependence , 

(b) Koba-Nielsen-Olesen ( KNO) scal ing (2)  is obeyed , i . e . , the function 

a A 
n (2)  

ijJA -
<n>A A 

depends only on A 
0in 

a .  in 

are, respective ly,  the cross 

section for producing n charged part icles and the total inelastic cross 

section in part icle-nucleus c o l l i s ions ) . ijJA is almost indentical to ijJ ,  
measured i n  particle -particle col l ision (see Fig . 2) . 

(c) RA for a fixed number Nh of heavy prongs (mostly protons) increases 

very s lowly with Nh and is energy independent (see Fig . 3 ) . 

Al though some exisiting model s (3) are consis tent with the data,, they 
I • 

involve detailed as sumpt ions that ·are hard to test r egarding · the propaga-· 

tion of hadrons ·$ough nUlclear matter . In this letter we 

offer a simple model in which nuclear- structure detai l s  and properties 

measured in partic le-partic l e  co l l i sion factorize . The experimental 

facts (a) , (b) and (c) are wel l reproduced ; most results are 

insensitive to nuc.l ear detai ls . The under lying physical picture, if 

proven to be correct , has ·  an important impl ication for part icle phys ics 

res earch at high eilerg'i1es . 



THE MODEL : The model is based on two observations : 

Observation ( 1 ) : Various quantities measured in particle-particle  

col l i s i ons , such as the average multipl icity ,  <n>·,. and the KNO 

scal ing function � '  are practically independent on the quantum numbers 

of the co lliding particles (4) . 

Observation (2) ·: The incident particle  sees a nuc leus that is Lorentz 

contracted to a narrow disk . Consequently, the "array" of i nucleons 

in the contracted nucleus that l ie  on the path of the proj ectile  

interact simultaneously with the proj ectile . The c . m .  energy squared 

available for partic le production in the particle-array col lision is 

given by s i= 2imE , (neglecting nuc lear binding) where m is the nucleon 

mas s .  s i i s  thus i times the center of mass energy squared i n  particle­

nucl eon collisions . 

Motivated by the above observations we assume : 
�ssumption (1) : When a high energy partic l e  col l ides with an array of 

i nucleons the col l ision in the c .m .  frame resembles a particle­

particle  col lision at c .m .  energy � In particular the probability 

to produce n charged particl es ,  an/ain in an inelastic particle­

array col lision is  

P n(i , E) = Pn ( l , iE) , 

and is hereafter denoted by Pn (iE) . 

(3) 

Assumption (2) : Only those nucleons that l i e  within a cylinder of cross 

section a along the projectile  path wil l interact with the projectile ;· 

According to assumption ( 1 ) , information on particle-array col lisions can 

be obtained from .particle-particl e  collisions , In particular 

Pn ( iE) = <nciEJ> � (<n(tE)>) 
According to assumption (2) , the probabil ity P ( i ,A) that the incident 

partic le  will  encounter exactly i nucleons in a nucleus of A 

nucleons is calculated from low energy nuclear physics .  For instance 

( 4 )  
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if the nuc l ear wave-fun�tion is a product of A identical nucleon 

wave function s ,  then the probabil ity to find ·a  given nucleon at impact 

parameter b i s  aT (b) /A 1  where 

• C)Q 

T (b) = J dzp (b,  z) ; Jd2bT(b) =A.. (5) 
P is the nuc lear density . 

Consequently,  

P ( i  ,A)  (6) 

Knowl edge of P ( i ,AJ enables us to predict multiparticle production 

in particl e-nuc! eus col l i s ions from data on particl e-partic le c:o l l isions : 

( a) The ratio RA : According to assumptions ( 1 )  and ( 2) ,  the probab i l ity 

to produce n charged particles in particle-nucleus co l l i sion is given by : 

A L. P (i , A) Pn (iE) . (7 ) 

i= l 

The average multip l icity i; ·particle-particle col lis ion is well described 

by ( S) � 

thus Eqs . (7) and (8) yield 

or 

A 

<n (E) > C E l /4 

A 
<n(E) > L P ( i ,A) i l /4 

i=l  

(8) 

(9) 

R = L P ( i , A) il /4 - < il /4>
A A i= l 

( 10)  

RA is thus independent of E .  

(b) KNO scal ing : From Eqs . (2) ,  (4 ) and (7) one writes : 
A 

>j!
A 

= < n (E ) >A �
1

P ( i , A) <n (iE) >  >jJ ( <nCiE) > ) ( l l )  

and b y  us ing ( 8 )  and (10)  one obtains 



A 
1/IA = RA � P ( i , A) i - l /4 \j! (i - l /4 RA Z) . 

1=1 
( 1 2 )  

RA i s  energy independen t ,  thus ·1/IA obeys KNO scal ing C 6 l 

Sinc e  1/JA sca l e s ,  the sca i ed d i spersion Di <n 'A (where DA = � ,n2>A - <n.  'fA ) 
is energy independent .  I n  add i t i on the fol l o wing inequa l i ty i s  eas i l y  

deriv ed : 

' DA/ < n>A 
� --- � 

D/ <n> 

D is the d i sper s ion measured in part i c l e - partic l e  col l i s ions Note 

that these inequa l i t i e s  are independent of \j! • 

( c )  RA as a func tion of Nh : Cons ider the s i tuation where exa c t l y  

Np protons a r e  knocked o u t  from the nuc l eus ( 7 l . According to our 

as sumpt ions , Nn = i - Np neutrons (O<Nn<A-Z) l ocated in "array" i w i l l  

accompany the N protons (S ) . A derivation s imi lar t o  that o f  Eqs . (6)  p 
and ( 10) then yields the energy ind ependent r e l at ion : 

An independent par t ic l e  model may be a poor approx imation for heavy 

( 1 3 )  

( 1 4 )  

nucl e i . Instead , i f  we assume that any number N of knocked p out protons 

i s  accompani ed on 
A- Z  t h e  average b y  �2- Np neutrons then ( 1/ 4 

RA (Np ) = �p) 
COMPARISON WITH EXPERIMENT i In order to compare theory w i th 

experiment ,  we have represented the nucl eus by a uni form sphere with 

a radius r A1 /3 .  For incident protons we have assumed C 9l .  0 

( 1 5 )  

S = a/ 2 rrr 0 2=1 , whi l e  for pions w e  have taken S =  . 6  s ince ( l O) o ( rrp ) / a (pp) � . 6 .  
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In Fig . ( 1 ) , Eq . ( 10) for RA is compared with data for n-nucleus and 

p-nucleus as a function of A ,  and with p-emulsion data as a function 

of E .  Good agreement between theory and experiment is  obtained ( l l ) . 

R,� i s  sen s i tive to S and to the assumed nuclear wave function . 

Jn f i g .  ( 2 ) , we compare Eq . ( 1 2 )  for l/JA with data on n-Ne . Eq . ( 1 2 )  

a l.so describes wel l  the measured l/JA in  p-emulsion (lf) ( l j bot presented here) . 

l/JA as predicted by ( 1 2 )  is practical ly A independent (l 2) , (al though a 

slight A dependence develops at high values of z) and is independent of 

e .  The same holds also for (D 4nA> I (D/ <n>) (l3l (insert in Fig . (2) ) . 

Note that the bounds cbtained in Eq ( 1 3) are rather strict . 

Eqs . ( 14 )  and ( 15 )  are compared with data on n-Ne and p-emulsion in 

Fig . 3 ; good agreement is found . 

CONCLUSIONS : We have demonstrated that mul tiparticle  production 

in high energy particle-particl e and particle-nucleus col l isions are 

successfu l ly related by a simpl e  model . Since <iA> "' A113 , we fina 

that the average eff ectjve energy for producing particles in particle-

1 1 1 '  ' ' b t Al/  3 1 h . 
. 1 . ' nuc eus co 1s1ons 1s a ou arger t a_n 1n partic e-proton col l 1s1ons . 

It implies that proton-nuc leus col lisions .• and in particular nucleus-

nuc l eus col l isions (turning ISR into a heavy-ion col l iding beams 

ma.chine? )  with the same energy per nuc leon can take us beyond the 

k inematical thresholds for producing exotic massive particles suc)l as 

intermediate vector bosons , heavy leptons and charmed particle s .  
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Fig . 1 :  RA versus A for rr-nucleus (circl es : Ref . (l i ) , triang l e :  

Ref . (lg» and p-nucleus (circ l e s :  Ref . ( l� ) ,  triangles a s  compiled 

in Ref . ( 2e) , square : Ref . (lk) ) .  Insert : RA for p-emul sion (A=67) 

versus E=E lab,
' as compiled in Ref . (3e) . The solid lines are the 

prediction of our model .  
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Fig . 2 :  wA versus z=n/<n>A for TI-Ne . Data from Ref . (lg} (circles : 

200 GeV ,  squares : 1 0 . S  GeV} . The solid l ine is the prediction of 

our model ;  the dashed l ine is the best fit for particle-particle 

collisions (2}  Inser t :  (DA/ <n>A) / (D/<n>} versus A for TI-and p-nucleus . 

Circ l es : Ref . ( li ) , triangle :  ReL (lg} square : Ref . ( lb} . The solid 

l ine is the prediction of our model , and the dashed lines are the 

predicted bounds . 
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Fig . 3 :  (a) RA versus the number o f  final protons for n-Ne . Data 

from Ref . ( lg) (circ l es : 200 GeV squares : 1 0 . S  GeV) . (b) RA versus 

the number of heavy trackes for p-emulsion . Solid Circles (300 GeV) 

30 

and open circles (200 GeV) : Ref . ( le) , crosses ( 1000 GeV) ; Ref . (1 ) . The 

solid l ines are the predictions of Eq .  ( 14 ) , and the dashed l ine is the 

prediction of Eq . ( 1 5 )  (Np = l .  2Nh) .  
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INDEPENDENT CLUSTER PRODUCTION AND THE KNO SCALING FUNCTION 

E . H .  de Groot 
CERN, Geneva, Switzerland 

Abs tract : A single component independent cluster mode l ,  based on a 
certain smoothness property of the amplitudes involved , is pre­
sented . The KNO multiplicity distribution function , the momentum 
distribution of the leading particles and cluster s ,  as well as the 
relations among them are deduced . 

Resume : Nous presentons un modele de "clusters" ind€.pendants a une 
composante ,  base sur une certaine hypothese de regularite des am­
plitudes de product ion . La fonction KNO pour la distribution en 
multiplicite , ainsi que l� .spectre d ' impulsion de la part icule 
entrainante , celui des "cluster s " ,  et les relations entre eux , sont 
deduits de ce modele . 
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INTRODUCTION 

In this contribution we try to gi_ve a comprehensive account of the 

unitary cluster model described elsewhere' ) , but without dealing explicitly 

with the problem of unitarity for which , together with some of the details 

and proofs ,  we refer to Ref . 1 .  The KNO multipl icity distribution which we 

find is specific for this model and is compared with the data in another 

paper2 l .  The leading-particle spectrum, as it appears in the following , 

expressed in terms of the KNO function, is of a more general nature and is 

extensively discussed and compared with the data in Benecke et al . 3 ) . 

* * * 

Consider the reaction pp � pp + X ,  where X stands for any number of 

cluster s .  I n  case the number o f  clusters is equal t o  n we can always write 

the matrix element for this process as : 

I 
M2�2 +n = [ C,p , +p2 ) 2 (p ; +p� )

2
}2 T (p ; p� I P 1 P, J  fn (P 1 P2 P : P� k1 · · . kn) • ( 1 )  

momenta of the protons and k, . . .  k2 those of the clusters . Our convent ions 

are such that (aq = d 3q/q0 ) : 

where 

Otot (2) 

� (2nl ' I T Cp ; p� i P 1 P, ) I 2 n (p ; +p� ) 2 0 4 (p , +p2 -p : -p� ) 
'----.,,----/ 

( 3 ) 

'IT (p ; +p� )
2 f 

n= 1 JD  

Re1 (P 1 P2P �P� )  

(4) 

� +p -p 1 -p 1 - f. kn ] � l  2 1 2 L N 
9,=l 

( 5 )  



Up till  now our way of splitting off the leading-particle amplitude T 

from the cluster amplitudes fn in Eq . (1 ) has been purely a matter of nota-

tion; but now we would like to give this a meaning . Let us suppose that 

the amplitude T appearing in Eq. (1) , which is just the elastic amplitude if 

p 1+p2 = p �+p� due to the condition f 0 1 ,  is changing smoothly in going 

as one can regard T as an off-shell  elastic amplitude . To be precise: 

and s ,  T is such that we can interchange the asymptotic limit s -+00 and 

the l imit x1 , x2 -+ 1 . (6)  

As Eq .  ( 1 )  is written in the form of a product of T and fn ' the condi­

tion (6) is still not very meaningful unless we introduce some smoothness 

condition in n on the fn ' but this we will deal with later . 

Having assumed property (6)  for the leading particle amplitude T we 

will now try to see what the function Rinel in Eq. (5)  sho�ld look like . 

-As we know that T will damp the transverse momenta of the leading particles 

severely and that the ratio ae1/oinel is asymptotically only weakly dependent 

on s, we can conclude,  by comparing Eqs (3) and (4) , that also the ratio 

J Rel (dx1 fx1 ) (dx2 fx2 ) I J Rinel (dx1 /x1 ) (dx2 /x2 ) must  be only weakly dependent 

on s (at most like some power of ln s asymptotically) ; as we can calculate 

f Re1 (dx1 /x1 ) (dx2 /x2 ) from Eq. (3)  and f ind it to be s independent we con-

elude that 

is only weakly s dependent . ( 7) 

The question now arises of how to construct a model for the fn which actually 

does thi s .  A s  a n  example w e  will take the Independent Emission Model ( IEH) , 

where we will keep the weights more or less arbitrary in order to fulfil con-

dit ion (7 ) : 

259 



260 

(8)  

with ao = 1 as f o = i .  
With regard t o  Eq. ( 8 )  we now come back t o  the point raised under 

Eq . (6) : we could not have taken the same expression as in Eq. (8)  for the 

l fn l 2 ,  but the r . h . s .  multiplied by an arbitrary' function of s, as this 

would have violated the condition f o  = 1 ,  or if we had done it only for 

n � 1 and not for n 0 we would have introduced a highly non-smooth be-

haviour in going from the inelastic case (n :  1) to the elastic one (n = 0) , 

contrary to the smoothness requirement indicated under Eq . (6) . 

Assuming expression (8)  for the l fn l 2  one can now calculate Rinel in 

Eq . (5) to be 1 ) : 

.., 2 (p {+pi ) 2  f dp p R i nel = ( k? ) Q 2 "[,_.f_:( :cp +c..1-"')-=]"""2 
(Q2JP 7 ¢ (p , s) ' (9 ) 

where Q2 = (p 1 +p2-p : -p� ) 2  is the (missing mass) 2 to the protons, and <jl (p , s) 

is defined by 

n 1 J n-1 anA ( s )  = f (n) dp p ( 
µ
s
2rp 

<jl(p, s) , 

where µ is the average transverse mass of a cluster . 

(10) 

The condition ( 7 ) , i . e .  that J Rinel (dx 1
/x

1 ) (
dx

2
/x

2
) is only weakly 

dependent on s, tells us now that <jl (p , s) in Eqs (9 ) and (10) can itself only 

weakly depend on s .  This , together with the fact that ¢ must be such as to 

produce a form l ike anA
n (s) in Eq . (10) , leads then to powerful restrictions 

on A ( s) and the an 1
) : 

a) A (s) [ln ( s / s o )T1 
s->oo 

b) The an are such that the series 
00 n anx

n has a radius of convergence 
n=o 

(11 ) 



This result is quite s imilar to the one Bia�as and Kota�ski obtained , 

although in a comp letely different way , in their unitarization scheme for 

the IEM4 ) . 

As a consequence of Eq . (
1
1 ) ¢ (p , s )  is of ·the form 

¢ ( p , s ) s:,, -� cjl (p ln s) , ( s JP -p> O  \1 

where cjl varies at most as a power of its argument . So for practical 

purposes we can take it that cjl is asymptotically of the form 

cjl (p , s ) s->= c (��r (p ln s ) r 

p> o 
for some r . 

Inserting this into Eq . (9 ) one obtains 

2 C ( ln s) r (p ( +p f ) ' 

ro Q J dp pr+ l 
[r (p+ 1) J2 

( 12 ) 

(13) 

(14) 

Inserting this into Eq . (4) to obtain the leading-particl€ distribution one 

arrives at : 

1 1 2 Joo dp pr + 1 (Qs'Jp (µ:�JP 
2 ( 2n) 3 (kcT' ) (ln sf I T Cp f pf I P 1 P2l i 2 ( p i��, )  [r (p+l) J2 

( 15) 

To get an idea of how this expression behaves , we will now assume that 

T (p : pf I P 1 P2 ) only depends on the transverse variables or , in other words ,  

that the longitudinal spectrum o f  the leading particles i s  solely determined 

by the clusters and the momentum which is carried away by these clusters . 

As (p :+p � ) 2 � x 1x2 s ,  if the final protons are in opposite hemispheres , 

and negligible otherwise and as Q2 � s ( l-x1 ) ( 1-x2 ) , we can then perform the 

transverse integrations in Eq . ( 1 5 )  result ing in 

00 r+ 1 J dp p 
[r (p+l) J2 (16) 
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with the condition that the protons are in oppos ite hemispheres (o therwise 

doinel /dx 1 dx2 � 0) . The constant D migh t ,  in principle,  have a weak s 

dependence ,  stemming from the additional s dependence of T, but will be a 

constant at high energy if oe1
/o

inel is constant,  at least in the Lippmann­

Schwinger approach of Ref . 1 ,  where T is es sent ially of the form 

r - ( ln s) rp '
1 T
2 

T "' (ln s) e 

for small p� with r < 2 due to the Froi ssart theorem. 

To obtain the one-proton d i s tr ibut ion, we now integrate Eq . (16)  over 

one of the protons : 

f dp pr (�2o )p ( l-x) p- 1 ' [f (p+l) ]2 ,.. 

which for x � 1 develops a peak of the form 

( 1 7 ) 

(18) 

and is otherwise flat in x, which is at least in qual itative agreement with 

experiment .  Integrating ( 1 7 ) once more w e  obtain the inelastic cross-

sect ion : 

0inel I dp p
r - 1  

[r (p+l) ]2 ( 1 9 )  

T o  deduce the mul t iplicity distribution from this we remark, as is very easy 

to prove from Eq . ( 10 ) , that in the KNO l imit 5 )  (n + oo ,  ln s 00 ,  n/ln s 

f ixed) the parameter p , which we have been us�ng up to now, is nothing but 

p � n/ln s .  This then gives "us i n  the KNO limit : 

0 
n 

"'. D nr-1  (s oJn/ln s 

[f ( (n/ln s )+l )J2 j:;2" 

As one can calculate the average multiplici ty from E q .  (20) to be 

Po ln s , 

(20) 

(21)  



one obtains for the KNO function [¢ (n/ ( n) )  

¢ (z )  
r- 1 z -az A [f(Po z+l ) ]' e 

(a 

which with four constants and the two normalizations 

f ¢(z )  dz = J z¢ (z) dz 2 

(22) 

leaves us with only two cons tants , for example Po and r .  With Po 1 and 

r = 2 formula (22) produces an excellent f it2 ) to the data . Such a f it would 

then imply that all cross-sections would go l ike ( ln s ) 2  (as r = 2 ) , while 

the average cluster multiplicity would be ln s .  For comp leteness we now 

give the distribution ( 1 7 )  as an integral over the KNO function ¢ of 

Eq . (22 ) , an expression which is in fact more general than in this model 

( see Ref . 3 ,  also for the experimental comparison) : 

Po [ dp p ¢( : J  ( 1-x) p-- 1 

and if one calculates the one-cluster distribut ion one obtains a similar 

result :  

and , in general , 

ro . l 
1 

do!:el

J l ine leading particle 

00 J dp p ¢ (�)  ( 1-x) p , 
0 

= 1 �\ (oi�el 
do!:el

J � clus ters 

(23) 

(24) 

(25 )  
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FINAL STATE CHARACTERISTICS OF CENTRAL pp COLLISIONS 

AT 28,5  GeV/c , 

P .  SCJrl.iBELIN 

Brookhaven National Laboratory 
Upton, New York 11973 (USA) 

'Results are presented from an experiment 
of inelastic c entral pp collis ions at 2 8 , 5  GeV/c 
observed by the Multiparticle Argo Spectrometer 
Sys tem (MASS) ,  Characteristics of final states 
are given as a func tion of transverse momentum 
to a forward proton or rr+ meson over a considerable 
range of the allowed phase space ( , 3  GeV/c < PL < 2 GeV/c , 1 . 3  GeV < MM < 6 . 5  GeV) . 

, Resume 

Des re'sultats ·'d ' une experience de diffusion 
inelastique pp a 28 . 5  GeV/c obtenus avec le "Multi­
particle Argo Spectrometer Sys tem" (MASS) sont 
donnes , Les �haracteristiques des etats finaux 
sont presentes comme fonction du moment de transfer 
d 'un  proton ou p io n  vers 1 1  avant couvrant un 
interval considerable de l ' espace de phase permis 
(0 ,3  GeV/c < PL <  2 GeV/c ,  1 . 3  GeV < MM <  6 , 5  GeV) , 
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INTRODUCTION 

The possible existence of hadron constituents has been one of the most 

fascinating ideas in recent years1 ' 2 It has been triggered by a surpris­

ingly large cross section found in deep inelastic e.p scattering3 The in­

t erest in such ideas has been heightened by the much larger probability of 

producing large transverse momentum particles in hadron-hadron collisions4 

than might have been expected from a simple extrapolation of low transverse 

momentum data . We believe the key to verification and further advancement 

of such ideas lies in the study of detailed propert ies of multiparticle 

final states where at least one outgoing particle carries a substantial 

fraction of the incident momentum transverse to the beam direction (we call 

these collisions central) .  In hadron-hadron col lis ions , such interactions 

represent a small fraction of the total cross-section, e . g .  < 10-3 at 30 

GeV/c . For this reason alone high statistics experiments in this regime 

can not be perfomed in a bubble chamber . A fast detector measuring 'and 

identifying all particles in the final state seems to be exceedingly costly 

and difficult to conceive and build ,  but an electronic detector measuring 

all charged particles at a ten thousand times higher interaction rate and 

a hundred times higher recording rate than the bubble chamber wil l  already 

provide access to a hitherto virgin field of particle physics and enhance 

our knowledge and understanding of central col l isions . 

The first successful effort to overcome exis ting limitations in ex­

perimental techniques for s tudying charged particle final states in bubble 

chamber like detail is the Mul tiparticle Argo Spectrometer System , MASS5 . 

It can be descr ibed as an "all-electronic bubble chamber" triggered by one 

or two mass-identified charged particles emitted into specifiable regions 

of phase space . The question arises to the energy at which such a compre-

hensive study of central collisions should be started .  Even though the 

highest energy presently available seems most promising and attractive ,  



we have chosen to carry out the first such s tudy at 30 GeV/c in' order to 

obtain a higher success probability and to create a data samp le that can 

be used as reference and pivot for later high energy s tudies . A third rea-

son lies in the poss ibi lity of gathering specific ideas and notions based 

on observations in the 30 GeV/c energy range which can later be pursued at 

higher energies with less specific,  more dedicated means . A last reason 

s tems from the fact that at the time of conception and construction of 

MAS S ,  30 GeV/c was the top energy and anything higher would have meant de-

lay. How our s tudy fits 

verse momentum and large 

into the present overall picture of large trans­
ZP

.L X.L = � investigations can be seen from Fig.  1 .  

I n  contrast t o  most - i n  some cases all - the other experiments ,  the data 

t aken by MASS can invest igate - among other items - the following questions 

and areas : 

1 .  Relations . between the characteristics o f  a trigger proton or pion and 

the average charged mul tipl icity. 

2 .  Relations between available energy and average number o f  charged parti-

cl es.  

3 .  Charged multipl icity probability distributions for di fferent missing 

mass and four-momentum transfer to a trigger proton (multiplicity seal-

ing) . 

4 .  Study o f  ppTI
+

TI
-

, ppTI
+

TI
+

TI
-
TI

-
, pnTI

+ 
and ppn

° 
final s tates over considerable 

range of P
.L 

to a forward proton. 

5 .  Study o f  inclusive TI spectra over considerable range o f  P
.L 

t o  a for-

ward proton . 

6 .  Comparison between e p  and p p  deep inelas tic scattering . 

EXPERIMENTAL RESULTS 

We have measured the reactions 

and 

( 1) 

(2) 
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at 28 . 5  GeV/c .  People  involved in the  experiment are  listed in  Table I .  

A Peyrou-plot for  the trigger particle illustrates where the  data lie in 

phase space (Fig.  2) . 

The data have b een taken at the Brookhaven AGS by the Multiparticle 

Argo Spectrometer Sys tem (MASS)  which consists of the High Momentum Spec-

trometer (HMS ) , the Low Momentum Spectrometer (LMS) , the Vertex Spectrom­

eter (VS)
6

, the PDP9 local computer ,  the fast two-way data link to a CDC 

6600 computer and the off- line analysis chain. A schematic of the floor 

equipment is shown in Fig. 3 ,  a birds eye view of the same in Fig.  4 .  The 

characteristics of the system are given in Table I I .  The HMS and/or the 

LMS have been used to trigger the system ,  the vs6 and the pattern recogni­

t ion code PITRACK7 to count and momentum analyze the charged particles con-

tained in MM. On the average ,  83% of all charged particles in the final 

state are detected . At th is efficiency level corrections for the unde-

tected par ticles when evaluating the charged multiplicity can be made 

rather easily by us ing charge conservation . The spark chambers of the VS 

are shown in Fig.  5 ,  a typical 10 prong event as reconstructed by PITRACK 

in Fig . 6 .  Fig.  7 shows a display of the event with the largest transverse 

momentum to p
3 

taken by MAS S .  

A .  Multiplicity S tudies 

In Fig. 8 we show the average charged mul tiplicity nCH (includes trig­

ger particle) as a function of transverse momentum of p3 and TI+ for constant 

MM8
'
9 

The fol lowing characteristics appear : In reaction (1) and appar-

ently (2) as wel l ,  n
CH 

rises by � . 6  charged particles for MM >  2 GeV, the 

location o'f the rise moves towards smaller Pl values for intervals of higher 

average MM, being located at. Pl � . 85 GeV/c for MM 5 . 5  GeV. When plotting 

n
CH VS l t

13 I , the four momentum transfer to P
3 

for data of reaction ( 1 ) , we 

observe the rise for all" MM bins in approximately the same place, namely at 

\ t13 ! � 2 (GeV/c) 2
. In order to compare reactions (1)  and (2) we display 



- - + b. = nCH
(p

3
) - nCH

(TT ) vs P
.L 

(Fig . 9 ) . We not e  that the difference b, amounts 

to 1 . 1  particles.  This can be qualitatively understood from the fact that 

MM contains one baryon in reaction ( 1 )  and two baryons in r eaction (2) . 

We can s tudy the dependence of nCH 
on the available energy (MM) for 

reactions (1)  and (2) both below and above the rise in mul tiplicity (Fig. 

10) . All 4 data sets are compatible with a linear dependency with slope 

= . 65 ± .01 GeV
- l

. 

- - 10 
For some time now, people have plotted n · P versus nCH

/nCH 
for CH nCH 

different values of s integrating over t and MM, marvelling that all of the 

data from 50 GeV/c to 300 GeV/c fall on a universal curve
11 (KNO scaling) . 

If instead of nCH 
one uses (nCH 

- a)
12

, scaling is observed down to energies 

of 5 . 5  GeV/c  and Cl = +  0 . 9 .  W e  can pursue this exploratory line o f  plot­

t ing data and do it at fixed s for various bins in MM and J t J 13
. For given 

intervals , data with di fferent missing mass ranging from MM =  1 . 67 GeV to 

MM =  5 . 25 GeV and MM =  2 . 61 GeV to MM =  6 . 07 GeV , fal l on top of each other 

(Fig. 1 1 ) . The constant Ci turns out to be - 0 . 7 which throws a heavy shadow 

onto the interpretation of a being the aver age number of unfragmented lead­

ing particles
1 4  

Data i n  different t intervals have di fferent widths of 

the multipl icity scaling curve:  From low J t J C J t J < 2 (GeV/c)
2

) to high J t J 
( J t J > 3 (GeV I c) 

2
) the scaling curve shrinks by 10% (Fig . 12) . We also ob-

serve that P vs MM shows the same functional form for low and high J t l nCH 
but is displaced by . 75 GeV in MM (Fig . 13) . The 2 prongs are an exception. 

B. Exclusive S tudies 

Using standard kinematic mass hypoth esis fitting techniques , we were 

able to isolate a data sample of the reaction 

(3) 

15 + 
It h as the following features at P3.L 

� 1 GeV/c :  In events where the TT 

and P4 form a b,
++ 

( 1238) , one sees a low effective mass enhancement of the 

269 



270 

+ - ·k * 
p4TI TI system, probably the N (1688) (Fig. 14) .  Even though the N ( 1688) 

is produced peripherally , its decay product , the 6
++

, is observed at con-

siderable four-momentum transfer (Fig. 15) . At higher effective mass of 

+ -p4TI TI (M > 1 .  9 GeV) the TI balances mos t  (� 80')'.) of the transverse momen-

tum of the trigger proton p3 while the four momentum transfer to the 6
++ 

is small (Fig . 15) . In events where the TI+ or the TI+ and TI- do not 

resonate with p4 , one observes the pions emerging from the central region 

and all 3 particles (p4 , TI+, TI- ) balance P3.L � equally . We conclude that 

in one quarter of the events of reaction (3) a TI balances a dominant frac-

tion of P3.L whi le in the other events ,  balancing is done more democratically. 

In reaction 

(4) 

we do not observe any significant fraction o f  events where a single pion 

balances a large portion of P3.L . We have also isolated data samples of the 

reactions 

(5) 

and 

(6) 

In events o f  reaction (5) 16 we observe a very strong peak at � 1 . 6 GeV in 
0 the effective mass system p3TI (Fig. 16) which contains � 50% of al l our 

events . When we plot the mass region below 2 GeV in 40 MeV bins we see 

indication of separation into two s tructures , possibly the N1' ( 1520) and 
;, N (1688' (Fig. 17), These low mass events are characterized by a fairly large 

four momentum transfer \ t13 \ to p3 ranging from � . 8  (GeV/c) 2 to � 1 . 6  

I 2 I I · d 0 (GeV c) • t24 to p4 , which is also the t to the excite system p3TI is 

much lower , the depletion at small values o f  \ t24 \ possibly due to an 

experimental bias (Fig. 18) . The reason may be the preferentially transverse 

decay of the peripheral ly produced excited system, a behavior we have already 

encountered in some events of reaction (3) . In events of reaction (6) 16 we 



observe pro j ectile excitation as well but not in the I = 1 / 2  state as in 

reaction (5) but rather in the I =  3/2  state, Looking at the effective mass 

+ distribution of the p3TI system we observe a significant bump at � 1 . 9  GeV , 

pos sibly the 6 (1950) (Fig. 19) . It is produced very peripherally as can 

be seen from the very s teep four-momentum transfer dis tribution t
24 to the 

recoil neutron n4 which is  approximately equal to the four-momentum trans-

fer to the 6 ( 1 950) (Fig . 20) . 

C .  Inclusiv e  S tudies 

We have s tudied TI momentum spectra as a function o f  P3L in events of 

reaction (1 )
17

. It seems to be informative to look at the momentum compo-

nents of negative pions in the scattering plane ( th e  plane containing p1 

and p3) and normal to the scattering plane :
18 

In the first cas e ,  momentum 

balancing plays an important role , in the lat ter it does not .  I n  th e scat-

tering plane normal to the b eam direction (x direction) we observe the 

shape of the momentum spectrum of the TI
-

' s  to remain unchanged (Fig .  21)  

(with the exception o f  4 prongs) while the center of the distribution moves 

to larger values with increas ing P3L (Fig . 22) . This leads us to the con­

clusion - with the exception of the 4 prongs - that all par ticles tend to 

b alance transverse momentum of the trigger particle equally ; in some of the 

4 prong s ,  one pion receives a larger transverse kick than the other parti-

cles.  We came to the s ame conclusion for events of reaction (3) . 

Normal to the scattering plane (y direction) there is no momentum 

component of the trigger proton to be balanced. We observe the shape of the 

P
y 

distribution unchanged as P
3L 

incr eases from , 4  GeV/c  to 1 . 6  GeV/c 

(Fig. 23) , the central values being zero for all data samples . The shape 

This of P
y 

is  also approximately independent of MM over its entire range. 

means that the momentum component of TI ' s  normal to the scattering p lane 

is constant even though the collisions among the 2 protons becomes more 

and more central and the inelasticity varies . C lo sely related to the above 
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discussion is the correlation between (P )TI .L and (P,, ) TI or (X,,) TI- , the so-

called sea gul l  effect
19  We can s tudy it  as  a function of P3.L 

(Fig. 24) . 

The behavior observed can be understood from the previous ly shown dependence 

D. Comparison with Electroproduction 

A comparison
'
between lepton-proton

20
'
21  

and proton-proton co l lisions 

is very instructive b ecause we know in the first case (A) one vertex b eing 

elastic, a condition not necessarily true in the latter case (B) . 

e 

( A )  ( 8 )  
A comparison of the 2 classes of reactions with respect to their multiplic­

ity dependence on P and q
2 

is shown in Fig. 25 and Fig. 2 6 .  We .L 
observe di fferent behavior in ep and pp data when p lo tted versus q

2 
- if you 

believe Cornel l  - while there is not sufficient overlap in the data when 

plotted versus transverse momentum (the electron data have b een taken at 7 

GeV/c and 1 1 . 5  GeV/c) . When we analyze our data of reaction (1)  in the same 

way electroproduction data are usually analyzed by trans forming into the 

rest system of MM, we can look at �- (azimuthal angle  with respect to the 

direction of MM) X- and P -dis tributions
22

. We observe that in all these .L 
dis tributions the functional dependencies from electroproduction also de-

scribe our data for XTI between 0 and . 6 ,  the coefficients in the functions 

being the same or near those from electroproduction. 



INTERPRETATION OF RESULTS 

It may be possible to expand and generalize certain notions obtained 

from the s tudy of exclusive channels to the much larger samp l e  of general 

multiparticle final states , to explain the features . In our data we have 

s een that for small t13 , 0 . 2  < \ t13 \ ;S . 5  (GeV/c)
2 

in reactions (4) , (5) 

and (6) there is predominant ly no pro j ectile excitation going on b ecause 

the transverse  kick to p3 coming from a peripherally produced A is  too small 

* * 
while  from e . g .  a N (15 20) or N (1688) it is too large to enter the accept-

ance. We are therefore restric ted to the detection of target fragmentation 

processes , producing the wel l  known large cross section excited states like 

the A etc . When we move into the s econd regime with \ t
13

\ between .5 and 

� 2 (GeV/c)
2

, some of the tri ��er protons - as we have s een from the ex-

* * 
elusive data samples - are decay products of N (1520) ' s ,  N (1688) ' s  and 

A (l950) ' s  which are themselves produced rather periph erally . Often these 

excited states of the pro j ectile proton have a TI0 meson among their decay 

product s .  The pres ence of such TI0 1 s  associated with the proj ectile proton 

causes us to "miscalculate" the missing mass in the sense that not all o f  

it is available t o  produce particles .  The average multiplicity for con­

stant MM is therefore depressed with the occurrence of such TI0 ' s . We now 

move into the third regime the \ t13 \ region around · 2  (GeV/c)
2

. The dis­

appearance of forward protons with \ t13 \ � 2 (GeV/ c)
2 

being associated with 

* 
N ' s  causes the p3 

vertex to turn elastic within a r elatively narrow \ t13 \ 
margin. This causes n

CH for constant MM to rise rapidly due to the fact 

that MM is more and more often fully avai lable for particle production. 

Beyond this regime, \ t13
J > 2 (GeV/c)

2
, n

CH saturates and we seem to deal 

almost exclusively with target fragmentation and/or particles produced along 

the multiperipheral chain but no production at the p
3 

vertex. A similar 

condition prevails in data of reaction (2) . Whenever projectile excitation 

into a I = 1 / 2  state occurs and we trigger on the charged decay product TI
+

, 
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our missing mass MM includes a neutron which will never contribute to nca· 

The absence of such proj ectile excitat ion does not enforce any more the pre­

sence of  a neutral baryon and the  resulting average charged multiplicity can 

be expected to be higher . 

From our study of inclusive TI meson spectra we learn that in the 30 

GeV/c energy range there is no clear indication of fireball production in 

central collisions while  hard scattering models are consistent wi th the 

data. 

A last finding is the close simi larity of  distributions of deep in­

elastic ep scattering where the interaction process is described in terms 

of  hard photon-hadron scattering and pp central collisions , where i t  is 

not clear what mediates the interaction. 

CONCLUSION 

We h ave demons trated at BNL energies that all- electronic equipment 

c an produce bubble chamber - l ike information in a field of low cross section 

physics ,  i . e .  central collisions . In exploring the final state character­

istics of 30 GeV/c pp interactions over a large range of  transverse momentum 

to one proton , interes ting features of central collisions have been dis­

covered and the stage has been set for a similar exploration at consider ­

ably higher energies .
23 
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Table I I  - MASS Charac t e r i s t i c s  

Spectrometer HMS 

So�!�
2
�ngle ( h o r i zontal x vertical) 3 3  x 10 

Mor.ientum Acceptance 6p · a t  
Incident Momentum o f  28 . 5  GeV/c 

(GeV /c) 

Resolution b.5 
(mr) 

Resolution t::..p/p ( %) 

· Mass Identification 

Maximum Track ing Capab i l i t y  

Chamber Readout 

Data Rate 
( events/ . 6s burs t 

C OC - 6600 Track 
Recon s truction Time 

( s )  

Movement Time 
(hrs . )  

5 - ··28 . 5  

± . 2  

± 1 / 3  
( p  = 20 GeV / c )  

TI , p 

Core 

1 2 0  

. 0 2  

4 

*Lunited by the capacity of the Data Handler. 

LMS 

180 x 47 

.6 - 28.5 

± 1 . 0  

± 1 
(p = 2 GeV/c) 

TT , p  

Magnetos triction 

60 

. 0 3  

. 7 5  

.Y.2 
4 700 x 1 750 

.08 - 28 . 5, 

4 ( forward) 11 ( s ide) 

2 . ( forward) 
10 ( s ide) 

p = 1 GeV/c) 

None 

14 

Shielded 
Magnetostric t ion 

12* 

l . 5  

not 
movable 
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MESON SPECTROSCOPY WITH THE OMEGA SPECTROMETER 

L .  Mandelli 

CERN , Geneva - I . N . F . N . ' Milan 

Abstract : A short summary of the Omega experimental program is 
given. Expected results in the field of boson resonances 
are discussed and some preliminary data shown . 

Resume : Un bref resume du programme experimental de l ' Omega est 
donne . Les resultats attendus dans l ' etude des resonances boso­
niques sent discutes et quelques resultats preliminaires sent 
montres .  
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1 .  THE SPECTROMETER 

Before to expose the experimental program developed with the Omega 

spectrometer at CERN and to discuss some preliminary results, it is useful 

to give a very brief technical description of the spectrometer itself . 

The interested reader will find more details in re,f . 1 .  

Omega i s  essentially constitued by a superconducting dipole magnet, 

generating a 14 m
3 

magnetic volume and a spark chamber system placed inside 

i t .  The pole diameter is 3 m and the gab between the poles is 1 . 5  m .  

The charged tracks detector is placed inside the magnetic volume , 

and it is constituted by eight spark chamber modules ( 10 gaps each) placed 

in front of the target and perpendicular to the beam, and eight smaller 

modules (8 gaps each) placed on each side of the target and parallel to 

the beam to detect slow large angle tracks . The target ( 30 or 60 cm H
2

/D
2

) 

is placed inside the magnetic field .  All sparks chambers are read-out by 

four stereo pairs of plumbicon cameras , and sparks coordinates are stored 

on magnetic tape with all relevant electronic information . 

Caracteristic constants of the acquis ition system are listed in 

table I .  

Data acquisition dead time 

Max. data raking rate 

Spark chamber memory 

TABLE I 

Maximum tolerated beam intensity 

Accuracy on spark location cr
y 

Spark resolution 

6p/p at lo GeV/c 

Caracteristic data processing time 

(CPU 7600 CDC) 

20 ms 

15 ev/b ( 400 ms flat top) 

1 µs 

5 10
5 

part . /burst 

500 µm 
1 . 5  cm 

0 . 8% 

200 ms/ev . 

A relevant number of permanent facilities have been built by different 

groups around Omega , allowing a great variety of d:lfferent triggers : 



( a )  multiparticle atmospheric pressure Cerenkov (� 43 m
3

J placed down-

stream Omega (rr from K ,  p between 2 . 8  - 9 . 8  GeV/ c ) ; 

(b) high pressure Cerenkov ( TI ,  K from P between 5 and 10 GeV/ c ) ; 

( c )  M . W . P . C .  H ' s  t o  trigger on multiplicity and/or correlations ; 

(d)  five ( 200 x 20 cm) scintil lators to measure T . O . F .  of slow particles 

(at � 500 psi ; 

( e )  array o f  scintillation counters t o  detect and measure recoiling neutrons . 

The beam is an unseparated beam ranging from 3 . 0 to 1 9 . 0  GeV/c . In­

cident particles are flagged by three Cerenkov counters ,  their momentum 

is determined to 0 . 3 % and their angle to 0 . 2  mrad by a system of five 

M . W . P . C .  H ' s ( 11 planes) . 

The highest sensitivity can be reached for processes initiated by 

a high intensity incident flux ( rr
-

' s  or p ' s ) , a good trigger acceptance 

and a cross section which just saturates the data acquis ition system. 

For example , a trigger on a process having 500 µb total cross section 

and an acceptance of 50% , allows to collect 400 ev/µb · day. reliability 

of the system included . 

The basic data processing package is constituted by an automatic 

pattern recognition and a geometry reconstruction program (ROMEO) . The 

typical CPU processing time is of the order of 200 ms/event (CDC 7600) . 

2 .  THE EXPERIMENTAL PROGRAM 

After one and a half years of effective operation , Omega has collected 

data for many different experiments . All experiments aim to investigate 

strong interactions , but while some of them are more oriented to the study 

of rare dynamic processes , �ome others are primarily motivated by the 

study of meson resonances . 

In table II all experiments which took data up to Apri l  1975 are 

listed according to the preceding and to some extent arbitrary subdivision. 

In the fol lowing I will briefly comment on the resonances study program 

a11d on the expected results from each experiment . 
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TABLE I I  

A) Dynamic oriented experiments 

( * )  P .  Exp. sen-
Triggered Reaction J. sitivity 

+ ± + 
1 )  11-p + 11 11 n 3 . 2  GeV/c :;. 1000 --

ev/µb 

2 )  
- /1.0 *o 

8 . o  GeV/c :;. 1000 11 p + K 
F 

ev/µb -
+ 

/l.
o 

K 
*++ 

12 . 0  GeV/c :;. 100 1T p + F 
ev/µb -

+ ± 
3 )  1T-p + PF x 9 . 0 and :;. 1000 

- 12 . 0  GeV/c ev/µb 

B) Spectroscopy oriented experiments 

1) 1T p + x p 

L-1T-1To 

2) 1T p 

+ -
1T 1T 11 

+ - - 0 11 1T 11 1T 

etc . 

+ - 0 1T 1T 11 
- - + + 1T 1T 11 11 

etc . 

12 GeV/c 

12 GeV/c 
and 

1 5  GeV/c 

12 GeV/c 

200 
ev/µb 

250 
ev/µb 

200 
ev/µb 

Col lab-
oration 

CERN, 
Saclay 

CERN , ETH, 
Karlsruhe, 
Freiburg , 
saclay ,  

CERN·, Col--
lege de Fr . 
E e .  Polyt. 
Or say 

Bari , 
Bonn , 
CF:RN , 
Daresbury, 
Liverpool ,  
Milan 

Birmingham , 
Rutherford 
Lab . , 
Tel-Aviv , 
Westfield 
College 

Glasgow, 
Sac lay 

Comment 

To determine 
T=0 , 21111 scat-
tering length 
at threshold 
(M

111T l(i . 4  GeV) 

To study hy-
peron exchan-
ge processes 
and exotic 
search 

To study back-
ward scatte-
ring processes 

Study of the 
miss ing mass 
to the proton 
with detection 
of all charged 
final states 
1 .  4:>M ( 2 .  3GeV 

x 

To study neu­
tral miss ing 
mass with de­
tection of 
charged final 
states 
1 .  2(M 0:: 2 .  2GeV 

x 

To study iiN, 
K+K- spectra 

. / .  

(* )  In each reaction the triggering particles are under lined. 



Table II (Cont ' d) 

Triggered Reaction 
( * )  P .  

Exp . sen- Coll ab-
Comments J. sitivity oration 

- (K- ,p) X 10 GeV/c 2000 4 )  1T p + 
and ev/µb 

16 GeV/c 1000 
ev/µb 

C!tl x 2000 
ev/µb 

5 )  K p  + 0 + -K 1T 1T n 10 GeV/c 250 -
ev/µb 

-
6) 1T p + DDN 19 GeV/c 1000 

L ev/µb 

!.'IT , Krrrr in "high -
multipli-
city 
channels 
( 6prongs) 

Bar i ,  
Bonn , 
CERN, 
Daresbury, 
Liverpoo l ,  
Milan, 
Purdue , 
Vienna, 

Aachen, 
CERN , 
ETH 

"Omega 
Groups" 

To detect rare 
decays of

_
mesons 

in KK, KK:IT ,  
NN, NNrr etc . 

* 
Study of K in 
hypercharge 
exchange re-
actions. 

To study non-
dif fractive K* 
production 

To detect charm 
anti charm pro-
ductiori . D is 
assumed to de-
cay into Kll or 
KTT'IT , giving 
rise to 

Pt K- . 
a high 

(* )  In each reaction the triggering particles are underl ined . 

It is evident from the list of table II that a considerable part of 

the experimental program has been dedicated to experiments aiming to im­

prove our knowledge of the meson systems . 

In my mind , this is justified by a number of open questions in meson 

spectroscopy to which Omega may contribute to give an answer : 

( a )  is our understanding o f  su3 breaking ( coming from the study o f  o , 

1 and 2
+ 

nonets) extensible to other nonets? 

Omega with its large acceptance for detection and particles identifi-

cation and with the possibility of reaching high sensitivity, may hope 

to complete the existing information on some not so well known nonet 

( like 3 and O
+

) and to discover still heavier members .  

299 



300 

(b) Can the natural spin-parity effects (A
1

, A3 , Q and L) be interpreted 

as resonances or are they pure kinematic effects? 

The high statistic which Omega may collect on exclusive channel s ,  

will make possible refined P . W . A .  o n  old and new meson systems : 3TI,  

KKTI etc . Parallel investigation on non-diffractive channels ( charge 

exchange and hypercharge exchange) will give complementary essential 

information . 

( c )  Do towers of resonances ( daughters) systematically exist. Below 

resonances lying on the leading trajectory? 

* 
Only a few examples are known up to now (S , 6 ,  E ( ? ) , K ( ? ) , P ' ( ? ) , 

p and E) • High statistic on exclusive channels and refined analysis 

may contribute with new information to answer to this question. 

(d) Which is the meaning of the new discovered particles? Are they some 

kind of meson predicted by various theories ( coulored , charmed mesons 

etc) ? Do exotic mesons exist? 

Omega is a unique device for the detection of rare multiparticle 

reactions , and thi s  property allows an exciting exploratory search 

( see experiments A2 and B6 in table II) of such new effects . 

Experiments Bl and B2 of table I I ,  originally motivated by the CERN 

missing mass results aim to study boson resonances decaying mainly into 

pions , to clarify the situation in the R and S region . 

Preliminary results on the nTI+TI- system, have beep presented at the 

( �  17th International Conference o n  High Energy Physics based o n  20% of 

the data, from which appears a confirmation of J
P 

'= 3 for the g meson 

and a possible indication of a structure in the 

If confirmed , this would establish the 4 + Regge 

j ectory . 

Y8 moment at M 2 . 0  GeV . 
0 

recorrency on the p tra-

When the analysis of both experiments will be completed, the compa­

rative study of channels like rr
+

TI
-

, TI
-

Ti
o

, TI
+

TI
-

TI
-

, ·�
+

TI
-

rr0 , TI+TI+rr-rr- , 
+ - - 0 rr rr  TI TI etc . will bring refreshing information on S=O states with a mass 

between 1 . 4  and 2 . 2  GeV where many different spin parity states are pre­

dicted by the quark model ( 3 ) . 



Complementary information on mesons with S = ± 1  wili -be obtained by 

the analysis of experiments B4 and BS via the study of the non-diffractive 

reactions : 

and 

0 + -K p ->- n K 11 11 ( 1 )  

( 2 )  

Fig . 1 shows the preliminary K+11- raw mass spectrum obtained from reaction 

( 1 )  on 10% of the data during the data taking . 

Heavy isosinglet states strongly coupled to t�e KK system ( like ¢ , f ' )  

are investigated in experiment B3 , when produced opposite to pK+ in the 

reaction 

( 3 )  

Reactions in  which a kaon-antikaon or  a barion-antibarion pair is  

produced are particularly unexplored above a few GeV/c incident momentum. 

More simple spectrometers like the CERN-Munich and the Argonne Effec­

tive Mass Spectrometer (EMS) have studied reactions giving rise' to "two 

charged tracks . 

However , these spectrometers have a rather poor acceptance at high 

effective masses in contrast to the one obtained with the Omega spectro­

meter . This feature makes of Omega a competitive device to study high 

effective masses of two-body systems . Furthermore , its large solid angle 
charge tracks detection makes feasible the study of more complicated 

+ - - + - o - + - -systems like K K 11 , PP11 etc . Study of the K K , K K and K K 11 systems 

is possible in the experiment B4 via the study of the reactions : 

+ -
11 p ->- n K K (4 )  

+ -
and 11 p ->- p K K 11 ( 5) 

11 p ->- p - 0 K K ( 6 )  

20% of the data have being processed during the data taking and the K+K­

+ and K K 11 raw mass spectra are shown in figs 2 and 3 .  

+ -In the K K system , clear structures are present around 1 . 30 and 

1 . 70 GeV, which can be interpreted as due to the production of f0 , A� and 
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g meson. Above them a small peak may be present around 2 GeV and could 
+ be produced by the. 4 recurrence of the p trajectory as previous.ly men-

tioned . 

Final statistics will prove or disprove its existence, but it is 

worth to note that analysis of the same reactio·1 at 18 . 8  GeV/c by the 

CERN-Munich group ( 4J presents , if not a structure in the mass spectrum , 
7 a rapid variation of Y0 moment, which can be interpreted as due to the 

interference of the g meson ( 3- ) with a 4+ wave . 

+ -At threshold , the K K spectrum of fig . 2 ,  shows structures which 
* 

does not seem easy to interpret as due to S and ¢ production. A narrow 

peak is present at M � 1085 GeV . Acceptance corrections are however ne-

cessary before to draw any physics conclusion . 

+ - -The K K TI system is dominated by a broad structure centered around 
- 0 - + -

M = 1 . 640 GeV , ( fig . 2) and which include the A
3 

(1r f + TI  K K ) as well 
* -

as some other effect since the K K decay is present. 

A partial wave analys is will illuminate on the diffractive 

nature of the structure .  

Also interesting to note that the F l  meson ( M  = 1540 GeV) does not 

seem produced in reaction ( 5 )  in contradiction with lower energy and 

lower statistic data ( 5 ) . 

The N-N system could be interesting to detect heavy low spin resonan-

ces . Formation experiments have given however inconclusive results.  

The pp system produced by incident pions has been extensively studied 

by the CERN-Munich group ( 6) in the reaction : 

TI p + NS pp ( 7 )  
It shows the remarkable property of  being produced predominantly via one 

pion exchange , of not presenting any "narrow" resonance 

variation of the pp angular distribution . 

but only a rapic 

The pure T = 1 pn system is being studied in experiment Bl and B4 

in the reaction: 

TI p + ps (pn) ( 8) 



where the p is flagged by the downstream Cerenkov counter . A preliminary 

analysis from experiment Bl ( ? )  shows for the pn system , properties similar 

to the pp. 

No narrow structures are found and the symmetry of the angular 

distribution is coherent with a pure one-pion exchange process . 

Much higher statistic (XlO) will be available from experiment B4 . 

In the same experiment, the study of the reaction 

TI p � pppTI ( 9 )  

will allow to extend the analysis to the ppTI , 6°p , n++p systems , whyle 

the strange counterpart can be looked at in experiment B3 in the system 

AN . 

I am convinced that when such large amount of data will be analysed 

it will bring to an improved knowledge of the meson systems . 
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FIGURE CAPTIONS 

Fig . l 

Fig. 2 

Fig. 3 

( a) K+ TI effective mass for 4484 events ( 10% total) from 

reaction TI -p -+ CA6·, I:0
) K+ TI - at 10 GeV/c .  

( b )  As ( a )  but high mass region only. 

K+K-
effective mass from 5995 events ( 20% total) f1:om reaction 

TI p -+ u K+K-
at 10 GeV/c . 

K+K-TI- effective mass from 4767 ( 2 0% total) from reaction 

TI p -+  p K+K-TI-
at 10 GeV/ c .  
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LOCAL COMPENSATION OF QUANTUM NUMBERS AND 

SHADOW SCATTERING 

A .  KRZYWICKI 

Laboratoire de Physique Theorique et Particules Elementaires ,  Orsay 

Abstract : This paper contains a theoretical discussion of the hypo­
thesis of local compensation of quantum numbers and of the implications 
of this local compensation for the shadow scattering of hadrons . 

Resume : Cet article contient une discussion theorique de l ' hypothese 
de compensation locale des nombres quantiques et de ses implications 
pour la diffraction hadronique . 
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1 .  Preamble .  
Last year progress was made i n  our understanding o f  some of  the basic 

features of hadronic  diffraction .  This progress was made po ssible by the ac­
cumulation of data on production processes .  In turn, the resulting theoreti­
cal ideas about the relation between production processes and diffractive 
scattering led to interesting experimental research. 

From a simple and general hypothesis about fluctuations of quantum num­
ber densities in inelastic final states,  called local compensation of quan­
tum numbers (LCQN) , one can deduce among others1 -4 : 

a. The asymptotic dec line of charge exchange in shadow scattering. 
b. The shrinking with increasing energy of the forward diffraction peak. 
The above statements agree with the widespread folklore concerning the 

pomeron . However, the dynamical origin of these feature s  of the pomeron has 
never been really understood. They were , at best, derived from very specific 
models .  On the other hand, a model independent investigation helps to distin­
gui sh the important from· the secondary. One also finds that certain results 
are more general than might be expected from experience with models .  

The purpo s.e of  the present paper i s  to  review the results obtained assu­
ming local compensation of quantum numbers .  I shall consistently employ the 
methods and the terminology developed in the papers by Don Weingarten and 
myself. I shall also take this opportunity to include here some of my unpub-

* 
li shed results and suggestions I shall limit myself to theoretical consi-
derations and I shall not attempt to evaluate the experimental evidence in 
favour of local compensation. In particular, I shall not discuss the very 
interesting results obtained by the Saclay group5 (pp colli sions at 69 
GeV/c ) and 

.
by the Rochester-Michigan collaboration6 (pp collisions at 1 00 

and 400 GeV/c ) .  

* 
In particular those from my preliminary draft "Multiparticle production 

and Regge traj ectory parameters" ( October 1 974 ) .  



2 .  Local compensation of quantum numbers (LCQN) . 
Local compensation of quantum numbers can be abstracted from various 

models of multipartic le production, including most versions of the multipe­
ripheral mode l .  An explicit discussion of this idea appeared for the first 
time , to my knowledge , in a paper by Hagedorn and Ranft7 and in the context 
of the thermodynamical mode l .  The pos sibility of stating this hypothesis in­
dependently of any specific model was emphasized in my Marsei lle talk8 , where 
some empirical evidence in favour of local compensation was also reviewed . 
Soon af'ter , Don Weingarten and myself1 were able to prove that local compensa­
tion of e lectric charge implies a power fal l  with energy of the charge ex- . 
change component of the inelastic overlap function. Ref .  1 contains the first 
precise formulation of the hypothesis of local compensation . It turned out 
later on, that a slightly different although physically equivalent formula-
tion, due to Don Weingarten, i s  technically more convenient . It was used in 
ref s .  3 and 4 and wil l  be used in this paper too . 

Consider a multiple production event and let z
9

(y) denote the transfer a­

cross the rapidity y of some additive quantum number Q .  Since z
9

(y) varies 
randomly from event to event , it can be regarded as a realization of a random 

* 
function C

g
(y) . The probability that C

g
(y) = z

9
(y) wil l  be written P[C

g
(y) 

= z
9

(y) ] ; in general the symbol P(A) will  denote the probabi lity of the e­
vent A. 

The hypothetical local (in rapidity space )  compensation of Q involves the 
following two basic postulates :  

( i )  Stationary fluctuations in phase space :  The moment functions 

< C
g

(y1 ) . . .  C
g

(yn) > become independent of �be total avai lable rapidity 
interval Y ( ""' ln( s )  ) ,  for Y large enough . 

Lorentz invariance implies  that the moment functions , at large enough Y,  

* 
An exce llent discussion of the theory of random functions and of its appli-

cations can be found in a book by Stratonovich9 The reader of this book dis­
covers with surprise that many results and concepts painfully e laborated by 
high energy physicists have been known for many years by people working on the 
theory of stochastic point processe s .  
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depend only on the rapidity differences y . -y . . Consequently, CQ (y) can be  
* 1 J 

regarded as a stationary random function if  one adopts the idealized view-

point neglecting phase space boundary effects . 
( ii )  Cluster decomposition: 

< CQ (y1 ) • . .  CQ (yn) > = < CQ (yi1 
l 

provided 

C
Q (y . l > < c:_ (y . l 

1k 'V 1k+1 

min ( Jy. - y .. i
j 

i j ' 
� j � k, k < j ' � n ) >> 

Here AQ is a correlation length , independent of Y .  
It i s  olivious that LCQN i s  far more general than the popular c lus.ter 

emission mode ls . However , the independent production of c lusters with Q=O 
is the simplest model where Q is locally c ompensated .  

The intuitive meaning of  LCQN is  very simple . A secondary S with Q=Q8 
is surrounded by a collection of particles of total Q= -Q8 , contained in 
a region of rapidity space whose average length eventually becomes indepen­
dent of the collision energy (instead of continuously growing ,as Y - oo ;  it 

J_ 
grows like Y2 when Q ' s of secondaries are distributed at random) . Further-
more , the manner in which the Q o f  S is compensated by the Q ' s  of the neigh­
bours of S does not depend on what happens far away in rapidity . When the 
incident partic les have Q � 0 , the conditions ( i ) - ( i i )  imply that Qt t arge 
(resp . Qbeam

) is carried away by one ar a  few target ( resp. beam) fragmen-
tation secondarie s .  We recognize the well  known leading partic le effect . 

It wil l  be shown in the following that if Q is locally compensated, the 
ratio of the moduli of shadow scattering amplitudes ,  respective ly with and 
without Q exchange , falls like a power of the col l ision energy. 

3 .  LCQN and shadow scattering : a heuristic discussion. 
Consider a two-body reaction involving exchange of the quantum number 

Q 
a ( Q=O ) + b (Q=O) => c (Q= -6) + d (Q= +6 ) ( 1 ) 

* 
A random function t;:(y) is called stationary if the moment functions 

< C(y1 ) . • .  t;:(yn) > depend on Y(-Y . i  i , j  = 1 , • • .  , :n , only. 
J 



We shall inquire whether the process· ( 1 ) can proceed via an intermediate 
multiparticle state X :  

a (Q=O ) + b (Q=O )  => x c (Q= -� ) + d (Q= +� ) ( 2 )  
We assume , o f  course , that Q is locally compensated in  the state X .  This 
means that X is characterized by some order at the microscopic level ( rapi­
dity distances  � AQ ) and by a disorder at the macroscopic level ( rapidity 
distances  >> AQ ) .  It turns out , on the other hand , that a macroscopic or­
der in X is necessary if one requires the two steps ill' ( 2 )  to be probable . 
However , the probability of a macroscopic order in X falls exponentially 
with Y when Y � m • Once one has realized this point , one has understood 
the implications of LCQN for shadow scattering. 

1 1 0  . For example ' , let Q be the electric charge and let � = +1 . Consider 
first the reaction a (Q=O ) + b (Q=O) => X. We partition the secondaries be­
longing to X into zones with total charge zero : 

... y 

The rapidity space extensions of these zone s  are Ri AQ and their "dipole 
moments" point equally likely to the left ( like this : � ) and to the 
right ( l ike that : � ) . Furthermore , simplifying slightly, we assume 
that the '�dipole moments" of different zone s are uncorrelated.  

Second , consider the reaction c (Q= -1 )  + d (Q= +1 )  => X . Now, we make a 
different partition of the secondaries belonging to X 

.. y 

There are two charged groups of fragmentation secondaries carrying respec­
tively the charge of c ( Q=-1 ) and that of d ( Q=+1 ) .  The remaining secondaries 
are partitioned into neutral zone s  as before. Again the rapidity extensions 
of zone s are of the order of AQ and the ,,.dipole moments" of the neutral zo­
nes are chaotic .  

When one requires that the two partitions just described are simultane-

ously probable , one finds that all the "dipole moments" in the first ( second) 
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drawing should point to the left (right ) . The probability of such a macro­
scopically ordered configuration i s (tl/� ( since Y/AQ is roughly the num­
ber of neutral zone s )  and therefore tends exponentially to zero when Y - co . 
The argument of this section is obviously not rigorous , since various fluc­
tuation effects are neglected, but it gives a good intuitive idea of the 
physical origin of results obtained using mo·re abstract techniques .  

4 .  Exchange of transverse momentum . 
We consider in this section the e lastic scattering a + b - a + b at a 

.1 
small angle 9 ""' 2 ( -t/s ) 2 << 1 ; s and t are the conventional Mandelstam 
variables and we work in ems . The relevant scattering amplitude is denoted 
by T9 (ab - ab ) .  We obtain from unitarity 

* 
Im T 9( ab ab ) = � T ( ab - X )  T ( ab - RaX) x ( 3 )  

where Re is  a rotation by the angle 8 i n  the plane o f  the collision a + b -
a + b .  The summation is over all possible intermediate states .  However ,  in 
the following we shall use the approximation wherE! all states X are multi­
particle states satisfying LCQN by assumption . In other words we shall inves­
tigate the properties of the ine lastic overlap function1 1  After a simple al­
gebra one obtains from ( 3 )  

1 
\ rm T 8(ab - ab)/Im T

0
(ab - ab ) \ ,; k [P(ab - X )  P(ab - RaX) J2 (4 )  

A state X is partly determined by the corresponding function ZT (y) ; we use 
here the subscript "T" for "transverse momentum" instead of "Q" used in the 
preceding section. With the help of the Cauchy-Schwarz inequality one obtains 
from (4 ) :  
! rm T 8 (ab - ab)/Im T

0
( ab - ab ) I  ,; ( 5 )  

s d[ZT (y) J ( Pr(;T(y) = ZT (y) J P(� (y) 

The transformation properties of ZT (y) under Re are easily found. The momen­
tum of the j

th secondary transforms as follows 

q
jT cos8  + q

jL sin8 ""' q
jT + ( 2q

jL
/,js ) ./-t 

- q
jT sin8 + q

jL cos8  ""' q
jL 

Therefore , in the central region one has approximately 

( 6 ) 

(7 )  

We have taken into account the energy-momentum consrvation constraint 



:E -1 ( 8 ) 
left movers 

Notice that the sum above is  almost saturated by the momenta of fragmenta­
tion secondaries . It can be shown that the error in ( 7 )  is irrelevant for 

our results . We rewrite ( 5 )  using (7) : 
!Im T 9

(ab .... ab )/T
0
(ab .... ab ) I s ( 9 ) 

i r drzT(y) ] fFr'r (y) = ZT(y) ] PC'r (y) = ZT (y) - J-t]} 2 

The integration is over all possible function� ZT(y) . The mismatch between 
the two factors in the integrand is responsible for the energy dependence of 
the integral . 

The random function 'r (y) can be expanded in Fourier series 
i 'r (y) = Y- 2 f \j exp(2Tiijy/Y) ( 1 0 )  

and one can consider the functional integration i n  ( 9 ) a s  an integration 
over all possible values of the random variables \j · However ,  the transfor­
mation 'r (y) .... 'r (y) - f-t affects the zero frequency mode of CT(y) only : 
The energy dependence of the integral in ( 9 ) results mostly, if not enirely, 
from the integration with respect to \o · Therefore , one expects to get a 
good bound after eliminating from (9 ) , usi�g the Cauchy-Schwarz inequality ,  
the integrations with respect t o  a l l  non-zero frequency modes :  
!Im T9( ab .... ab ) /Im T

0
( ab .... ab ) I 

J du [P( \
0 

= u)  P( 'TlTo 
Let us insert the identity 

2 2 
P( 'TlTo = u) = e-gu [ egu P(\0 

i = u - J-tY) } 2  

u )  J 

( 1 1 )  

( 1 2 )  

into ( 1 0 )  and let us use again the Cauchy-Schwarz inequality ( g  > 0 i s ,  as 
yet , an arbitrary parameter )  to get 

! rm T 0( ab .... ab)/Im T
0

( ab .... ab ) I s ( 1 3 )  
2 2 2 i [J du exp[ -tgu - tg(u - J-tY) J exp (gu ) P('f1To = u) } 2  x 

x fJ du exp[ -tgu2 - tg(u - J-tY) 2 ] exp[g(u - J-tY) 2] P('f1To = u - J-tY) }t 

1 
Transforming the integration variable in the second integral u .... -u + (-tY)2 
and taking into account the symmetry of the problem 

-u) ( 14 )  
one finds that the second factor o n  the right side of ( 1 3 ) i s  identical 1;0 
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the first one . An easy calculation yields 
\rm T8 ( ab - ab )/Im T0 ( ab - ab ) \ s ( 1 5 )  

e !gtY Jdu e ug/-tY P( \o u )  

I n  general , i t  is  not guaranteed that the integral o n  the right side o f  ( 1 5 )  
exists . Define the moments 

µ. = < 11n > n To ( 1 6 ) 

For symmetry reasons µ.2n+l 
ming that 

0 ( cf .  eq . ( 1 4 ) ) • We supplement LCQN by assu-

lim sup ( µ.  /n! ) l /n 
n ( 1 7 )  

Now , the integral i n  ( 1 5 )  is  meaningful for -tg < const and the characteri­
stic function 

Il(p)  = J du eiup P (\0 = u) ( 1 8 )  
.1 

is analytic for IP \ < const><Y 2 • The cumulants xn of \0 are defined by the 
series expansion 

ln Il(p) = � (x /n ! )  ( ip)n 
n n ( 1 9 )  

Until now we have not made any use o f  LCQN. This hypothesis implies the fol­
lowing behaviour of the cumulants xn 

(20 )  

where x are finite ( or zero ) in the limit Y - oa .  One way of seeing n 
that this foilows from LCQN i s  to introduce the correla.tion functions 
Bn according to the standard recipe 

( 21 ) 

< '-r(y1 ) CT (y2 ) '-r(y3 ) '-r(y4) > = B2 (y1 - y2 )B2 (y3 - Y4 ) + B2 (y1 - Y3 ) x 

B2 (y2 - Y4) + B2 (y1 - Y4)B2 (y2 - Y3 ) + B4(y1 - Y2 •Y1 - Y3 •Y1 - y4) 

According to LCQN the function Bn vanishes if a.t least one of its a.rguments 
becomes much larger than the characteristic distance . With the help of the 
obvious equation 

\o = y-! JY/2 
dy ;(y) 

-Y/2 
( 22 ) 

one ea.sily verifies the va.lidity of ( 20 )  ( Xn equals Bn integrated with res-



-pect to all its arguments ) . We now combine ( 1 5 ) , ( 1 8 ) , ( 1 9 ) .and ( 20 ) : 
!rm T 0( ab ""' ab)/Im T0 ( ab .... ab ) \ ,;; ( 23 )  y ""' CD 

t fixed 

exp{ Y [ tgt + L 
even 

n 

(K /n ! )  (g/"-t)n J }  n 

The limit Y .... <XI is indicated ,  because our considerations implicitly involve 
the assumption that Y is very large (for example the effect of phase space 
boundaries is ignored ;  cf .  the formulation of LCQN) . The series in the ex­
ponent is a formal series unless the coefficients Kn satisfy a condition 
analogous to ( 1 7 ) . The next step is to minimize the right side of ( 23 )  with 
respect to g , keeping t fixed . At this "best" g = g0 (t )  the exponent in 
( 23 )  is certainly negative since K2 = K2 > 0 . Hence 

\Im T 9( ab ""' ab )/Im T0 ( ab ""' ab ) I S exp[ YY(t ) ]  y .... 00 
with 

y (t )  min{ hg + L 
g even 

n 

t fixed 
(K /n ! )  (g/"-t)n } n 

( 24 )  

< 0 (25 )  

I 1 1 +e If instead of keeping t fixed , one takes the limit -tY ""' oo , t Y ""' O ,  
g0 can be explicitly calculated : g0 = 1 /2K2 • Therefore 

lrm T e( ab .... ab )/Im To ( ab .... ab) I ,;; exp( Yt/8K2 ) 
-tY .... CD 

It l1 +&Y .... o 
Eq . (26 ) implies a lower bound for the Pomeron slope : 

ap' :;, 1 /8K2 

(26 )  

( 27 )  

Notice that the higher order cumulants do  not appear in ( 26 ) .  It can be 
shown that when one takes the limits indicated in eq . (26 )  the regularity 
condition ( 1 7 )  become s superfluous . 

Kuhar-Andre , Le Bellac and Meunier1 2 were recently able to give explicit 
and physically non-trivial examples of models which saturate the bound (27 ) .  
I t  means that this bound cannot be improved without making additional hypo­
theses . 
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5 .  Charge exchange . 

Consider a reaction involving the exchange of electric charge E : 
a (E=O) + b (E=O ) c (E= -1 ) + d (E= +1 )  ( 28) 

The formalism of the preceding section has the advantage of being directly 
applicable to the case of exchange of a discrete quantum number . In analogy 
to the eq . (4 )  of sect .  4 we have now 
j rm T 9( ab .... cd) I/ \Im T0 ( ab .... ab ) Im T0 ( cd .... cd)  \t \ (29 )  

'E (P(ab .... X ) P(cd .... Rff ) } 2  x 
With each event a + b .... X , we associate the following two functions : 

ZT (y) = the transverse momentum transfer across y ( as in sect .  4 )  
ZE (y) = the electric charge transfer across y 

The corresponding quantities for the reaction c + d .... Rff are respectively 
denoted by ZT (y) and ZE (y) 

Z� (y) ,,,, ZT (y) - J-t 
ZE (y) ""' ZE (y) - 1 

One easily verifies that 

( 30 )  

The zero-frequency amplitudes o f  ZT (y) and ZE (y) .are respectively denoted 
by \0 and \0 • We introduce the bivariate charact,eristic function 

II(p ,q )  = J du dw eipu + iqw P (11To = u ,  \0 = w)  ( 31 ) 

which in turn is used to define the bivariate cumulants of ( 11To '\0 ) : 

ln II(p ,q )  = 'E (it /n ! m ! ) (ip)n ( iq )m ( 32 ) nm n m  
In close analogy to the results of the preceding section one finds 
\rm T 0(ab .... cd) I/ \rm T (ab .... ab) Im T (cd .... cd) \! s: eYY( t )  ( 3 3 )  0 0 

where 
y(t )  min ( !tg - !h + 'E 

g h even 
n m  

y .... m 
t :fixed 

(� /n !m ! ) (gJ-t)n hm } < O nm 

The reduced cumulants �nm are defined by the equation 

1( nm = y-(n+m)/2 +1 � nm 

( 34 )  

( 35 )  

The coefficients )\nm with n ! O ,  m ! 0 measure the correlation between flu­
ctuations of charge and transverse momentum transfers . Again Y (t )  < 0 be­
cause II(p ,q )  is convex along the imaginary axes in the neighbourhood of the 

point p = q = 0 .  



Eq . ( 33 )  is a bound on the charge exchange component of the inelastic 
overlap function. One can t�y to identify the expansion in powers of s of 
T 0( ab - cd) with the Regge expansion. This is a very natural hypothesis if 
one adopts a perturbative approach to unitarity, considering the "typical" 
inelastic state s (those which do not involve "abnormally" large rapidity 
gaps ; cf .  ref . 1 )  as the driving force producing the dominant Regge singu­
larities .  With this .assumption eq. ( 3 3 )  becomes equivalent to the bound 

( 36 )  

where aCEX(t )  represents the p - A2 trajectory. 
As pointed out by Weingarten1 3  and confirmed by a more recent analysis1 4  

there i s  evidence for the smallness o f  higher order cumulants of multiplici­
ty distributions . It is very plausible that the coefficients Knm , which are 
very similar objects , exhibit an analogous behaviour . If �nm decrease very 
rapidly with increasing order ,  the "best" g and h are approximately given 
by g0 ""' 1 /2K20 and h0 ,.,, 1 /2�02 • Thus 

y(t )  ""' - 1 /8Ko2 + t/8K20 - tK22/64 (x02x20 ) 2 
+ ( 37 )  

In  particular , at  t=O and neglecting higher order ierms 

aCEX(t )  s 1 - 1 /8Ro2 ( 38 )  

Experimentally ,  B02 (y-y ' ) = < �(y) �(y' ) > is well approximated by the 
expression B02 (o )  exp ( - \y-y' \/'1;) with both B02 (o )  and '1; being close to 
unity . With this input eq . ( 38 )  yields aCEX(O )  S 0 . 94 .  One i s  thus led to 
suspect that the bound ( 36 )  is far from being saturated . Perhaps the higher 
order Knm are important? This cannot be excl�ded, but is somewhat in varian­
ce with what we know about multiplicity cumulants . And also, as pointed out 
by Grassberger and Miettinen1 5 , the Cauchy-Schwarz inequality used in deri­
ving the bound would then be far from saturation. 

Experience with models indicates that in order to get a realistic °cEX(t )  
one needs information about phases of  the inelastic amplitudes .  The impor­
tance of phases is also suggested by the difficulty with extending the ar­
guments of this paper to treat the exchange of a multiplicative quantum num­
ber, like G-parity. On the other hand, as i s  well known, the observed inter­
'cept of w is close to that of p .  

At this point I would like to  remark that one should clearly distinguish 
between the following two questions :  
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( 1 ) Can one, at l east qualitatively1 understand the asymptotic features 
of the Pomeron starting from the observable features of multiple produc­
tion? 

( 2 ) Can one further extend the arguments used to answer the prec eding 
question, so as to actually calculate the parameters of Regge singularities? 

The aim of refs . 1-4 was to give a partial and hopefully affirmative 
answer to the question ( 1 ) . The answer to the question (2) is presumably 
negative. 

Even if  the bound (36 )  i s  not saturated, one feature of the function 
y(t )  is likely to be shared by the Regge function �CEX(t )  : the curvature of 
y(t )  is related to the deviation from Gaussian of the charge and transverse 
momentum transfer fluctuations . I believe that the observed smallness of the 
higher order multiplicity cumulants and the ob served small curvature of Regge 
traj ectories are closely related phenomena. 

The idea of short range order in the structure of inclusive spectra 
appeared first as an abstraction from the multiperipheral model . This model 
is also a prototype of LCQN. Therefore one might suspect that the topics  
reviewed in  this paper are merely other aspects of the short range order 
hypothesis .  This would be a mistake . Local compensation of quantum numbers 
is compatible with the presence of certain long range correlations in the 
inclusive spectra. 
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I MP A C T  P ARAME T E R  S TRUCTURE OF MUL T I - B O DY P RO CE S S E S  

ABS TRACT 

C .  Mi c h a e l 

Dep a r tmen t o f  App l i e d  M a th em a t i c s  a n d  

Th e o r e ti c a l  P h y s i c s , 

Uni ve r s i ty o f  L i ve rp o o l ,  U . K .  

E s t i ma t e s  o f  the i mp a ct p a r am e t e r  s t ru c t ur e  o f  m a ny 

body p ro du c t i o n  p r o c e s s e s  c an b e  o b t a i n e d  f r o m  e x c l u s i ve 

d a t a  on the t r a n s v e r s e  mo m e n t u m  d i s t ri b u t i o n .  App l i c a t i o n s  

h a ve b e e n  m a d e  to di f f ra c ti o n  di s s o c i a t i o n , p r o to n  an t i ­

p ro ton an n i h i l at i o n  a n d  n - b ody f i n a l  s t a t e s  i n  K- p 

i n t e r a c t i o n s . 

Resume 

Des e stimations de la structure en parametre d ' impact de s pro­

cessus de production multiple peuvent �tre obtenues a partir de donnees 

exc lusives en impulsion transverse . Des applications ont ete faites a 
la dissociation diffractive , a 1 1 annihilation proton anti-proton et 

aux etats finaux dans les interactions K-p .  
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I mp a c t  p a r ame t e r  i s  c o n j ugate t o  tran s v e r s e  mome ntum , 

so that  e xp e r i me n t a l  i n fo rmation on the t r an s v e r s e  momen tum 

d i s t ri b u t i ons a l lows , v i a  th e u n c e r t a i n ty p r i n c i p l e  o f  

q uan tum mechani cs , b ounds t o  be  put  o n  th e ave rage i mp act  

p a r ame te r .  Such  low e r  l i mi ts 2 2 - 1 ( o f  the form <b > > <p� > ) 

w i l l  b e  c l o s e  to s aturation  p rovi ded  ( i }  th e dependen ce on 

P+ i s  gaus s i an ( i i )  the pha s e  variation  o f  the amp l i tude  

w i th P + i s  less  rap i d  th an th e dependence  on the  modu l u s . 

S uch lower  l i mi t s  h ave b e e n  e x te n d e d  to ma�y b o dy p r odu c t i on 

reacti ons 1 ) A s i mpl i fi e d  ve r s i on o f  s u e� an e x te n s i o n  

i s  t o  i de n ti fy 2 ) p£ as th e t r an s v e r s e  mome n tum t r ans f e r  

b e tween  hemisphe r e s . In p ra c t i c e  i t  i s  found that the 

l i m i ts derived  for th e o:ve r a l l  ( aver age ) i mp a ct , p arame t e r  

bL f rom the experime n ta L  data  on the p� di s t ribu ti o n s  a r e  

ab out . one h a l f  o f  t h e  e xp e c te d  value s . Th i s  d i ffe ren ce 

is  to b e  as c ri b e d  mainly to the unobs e rvab l e  phase vari a-

tions . I f  the s e  phase  e ff e c t s  are s i mi l a r  in a l l  r e a c ti on s , 

then th e re l a t i ve i mp a c t  p a rame te r  l imi t s  can  b e  u s e d  to 

comp a re th e r e l a t i ve i mp a c t  p a rame t e r  s tru cture  of d i f f e r e n t  

r e a ct i o n s . 

Some app l i ca tions  are  ( i ) to th e di f f r a c ti o n  di s s o c i a-

ti on regi on o f  p h a s e  s p a c e  f o r  pp + pprr +rr- from 7 to 

2 0 0  GeV/ c ,  where the 3 )  lower  l imi ts bL a r e  found to be  

� 0 . 5  fm and l a rger  than  the  l imi t s  for s i mi l a r  non-

d i f f r a c t i ve e ve nt s . Thi s  i mp li e s  that d i f f r a c ti o n  di s s o-

ci ati on i s  at l e a s t  as p e r i ph e r a l  a s  e l as t i c  s c attering . 

( wh i ch has  b � 0 . 6  fm) . 

( i i )  t o  a comp a r i son 2 )  o f  p p + n rr  w i th pp + pp ( n- 2 ) rr  

at 4 . 6  and 9 . 1  GeV/ c .  The l ow e r  l i mi t s  bL a re found to be  

cons i s te n tly s mal l e r  for  the  annihi l at i o n  ch ann e l s  than  for  



non - an n i h i l a t i o n s . Th i s  i s  i n  c o n f l i c t  w i th t h e  s imp l e  

i d e n t i f i c a t i o n  o f  p p  ann i h i l a t i o n  t o  m e s o n s  a s  a c co u n t i n g  

f o r  t h e  s o l e  d i f f e r e n c e  b e tw e e n  p p  an d pp i n t e r a c t i o n s , 

s i n c e  t h e  l a tt e r  d i f f e r e n c e  i s  known to b e  v e ry p e r i p h e r a l  

( 'V  1 .  2 f m )  f r o m  d a t a  o n  p p  an d p p  e l a s t i c  s c a t t e r i n g .  

( i i i )  t o  a c o mp a r i s o n 
4 l  

o f  v a r i o u s  n - b o d y  c h an n e l s  

i n  K- p i n te r ac t i on s  a t  1 0  a n d  1 6  G e V/ c .  W h e n  c a r e fu l  

a c c o un t i s  t a k e n  o f  l a r g e  a n g l e  e f f e c t s , the l ow e r  l i m i t s  

s h ow a s y s t e ma ti c  de c r e a s e  w i t h  i n c r e a s i n g  n .  I t  i s  

h a r d e r  t o  t r an s l at e  t h i s  t o  a r e s u l t  o n  t h e  ave r a g e  

i mp a c t  p a r ame t e rs f o r  i n c r e a s i n g  n s i n c e  t h e  p h a s e  co r r e c-

t i o n s  mi gh t b e c om e  r e l a t i v e l y  s t ro n ge r or w e ak e r  as n 

v a r i e s . 
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Abs t ract : The t r i p l e-Regge ve rtex depend s i n  genera l on f i ve va r i ab l e s :  
bes i des the squa red Reggeon ma sses t ,  t a n d  t2 there a re two others � 
and �2 wh i ch g i ve i nforma t i on on the he l i c i ty st ructure of the s ta tes * 
i n  t he exc l us i ve react i ons a +  b + c + X .  Together w i th t ,  they g i ve 
a l so the s p i n  content of X .  

We show how t o  obta i n  the f unct i on a l  dependence o f  the t r i p l e­
Regge vertex on i t s a rguments u s i ng exper i menta l data on the dens i ty 
mat r i x  e l ements for the exc l us i ve react i on s  and summ i ng over t h e  
react i ons . 

We show that a l l  t h ree l i m i t s i . e .  the t r i p l e-Regge , the h e l i c i ty­
po l e  and the comb i ned l i m i t  a re obta i nab l e  i n  th i s  way ,  but on l y  the 
t r i p l e- Regge l i m i t  ca r r i es f u l l i nforma t i on on the s p i n and hel i c i ty 
s t ructure of the states X .  

We f i nd 
t then the 
other hand , 
he l i c i ty i s  

that i f  the t r i p l e - Regge ve rtex depends on l y  on t ,  t 1 and 
t-channe l hel  i c i ty i s  conse rved in a + b + c + X. On the 
we show t hat on l y  a f l at  t raj ectory i s  a l l owed i f  t h e  s-channel  
conserved for a l l  states X wh i ch a re dua l to i t .  

The f u l l account of the cont r i bu t i on i s  pub l i shed i n  N uc l . Phys . B92 
( 1 9 7 5 )  507 . 
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HADRONIC INTERACTIONS IN BAG MODELS 

EUAN J. SQUIRES 
Department of Mathemat ics 

University of Durham 
Durham, U . K. 

Ab s tract We consider how the interaction between two 
hadrons c an b'e evaluated if the hadrons are 
made of non-interacting quarks confined by 
a boundary condition. 

Resume Nous examinons comment l ' interaction entre deux 
hadrons peut �tre evaluee si les hadrons sont faits 
de quarks sans interaction soumis a une condition 
aux limites · 
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HADRONIC INTERACTIONS IN BAG MODELS 

In the old-fashioned quark model the quarks are assumed to be 

strongly interacting particles , their mutual interact ions being 

responsible for the binding of  quarks to form hadrons . The interaction 

between these hadrons is then due to the quark-quark interactions and 

by quark counting a satisfactory qualitative description of hadron 

interactions is obtained . This s cheme however is incompatible with the 

evidence from deep inelastic probes which suggests that the quarks behave 

as non-interacting point particl es . 

In "bag" model s1 >
, on the other hand , the quarks do not have s trong 

interactions , so there is no difficulty in seeing them as free point 

obj ects .  In this case the strong interactions between hadrons arise from 

the boundary condi tion s .  I n  principle these interactions involve n o  free 

parameters so if we can calculate them we have a crucial tes t of the model .  

In this note we attempt such a calculation and discuss some of the 

difficulties which arise.  

We restrict ourselves at  first  to one-dimension bags . Here it is easy 

to see the interaction of two bags by following what happens when they 

collide
2)

. In fig. 1 ,  at t = t
1, we have two identical bags moving towards 

each other with velocities -v0 and +v0 respectively. At t = 0 these bags 

col lide . What happens then can be determined from the conditions that the 

lengths measured along (t ± x) remain constant
1)

. Clearly this leads 

uniquely to the s ituation shown in fig.  1 up to t 
-1 

2a (1 + v0) • At this 

time there is an ambiguity
2 )

; the bags could stick together and oscillate -

perhaps to part at a l ater time . We ignore this possibil ity and let the 

bags move apart as shown. Note that in our case of idential bags it is not 

determined whether the bags have in fact passed through each other or 

whether they have bounced back. However if we draw a corresponaing figure 

for bags of different lengths it becomes clear that they do in fact move 

through each other . This is important in what follows . 



t 

t= 2a  
l+v0 
- -

t=O 

x 

Fig. 1 Showing a collis ion between two one-dimensional bags . 

Inspection of fig. 1 shows that the time taken for the bags to move 

through each other i s  less than i t  would be i f  they had not interacted -

thus we have an attract ive interaction between them. Unfortunately we do 

not know how to attach an unambiguous meaning to the ' position' of either 

-1 bag in the t ime interval 0 < t < 2a(l+v0 ) so we cannot calculate the 

velocity of the bags as a function of time . However ,  from the time taken 

we can calculate any average of the inverse of the relative velocity , i . e .  

3 3 1  
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2a 

l+v 0 

where 2v i s  the relative velocity , 

( 1)  

To use this to calculate an average of  the interaction potential V,  we put 

.!. !:!. (2v) 
2 

= .!. !:!. (2v ) 2 
+ V 2 2 2 2 0 

where M is the nucleon mas s .  

Then 

2a  1+V'" 0 

( +a 
dx J -< 4

-
v
-....2

_
+
__,,4""v_

>
..,.r 

-a o M 

The potential is seen to be velocity dependant (of course we should only 

(2) 

( 3) 

consider small v0 in this non�rel ativistic treatment) . 

velocity 

In the l imit of low 

4a (4)  

Thus , if we assume that V is a square well , we obtain a depth of 0 , 25M. 

In three dimensions we actually need a square well potential with a depth 

about one-fifth of this , However we are sufficiently close to encourage 

further e ffort . 

To try to be more realistic we note the following obvious defects of 

this calculation: 

(A) Sinte we intend to use the potential V in a SchrHdinger equation we 

have a curious mixture of classical bags and �iuantum mechanics . 

(B) We have worked only in one space dimension . 

(C) A square well potential is probably unrealistic . 

(D) We have ignored spin and i sotopic spin. In particular the basic bag 

model3) 
does not. dis tinguish between a ti and a nucleon - how can it 

therefore hope to get the deuteron right? 



We treat these points in turn. 

A. Ideally we need a consistent quantunr-mechanical treatment of the whole 

sys tem but we do not know how to give thi s .  We can easily see that a 

purely ' classical' treatment is inadequate. To do thi s  we mus t consider 

the bag equations in more detail than was necess ary above . 

We assume the bag contains complex fields which satisfy 

0 (S) 

inside the bag ; 

0 (6) 

and N 
2 

1211 at 
2B (7)  

on the surface of the bag .  Here N i s  the number o f  f ields ( ' quarks ' ) i n  

the hadron , i . e .  for a nucleon N=3 . Presumably these are three different 

' colours ' in a coloured quark scheme but this i s  irrelevant here.  For each 

f'ield we take the ground s tate solution 

0 ikt (e
ikx + -ikx e 

1 
e ) 

(2a) 2 (8) 

where k .2!. 
a This corresponds to a bag with f ixed ends at x = � a/2 , and 

we have normalised to one particle for each f ield.  Using the non-linear 

boUDdary condition (7) we find 

a = [ 2\N ] 1 / 2 
(9)  

The mass of  the bag is given by 

M = 2 Ba 

= 2 (211 B) 1 /2 N1 /2 
( 10) 

333 



334 

If we take M as the nucleon mass and N-3 we determine the bag constant and 

the value of a .  This is the classical nucleon bag. We can also put s ix 

quarks into a bag (all in the ground state) and cal culate the "c lass ical 

deuteron11 • It has binding energy given by 

M (2 - 2112
) ,,ti::. 0 . 59 M . (11) 

Apart from the f act that this has too large a binding energy, it is a bad 

approximation to the deuteron since it represents a state where the two 

nucleons have effectively zero separation whereas we know that the true 

deuteron wave funct ion spreads out over a dis tance larger than the range of  

nuclear forces . We have endeavoured to allow for this by finding an 

effective potential and solving a Schr8dinger equation . One could of 

course obj ect to a treatment in which we solve two three�body problems 

cl ass ically and then obtain a solution to the s ix-body problem by solving 

a two-body SchrHdinger equation. One reason why thi s might not be too bad 

an approximation is that there is not likely to be much excitation into 

two (or more) body states which are not colour s inglet s ;  the mechanism 

that prevents hadrons splitting into coloured objects will presumably be 

operat ive herel) . 

B .  In  principle the c alculation which we have don'e for  one-dimensional 

bags could be done for three dimensions . Indeed w'e can consider the 

scattering at different impact p arameters and thereby evaluate V as a 

function of separat ion, We are attempting to do this cal culation but have 

not made any s ignificant progres s .  

One exact thing which can b e  said i s  that if  w•� regard a a s  the 

diameter of the nucleons and consider zero impact parameter then the fig. 1 

2a holds up to t =  
Z (l+vo) even in three dimens ions , This follows since the 

points on the spheres opposite to the point of impa•�t cannot know about the 



collis ion till they intersect the l ight-cone passing through the collis ion 

point . In the zero velocity l imi � ,  apart from the perturbation due to the 

co llis ion , no parts o f  the nucleons away from the l ine of centres will have 

come into contact . It is therefore intuitively unlikely that we can regard 

thi s  t ime as the half-way point of the collision (as it is in one-dimension) 

and we therefore guess that (4) gives an overestimate for the depth o f  the 

potential . 

The calcul ation leading to the b inding energy o f  the classical s ix 

quark system, i . e .  eq . (1 1) , can easi ly be done in three dimensions . 

U s ing the results of ref.
3 )  

for spinor quarks we find 

v 0 M(2  - 2314
) ,:; 0 , 32M (12)  

Since this i s  smaller than the value given in (11)  i t  appears that going 

from one to -three dimensions takes us in the ri ght direction. 

C .  We speculate that the class ical oinding energy gives a good 

approximati on to the depth of the potential at zero separation (x = o) . 

Then we know two things about the potential and can determine something 

about its shape . 

V (x) 

To this end we put 

V (1 - .X) 2P o < x < a .  
o a • (13)  

We use the three-dimensional value (eq . 1 2) for V0 and substitute in (4) . 

This gives 

(14)  

where A ( > 1)  allows for the fact that the one-dimens ional calculation of 

the ' average ' overestimate its depth. If  we put A = 1 we obtain p = · 12 .  

This gives a deuteron b inding energy o f  125MeV ; or , to obtain the correct 

answer we need a potential reduced by a factor about 1/5 . 

To see the effect o f  changing A we suppose that the "average" of the 
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potential is reduced by the same factor as the ' central ' potential in 

. f h d '  . . b h f 0 • 32 going rom one to t ree 1mens1ons , 1 . e .  y t e actor 0:59 . This leads 

to p = 0 . 3 5  and a binding energy of 70 MeV. The average potential would 

need reducing by a factor about two to obtain the correct answer . 

D. To study this problem we need a model for the difference between the 

!::, and the N .  The s implest poss ibility i s  t o  assume a small , spin-and/or 

isotopic-spin-dependent interaction between the quarks . For example if we 

take an interaction potential A (cr1 . cr2 + T1 . T
2

) ,  as sumed constant over a 

distance of the order of the deuteron radius , and fit  A to the N-6 mass 

difference , we find that the deuteron binding energy decreases by 30 MeV. 

By changing the form of the spin dependance we can easily increase or 

decrease this value and in any case this calculation presumab ly overes timates 

its effect since the quarks in the deuteron are further apart than in the 

N and !::, , 

Conclusion. 

There are many uncertainties but grounds for hoping that if we really 

understand the problem we might obtain the right resul t .  

Many o f  the considerations i n  this art ic le are the result o f  discus sions 

with Mr. G . T . Fairley4)
. 
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Abstract 

Resume 

DOES IT MATTER THAT THE A1 DOES NOT EXIST 

G . L .  KANE 
Physics D epartment 

Univers ity of Michigan 
Ann Arbo r ,  Michigan 48104 

In this talk I review some arguments for expecting axial 
vector mesons ( especially the A )  to exist , summarize 
the (now rather compell ing) eviaence that the A1 does 
not exist ,  and d iscuss what some cons equences might be 
for the quark model , for chiral symmetry , and s everal 
other areas of part icle physics . 

Dans cet expos e ,  j e  rappelle quelques arguments pour 
l ' exist ence des mesons axiaux (specialement le A1) ,  
pres ente l ' evidence que le  A1 n ' existe pas et d iscute 
les d ifferentes consequences possibles pour le modele 
des quarks , la symetrie chirale et plus ieurs autres 
domaines de la phys ique des part icules . 
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It is a fruitful and bas ic part of  the lore of high energy 

physics that part icle states are associated with interact ions . This view 

has it s origins in the identity of photon exchange with electromagnetic 

interactions , and in Yukawa ' s  p ion. 

It now appears that this is not the s ituation for axial vector 

current s .  The main axial vector stat e ,  the A1 , which would naively be 

expected , s eems not to exist exper imentally . 

In this talk I want to : 1) briefly review the reasons for expect ing 

certain axial vector states to exist (chiral synnnetry , quark model , exchange 

degeneracy , • • •  ) ,  2 )  summarize the (now rather compelling) evidence against 

the existence of the A1 , 3 )  tentatively explore some implicat ions of the 

absence of the A1 for sum rules , the quark model , v react ions , etc .  

4)  comment briefly o n  SU (3)  related axial vector states (Q , D ,H) . 

1 .  REASONS FOR EXPECTING AXIAL VECTOR PARTICLES 

a) At a qual itative level , we see evidence of vector interactions , 

such as the electromagnet ie current , the weak vector current and CVC , and 

large exchange contributions of the appropriate quantum numbers in hadron 

two body react ions . 

And , we have vector particles p , w , � ,  • • •  

S imilarly , for the a xial vector we have the weak axial vector current 

and PCAC . It is  certainly justifiable to exp ect axial vector meson states . 

b) Chiral Symmetry Clearly nature shows evidence for some sort of 

chiral synnnetry. It is reasonabl e  to expect some implications for the 

spectrum of  vector and axial vector mesons , and presumably some sort of  

synnnetry in the  part icle spectra. The accepted answer s ince 1967  has been 

in terms of the Weinberg sum rules , 

00 f 
0 

f 
0 

The pv and pA are the vector 

[PvCm2) - PA (m
2)] dm2/m2 

[j 2 2 � 2 pv (m ) - pA (m ) dm = O 

and axial vector spectral 

f2 
1T 

functions , and 

is the pion decay amplitud e ,  pres ent because the axial current is not 
2 2 

conserved . Single part icle states appear as o (m - �) in the spectral 

f 1T 

funct ions . States of definite JP and isospin are projected out . If these 

are saturated with p and an A1 , one gets mAl l2in • This corresponds to 
p 



the mass of the 11p enhancement observed .in diffractive 11N + (311)N reactions . 

Thus the theory and data appeared to coincide and the naive expectations 

appeared fulfilled. I will  return below to quest ions of interpreting the 

sum rules when axial vector stat es do not exis t .  

c)  Quark model In the quark model the L = 0 qq mesons with S = 0 , 1 

are 11 and p (concentrat ing on isovectors ) . With L = 1 one has the B (which 
PC ++ exists)  with S = 0 and A2 , A

1
, and J = 0 states with S = 1 . Thus here 

we not only expect A1 , it is somewhat hard to imagine the quark model 

without it . 

d) Exchange degeneracy Cons ider 11+p
+ 

scattering , with the p having 

helicity zero in the s-channel . Then only unnatural parity , odd G exchanges 

will contribute to leading order in s .  S ince this is anexotic channel it is 

necessary by the usual arguments of duality to have real partial wave 

amplitudes . The contribution of 11 exchange ,  whil e  real for t � O ,  will not 

give real partial wave amplitudes because of its Regge phase .  Thus an 

exchange degenerate exchange with the quantum numbers of the A1 or the H 

is expect ed if these as sumptions are approximately correct . There may not be 

a clean way to decide whether the A1 must be degenerate with the 11 in some 

meson-meson reactions if the H does not exist the A
1 

is needed , but that may 

not be a fair argument . If the .A),. is required by the quark model and not 

by exchange degeneracy , it may be significant . 

In any cas e ,  an A
1 

state is required by the spectrum of dual models 

(see P .  Frampton, Phys . Rev . Lett . 3 4 ,  840 (1975) ) .  

2 .  SUMMARY OF EXPERIMENTAL EVIDENCE (Historical order) 

a) D iffractive react ions In diffract ive 11±p + (311) ±p there is a 

"bump" in m311
• In the abs ence of further informat ion one could assume a 

resonance.  Very early the resonance interpretation 1Jas quest ioned s ince one 

could reproduce data with Deck model calculat ions and especially with 

Reggei�ed ones . (Berger , 1968) . Chew and Pigniotti suggested that duality 

impl ied a resonance even if the Deck model were appropriat e ,  but that is 

not right because the product ion a,mplitude is real while  the duality 

argument applies to the imaginary part of an amplitude. 

With the completion of the Illinois partial wave analysis of the 311 

system (Ascoli and collaborators ) ,  in about 1971 s erious doubt was cast on 

the possibility of a resonance int erpretation. They found (Fig. 1) a nice 

resonant behavior for the A2 , but no apparent phase shift variat ion for the 

Al partial wave with m311 • Clearly no s impl e  resonance was present . 
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Fig . 1 .  From the part ial wave analysis o f  Ascoli 
et a l . showing the " Al " and A2 partial waves 
and the relative " A

l
" - A2 pha s e . 



Because of the compl icated production dynamics , however , it is not 

ruled out from the diffractive partial wave analysis that extensive inter­

ference with background could mask a resonance. Bowler and Game (Oxford 

preprint) produced such a model , requiring that MAl = MAZ to hide the A1 • 

In pract ice, I think an analys is of nn , kk, wp modes including t dependence 

eliminates that interpretation, but the following analys is of non-diffractive 

product ion does even better so we turn to it . 

b) Non-diffractive production If  A1 + p n  then it must be possible 

to produce A1 as in Fig . 2 

Ao I 

Experimentally this is measured , and now even a partial wave analys is of the 

3n system has been per formed . The data is from the LBL 7 GeV/c n+p + (3w) 0A++ 
exper iment . Fig . 3 shows a mass p lot from that experiment , with a clear n ,  w ,  
A2 and with very little room for an A1 • Fig.  4 shows the l+ partial wave from 

the recent analysis of Wagner , Tabak, and Chew. These authors conclude 

a (A1 ) < 2µb . They f ind a resonant behavior for the A2 , help ing confirm the 

general validity of these phase shift analyses . They do not have enough l+ 

events to do a real phase shift analysis of the l+ part ial wave,  but the 

data are consistent with a constant phas e shift . 

To evaluate the meaning of the above cross s ection l imit we need an 

est imate of the expected A1 cross s ection if the A1 is real. It is easy to 

obtain this for Fig. 2. The coupling s ize and structure at the lower vertex 

is knowAfrom other react ions . At the upper vertex the overall s ize is 

det ermined by the A1 width (chosen as 150 MeV by Wagner et al . above , so we 

have us ed this number) . The relat ive amount of s /d wave coupl ing can be fixed 

at pure s-wave or by the SU(6) relation 2 (F1 /F0)Al = 1 + (F0 /F1) B without 

much effect on the numbers . Absorption must be included s omehow or the f inal 

est imates will be too big. 

I then expect (presumably accurate to a factor of two or better) 

more than an order of magnitude above the experimental upper l imit . Thus , I 

interpret the data to imply the nonexistence of an A1 resonance with a width 
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small compared to its mas s and a mass l ess than about 1800 MeV. 

!}s ide. My est imate above assumes convent ional behavior of 

amplitudes as functions of s , t .  There is an earlier attempt which has been 

made by Fox and Hey to produce small er est imat es .  I do not think it is a 

valid attempt , but I should ment ion it for completenes s .  Bas ically , they 

use a current conservation argument due to Kis s linger for vector exchange 

to introduce an extra factor of t at a meson vertex where mass changes . 

This then reduces cross s ect ion s izes , and they predict a (A1) = 12 µb for 

this experiment ; that is surely a lower l imit for any estimat e. In fact , 

I think that experimentally the data on B production by w exchange rules 

out such a t dependence.  P erhaps , the Q crossover also does . Theoret ically 

there is also a compell ing argument against their factor ,  from dual ity . I f  
+Ao + o such a factor were pres ent , then 11 1 -+ 11 A1 where the A1 has As = 0 ,  by 

an s-channel p pole,  would have a normal Legendre function forward peak 

while the p exchange u-channel process would have a forward dip from the 

ad hoc factor of t ,  so the two views would be qualitatively different , 

violat ing duality J 
To summarize : the strongest evidence against the existence of an 

A1 resonance is the nondiffractive production data and partial wave 

analys is . It is cons istent with the phase shift analysis of the diffract ive 

data .  If the experiments are correct , they have shown that the A1 is absent 

with a s ens itivity at least one (and perhaps two) order of magnitude below 

the expected cross sect ion. 

Where else can one look to check ? In specific reactions within the 

next year or so it wi ll be good to  check both 

11-p -+  Ai n ( forward) 

which can be done in the ANL TST bubble chamber and in the MSU-OSU-ANL 

11 p -+ (111111) 0n exper iment at 6 GeV/c,  which has preliminary data showing no 

A1 signal (M . Abol ins , privat e communicat ion) , and 

+ + 11 p -+ pA1 (backward) 

which will have results  expect ed from an ANL exper iment at 8 GeV/c and 

particularly an LBL exper iment at 4 GeV/c.  Confirming that an A1 is also 

abs ent in thes e react ions will be important in providing confidence that 

the situation is clear.  Photoproduct ion should also provide a clear place 

to look eventually. 



3 .  IMPLICATIONS OF THE ABSENCE OF A1 
Consider ing the importance of the A1 for several areas of particle 

physics , its absence presumably has significant impl icat ions . We do not 
know what these implicat ions are .  The best we can do so far are some s impl e  
observat ions . 

a) Exchanges in 2-body reactions S ince exchanges in two-body hadron 
react ions are associated with particle states , we could look for cons istency 
there . There is , so far , no unequivocal evidence for exchanges with A1 
quantum numbers . The main characterist ics of such exchanges would be unnatural 
parity , and s-channel helicity non-flip at an NN vertex .  Various places to 
look include 

( i )  in TIN + pN find a s izeable p:: d<rldt where p is the density 
matrix element for s-channel helicity o for the p ,  which picks out unnatural 
parity exchange ,  and the ++ refers to nucleon helicity non-flip .  

(ii) in TIN + (s-wave TITI)N observe significant polarization. This was 
once reported by Sonderegger· et al .  but · has not been confirmed . 

( iii) in a reaction l ike 0-1/2+ + - 1-1/2+ or yN + TIN the left-right asymmetry 
on a polarized t arget and the recoil nucleon polarization will be identical 
in magnitude if no A1 -l ike exchange is present . 

( iv) the total cross section difference oT (++) - oT (+-) for 
longitudinally polar ized proton beams and targets is proportional to the 
contribution with A1 quantum numbers . 

In the related (but not equivalent) situat ion of strange particle 
exchange ,  Field and collaborators have observed evidence for a small contrib­
ut ion which would under certains assumpt ions have the quantum numbers of the 
strange partner of the A1 ( see also sect ion 4) . 

b) Quark model Presumably the f irst thing to try for the quark 
model is to modify mass predictions from their standard values to put the 
A1 at a very high mass .  It is not easy .  One could write 

M2 = M2 + Mi 
+ + M2 + .... 
s s- - s • L 0 q q 2 

The eigenvalues of + + 1 /4 for 1 and -3/4 for s , s _  are s + +q q 
eigenvalues of S L go as 1 ,0 , -1 , -2 for A2 '  B , A1 , and 
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Since Mi is 
l.' t 11 M2 cannot a ow 

Al 

presumably constrained to give the �-p splitt ing too , 

to get very l arg e ,  from the first of thes e.  The s econd 

t ells us that if we wish the scalar meson stat es in the mass range below 
+ 

the A2 to have anything to do with quark model 0 states than MAl < MAZ . 

So far I have not s een any way the quark model spectrosCOP,Y can function 

without an A1 • It is not easy to s ee how const ituent quark models can 

survive the absence of an A1 without basj_c modification. 

c) v React ions 

It is important to note that for exclus ive v react ions the s ituation 

is just as has always been naively expected , with the data behaving as if 

there were a part icle dominated axial vector form factor , of the expected 

strength. The absence of an A1 does not seem to affect this s ituation. 

Presumably where we should expect an effect is in comparing the 

processes 

_:-7)-) _u,-
where the J production wil l  occur and the A1 production not .  It will be 

instructive to study the way in which the axial vector current materializes 

in these processes . 

d) Sum Rules 

With J.  Kr isch and M . S .  Chen (details will be published separately) , 

I have looked at the Chiral Symmetry sum· rul es in some detail to see if any 

hint s . appear as to how to interpret things . At l east , we can make some 

measure of how bad local saturation with particle states s eems to be.  

Bas ically,  one can proceed by noting that if  sum rules are. not 

saturated by s ingle part icle states , the integrands can be written in 

terms of scattering ampl itudes . Essent ially , 

MI' 



For example , it could have been that the TIP ampl itude had a large 

imaginary part over a large range in MTIP and so the vector and axial vector 

sum rules were comparably saturated in the low mass region. 

In fact, we can estimate the phase o1+ from the Illinois analysis.  

The experiment measures the relative A1 - AZ phase.  The part of the phase 

due to the production mechanism is approximately the same for A1 and for 

AZ ' because 

(i) By comparison with charge exchange reactions , one can see that 

isoscalar and consequent ly even signature exchanges dominat e 

' (ii)  The two processes are observed to have s imilar energy 

dependence 

( - 0 . 4±0 . 0 6 - 0 . 5 1± . 05 a Al ) �PL , o (A2 ) �PL 

( iii) Whenever an even signature amplitude has a power behavior sy 

-iTI1/ Z it has a phase e by cross ing and analyticity . 

Thus the observed relative TI P phase can be interpreted as due to TIP 
scattering in the l

+ 
and z+ 

partial waves , with'  the l+ phase shift constant 

at about Z0° . 

A compact way to summarize the results for sum rules is by defining 

f P and f A by 

f g P  p µ 
and us ing the sum rules to evaluate fA ' f

p
. Then one expect s fA/ f

p 
= 1 if 

saturation by part icles occur s ,  while we find fA/f
p 

� 1/3 . The sum rule 

contributions go as f
z

. 

The Chiral Symmetry is not locally satisf ied . The V ,  A currents do 

not manifiest themselves in similar ways in the sum rules . I f  the sum rules 

are satisf ied , it is in a way which is not symmetric as far as the low energy 

parts are concerned . 

4 .  OTHER AXIAL VECTOR STATES 

Let us briefly consider what other ( I=O and I=l/Z) axial vector 

states might exist . 

For the strange part icle (named Q) states there is currently evidence 
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which implies at least one state is pres ent , but the tot�l evidence is 

sufficiently incons istent So Lhat one does not know what to conclude. 

Q enhancements have been obs erved in IT p + (KITIT) 0A (BNL experiment ) ,  in pp 

annihilations , in backward react ions . But a recent CERN charge exchange 

experiment (Otter et al . ,  CERN/D .Ph.II/Phy s .  74-10) has not obs erved any 

clear s ignal in K-p + (KITIT) 0n.  No inconsistency is implied ; e . g . ,  perhaps 

Q + KxIT and Q � pK so only Kx 
and not p exchange will produce Q ' s .  Such a 

result would imply some subtl e  SU (3)  relat ions . The s ituation is not easily 

interpreted . 

Another poss ible l + state is the D meson, with � 1 290 MeV , 

fD = 30 MeV , and KKIT and nITIT decays . There is no doubt of a D s ignal in 

several exper iment s .  I t  has I=O , G + , so  it would have to be in an SU (3)  

multiplet with the A1 (not the B) . Indeed , it has been advanced as an 

argument for the A1 to exist that the D does (assuming the D really has 

JP = l+) .  

I think the answer to this argument is in terms of the not ion of 

"Accidental Part icles " introduced by Dashen and myself . Basical ly , the idea 

is that some part icles ( e . g .  IT , p , N , ll ,  • • •  ) will exist for "fundamental" 

reasons ( e . g . , the quark model or boots trap , or what ever) . Once these exist ,  

strong forces act between them, and occas ionally rearrange the density of 

states in some channels ,  producing a resonance ,  an "accidental part icle" . 

Averaged over 200-300 MeV there is no net increase in the number of stat es 

because the rise of the phase shift through IT/2 is compensated by a 

decrease back to zero . The deuteron is a very good example of this . One then 

exp ects becaus e of SU (3) breaking in the bas ic mult iplets that the accident al 

particles will not generally come in complete·  SU (3)  multiplet s .  For examp l e ,  

the deuteron i s  bound b y  the s trong long range IT exchange force,  while the 

forces due to heavier K , n  exchanges are not strong enough to bind the other 

members of a deuteron multiplet . Probably for hadrons the main forces are 

strongly coup led inelast ic channels . 

Cons ider the axial vector isoscalar state D and H(G  = -1 )  from this 

point of view. For the D (ignoring strange particle and baryon channels)  one 

has ITA2 , n f ,  p p ,  ww channels coupled , and ITA2 + fn , ITA
2 

+ p p ,  p p+ww are all 

strongly coupled by IT exchange .  On the other hand , for the H only IT P  and nw 
are coupled and they are not coup led by a long range IT exchange forc e .  Thus , 

it is much more probable that the D should exist as a result of the strong 

interact ions than that H should , and that is what is obs erved. If this 

viewpoint is bas ically correct then the existence of the D does not have 

impl icat ions for the A1 • 



SUMMARY 

The evidence is now convincing that no Ai (axial vector) stat e  

exists experimentally , a t  l evels of s ens it ivity one-two orders of magnitude 

better than what is expected .  This certainly has s erious implications for 

our int erpretation of hadrons and their interact ions , but it is rather 

uncl ear what these impl icat ions ar e .  The phys ical interpretation of Chiral 

Symmetry will have to chang e ,  and the const ituent quark model will require 

serious modification if it is to remain a valid approach. 
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In this  note we w i l l  consider  high energy h adronic 

s cattering as d escribed by a s imp l i fied theory involving 

nucleons 1/J,  neutral vector mesons wµ and s calar  pions  rr interac­

ting via  a Lagrang ian density L ' :  

g and A are coupl ing constants and the metric i s  such that 

w w = w2 - w2 µ µ 0 

We wi l l  s e e  how in the high ene rgy limit  one may expect 

several s imp le  features to emerge and how a nice rel ation ship 

between e l astic  and inelastic  scattering can be e s tablishe d .  

A l l  this w i l l  b e  pos s ible  due t o  the u s e  o f  the s tationary 

phase technique o f  approximation to some o f  the general ex-

pre s s ions that w i l l  be de rived . 

A l l  the time-ordered Green ' s  functions o f  the theory may 

be obtained by functional derivation of the time-ordered 

generating functional 

i J [ j rr+k ·w+n1/J+iii 11 ]  
= < ( e  ) + > 

One can prove that the form o f  Z for the case  at hand i s  

< s > z  



· exp { i/2 J j Dc 

where 

S ( 1  + igY • A  S ) - 1 
c c 

t:. < 1 + >. rrt:. l-l c c 

S c ' o µ v  /':,, c and Dc are the free-field  nucleon , vector meson and 

pion propagators , respective ly . are the 

nucleon  and vector meson propagators in  the presence  of arb i trary 

external  c- number sources  A and rr .  < s >  i s  the norma l i zing 

vacuum to  vacuum ampl itude . 

Consider ing now only  graphs o f  the fol lowing type for  

e lastic  nucleon-nucleon scatter ing : 

r-- r: :1-r- 1 -- - - - - - - - - -

- - - - - - - -

. . . . . . 

- - - - - - - - - - -

- - - -
- - - - - - - - - - -

= nucleon l ine  

neutral vector meson line  

pion l ine  

and approx imating the nuc leon propagators by B loch-Nords ieck ( 1 )  

( no-reco i l )  Green ' s  functions one may e a s i ly  arrive to the 

e ikonal repre sentation o f  the amp l i tude ( Z ) 
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T ( s ,  t )  
i s  

2 m
2 

w i th m ma s s  o f  n u c l e o n  

a n d  

s = 

t 
+ 2  - q < 0 

l b l =  i m p a c t  p a r a me t e r  of c o l l i s i o n 

p '  + p '  
' 1 2 

e xp ( - i / 2  f 0� Dc irr ) e xp 

whe r e  

z 1 a n d  z 2 a r e  a n y  two p o i n t s  a l o n g  t h e  t w o  l i n e s  o f  m o t i o n  o f  

... ... .... 
t h e  n u c l e o n s , so t h a t  b = ( z 1 - z

2
J� 

I n  t e rm s  of T t h e  e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n i s  



The opt i c a l  theorem states  

4m
2 

Im T ( s , t= O )  s 

where crT total cross  s e ction . 

One very e a s i l y  finds  the e l a s t i c  cro s s  s e ction  cre � = 

Hence , by unitar ity 

where cr . i n e la stic  cros s  s e c tion ; s o  that in 

P Im X · 

One c an also  prove that the i n e la st i c  pion  production i n  the 

region  where  all the meson  momenta are  sma l l  (pionization  region )  

compared to th e nuc leon momenta ( so  that the  approximation of  the 

nuc leon  propagators by Bl och -Nords i e ck  forms  is s t i l l  good ) is 
(.3)  

given by 

n !  
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where cr n is the total inelastic  cros s  s e ction for the production  

of  n pions ; D+ on mass  she l l  pion  propagator ; and 

- i/2  
= e 

So that 

e iX 

One can introduce now the so-cal led part i c le parti tion function 

defined  by 

o .  ( z )  i n  l 
n= 1 

wh i ch i s  s een  to be  

o .  ( z )  in  

We now make  use  o f  the folbwing identity : C 4 l  

± i/2 J j B- 1 j f if j x+ i/2 JxBX - 1 /2 TrinB 
= d [ x ] e c ±e e 

To repres ent  

where  

KD c 

- 1  - 1 /2TrinD c+ e c 



Chang ing the functional integration from ¢ to ¢ '  ¢ - 1T 

and us ing the identity on�e more one arrives to : 

f i fcx < ¢- 1T ) 
e - 1  /2TdnK d [ ¢ J d [ ex  J e • 

· e
i/2 fcxoccx e F [ ¢ ]  

eF+ [ 1T ' ] ,  We can also  use  the comp lex con j ugate to represent 

As 1T and 1T '  appear only l inear ly one can e as i ly find : 

i z  
e 

- 1 /2Tr tnDc - 1 /2 Trtn De 
e e 

f F [ ¢ J  F+ [ J - i/2J¢K¢ iz f ( XK) D
+

( K<j> )  
• d [ ¢ ] d [ x ] e  e X e e 

• e 
i/2 f XKX 

In order to arrive to this form one uses  the fact  that KD+ • O .  

S o  far no approximations have been made , apart from the basic  

ones leading to e ikonal forms . 

At this  point we use  phys ical  intuition . S ince cj> and X 

in the last  equation reptesent c- number pion f ields  under which 

the vector mesons propagate we will assume that at  h igh energies , 

when  many particles  are produced on the average , the functional 
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integration i s  dominated by some sem ic l a s s ical  value ( s )  o f  the 

p ion f i e ld s . Naturally  this is the source of the idea that a 

s tationary phase approxima tion l s  appropri ate . 

Fol lowing th i s  idea  we define : 

G [ <P J - i z  I (XK ) D+ ( K<j> )  - i/2  I ¢K¢ + F [ <P J 

G [ <Po J CG  ( ¢ -<Po l < <P -¢0 ) o 2G 
< <P - ¢0 ) + 

6 ¢ 0 
+ 2 8 ¢ 0 8 ¢ 0 

+ • • • .  

The stati onary phase condition read s : 

oG

I � <Po 

0 = i z  f (XK ) D+K - iK¢0 + �: I 
o <P=<Po 

S i nce X and <P are pion  f i e ld s  we w i l l  take for  granted that they 

are s olutions  of  se cond order d i fferential  equations ; so  that 

they possess  at mos t  s imple  poles on the mas s  she l l . I f  so ; the 

action  of D+K on (XK ) i s  zero and the stationary phase cond i tion 

read s : 

- i  o F
I � <P=<P  0 

Hence ¢0 i s  independent of  z .  

One can now use  the functional  integral identity to integrate 

on  ¢ , and repe ating the stationary phase approximation on  X one 

arrives f inally  to 
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. f 0 1Z Oif' 
e 

T [ ¢  J 2 i zJ C ¢ +
K ) D+ ( K¢ ) l e o I e o o 

where 

F [ ¢ J - i/2 J¢ K¢ - 1 /2 Tr R.n ( 1 +iD  
0 0 0 c 

Moreover i f  z=O  i t  i s  c lear that T [ ¢
0

] = iX in the stationary 

phase approximation ; and for z= 1 unitarity imposes  the cond i t ion 

So that we have de r ived 

r:J .  ( z )  in  

and this equation we expect to be  true independently of  wh at P i s . 

We may go one s tep further and con j e cture that the equation 

should be  true regardless  o f  the spe c i f i c  f ield-theore tic  mode l  

w e  used t o  f ind i t .  W e  s e e  several interest ing features emerge : 

1 ) The final  equation provides a link  between elastic  and 

inelastic  proce s s e s  in  a uni tary-preserving fashion . As a 

matter o f  fact i f  the e la st i c  scattering at high  energ ies  i s  purely 

imaginary p i s  the only quantity determining both elastic  and ine-

las t ic  scattering . 

2 ) The final  equation i s  o f  the s ame form as that provided by 

the s implest  unitary models  of Aviv , Blankenbecler  and Sugar ; ( S ) 

where the bas ic  mechanism i s  the exchange o f  a compl i cated ob j e c t  
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between the col l id ing partic les  a ccompanied by ( a t  most ) one 

single  pion emi s s ion . 

We can expect  thus that at h igh energies this wi l l  be the 

predominating mechanism and more compl i cated proce s s e s , such 

as  the emi s s ion of more than one pion f rom every chain , to be 

mere ly sma l l  corrections at asymptotic  energies . 

We hope to inve stigate further consequence s  o f  the 

stationary phase approximation in  the near future , as  well  

as  rigorous cond itions for  its  va lidity . 

I n  the meant ime , s ince its  predictions in thi s  s imple case  

are in accord with what physical  intuition indicate s , we bel ieve 

that it  is  a good approximation technique at high energie s . 

One of us (H .M ) is grateful to Prof .  TRAN THANH VAN for his warm 

hospitality at the Rencontre and to the Secretaria de Comunicaciones 

Y Transportes of Mexico for Trave l Support . 
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IMPACT PARAMETER REPRESENTATION 

WITHOUT HIGH-ENERGY , SMALL-ANGLE LIMITATION 
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Using Watson-Sommerfeld transform the impact parameter representation 
of the scattering amplitude is shown to be valid for all physical energies 

and scattering angles.  It is also shown how the direct channel Regge poles 

enter in the impact parameter amplitude. 
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1 .  Introduction 

Phenomenologically it has become clear that the impact parameter or 

Fourier-Bessel ( FB )  representation provides us an effective tool to explore 

high-energy scattering. Thi s  has been well reflected at this meeting by the 

fact that several speakers have used the impact parameter description in 

connection with their work. The traditional derivations of this representa-

t i on based on using approximate SchrOdinger wave functions,  modifying pro­

pagators in Born series expansion ,  and summing infinite sets of Feynman dia­

grams[ ! • 2 ] indicate that the representation can be used only for high-energy 

small-angle scattering. So from ]:b.enomenological point of view it is of con­

s iderable interest to us to find out whether the representation can be ex-

t ended to high-energy large-angle scattering, and thus furnish information 

on hadronic interactions at small distances. 

Of course, in discussing the FB representation of the scattering ampli­

tude a dynamical question has to be faced by us ; namely -How do the energy 

levels of the interacting system ( that i s ,  the bound states and resonances 

occurring in various partial waves)  must enter in the FB amplitude ? Since 

the theory of  complex angular momentum tells us that these energy levels 
are represented by Regge poles , so the question becomes : How do Regge poles 

enter in the construction of the FB amplitude ? 

We now attempt to find answers to the questions rai�ed above. [3 ] 

2 .  FB representation from Watson-Sommerfeld transform 

We first show how a FB representation can be derived without any appro­

ximation from the partial wave expansion : 



T ( s , y) (2n+l ) P ( 1 -2y2 ) n ( 2 .  1 ) 

8 In Eq, (2 , 1 )  we have used the variable y = s in2 instead of z = cos8 

( z  = 1 -2y2 ) .  The physical regi9n corresponds to s = w2 greater than 

t hreshold and 0 � y � 1 (0 � 8 � �) . Using the formula 

p ( 1 -2y2 ) 8 ( 1 -y )  n 

in Eq. (2 . 1 ) ,  we obtain immediately the FB representation 

where 

T ( s ,y )  = 2: /'°
13 dl3 J 0 ( 13y) h1 ( s , f:l ) 

0 
J2n+l ( l3) 

h1 ( s ,13) """ 2 I: (2n+l ) a ( s )  13 n 
n=o 

1 

= 2p J w y dy J0(13y) T ( s , y) 

0 

(0 .:> y < l ) 

( 2 . 2 )  

(2 , 3 )  

( 2 , 4a) 

(2 , 4b) 

The FB integral (2 , 3 )  with the FB amplitude ( 2 , 4 )  reproduces the 

scattering amplitude exactly for 0 .:> y < 1 , and in fact is the result 

of Cottingham and Peierls[ 4 J . However , the representation ( 2 , 3 )  is  very 

non-unique[5 J , This can be seen simply by adding to h1 ( s , 13 )  another term 

h2 C s, 13) of the form 

00 
h2 ( s , [3 ) = J y ' dy ' J0( [3y ' ) A(s , y 1 ) 

where M s , y )  i s  arbitrary. The new FB amplitude will reproduce the same 

scattering amplitude ror y < 

00 i 13 dl3 Jo( [3y) h2 ( s , 13)  

since 

= f00dy ' 8 (y-y ' )  A( s , y ' )  

1 

= 0 

Uniqueness of the FB amplitude is of course essential, if the FB representa­

tion is to be physically meaningful ,  So we examine now how an exact unique 

FB representation can be established, 

The above non-uniqueness of the FB amplitude occurs because we started 

from the partial wave expansion, and did nmt specify the scattering amplitude 

in the unphysical region 1 < y < oo ( -1 > z > -oo) , Had we required h2 ( s , 13) 
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to be s.uch that its FB transform not only vanished for 0 � y < 1 , but 

also reproduced the correct scattering amplitude for < y < 00 then it  

would have been uniquely fixed, To determine h2 ( s , �) we therefore need 

to specify T ( s ,y)  in  the unphysical region, We  do  this by  Watson-Sommerfeld 

transformL5 ] which defines the scaH ering amplitude in the whole range 

-oo < z < -1 

T ( s , y) = 1 
27ti a ( f,, s ) ( 2 .f'+l ) P (2 2 1 )  7t 

e y - sin'Jte ( 2 . 5 ) 

Clearly, if we had a FB representation of 2 P eC2y -1 l for oo > y > 1 and 

R e f, >  -1 , then we could insert it in Eq. ( 2 . 5 )  and write T ( s , y )  i n  the 

form 

T ( s , y) w 
2 p  (oo > y > 1 )  ( 2 . 6 )  

h2 ( s , � )  would then b e  determined automatically a s  a contour integral over 

a( e , s )  • 

There is ;  however , mathematical difficulty in carrying out the above 
program. To see this simply, let us suppose a direct channel Regge pole 

exists ,  that for large y T ( s ,y)  behaves as 2C<(  s )  To reproduce this so y 

asymptotic power behavior , h2( s , !=l )  in (2 . 6 )  has to be highly singular at 

[:) = 0 (h2 ( s , �) rv �-2 ( <>-+ 1)
) But if h2 C s , �) is  too singular, then the 

FB integral (2 . 6 )  does not exist.  The way around this difficulty is to 

consider h
2

C s , l:l )  as a distribution , such that when its FB transform is  

t aken, it  reproduces the scattering amplitude T ( s , y) given by the Watson-
[ 7 J Sommerfeld transform • 

Once h
2 C s , p) is obtained, we can combine Eqs, (2 . 3 )  and ( 2 . 6 )  to 

write our final result as 

T ( s , y )  w 
2p 

for oo > y � 0 , where 

h ( s , � )  

( 2 . 7 )  

�2 . B )  

E quation ( 2 . 7 )  provides an exact unique FB representation. The part h1 ( s , � )  

of  the FB amplitude determines the scattering amplitude in  the physical 



region (0 ::: y < 1 )  while  the part h2 ( s ,� )  determines it  in the unphysical 

r egion ( 1  < y < ro) I t  i s  the determination of h2 ( s , �) [3 ] that has 

removed the non-uniqueness of the FB amplitude. 

3. Direct-channel Hegge pole contribution to the FB amplitude 

We examine now how the £-plane analyticity properties of the partial 

wave amplitude a( e, s )  enter in the FB amplitude h ( s , � )  • For thi s  pur­

pose , let us express h1 ( s , �) given by Eq. (2 .'4a) as a contour integral 

in the complex £-plane 

ro J2n+l ( � )  
-2 I (2n+l ) � 

n::O 

a( e, s ) (2ul ) 

( e-n ) (  e+n+l ) 
( 3. 1 )  

t hat this indeed coincides with (2 . 4a) can be checked by simply collapsing 

the contour on the real axi s. The advantage of writing h
1 

in the above form 

i s  that displacing the contour C away from the real axis exposes the poles 

and cuts of a ( e, s ) , and contribution from any singularity of a( e , s )  to h
1 

( s , �) 

can be explicitly obtained. Thus a Hegge pole term r ( s)/ ( t-a( s ) )  in 

a ( e , s )  gives the following contribution to  h
1 ( s , �) 

J2n+l ( � )  
-2 I (2n+l ) � 

n=o 

r( s') (2 a+ l )  

( a-n) ( a+n+l ) 
( 3 . 2 )  

The FB amplitude h2 ( s , � )  can also b e  expressed a s  an integral of a( e , s )  

i n  the £-plane over the contour c .  S o  contributions from singularities o f  

a ( e, s ) t o  h2 ( s , � )  are obtained a s  for h
1 

( s ,� )  by simply displacing the 

contour C • 

4 .  Concluding remarkS 

From eq. ( 2 . 7 )  we conclude that an exact unique FB representation 

exists valid for all physical energies and scattering angles (0 ::;: 6 ::: �) . 
The basic assumption we have put in is that the partial wave amplitude is  

analytic around the positive r�al axis in the e-plane ( in other words , we 

have the Watson-Sommerfeld transform) .  This  assumption is now on a firm 
. [6 J f ooting • So we may regard the impact parameter representation as an 

exact tool no longer limited by any high-energy, small-angle approximation . 

One may wonder why we feel as a tool the impact parameter representation 
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will  provide us insights into the phenomenology of hadronic interactions, 

The obvious reason of course is  that at high energies w� expect optical 

description and geometrical features to emerge as indeed exhibited hy the 

I SR data on pp elastic scattering,· and such ideas are best expressed by 

the impact parameter language[s J . 

I like to add one further reason using the Coulomb scattering as an 

illustration, Here we notice the small b behavior determining the bound 

states and also controlling the high-energy behavior in t-channel[5 , 9 J , 

so that we have schematically 

Hegge pole 
phenomenology 

bound states high-energy hehavior 
in s-channel in t-channel 

�small b behavior � 
in s-channel 

In c.Jntrast to Regge poles,  it is the impact parameter amplitude that 

retains the knowledge of l/r dependence of the Coulomb interaction through 

i t s  small b behavior , It is l ikely that in other ca·ses also the FB ampli­

tude provides more basic insight . 
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HOW TO LEARN ABOUT HADRON DYNAMICS FROM 
AN UNDERLYING QUARK-GLUON FIELD THEORY 

GLENNYS R .  FARRAR 
California Ins ti tute of Technology 

Pasadena , California 91125 (USA) 

Abs tract :  A solution is proposed to  the problem of how 
physics can be abstracted f'om a fundamental quark-g luon 
field theory for hadrons , without having s olved the problem 
of confinement .  

Resume : On propose une solution au p robleme qui cons iste a extraire certaines proprietes physiques des hadrons d ' une 
theorie des champs fondamentale des quarks et des gluons 
s ans avoir a resoudre le probleme du confinement .  
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HOW TO LEARN ABOUT HADRON DYNA.�ICS FROM AN ill�DERLYING QUARK-GLUOrl 
FIELD THEORY 

There is ample evidence that the quark model has something to do with 

nature, as shown by the success of i ts predictions for current algebra,  

hadron spectroscopy and the large t behavior of form factors . However ,  the 

p robl em of actually constructing a theory which has fundamental quark and 

gluon fields , and yet insures that only hadrons are obseJved , remains un-

solved .  Eviden t ly ,  promiscuous use of low-order perturbation theory to 

learn about hadron dynamics is a mistake , since that. neglects the complica-

ted coherent processes that necessarily are present and responsible for con-

finement .  A ques tion thus presents itsel f :  Can we formulate a prescript ion 

as to when perturbation theory may be legitimately used? That is , is there 

a class of phenomena in which the physics responsible for confinement does 

not modify beyond recognition the results of low-order perturbation theory? 

I wish to present a possible answer ,  or partial answer ,  to that ques-

tion .  However ,  it  must b e  stressed that without having solved the problem 

of confinement , the validity of  my proposal cannot be proved theoret ically . 

From a theoretical standpoin t ,  the important issues therefore are its self-

consis tency , reasonableness , and attract iveness . Experiment is the best tes t 

of its validity . 

In order to be specific I wil l  choose what seems to me to be the mos t  

likely candidate for a correct field theory of the hadrons - a non-abelian 

Yang-Mil l s  theory of quarks and vector gluons with an exact SU(3)  co lor 

symmetry .  This theory possesses the desirable feature that the effect ive 

quark-gluon coupling vanishes logarithmically as the momen ta-squared of the 

quarks and gluon become large and spacelike . Furthermore , the interaction of 

very soft gluons is so s ingular that it is conceivable that an infrared 

catas trophe insures confinement .  I wil l  go further and imagine that the 

quark-gluon coupling is sma l l  even for momentum transfers (q
2

) of the order 

of 1 GeV
2

, and is only effectively l arge if very soft processes are occur­

ring
!) 

. 



Thus we should expect that perturbation theory would be a useful tool 

for s tudying processes that selectively probe regimes of small couplin g ,  

f o r  instance large momentum t�ansfer s cattering (inclusive or exclusive) ,  

or reactions necessarily involving quarks o f  very diss imilar momenta , such 

as massive lepton pair production (e . g . , pp + t+t- + X) or the propagation 

of fast s econdaries through nuclear material.  In what follows I will dis-

cuss each o f  these in turn , facing the issue of when bind'ing effects "fac-

torize" and do no t significantly modify the perturbation theory results , 

and when they are crucial . An application of perturbation theory which I 

will not discuss is to the dynamics of bound states of very heavy quarks . 

For ins tance i t  has been conj ectured that , assuming the � is a cc bound 

s tate , i ts relative narrowness is due to a decrease in the quark gluon 

coupling as the quark mass increases
2 )

. A lthough similar in spiri t ,  that 

is not the same as the assump tion of importance to us . 

Let us begin , as a simp le i llustration , with the pion form factor. at 

large q
2 

which is writ ten in �e,ms of Bethe-Salpeter wave functions as : 

Since 

order 

2 
I' 

2 
q • In general the Bethe-Salpeter wave functions are not computable,  

nor will they be until we have solved the problem of confinement .  They 

mus t therefore be taken to be unknown functions . However ,  the wave function 

for those very improbable configurations in which one of the quarks has an 

invariant mass much larger than any natural length scale is computable from 

perturbation theory . Let us introduce some terminology : the "normal" part 

of the wave function is that part in which the quarks have finite momenta-

square d ,  of the ocder of some characteris tic hadronic mass scale such as 

m
p 

2 ;  the "exceptional" p art of the wave function involves at leas t one quark 
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whose momentum-squared is very large on that s cale . In terms of infini te 

momentum wave functions , the normal part has both constituents carrying a 

finite fraction x, 0 < x < 1 ,  of the total momentum and having limited trans-

verse momentum; the exceptional pari involves either large transverse momenta 

or x not in the range 0 < x < 1 .  Given the normal wave function wN , (  ::::J11)- ] 
the exceptional part WE [ � ] can be computed from perturbation theory :  

--�1 
P.:..'J 2. f.21 i.. 

� i  w--
'O (J->c)lf•i, )-x 

p +-'b-

p+n+2g 2 2 2 2 If Tl - xp so that ( 
2 ) - q , then k - q so that our ansatz of g being 

small applies . As mentioned above , this procedure can only be proved to be 

legitimate when detailed information on the properties of wN at large dis-

tances is known . The necessary conditions on �N are discussed in detail in 
Ref .  3 . 

Thus the calculation of the large q2 pion form factor amounts to eval-

uating: 

\ \ 
The q2 dependence is comple tely determined ,  independent of detai ls of the 

normal wave functions . One finds modulo logarithms4) l/q2 for the pion ,  and 
2 2 1 for the proton GE (q ) - GM(q ) - � , consistent with experiment as dis-

q 
cussed in Ref .  3 . In fact , this p rediction of the power with which the 

leading form factor decreases is not specific to the choice of a non-abelian 

gauge theory; it is the same in any renormalizable field theory with small 

coupling constant for q2 > 1 Gev2 . However the result that GE/Gel scales , 

as appears to be the case experimentally , follows only in a theory wi th 

vector gluons3) . 



In the form factor examples , binding simply generates the normal wave 

function and makes no serious modification to the power law ,  assuming the 

wave function is reasonably well behaved . However ,  if we wish to discuss 

hadron-hadron s cat tering the problem is  somewhat more complex. Shown below 

are two possible lowest order diagrams for pp + pp s catterin g :  

Only gluons carrying large q
2 

are shown , and a l l  wave functions shown are 

"normal . "  As pointed out by Landshoff
S )

, the three-gluon exchange diagram is  

dominated by the configuration in  which each gluon carries almost exactly one 

third of the total momentum trans fer,  and gives an asymptotic (large s ,  e
cm 

d 
12 

fixed) behavior 
d
� (pp + pp) - � f1 ( 8 ) . All diagrams involving at leas t 

one qq pair in the 

da 
20 

6 )  s 
t channel , such as the one on the right above , give 

dt 
(pp + pp) 

- � f2
( e ) .  If the e f fects of binding can be ignored here , so 

s 
that perturbation theory can be used,  we would expect that the three gluon 

exchange diagram would dominate . Experimentally that is clearly no t the 

cas e .  The ratio o f  theory t o  experiment with three gluon exchange varies by 

nearly three orders of magnitude between 8 of 30° and 90°
7)

. Furthermore 
cm 

-9 7 ± 0 .  5 B) 
a simple fit to the energy dependence suggests s 

· 

What is the explanation for thi s ?  I propose that it is simple .  Binding 

modifies our field theory diagrams in precisely one way - it replaces free 

quarks , antiquarks , and gluons by hadrons in each physical channel ,  as re-

quired by dispers ion theory . If that can be accomplished without additional 

large momentum transfers , then the field theory result for that diagram is 

unmodified . If not ,  then I argue that the diagram as written does not con-

tribute and the additional large momentum trans fer interactions necessary 
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to give physical particles in the s , t and u channels must be explicit ly in-

eluded. We have no evidence of the existence of hadrons which consist  

exclusively of "hard" glue (epoxyons ) ,  at  least for  masses less  than about 

In fact ,  the narrowness of the �. if it is a cc s tate , can be 

"explained" as due to the absence of any vector epoxyon through which i t  

could mix with a u�, dd  or  s; s tate and hence to ordinary hadron s .  The 

reason that such s tates appear not to bind or at least couple very weakly 

to ordinary hadrons is in this approach an unexplained mys tery of the con-

finement mechanism, which while nice to understand , need not be unders tood 

in order to analyze large Pl s cattering 9) 

I propose then that the expected confinement mechanism eliminates 

Landshoff ' s  diagram, at leas t at present values of t ,  leaving those with at 

least qq or qqq in each channe:J-O ) . It is easily seen that all remaining 

allowed diagrams give the asymptotic behavior3) (modulo logarithms ) 

(1) 

where n is  the total number of e lementary fields in the initial and final 

s tates , including photons , leptons and quarks (e . g . , for pp s cattering 

n = 12) . This is the same result obtained by dimensional analysis  i f  s-l/2 

is the only length s cale in the problem3 •1 1 ) . Equation (1)  can be gener-

alized to 2 + N s cattering such as rrN + rrrrN and s cattering of hadrons with 

non-zero orbital angular momentum. When applied to eh + eh or e+e- + hh 

one obtains for the spin averaged form factor 

1 Fh (t)  - --n-=l , 
t h 

(2) 

where � is  the minimum number of e lementary fields in hadron h. 

These dimensional s caling laws are in good agreement with available 

data3 ) . Nonetheless it is very difficult over the measured ranges o f  s and 

t to experimentally rule out modified exponentials , etc .  A more stringent 

test of the validity o f  this use of perturbation theory , which also 



specifically checks whether the non-abelian color gauge theory is the cor-

rect underlying field theory , is the angular dependence of large s and t 

elas tic s cattering . While the scaling behavior , eq . (1) , is independent of 

the details of the normal wave function , the angular dependence in general is 

not .  However ,  it is often the case that the quark s cattering amplitude is 

sharply peaked at the configuration in which the momenta of the hadrons are 

evenly shared by their constituents , e . g . , in which the q and q of a pion 
each carry half the pion momentum12 ) . If that is generally true , then the 

angular dependence of high energy wide angle elastic s cattering will be in­

sensitive to details of the normal wave functions and thus computable13) . 

The analysis of large Pl inclusive scattering is more difficult than for 

elas tic scattering because the minimal quark s cattering diagrams are not so 

easily identified. Some of the possible diagrams for pp + rr + X are shown 

below .  1f 

: · � . > ·• 

p 
B 

Quark, antiquark and gluon lines which are involved in the large momentum 

transfer are solid ; "spectator" lines are dotted .  Call 11 the amplitude for 

the minimal high Pl s cattering ; then Edcr/d3p 

shows that M - vs 4-n , where n is the number 

1 I 1 z 
. 

3) - -z M . Direct computation 
s 

of quarks and antiquarks in the 

minimal large Pl s cattering . In diagram (A) qq + qq is the minimal large Pl 
2 . 3 4 4 14) scattering so that n = 4 and M - g , giving Edcrfd p - g /p1 f ( 8 ,x) ; in 

diagram (B) which has qq + rrrr as the minimal process , M- g4/s so that 
3 8 8 Edcr/d p - g /pi f (B ,x) .  Naive application of perturbation theory without 

considering the effects of binding indicates that the qq + qq subprocess 

(diagram (A) )  should dominate . It is certainly not dominant experimenta1195 ) . 
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This can be qualitatively accounted for by requiring physical hadrons in each 

channel .  In particular the t channel · in case (A) can be shown to require a 

gluon carrying a large fraction of the t channel momentum. While it is well 

known that roughly half a proton ' s  momentum is carried by glue , there is no 

evidence that any individual gluon carries a substantial fraction of the 

momentum. In fac t ,  the absence of excited baryons with the additional degrees 

of freedom implied by "valence glue" is evidence that known hadrons do not 

contain fas t gluons . (This is not surprising in view of the absence of other 

exotic s tates such as qqqq . The more natural expectation is for the gluon 

distribution to resemble that of antiquarks , which is only non-negligible at 

very small momenta.  I f  we assume that intermediate states in the s , t  and u 

channels which require a gluon to carry an asymptotically finite fraction of 

the momentum are not physically 'allowed ,  then qq + qq is not a possible mini­

mal subprocess and Edo/d
3

p falls faster than Pl-4 · Whether PL
-B

is the lead-

ing allowed power is not yet known . A detailed analysis of .the energy , angle , 

and particle species dependence of inclusive scattering data is underway
lJ) 

which will provide additional tests of these ideas . 

We have assumed above that the elementary quark-gluon coupling is in­

herently small unless very soft processes are occurrin g ,  and have seen that 

we thereby obtain a reasonable picture of large Pl s cattering .  Presumab ly 

low PL s trong interactions are due to the multiple soft interactions of quark 

and antiquark cons tituents of hadrons which have small relative momenta and 

large effective couplings . Quarks which have large relative momenta may be 

assumed to interact very weakly. Thus any hadronic process which s2lectively 

involves fas t quarks should be amenable to analysis . Two examples are the 

nuclear size (A) dependence of large Pl or p 11 inclusive scattering and 

mass ive . lepton pair production in high energy hadron-hadron collis ions . 

From our-analysis of large Pl scattering we have learned that it is well 

described as resulting from a few hard scatterings of constituents , rather 

than multiple soft s catterings . Thus to obtain a hadron of large j Pcm l 



requires a q or q from each initial hadron which has cm momentum � J Pcm J .  

S imilarly to create a lepton pair of large invariant mass /Q2"" at res t in the 

cm, requires a q and q of cm mom�ntum /Q2""/2 . Thus if J Pcm J and /Q2""/2 are 

large , the quarks and antiquarks involved wil l  interact only very weakly 

with the res t  of the hadronic material . Thus in each case we expect an A 

dependence which is A1 (no shadowing) rather than the A213 (shadowing) which 

is seen at low j Pcm J or low /Q2""/ 2 .  The value of J pcm J or /q2/2  at which the 

A1 dependence takes over can be estimated as follows16) : If the incident 

particle is a proton of cm momentum P ,  consider its three fast valence 

quarks . These three bare quarks may be written as a superposition of baryons, 
* 

e . g . , p and N (plus higher s tates which we will  truncate) by cleverly 

arranging their phases . As they propagate their relative phases change , 

s ince they have differeGt masses . After a distance z ,  the relative phase is 
2 2 r�* m J �N� - �P =l-P- - T z 

When the relative phase becomes rarge , s ay > 1 radian , the three fast quarks 

have evolved into a s tate which no longer looks like three bare quarks but 

instead looks like hadrons . That i s ,  the three fast quarks have grown a 

"tail" of quarks , antiquarks and glue with which they can interact hadron-

ically. Thus if P is such that in a distance z ,  �N* - �P < 1 ,  the fas t 

quarks will  interact very weakly (usually not at all) within that distance 

The diameter in the cm of a nucleus of atomic number A is D � A11 3;m P .  z .  11 
Hence requiring J 6� J  < 1 for z < D gives 

[P/1 . 3  > Al/3/m P ]  7f (3) 

For typical nuclei A1 13 
- 4 so P "' 6  GeV/c .  Since the valence quarks in a 

pro ton typically carry 1 / 6  - 1/3  o f  the momentum, we may deduce that quarks 

having p
q > 1-2 cm GeV/c wil l  not be shadowed .  Thus processes involving lepton 

pairs with /Q2"" I 2 > 1-2 GeV or p ions of I P cm l > 1-3 GeV/c will have no shadow-

ing. The latter has been observed experimentally two ways :  Cronin et al�7 ) , 
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measure the A dependence , parameterized by An (pi ) of the inclusive cross 

section for n ' s  produced at 90° in the cm and IS ""  23 GeV . The i r  results 
for n (p1 ) are shown in Fig. 1 .  

1 .3 

1 .2 

I . I 
n 

1 .0 

0.9 

{ • T i / Be  
• W I  B e  

0.8 L-�.....L�-J��..L._�__L��L---_l_� 0 2 3 4 5 6 
P .1.  ( G e V/c ) 

Fig . 1 :  The A dependence o f  high Pl p ion production at plab 
and 8 = 90° taken from Ref .  1 7 .  cm 

300 GeV / c  

The qualitative agreement with our result is remarkable . However our dis--

cuss i on does not explain why n (p1 ) should become larger than 1 ,  as is obser-

ved .  Possible reasons for this are discussed in Ref .  16 . The second obser-

vation is that the mul tiplicity of particles produced forward in the cm in 

p-nucleus collisions is independent of AlS) , as expected from our argument 

but far from obvious in conventional Glauber models19 ) . No measurement has 

been made of the A dependence of pp + µ+µ- + X .  



We can use our analysis of quark propagation through nuclear matter to 

decide when the Drel l-Yan model20 )  for massive lepton pair production is 

applicable .  In  that model the virtual pho ton is  produced by the annihila-

tion of a q from one initial hadron with a q from the other: 

p 

The cross section �s : 

d 
dQ2 ds 

= 

2Q11 
where s = IS 

41Ta 2 (xA�xB) {% XAUA (xA) xBuB (xB) 
3Q4 

and x = l A 2 
� 

+ 
/sz + 4qz;J 

+ l 1 (u +--+ d)+ 9 (u +--+ s )+ 9 1.2._� negligible 

' XB = XA - S ·  The UA (x) 

is the probability of finding an up quark in hadron A with fraction x of 

the momentum, etc .  Taking eq. ( 3) with Al/3 1 ,  gives P�in � . 5-1 GeV . 

c .t 
Thus i f  both xA /S/ 2  and x8 18/2 are > 1/2 - 1 GeV , the distributions u(x) , 

u (x) ' d (x) and d (x) wil l  be j ust those which are measured in electron and 

neutrino deep inelas tic s cattering.  Consequently the theory makes a def-

inite prediction if the q and q distributions are known . Fig . 2 shows such 

a prediction (solid line) for pp + µ+µ- + X based on a particular (reason­

ab le) guess for the antiquark distributions21) , assuming there are three 

colors of quarks . Also shown (circles) is the data of Christenson et a1 . 22) , 

which they extracted from p + U + µ+µ- + X ,  assuming essentially that the 

cross section scales as A21 3 . The triangles show that data "renormalized" 

by using the An (/Q2")dependence from Cronin et a1 . 17) , (Fig .  1 )  for 

/Q2" = 2p1 < 4 GeV and n = 1 for /QL > 4 GeV . In addition the dotted line 

shows their data with the new ·resonances removed23) and renormalized by the 

correct A dependence . The prediction of the theory is within about a factor 
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of three o f  the experiment , which is within the range of the theore tical and 

experimental uncertainties . 

\ f 
'i ! 

' 'i, f ! \� f ! 
\t ,\f t \ 

\ ' \ \ 

2 3 4 
N(GeV ) 

f 
t ± 

' ' f t 
' 

\ 

\ f  ' 

5 6 

Fig. 2 . The cross section (folded with experimental cuts)  for pp� + µ+µ-
+ X 

+ - r.:'r as a function of the µ µ invariant mass ,  vQ� at Plab = 2 8 . 5  GeV/c .  

T o  summarize ,  I have attempted t o  present here a unified description of 

several hadronic phenomena . The basic assumption is that only confinement 

and other soft interactions involve a large effective quark gluon coupling 

constant .  I have proposed that in  large P !  inclusive and exclusive s catter-

ing low order perturbation theory should give a correct description of the 

energy and angle dependence of cross sections , wi th the effect of confine-



ment being to eliminate the contribution of all diagrams which have fast 

gluons in any physical channel.  Theoretical predictions for  angular depen-

dences , except in ep + ep , are not yet available for comparison with the data. 

Exclusive s cattering is  in good agreement with the predicted energy depen-

dence . A complete analysis of inclusive s cattering Pl dependence is not ye t 

available , however absence of a Pl4 falloff is evidence in favor of these 

ideas on the role of confinement.  Further evidence of the fundamen tally 

small s trength of quark-gluon coupling is the absence of shadowing in large 

Pl hadron production from nuclei and the A-independence of the multiplicity 

of forward produced pions . The qualitative agreement of theory and experi­

ment for pp + µ
+

µ- + X, when account is taken of the expected A dependence , 

is an encouraging indication of the consis tency of all of these ideas . The 

most crucial miss ing tests  of the validity of using perturbation theory as 

we propose are : 1) angular distributions for exclusive scattering must be 

predicted and compared with data ; 2) data on the pion form factor at larger 

t and np + np at larger s and t is needed to check the energy scaling behav­

ior of  eq. (l) ; 3)  pp + £+£- + X and the A dependence of pA + £
+

£- + X 
should be measured.  In addition, a complete theoretical analysis of  inclu-

sive high Pl scattering and further experimental exploration of i t  are of 

great importance . 

These ideas presented here have evolved over the past two years as a 

result of collaborations and conversations with a number of people to whom 

I am indebted . They include S .  J .  Brodsky , R .  P .  Feynman , M .  Gell-Mann , 

A. Schwinnner and C .  C .  Wu. 
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Introduction ---------

The e a s y  p a r t  of the conclusion of this C oµfer cn c e  would b e  to make 

general r ema r k s ; the Confe r en c e  was well organized and a very s uc c e s s ful 

one.  D i s c u s s ion l eade r s  kept the p r o g r a m  well on time and a l lowed fairly 

g ener ous time for d i s c u s s ion after e a ch talk. Many impr e s sive expe r i -

mental data w e r e  p r e s ented. It s e ems that exp e r imenta l i s ts are moving 

fa st and th e o r i s t s  a r e  having a h a r d  time catching up with them. 

R en1ar kably, n10 s t  of the Conf e r en c e  participants managed daily full -time 

phys i c s  and full -time s kiing. 

The difficult pa r t  of the c onclus ion would b e  to answer the question 

"Do w e  l e a r n  s omething definite fr om the s e  ma s s ive exper imental data ? " , 

to comp a r e  one the o r etical talk with another r e lated ta lk, and to s ettle 

the i s sue.  

What I a m  going to p r e s ent h e r e  i s  a summa r y  of talks given;  it is  

obviously imp o s s i bl e  to cover all of the talks ( a bout 50),  but I will  r eview 

s ome of them. 

Diffr a ctiv e - S catt e r ing Data fr om ISR 

We r eview the exp e r imental data p r e s ented by P. Str olin, C .  B r o ll, 

and G. Goggi cover ing the following r e a ctions : 

+ -
pp +(p'IT 'IT ) x 
pp + (p'IT

+
'IT 

-
) p 

+ - + -PP + ( pTI TI ) ( pTI TI ) 
pp + p (nTI

+
) 

SDE + DDE 

SDE 

D D E  

Important r e sults include a n  evidence for double-cliffra ctive d i s s o c iation 

and a t e st of Pome r on fa ctor i zation; (the quantitative p r ediction is 

From the p r evious r e a ction, 



DDE 
D = 

1 /2 SDE + DDE 
1 2 ± 2. 5% . 

From FNA L  and !SR data, we also have 

1 /2 SDE 
D = 

EL + l /2 SDE 
= 1 3

· 
5% ' 

which is in good agr eement with the above value; this is consistent with the 

fact that the Pomeron is factorizable. 

A typical ma s s  plot of M(p1
/ 

ir - ) is  shown in Fig. l,  and we ob s erve 

two distinct peaks. The B r eit-Wigner fits to the data give M
1 

= 1 50 0  ± 8 MeV 

with r
1 = 1 50 ± 50 and M

2
= 1 6 7 8 ±  4MeV with r

2 = 1 48 ± 1 6 ; they are 

cons istent with N
"

( l 5 2 0 )  and N
�' 

( 1 68 8 ), r espectively. The differential 

<\I 350 0 
0 '290 .......... 
)'.? 210 � w 140 
lL 
0 70 
:ff: 

l.'2. l.t I.� 1.8 2D 2.'2. ZJ't- 2.6 2.6 3.o 
M ( pfl"+11'"-) (G-e.V) 

F igure 1 

cross  s e ctions for different ma s s  regions are  shown in Fig. 2 ;  notice 

I 

Figure 2 
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a br eak near I t I = 0 .  2 for 1 .  4< M(p1/ 
1T - )  < 1 .  6 GeV. C r o s s  s e ctions for 

( + - ) . h . F" 3 d h 1 
. - 0  .. 64 

the pp + p1T 1T p reaction are s own in ig. , an t e s ope is p 

Figure 3 

10 100 1000 
PLAB ( GeV/c ) 

lab 

The slopes for pN ( l 5 2 0 )  and pN( l 6 8 8 )  are les s  steep and - 0 .  56 and - 0 .  3 4 , 

r espectively. 

In the (n1T +) s ystem, r e s onance excitation is clearly obs erved in the 

ba ckward Jackson hemisphere,  but nothing in the forward hemisphere,  a s  

shown i n  Fig. 4 .  The differ ential c r o s s  s e ction for this system has a 

clear break near l t l  = O. 3 ( s e e  Fig. 5 ) .  + + -B oth the p (n1T ) and p(p1T 1T ) 

proce s s es a r e  dominantly peripheral and have similar s lopes, slightly 

smaller than the ela stic slope. 

cos 8, < 0  
-t > OOS G•V' 

Figure 4 

Moss (nn') (GeV) 

't "' 10 
� 

M (oll masSes) c 2Ae 9.2t � 
� Figur e 5 

02 OJ. OS 

+ + + 
t 



1 0 0 0  

The cros s s e ction for double -diffractive di s s ociation (pr edicted) 

is shown in Fig. 6, together with other cro s s  s e ctions . The mas s  s pe ctra 

is shown in Fig. 7 ,  and we obs erve s tructures at 1. 4 and l .' 7  GeV. The 

I I 1 r � I '  h ,ill 
I J pp Inelastic 

Piob (GeV/c) 

Figure 6 

\ • 

1 .4 1 .8 
Figur e 7 

2.2 
M ( G eV) 

2 .6 

differ ential cros s s ection is shown in Fig. 8 .  The s lopes for the dN/dt (all) 

and dN /dt( l 470 + any) are 3. 6 and 5, 8 r e s pe ctively. 

. 2 

Exponential slopes of the above reactions a r e  compared in Fig. 9 ,  

. 4  . 6  
Figure 8 

2 6  G e V 
d N  Cit a l l  

.8 1.2 

b 

1 5  

1 0  

1.2 1.4 1.8 1.8 
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Figure 9 
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Ela stic -Scattering Data at ISR Energi e s  

It was nice to  s e e  final r e s ults o n  large -angle pp ela s tic s cattering 

at ISR ener gi e s ,  p
ISR 

= 1 1 , 1 5 ,  2 6 ,  and 3 1  GeV (by E. Nagg) . The dip 

position and the s ec ond-maximum c r o s s  s e ction with r e spect to energy 

were finalized. Typical data at p
ISR = 23 GeV a r e  shown in Fig. 1 0 .  

Figure 1 0  

"O 
' b 
"O 

1 0  

p p  ELASTIC SCATTER I N G  

0 2 3 l t l  

The dip po sition moves t o  smaller  [ t [ ,  and the s e cond-maximum c r o s s  

s ection inc r ea s es a s  p
ISR 

inc r ea s e s ,  a s  s hown below. 

Energy Is = 23 GeV 
Dip Position 1 .  45 ± 0. 0 2  

Sec ond Maximum ()1b /Gev2 ) O .  0 5  ± 0 .  0 0 8  

t's = 6 2  GeV 
1 . 3 l ± C L 0 5 

0 . 066± o. 0 1 3  

This new fact i s  in agreement with geometrical s caling, but the r e  r emains 

a ·question if the s caling works at the forward region, wher e  the statistical 

rrors  are much smaller. 



Ela sti c - Scatter ing and Diffra ctiv e - Dis s ociation Data from FNA L 

R esults of c r o s s - s ection mea sur ements in ela stic s catter ing at 5 0 ,  

1 0 0, a n d  1 40 G e V  / c  i n  the 

z 
r e gion of 0 .  O Z< itl <0 . 8 ( G eV / c )  

w e r e  p r e s ented (by D .  Cutt s ) .  

Experiments were carried 

out us ing a FNA L Singl e - A r m  

Facility. Differ ential c r o s s  

± ± 
s e ctions for rr p, K p, pp, 

and pp r ea ctions w e r e  fitted 

Bt + Ct
2 

to do- / dt = A ( e  ) and the 

energy dependence of the s e  

co efficients was d i s c u s s  e d .  

Total c r o s s  s e ctions together 

with CJ
inel 

and CJ 
el 

for the 

above r ea ctions a r e  shown 

in Fig.  1 1 a nd 1 2 .  One 

of their r es ults I would 

like to  quote here i s :  

+ 
K p elastic slope incr ea s e s  

± K
+ 

by "' 1 3%, " P inc r e a s e s  tot 

at ±K+p by 8 10 ,  CJ inel inc r e a s e s  

K+ 
by "' 9%, but " 

p ::::< const. el 

2+ 
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I 
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Figure 1 Z 

S. Ols en dis cu s s e d  diffractive diss ociation of high - energy protons 

i n  p-d inter a ctions  with a deuterium gas j et ;  pd -+ dX and pd -+pd at 50 to 

400 GeV / c .  Slnpes of differ ential c r o s s  s e ctions a r e  steeper for the 

low -ma s s  data. The s lope b ehavior is  s imilar for protons and neutr ons.  

He obs erved no sign of turnover at small  I t I in the differ ential c r o s s  

I 
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s ection of the pd ->- dX reaction. 

R e s ults of pn + pX data at FNA L ener gy wer e p r e s ented by(F.  Sanne s ) .  

The motivation o f  the mea sur ement w a s  to s o r t  out Tripl e - R egge c ouplings.  

When the s e  are compa red with ISR pp + nX data, the r e  is a factor -of- 1 0  

differ ence and w e  hop e  that such difference can b e  c larified s oon. It was 

concluded that the Triple-R egge model works if one can include enough terms . 

Correlation Experiments at ISR 

P .  Darriulat dis cu s s ed a study of two -particle angular corr elations 

in pp collisions , pp -+ TT 0 + 

detected by the str eamer 

chamber and the shower 0.4 
detector.  Th e angular z 0.2 

en 
' 

ciistr ibution of charged � 
w 

parti cles triggered with rr0 G'.r 
' 
w 

is shown in Fig. 1 3 .  The d 
f­a:: 

bulk of exce s s  particles ti: 
is observed in the 

opposite hemi s phere if 

6 <1>  > "' 1 4 0
° 

but in the 

s ame hemi sphere if 

0 
0.4 
0.2 

0 
0.4 
0.2 

0 - 2  0 2 - 2  0 2 
PS EUDO - RAPI D I TY PSEUDO - RAPID!  TY 

Figur e 1 3  

R .  Str oynowski r eported measur ement o f  large -tr ansver s e -momentum 

0 �� 0 pos itive pa rticles  at angular range of 9 < e < 2 1  at IS = 5 2 .  5 GeV using 

the Split - Field Magnet Facility. The proportional wire chambers used in 

this expe riment cover large s o lid angl e s ,  allowing fully inclusive trigger s 

and good res olution, 6p
T

/p
T

;:::; 1 % at 3 GeV I c .  Invariant c r o s s - s e ction 

distributions as a function of transve r s e  momentum at ( a )  fixed values of 

x = 2p
':'
L 

I /S and (b) fixed c .  m. angle e '' arc shown in Fig. 14. The s lope 



3 3 -Bp 
B, given in E d  cr /dp = A C T, 
varies from 3 . 6 5  to 4. 96 in the 

p
T 

range of 1 .  3 to 4. 9 for the 

abov e -mentioned angular range. 

At fixed angle s ,  the invariant 

cros s s ection can be appr oximated 

3 3 
by E d  cr /dp = A  exp( -Bp

T
) .  The 

s lope of the distributions decrea s e s  

with incr ea sing e ,, from 

B 4. 9 ± 0. 1 for e
* 1 0 .  2° to 

B 
':� 3 . 4 ± 0 . l for e 2 0 .  8 ° .  

Correlations between 

charged particles and one 
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momentum-analyzed forward Figure 1 4  
particle a t  the ISR were dis cus s ed.  A neutron detector was lo cated at 

forward 0°. 

Figure 1 5  

The corr elation function i s  given in Fig. 
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that the cluster effect disappea r s  completely at higher n (R . Cas taldi ) 

Experimental Data From B r ookhaven 

Multiplicity at lar g e - transv er s e  momentun1 was dis cus sed by 

P. S chubelin. Many tra cks detected by the cylindrical chamb e r s  a r e  

demonstrated i n  Fig.  1 6 .  

T otal char ged multiplicity 

i s  plotted a gainst p
T 

for 

+ 
pp + TI + MM (two nucleons)  

and pp + p +  MM (one 

nucleon) r e a ctions a s  

shown i n  Fig.  1 7 .  

W e  ob s erve the same shape 

but differ ent l evel for the s e  

two r eactions . N ote that 

a r i s e  take s pla c e  at H:(" O ·  6 . 
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Fig. 1 8  shows n p with 
c nc 

r es pect to n / n  for different 
c c 

values of MM in the r egion of 

2 
l < l t l < Z { GeV / c ) , and the 

r e sults may b e  compared with 

the p r ediction of KNO s caling. 

Comparing this data with one for 

2 
3< lt l < S  ( Ge V / c ) , we s e e  a 

shrinkage in the c urve, nar r owed 

" 
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• 0 
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• i 
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by 1 0% in the large I t I data. The 

dispersion of Py dis tribution 

0
·20=---�--o�.-=-5--'-----,1�.o--�--'1.5'----J 

P3.l (GeV/c) 
Figure 1 9  

for 7T - , s i s  shown in Fig.  1 9 .  

The flat curve can be  interpreted a s  evidence against the fir eball idea . 

Theor etical Talks and Phenomenology at High Energi e s  

B ecaus e it is  difficult to fit ISR data to the o l d  multiperipheral model, 

J.  Ball p r e s ented a " cons istent" MP model in which 700 data points w e r e  

fitted. He u s ed nine paramet e r s  and obtained )( 
2 

= 1 000.  From the 

interpr etation of th e re sults of fit, he concluded that much mor e  theoretical 

improvement was needed. 

LeBellac dis cu s s ed t r ansve r s e -momentum corr elations and also  

p r e s ented an improved ver sion of the  multiperipheral mode l. Kr zywicki 

dis cus s ed local compensation of transver s e  momenta . It wa s not clear to 

me how well the model explains the data . Savit' s talk on high - en<'rgy 

s cattering as a critical phenomenon is a s timulating one, and it i s  int e r e s ting 

to compa r e  his talk with Amati ' s talk covering the ener gy r egion in which 

the critical phenomenon takes pla c e .  

There were s everal the or etical talks on geometrical s caling. We are 

s till  left with the que s tion of whether the model  explains pp s cattering. 

395 



396 

Capella pr e s <;nted R egge- calculus phenomenology ( Tr iple- Pome r on 

formula with s igns given by Gribov) of ela stic forward s catter ing. He made 

a five -parameter fit to total c r o s s  s ections of pp, Kp, and 'TTp. A typical fit 

is shown in Fig. 2 0 .  F r om !::.<JT ('TTp ) ,  h e  obtained a = O .  5 7  and a = O .  4 p w , p 
for !::.<J T (pp) and !::.<J T (Kp) data, r e s pe ctively. B a s ed upon this work, he 

pointed out a p o s s ibility of a 1 0 0% exchange -degeneracy breaking. 

20 100 {000 
s Ge.Va. 

Figure 2.0 

B .  Schr empp des crib ed her work on "Is Lar g e - A ngle Exclu sive 

Scattering Contr olled by the Hadron R adius ? "  The analys is of her guideline 

is a dual peripheral  model.  The comparison of the mqdel '  s pr ediction with 

�xperimental data is well demons trated in the reactions 'TT -p +rr0n and 

+ ++  
'TT p + 11 !::. ( 1 23 6 ) .  Notice that la r g e - angle pp data plotted against P T 

o s cillate r egularly ar ound a straight line, as shown in Fig. 2 1 .  The same 

90
° 

data are r eplotted by us ing the d<J/ dt / ( s lope) as shown in Fig. 2 2 .  An 

eyeball fit gives 1 + cos (RP T + <j> )  with 2'TT /R � 1 .  7 GeV / c; then R ;::, 0 .  7 3  fermi. 



I would like to quote the 

summar y  given by one of our 

discus sion leade r s ,  A. Biala s 

"
None of tho s e  models  works 

perfectly, too many corr ections 

are made, and too many par a -

meter s a r e  us ed, without much 

thought in fitting to the data. 
10-• 

Thus ,  the models  a r e  suspiciou s . "  
2 

•• [ori] 

Figure 2 2  

Figur e 2 1  

Experimental R e sults from CERN PS 
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A .  Lundby p r e s ented r e sults on lar g e -angle s cattering. Figure 23 

shows rr-p ela stic s catter i ng at 6. 2 GeV / c .  Together with the earlier 

5 .  0 - GeV /c  data, he dis cus s ed the validity of Eric s on fluctuation s .  His pp 
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e l a s t i c - s c attering data at 
161'�---.-------.------,------, 

6 .  2 GeV / c show much l e s s  
• 5.0 GeV/c Eide 
• 6.2 " This experiment 

s tr uctur e than the one in rrp, 

and the c r o s s  s e ction ('V l O nb )  10° 
near 8 = 90° 

is much higher 
cm 

than had been the o r etica lly 

p r edict e d .  His gr oup is going 10' 
t o  a c cumulate mo r e  

stati s t i c s  i n  the b a c kward 

r e g ion of th e s a me r e a ction 

in o r d e r  to c o nfirm the 

existence of a sha r p  s l o p e .  F i gur e 23 
+ - + + 

He a l s o  pr e s ented the r e sults of K
-

p .,. TT -z; and rr p _,. K L; at J t J < 0 .  3 ,  
and the diffe r e n c e  i n  the s l o p e  i s  l e s s  than 1 0 %. 

L .  Mand e l l i  d i s cus s ed m e s on s p e c tr o s c opy at Omega c o v e r ing 

many r e a ctions in rrp and Kp s y stem. Indi c a tions of a few new r e s o nanc e s  

( 1 08 5  M e V  i n  KK
-

n ,  e t c . ) w e r e pointed out. 

Hype r - char g e  exchange r e a ctions i n  K
-

p at 4.  2 GeV / c w e r e 

pr e s ented (by R .  H emingwa y ) .  T h e  r e sults of high - a c cu r a c y  exper iment s 

c l e a r ly r e v e a l e d  the s h a p e s  of the c r o s s  s e ctions. Some of the r e a ctions a r e  

s hown i n  F i g .  2 4 .  T h e  r e s ults a r e  summar i z ed a s  follow s :  

Rectction 

K- p +f\n° 
Differential Cross Section 

Break at t ' 'V - 0 . 3  

Polarization 

K P f\11 
K P _,. f\11 '  
K p f\w 
K p �- J\¢ 

Large backward peak 

Deep dip at t '  'V - 0 .  3 
small backward peak 

No structure 

Turnover at ! t ' J 'V 0 
large backward peak 

No structure 

+0 . 7  

zero 

+0 . 4  

+0 . 5  

- 0 . 6  

M o r e  c o mplicated p r o c e s s e s  i n  K
-

p r e actions with final s ta t e s  o f  



rr - Y 1 3 8 5 , w0A.1 5 2 0, etc, w e r e  dis cus s e d  by W. Van der Walle . 

"' 0 0 
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F i gu r e  24 

!fJ - Particle P r o duction 

A �, 
. 

. t • 
ttt 
tt+t+tt 

J I I 

0 o .;  1 .0  

W e  hea r d  an int e r e sting r e s ult of a l/J photoproduction exp e r iment 

at FNA L by J .  Peopl e s .  The expe r imental s e tup wa s o r iginally made to 

look for heavy lept o n s ,  but was quite adequate for the following r ea c tion s :  

y + B e  

n + B e  

+ -
µ µ x 

+ -
µ µ x .  

The a im was t o  find out whether l/J i s  s ome kind o f  ha dron. H i s  impr e s s iv e  

r e s ults with 6 0  events of l/J pa r ti c l e s  a r e  s hown in F i g .  25 .  T h e  c r o s s  

s e ction i s  given b y  

This c r o s s  s e ction i s  typical o f  hadrons in photoproduction. W e  may rule 

out the new particle a s  b eing a neutral intermediate bos on. The angular 
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distributions is  shown i n  Fig. 

26 . If the production is 

coher ent, we expect 

dcr /dt = c e
+bt

, and the data 

yield b = 40 at small I t I 
region. 

Leptons produced at 

large pT from ISR wer e dis -

cus s ed by M .  Banne r .  Single 

electron production is shown in 

Fig. 27. He obs erved n
°
ine 

events of e + e 
- with ma s s  

"'3000 MeV, and crB = 5 ·  l o - 2 3
± 2, 

which is 50 to 1 0 0  times larger 

than the cro s s  s ection produced 
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by a s imilar experiment at B r ookhaven National Laboratory (S. Ting, et al).  

np Charge -Exchange R eaction at FNAL 

Preliminary r e s ults of np cha r g e - exchange s cattering at Fermilab 

wer e dis cus s ed by M. Abolin s .  The existing data o f  this reaction have 

been interpreted in terms of the I = l [ t [ - channel exchange by rr, p, and 

AZ poles .  The aim of the experiment at higher energies is to find out the 

energy dependence of forward-region cros s s e ctions and to determine 

whether the r emarkable forward peak is per s istent at the Fermilab energy 

region. Prelimina ry r e s ult s indicate that the reaction at high energies 

s e ems to b e  dominated by p and A Z exchange s .  

Theor etical Talks and Phenomenology at Low Energies 

G .  Kane thoroughly discu s s e d  the evidence against the exi stence of 

A 1 .  Yet, it s eems difficult to draw a definite conclusion at this time. 

There is also the question of what the theoretical cons equences would be. 

A .  Dar made an enthus iastic talk on high-ene r gy collisions bet ween nuclei, 

pointing out that thes e studies are linked to many other fields .  He even 

str e s s ed the acceleration of h.eavy ions at !SR and Fermilab ener gies .  It 

is true that the interest  in high - energy heavy i.ons ha s r e cently been 

growing rapidly. 

R .  W or den p r e s ented his new "almo st  complete" amplitude analys e s  

- + + '' + 0 
for inela stic s cattering , such a s  K p + wA , rr p + K Y , and rr p + p n. 

Does he have a better chance of succeeding than tho s e  doing amplitude 

analy s e s  for elastic proces s e s ?  Derivative relations for the helicity 

amplitudes ( given by F. Schr empp) are inter esting and should be very 

us eful in the futur e amplitude analys e s .  

A .  P.  Contogouris pres ented a general way o f  doing amplitude 

analys e s  from a set of incomplete data, using dis persion relations to relate 

401 



402 

r oeal and imaginary p a r t s ,  thus r educing by a fa ctor of two the numb e r  of 

unknown quantit i e s . Th e method w a s  applied to s ev e r a l  two -b ody 

nondiffr a ctive r ea ct i o n s  and l e d  to s o m e  und e r standing of the t structure 

o f  the an1plitude s .  

I dis cu s s ed measur ements o f  p - p  s c att ering arnplitudeS bei 
by u s ing polarized beams and pola r i z e d . ta r g et s .  Note that t h e  n1e a s u r e ­

ments a r e  unique to the A r gonne Z GS. 

Finally, I would like to thank T r a n  for thi ei v e r y  s uc c e s s ful and 

enjoyable confe r en c e .  
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