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A quick survey of the history of electron-positron col l i
ding-b eam physics is g iven . First, the main phys ical characteristics 
of storage rings are recalled and the kinematical and dynamical pro
perties of e+e- annihi lation reac t ions are described.  Then an account 
is made of the most important results obtained in par t i c l e  physics 
with e+e- co l liding rings . 

With the first generation of machines at low energies , the 
precise study of the vecto r mesons and of the form factors of p ions 
and kaons was made . Then at intermediate energies came the astonis
hing result that the total cross-section was keeping much higher than 

previously expected . Last but not least,  a new realm of physics was 
opened by the discovery of the new par ticles ,  of their decays to 
intermediate s tates, by the poss ible exis tence of heavy leptons and 
of charmed mesons . 

RESUME 

On donne un aper�u rap ide de l ' histoire de la physique des 
anneaux de co l l isions §lectron-positron. D ' abord , on rappelle  les 
principales cara cteristiques physiques et on d§c r i t  l es proprietes ci
nematiques et dynamiques des reactions d ' annihilation e+�e-. Ensuite 
on fait un compte-rendu des resul tats l es plus importants apportes 
en physique des particules par les anneaux de co l l isions e+- e- . 

Avec la premiere generation de machines a basses energies , 
i l  y eut 11§tude precise des mesons vecto riels et des facteurs de 
fo rme des mesons TI et k. Puis, aux energies intermediai res vient le 
resultat etonnant que la section effi cace totale restait beaucoup 
plus grande q u ' on ne s ' y  attendait . Enfin, le point culrninant a e te 
atteint par l ' ouverture d ' un champ de physique nouveau correspondant 
a la decouverte des nouvelles par ticules , de l eurs desintegrations 
en des etats intermed iaires, par l ' existence possible de l ep tons 
lourds et de mesons charmes . 
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O n  behalf of the organizing conunit tee and spec ially of 

Dr . TRAN THANH VAN, I have been asked to welcome you a l l  at this FLAINE 

International Meeti ng on Storage Ring Phys ics  sponsored by the Centre Natio

nal de l a  Recherche S ci entifique, France .  

As co l l i ding b eam physics  is, at the t ime b eing , an extremely rapid

ly developing field, we wi l l  c ertainly hear, in the coming days, of new im

portant experimental resu l t s  and theoretical idea s .  I dare not say that this 

meeting will be as exci ting as  the STANFORD conference, l as t  August, but I 

am sure that it w i l l  be nevertheless  very important for anybody engaged in 

this field . 

It ha s seemed appropriate to have a short review of the e+ e- storage 

r ings s tart ing from the old t imes of ADA to the new era opened during the 

last one year and half.  

I shall  first  make a very brief comment on storage rings and on 

the i r  phys ics motivations and properti es, then we wi l l  have a short historic 

glance at the various past, pres ent and future ma chines in the world and a 

para l l e l  view on the different st ages of the results  of e+e- phys ics . 

1 .  GENERALITIES ON STORAGE RINGS 

S to rage rings are circular accelerators where elect ron and posi tron 

beams are injected, accelerated and made to col l ide at wel l defined points on 

the rings . This has two immediate important consequences . Firs� s ince con

trarily to the case of "class ical" accelerators, there is no kinematic al 

distinction between beam particles and t arget particles, i t  follows that the 

target part i c l es have the s ame density as the beam particles ( typically, 

there wi l l  be between 1 08 and 101 2 part icles per beam) . The density of the 

target particles  is thus much weaker than with convent ional accel erators . So 

this mus t be compensated by increasing the number of t imes one of the beams 

crosses "the target" ( the other beam) . That can be obtained by making the 

beams ci rculate for hours in the storage rings (that is for b i l l ions of re

vo luti ons and cro s s ings) . Anyway, as the c ro s s-sections are of an electroma

gnetic nature, the rate of events is l ow compared to what one has with con

ventional accelerators . 

The second consequence i s  that, in an e l ec t ron-positron co l l is ion, 

the center of mas s  system is the same as the laboratory system ( this is  no 

l
.
onger true when the beams cro s s  at angle) . There is no center of mas s  mo

t ion energy loss  as  in class ical accelerators and all  the energy is  found 

again in the invariant mass o f  the final stat e .  In thi s  s ense, coll iding 



rings are more efficient than other accelerators where the energy needed i s  

much higher than the mass o f  the s tate . In fact , thi s  i s  specially t rue for 

e+e- rings where annihilation is pos s ible . The possibilities of e- e- (or 

e+e+) devices are much fewer from thi s  point of view .  This i s  the reason 

why , although e-e- devices were developed his torically b e fore e+e- devices , 

they were soon given up , and nowadays 99 % of s torage ring phy s i c s  has come 

from e+e- col l i s ions (this may change somewhat with the advent of two-photon 

phy s ic s) . 

2 .  PHYSICS MOTIVATIONS 

It is useful to stress some of the main features of e+e- col l i s ions . 

The main,  fundamental characteristic is that e+e- systems can annihilat e .  O f  

cour s e ,  some of the reactions can proceed wi thout annihilation but mos t o f  

t h e  interest o f  this phy s i c s  comes from the annihilation reactions . The spe

cific characteristics of this kind of phy s ic s  were s tressed for the first 

time by CABIBBO and GATTO in 1960 , 1 9 6 1 . Now annihilation can always ,  as far 

as we know, be interpreted through a s imple diagram where one photon is  ex

changed between the el ectron and pos i t ron l ine and the final sys t em f , 

whatever it is (Fig . 1 ) .  In fact , one ha s to take into account radiative 

correct ions but all the associated diagrams can b e ,  in principl e ,  reduced to 

this first diagram. Usually the comple te c alculations are too comp l icated 

and approximat e  methods have to be us e d .  But the important feature is that 

the underlying phys ics phenomena are comple tely understood . 

Let us consider only the case of head-on collis ions 

- if l2
+ 

and E_ are quadr imomenta of the posi t ron and elect ron 

12+ 
(E,p) (E,-p) 

the quadr imomentum g of the virtua l  photon i s  

l'+ 
+ 

p_ 
(2E , 0) 

One sees then that one can produce f wi thout the intervention of 

strong interact ions . Indeed , whereas one does not know how to compute exact

ly strong interact ion graph s ,  the le ft-hand s ide half of graph I is  exactly 

known and calculable .  Hence one can obtain exactly the right-hand s ide half 

of graph I tha t is  the interaction of a timel ike photon of quadrimomentum 

g = (2E ,O) wi th the state f . 

A very important case occurs when f is a state of a hadron h and 
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its antiparticle.  Then, one measures d i rectly the form factor of h, Fh(�
2) 

where �2 is time-l ike . In p rinciple, one can in th is way obtain the form 

factors of all the hadrons. (except for the few of them which are not coupled 

at all  to the photon, �0, n°, . . .  ) in the time-l ike region and perhaps o f  

the charged leptons if  they are not pointlike, that i s  i f  standard quantum 

el ectrodynam ics is not valid.  Let us note, for the sake of comparison, that 

in the spacelike region one has been able to measure the form factor o f  the 

proton in an extended range o f  momentum transfer, that of the neutron in a 

much sm aller range, and that of the pion by indirect methods .  

Another case of the utmost interest corresponds to the production o f  

a single particle with the same quantum numbers as the photon. W e  have here 

a particularly clearcut proce s s .  New particles of fundamental interest have 

been found in this way very recently and have opened up a completely new 

field of partitle physics . Bes ides, it is an especially " economical" method 

of production from the point of view of the incident energy since the new 

particle is  produced at rest . 

When the state f is more complicated, one sti l l  obtains very 

useful results by inclusive studies, or from the excl usive channel, with 

p o s s ibly the production of new particles or resonances associated with 

known particles . Besi des, the study of hadronic multiparticle production 

has led to very unexpected and, up to now, unexplained result s . 

In the last ten years, coll iding beam physics  has developed into 

a very vast and rich domain of particle physics perhaps as rich as the 

other, earlier ones . 

3. MAIN CHARACTERISTICS OF STORAGE RINGS 

A storage ring is characterized by two main " fi gures of merit11 

energy and luminosity. 

E being the energy of each beam, which is well defined (of the 

order of a few MeV or better depending on E ) ,  kinematics allow, as we 

have seen, the production of obj ect s  having a mas s lower or equal to 2 E .  

O f  course there a r e  very strong restrict ions o n  t h e  final states produced, 

imposed by the conservation of various quantum numbers· . 

A very important parameter of a given colliding beam device is 

lum inosity. If a i s  the cro s s-section of a given reaction detected in a 

given detector, the rate of events corresponding to this reaction n , at 

a given intersection region, i s  given by : n = L a  ( I )  



where L is a factor called luminos i ty depending upon the characteristics 

of the b eams . 

The luminosity i s  given by 

L 
fmS 

II , I2 being the current in each beam, 

f being the revo lut ion frequency , 

m being the number of bunches in each b eam, 

s being the transverse section of the b eams . 

We have assumed head-on co l l ision s .  

I t  i s  obvious that it  i s  important for a machine t o  have as high a 

luminos i ty as pos s ib l e  s ince the rate of events is proportional to the lumi

no s i ty . Usua lly,  the luminos i ty of a given machine depends strongly on the 

energy E , increasing with a power law between E2 and E4 depending on 

the mode of operation of the machine up to a maximum energy and then decrea

sing very s teeply,  typ ically as E-lO 

A parameter of importance for the physicist  is the l ifetime of the 

beams which det ermines the t ime avai lable for the experiments between two 

injections. It depends al so strongly on the characteristics  of the device 

and is longer, the higher the energy , for a given machine . 

Another interesting feature associated to the particle dynamics is 

that the beams of a storage ring can be transversely polarized, This pheno

menon is produced by the difference of the amplitudes for radiative transi

tion with spin flip of the e lectron (or posi tron) as  a function of the 

orientation of the initial sp in. 

Start ing with unpolarized beams , there i s  a progres sive buil d-up o f  

the polari zation with a dependence a s  a func tion of time given b y  : 

p ( t) 8 
s/3 

8 
where s/3 = 0 . 924 is the maximum polarization of one beam reached at infi-

nite time . The electro n  po larization i s  antiparallel  and the positron pola

rization paral l e l . 
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In fact , the iJ11portant implication is. that the cross-sections of the 

reactions depend on the polarization of the beam'). '1'1;.hrough the term P +p
where P+ and P are the polarizations of the two beams P+ - P 

The experimental observation of the gradual building-up o f  the pola
rization of a beam has been done on the ACO storage ring . 

The influence of polarization on cross-sections has also been de
monstrated at SPEAR s torage ring. 

It may al so occur that the beams stay unpolarized at specific ener
gies through depolarization effect s .  

Other features o f  machines are important such as , for instance, the 
length of the straight s ections around the crossing points and the space 
available for large detectors. 

Colliding beam devices can be made with one or  two rings . In the 
case of two rings ,one or two beams in each ring, each b eam having one or se
veral bunches . When there are two rings ,  it is possible to use them as e-e

devices . In addition, the beams can cro ss at an angle or undergo head-on 
collisions . 

4 .  A SHORT GLANCE AT THE VARIOUS MACHINES I N  THE WORLD 

In a very brief review of the exi sting or proposed e+e- devices ,  
we  will  not discuss the e-e- precursors VEPP 1 at  NOVOSIBIRSK,which was 
an e-e- ring of 2 x 160 MeV and the 2 x 5 50 MeV e-e- PRINCETON-STANFORD 
storage ring . 

The possibility of e+e- co llisions in s torage rings was experimental
ly demonstrated for the first  time in 1 9 64 with ADA by a FRASCATI-ORSAY col
laboration , at ORSAY . 

Since , then, we can classify the e+e- devices in two categories 

ACO at ORSAY , which was the first strong focusing storage ring ,VEPP 2 
and VEPP 2-M, at NOVOSIBIRSK . These machines covered (and still cover) the 

region of the 3 first vector mesons p, w, �. VEPP 2-M reaching a tatal ener
gy of 1400 MeV . 



The firs t in operation was ADONE ,at FRASCATI, which is also the 
lowest energy one of this category . The CEA device was a "by-pass" on an 
electronsynchrotron.  The two other operating ones ,  SPEAR at STANFORD (some
times with the distinction between the 2 chronological stages of operation 
SPEAR 1 and SPEAR 2) and DORIS ,at HAMBURG , go much higher in energy than the 
mass of the two objects � and �· . DCI at ORSAY wil l  not go much higher 
than the �· but hopefully with a large luminosity.  VEPP 3 has a higher 
energy and should begin operating soon . 

There are essentially two projects ,  PETRA, at HAMBURG,wi th a total 
energy of 3 8  GeV and PEP at STANFORD with a total energy of 30 GeV . 

I t  is also planned in a more or less remote future, to add to each of 
these devices an extra ring for protons which would provide e-p collis ions . 
The energy of the protons would range from 80- 1 00 GeV wi th classical magnets 
and to 200 GeV with superconducting magnet s .  

In table 1 are given the principal characteristics of the exis ting 
or planned e+e- rings . The present luminos ity is given singly when the ring 
has already been operating for a certain length of time . Otherwise the nomi
nal luminosity is also given . 

Fig .2  shows a curve of luminosity, as a function of energy for bo th 
the operating rings and some planned one s .  

5 .  LOW-ENERGY PHYSICS RESULTS 

After the very first results from ADA which proved that there were 
indeed e+e- annihilations in colliding r ings , a new domain of phys ics was 
opened at NOVOSIBIRSK and ORSAY by observation of annihilations in the 1 GeV 
total energy range . 

Firs t ,  it was realized that the cro ss-sections were higher than 
usually predicted , thanks to the existence of the 3 vector mesons p, w, ¢ 
which were copiously produced. Indeed , it provided the best tool to study 
precisely the properties of these vector mesons . The interference p -w was 
observed and precisely measured at ORSAY , as wel l  as the w-¢ interference .  
The form factors of the TI and K mesons in the time like region were determi
ned with a good accuracy and various other decay modes ,both charged and ra
diative ,were studied . 
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TABLE I 

Main characteristics  of the col l i ding beam devices 

Ring Structure 
Maximum Maximum ob served Maximum 

total energy luminos ity des ign luminos i ty 
GeV cm-2 s-1 cm-2 s- 1 

VEPP 2 Novos ib irsk one ring I . 4  3 x I 028 

CEA Cambridge Synchrotron 
+ by pass 5. 2 x 1 028 

AGO Orsay one ring ! .  I 1 029 

VEPP 2-M Novo s ibirsk one ring 1 . 5  7 x 1 028 ( 1 974) 1 030 

ADONE Frascati one ring 3. 1 7 x 1 029 

SPEAR Stanford one ring 8.4  1 x 1 o3 J 1 032 at 2E = 6 GeV 

DORIS Hamburg two rings 8 1 030 at 2E = 4 GeV 3 x 1 032 

DCI Orsay two rings 3 . 7  1 032 
4 beams 

VEPP 3 Novo sibirsk one ring 6 .  1 03 0 

VEPP 4 Novosibirsk one ring 1 4 .  1 031 

PEP 30. 1 032 

PETRA 38. 1 032 
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FIG, 2 : 
LUMINOSITIES AS A FUNCTION OF ENERGY FOR e+e- COLLIDING RINGS, FOR 

OPERATING RINGS, THE MAXIMUM OBSERVED LUMINOSITY IS GIVEN, FOR RINGS 

UNDER CONSTRUCTION, THE DESIGN LUMINOSITY IS GIVEN, 
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On the theoretical side, the interpretation of low energy phenomena 

by the vector dominance model (VDM) was very successful .  Some other probl ems 
such as sum rules caused a considerable amount of  interest which decreased 
afterwards when it was realized t hat the existence of higher vector mesons 
could very wel l complicate the interpretat ion of the sum rules. 

In addition, the e+e- initial state provides speci al ly good condi
tions to study Q .E .D .  The val idity was established with improved cut-offs 
through the reactions e+e- + e+e- , e+e- + µ+µ- , e+e- + yy 

Later, these react ions were studied at higher energies, providing 
extremely accurate checks of the val idity of Q .E . D .  which correspond to 
upper l imits on the distance for which Q.E .D .  is val id of some 10-15 ems. 

6 .  INTERMEDIATE ENERGIES 

ADONE at FRASCATI, CEA at HARVARD, and SPEAR at SLAC, opened up 
the range of  total energies between 1 . 5 and 3 GeV al though the energies at 
CEA and principally SPEAR were pushed much higher . 

Various exclusive reactions were examined at these energies and in
dications of new vector mesons possibly a p'( l 250) and most l ikely a 
p"( l 600) were obtained .  The large number of channels open in this energy 
range and the smallness of the individual cross-sections make these expe
riments difficult . 

It was bel ieved that the tot al hadronic cross-section decreased 
rather rapidly.  In a free quark field model for instance, it would drop 
l ike l /s  , the cross-section being : 

41Ta2 

3s 
� Q� l l 

where Qi is the charge of the i th parton of spin  1 /2. 

Usually, one gives the ratio : 

R a (e+e- � hadrons) 

a (e+e- � µ+µ-) 

a (e+e- � µ+µ-) having a very wel l  establ ished l /s  behaviour . 

He re, one j us t has 



In fact it is found that R is rel atively large even at the lowest 

energies in the intermediate regions and that it  increa ses with energy . 

It was at ADONE that the large values of the hadronic cro s s- section 

were put in evidence for the first time , and thi s  was found to be a very 

important discovery of s torage rings and very challenging for the theoris ts. 

7. HIGH ENERGIES 

SPEAR and DORIS have run up to total energies of "' 8 GeV but the 

great news came in november 1 974 from the range 3-4 GeV with the discovery 

of two extremely narrow new particles � (3095) and �'(3684) . This was a 

shock s ince , owing to their very sma l l  wi dth , any c l a s s i cal exp lanation such 

as daughters of known vector mesons had to be rejected . 

Figs 3 ,  4 and 5 show the production of the � and �· through the 

This opened such an exciting domain of phy s i c s  that some people call  

it 11new physics" as oppo s ed to the "old phy s i c s", the domain of energy below 

the new part icles . This is perhaps a l i t t l e  unfair because of the s l ightly 

deprecatory appreciation on a physics  which gave important resu l t s  and pre

pared the way to the new fiel d .  

Soon after, the main leptonic and hadronic decay modes o f  the parti

cles were det ermined . The � and �· were establ ished as objects of an hadro

nic nature with the quantum numbers of the photon, an iso spin 0 and a G-pari

ty - 1 .  The�· decays about 60 % of the time in� + something e l se . 

Beside s ,  amongs t  the decays of the � and �· , new s tates were found. 

The � shows a decay � � l,+ y where two of the gamma-rays cluster around 

a mas s  o f  2 . 8  GeV (Fig . 6) ,YYThis was discovered at DORIS . 

The�· shows casc ade decays to s tates some t imes called PC, through 

reactions : 

or 

+ � 

� � y + x 

Lhadrons 

(fig . 7 )  

The x and P c  have energies at 3530, 3510, 3 4 1 0  MeV with some 
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energy ambigu i ty for the cascade decays (Fig . 8) . The question whether x and 

P C are the same s tates i s  s t i l l  unso lved . 

Thi s  is the s t arting point of a new spec troscopy . Nowadays the pre

ferred model for the theo reticians is  the charm model with the new 11charmed11 

quark c and then the SU (4) symmetry ,  (al though the co lor model s  have s t i l l  

s t rong supporters) . I n  a charmonium pic ture of the new particles , one deri-

ves level schemes where the X(2800) could be the 
1s , the � and �· b eing the orthocharmonium 0 

x and P C could be the I 3p states (Fig . 9) . 

nc p aracharmonium state 

and 2 
3

s . S ome o f  the I 

Unfortunately , an extensive s earch at SLAC has failed to reveal the 

production of charms (charmed mesons or charmed baryons) . There is also 

quite a comp l icated s t ructure between 3 . 9  and 4 . 4  GeV with perhaps some new 

resonances �", f'' . . .  (F i g .  10) wh ich should be s tudied and which perhaps 

decay to other s tates of the spectro scopy . 

Other interes ting resu l t s  in thi s  energy range concern the inclus ive 

hadronic cross-sect ions where scal ing indeed shows up for large x 

But perhaps the mos t  exci ting fact b es i des the new par t icles , i s  

the relat ively abundant production of pairs e±µ+ of oppo s i t e  charges . 

Besi des , the cross-s ection of the process  as a funct ion of energy s eems to 

show a threshold effect (Fig . II). So i t  is  possible  that one obs erves the 

decays of charmed spin I mesons . It is  po s s ib l e  also that one has to deal 

wi th leptonic or semi-leptonic decays of heavy leptons . The momentum dis

tribution seems to favour s l ightly this l at ter hypothesi s  (Fi g .  1 2 ) . 

8.. CONCLUSION 

It is perhaps time to give a short l i s t  of the problems which remain 

to be so lved . Some of them, may b e ,  have already found an answer in the 

last weeks or months , and we wi 11 hear of them during the next talk s . 

At low energies , the rare decay modes especially radiative ,  would 

give useful information on the various quark mode l s .  

At interme diate ene rgi es , the p' (1250) and p"(I600) should b e  disen

tangled in the 4rr± and 2rr±2rr0 modes, as well as in the rr +rr- mode . The va

lues for multihadron cro s s-sec ti ons should b e  determined in a rel iab l e  way . 

One should al so look for the analogue st1a-tes w', cf>', w11 , 
¢" . . • 
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0 

3- Body Decoy V-A, Mu= 1 .8  GeV 

2- Body Decoy, Mu= 1.9 GeV 
Exp!. Angular Distr. 
Isotropic 

0 0.2 0.4 0.6 0.8 1.0 p-0.65GeV/c 
Pmax- 0.65 GeV/c 

F!G.12 : THE DISTRIBUTION IN P = (p - 0.65)/(pr'AX - 0.65) FOR ALL fCM' THE SOLi[' CUPVE REPRESENTS THE EXPECTED DISTRIBUTION FOR THE 
DECA.Y OF HEAVY LEPTONS OF f'ASS 1.8 GEV/c2, 
THE DOTTED CURVE �EPRESENTS TWO-BODY ISOTROPIC DECAY OF A BOSON 
oF MASS 1. q GEV/c . 
THE DASHED CURVE SI THE SAME AS THE DOTTED CURVE EXCfPT THAT THE 
DISTRIBUTION IN COLLINEARITY ANGLE HAS BEEN SET TO FIT THE DATA. 
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At high energies , there are a lot of  problems : 

I. The structure between 4.0 and 4. 4 GeV should be resolved. 

2 . Are there higher resonances for instance at 6 GeV 

3 .  What i s  the higher energy behaviour o f  R ? 

4. Precise study of the X(2800) 

5 .  How many levels are there between � ·  and � ?  
What are their quantum numbers and decays ? 

6. Are there heavy leptons at a mass around 2 GeV 
If not ,  where do the eµ pairs come from ? 

7 .  What are the 30-40 % missing decays of the � ·  

8. Why are charmed objects not found in storage rings 

9 .  What about the charged to neutral ratio 

JO. For theore·ticians ,  charm or color 
asymptotia . • •  ) . 

(and also quark confinement , 

This list is , of course ,  not exhaustive. For an answer to many of 
these questions we are looking forward to PETRA and PEP and the "New new 
physics". 


