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AVANT - PROPOS 

La Rencontre de Moriond qui s ' est tenue du 2 au 14 mars 1975 a 
Meribel-les-Allues ( Savoie) , est la dixieme d ' une serie commencee 
en 1966. 

La premiere Rencontre a eu l ieu a Moriond dans des chalets 
savoyards ou les physiciens , experimentateurs et theoriciens , partageaient 
non seulement leurs preoccupations scientifiques , mais aussi  les taches 
culinaires et les travaux menagers . Elle regroupait principalement les 
physiciens fran�ais travaillant dans les interactions electromagnet iques . 
Au cours des Rencontres suivantes venait s 'ajouter a la session sur les 
interactions electromagnetiques une s ess ion sur les interactions fortes 
a hautes energies . 

Le but principal de ces Rencontres est d ' une part , de faire le  
point sur les  recents developpements de la physique contemporaine , et 
d ' autre part , de promouvoir une collaboration effective entre experimen­
tateurs et theoriciens dans le domaine des interactions electromagnetiques 
et des particules elementaires . Par ailleurs , la duree relat ivement longue 
de la Rencontre et le faible nombre des participants doivent permettre a 
la fois une meilleure connaissance humaine entre les participants et une 
discuss ion approfondie,et detaillee d�s cgmmunications presentees . 

Ce souci de recherche �t d ' experimentation de nouvelles formes de 
communication, de nouveaux terrains d ' 'echange et de dialogues , qui depuis 
l ' origine anime les Rencontres de Moriond , nous a amenes , il y a  cinq 
ans , a s usciter la creation pour les biologistes de la premiere Rencontre 
de Meribel s ur la D ifferenciation Cellulaire qui se tient en mane temps 
et dans les manes locaux que la premiere session de la Rencontre de 
Moriond . Des s eminaires communs ont ete organises afin d ' etudier dans 
quelle mesure les methodes d 'analyse utilisees en physique pouvaient etre 
appliquees a certains problemes qui se posent en biologie.  Cette annee ,  
M .  le  Professeur ZICHICHI a donne une Conference sur l a  Physique des 
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des Hautes Energies et les methodes experimentales, et M. le Profess eur 
VAN DER WALLE a pres ente une methode d ' analyse des donnees dans la 
recherche sur le cancer . Ces conferences ains i qu 'une table ronde sur 
les problemes actuels de la Biologie ont suscite de nombreuses d iscuss ions 
"informelles", animees et enrichissantes entre biologistes et physiciens . 
Ces echanges font esperer qu ' un jour peut-etre, les problemes, pour le 
moment si complexes, poses en Biologie, donneront naissance a de nouvelles 
method es d 1 analyse OU a de nOUVeaUX langageS mathematiqUeS • 

La premiere sess ion de la dixieme Rencontre de Moriond ( 2-8 mars 1975) 

est consacree aux interact ions hadroniques a hautes energies . A. CAPELLA, 
A .. KRZYWICKI ains i que B .  et F .  SCHREMPP m ' ont aide a ! 'elaboration de ce 
programme de la Rencontre . 

La seconde session (8 au 14 mars 1975) est consacree aux interactions 
leptoniques a hautes energies et la coordination est assuree par M. GOURDIN 
et L .  MONTANET . Une attention particuliere a porte sur la decouverte des 
nouvelles resonances etroites et sur leur interpretation. 

Mmes Genevieve BRUCHEY et Marie-Therese PILLEr, Mlles Marie-Paule COTTEN 
et Nicole RIBET ont depense beaucoup de temps et d ' efforts pour la reussite  
de cette Rencontre.  Au  nom de tous les participants,  nous les remercions, 
ains i que M. et Mme RAIBERTI qui nous ont accueillis dans leur hotel .  

J. TRAN THANH VAN 



FOREWORD 

The Rencontre de Moriond held at Meribel-les-Allues (France) from 
March 2 to 14,  1975 , was the tenth such meeting . 

The first one was held in 1966 at Moriond in the French Alp s .  There,  
physicists - experimentalists as  well as  theoricians - not only shared 
their scientific preoccupations but also household chores . That meet ing 
grouped essentially French physicists interested in electromagnetic 
interactions . At following meetings a sess ion on high energy strong 
interactions was added to the electromagnetic one . 

The main purpose of these meetings is to discuss recent developments 
of contemporary phys ics and to promote effective collaboration between 
experimentalists and theoriticians in the field of electromagnetic 
interactions and elementary particles . Bes ides , the length of the meeting 
coupled with the small number of participants favours better human 
relations as well as a more thorough and detailed discussion of the 
contributions . 

This concern for research and experimentat ion of new channels of 
communication and dialogue which from the start animated the Moriond 
meetings , incited us , five years ago , to organize a s imultaneous meeting 
of biologists on Cellular D ifferenciation at Meribel-les-Allues . Common 
seminars were organized to study to what extent analytical methods used 
in phys ics could be applied to some biological problems . This year , 
Professor 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 research on the cancer . These conferences 
as well as a round table discuss ion on the present problems of Biology 
gave rise  to spirited and enriching discuss ions between biologists and 
physicists .  They led us to hope that biological problems , at present so 
complex, may gave birth in the future to new analytical methods or 
new mathematical languages . 
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The first  ses s ion of t lie t enth Rencontre de Moriond (March 2-8 , 1975) 

is devoted to high energies hadronic interactions . A. CAPELLA , A. KRZYWICKI, 
Barbara and F. SCHREMPP have given me their help in s etting the program 
of the Rencontre. 

The second s ession (March 8-14, 1975) was devoted to high energies 
leptonic interact ions and the coordination was assumed by M. GOURDIN 
and L .  MONTANET . A particular attention was given on the discovery of 
the narrow resonances and their interpretation. 

Mrs G. BEUCHEY and M .T .  PILLET , Misses 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 participants I thank them as wel l  as Mr . and Mrs .  Raiberti 
who welcomed us in their hotel . 

J. TRAN THANH VAN 
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INTRODUCTION 

Il est hors de doute que le point central de la dixieme Rencontre 

de Moriond est la decouverte des nouve lles resonances etroites faites 

presque simultanement par plusieurs laboratoires americains et europeens . 

Que nous soyons a la session des interactions fortes OU lt..ce lle des 

leptons , les nouve lles particules dominent toutes les discussions d'au­

tant plus que c ' etait la premiere conference Internationale a aborqer 

ce  sujet  dans son ensemble . 

L'an dernier ,  a la neuvieme Rencontre de Moriond, H .  Lynch a pre­

sente les resultats obtenus a SLAC pou- le rapport des sections efficaces 

d'annihilation e+e- en hadrons ou enµ+µ- , rapport qui croit avec l'e­

nergie alors que dans l'approximation d ' echange d'un photon on s ' attend 

a ce qu ' il reste c onstant . Nombreux sont les modeles theoriques : lep­

tons lourds, courants neutres , ve cteurs mesons , quarks c olores et/ou 

charmes etc • . .  , pour tenter de rendre compte de ce phenomene . Cette de­

c ouverte nous laisse esperer pour bientot c omme nous l ' avons ecrit dans 

l ' introduction des Comptes Rendus de la Neuvieme Rencontre de Moriond , de 

nouveaux et surprenants resultats experimentaux et un avenir excitant pour 

la Physique des Particules . 

En Novembre dernier , l'annonce simultanee faite a Brookhaven et a 
SLAC sur la dec ouverte d'une puis de deux nouve l les resonances tres 

etroites ouvre une ere nouve lle pour la Physique des Particules. A cette 

Rencontre , nous avons reuni les representants des differents laboratoires 

ayant pu produire ces nouve l les particules qu'on appe lle J ou 'ff ou enc ore 

:J' Ce sont : Ulrich Becker (BNL) , Martin Breidenbach et  John Kadyk 

(SLAC-Berke ley} , Barbie llini, Penso et Piccolo  (Frascati) et Orito-Wiik 

(Desy} ainsi que J .  People (F . N .A .L ) .  Les principaux resultats presentes 

sont les suivants : 
1) les nombres quantiques de la particule 3.1 Gev sont 

spin , parite et conjugaison de charge JPC = 1--
- spin isotopique ct parite G 
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2) la largeur totale est de 69 � 1 5  Kev et le rapport de branchement 

en leptons �st de 1/14. Cette si petite largeur pour une si grande masse 

implique !' existence soit de nouvelles regles de selection soit de nou­

velles particules avec de nouveaux nombres quantiques . 

3) il n'y a pas d1asymetrie de charge avant-arriere dans !'annihilation 

en leptons et cela implique la conservation de la parite dans cette inter-

action . 

4) la deuxieme resonance , de masse 3 , 7  Gev environ , a une largeur 

plus grande , de l ' ordre de 250 Kev. Bien que le spin-parite n ' a  pas encore 

pu etre determine , des evidences indirectes montrent que ses nombres quan­

tiques sont les memes que cuex de la resonance 3 , 1  Gev. Par exemple , le 

fait que Y ( 3 , 7) se desintegre copieusement en Y ( 3 , 1 )  plus deux pions 

charges montre qu ' ils ont la meme parite G, le rapport de branchement de� +n+n-
3 . 1  

/Y ( 3 , 1) + n'importe quoi est compatible avec un isopin O .  D ' autre part , 

la distribution angulaire des leptons dans l ' etat final est compatible avec 

la desintegration d ' une resonance de spin 1 .  

5) en faisant varier l'energie des faisceaux d ' e lectrons et de posi­

trons , on trouve une bosse dans la section efficace totale d ' annihilation 

vers 4 , 1  Gev . Cette structure est assez large ( 250-300 Mev) et la section 

efficace varie de 1 8  nb a 32 nb aw maximum du pie pour redescendre a 1 5-1 8 
nb . 

6) la photoproduction de y ( 3 , 1  Gev) a ete observee a SLAC et a 
FNAL et les sections efficaces mesurees sont tres faibles et de l ' ordre de 

1 0  nano barns. 

+ -e e 

7) d I autreS mode.S de desintegration de Y Ollt ete trOUVeS COmme 

y ( 3 ' 1 ) pp ou en 11Y etc . • •  

Sur le plan theorique , plusieurs tentatives d ' interpretation ont ete 

proposees : bosons intermediaires , charmes et/ou couleurs . Il est maintenant 

communement admis que l'hypothese du boson intermediaire est completement 

ecartee et qu'a la fois les charmes (M.K . Gaillard) et les couleurs ( F .  

Close et D .  Schildknecht) sont e n  difficulte pour certains points precis . 

En effet , si les couleurs permettent de comprendre facilement les taux de 



desihtegration leptoniques des nouve l les particules et la petitesse des 

largeurs hadroniques, on rencontre de grosses difficultes avec les desin-'11 
tegrations radiatives de '11 (3 , 1  Gev) : experimentalement la largeur de 

desintegration radiative est tres faible c� kev) tandis que la prediction 

theorique est de l ' ordre du Mev .  Par contre , si les charmes donne-ht une 

simple comprehension des differents taux de desintegration, specialement 

ce lui de '11 ( 3 , 7) - '11 ( 3 , 1 )  + n+TI- , on s1etonne touj ours pourquoi, 

malgre les recherches d� plus en plus poussees, on n'a pas encore decou­

vert de mesons OU de baryons charmes .  

M .  Nussbaum a presente les resultats preliminaires d e  la recherche 

des charmes aux ISR et C l .  Reusch a fait une revue detaillee des methodes 

experimentales de la recherche des charmes et des experiences en cours . 

Dans les interactions faibles, un troisieme evenement de courant 

neutre (un a chaque Rencontre de Moriond depuis 1973 ! ) vient d ' etre 

observe et a ete copieusement fete par la collaboration.  Ces trois eve­

nements observes sont en accord avec le chiffre de 4 a 5 attendus si 

l ' angle de melange est de sin2 ew = 0 . 38 comme cela a ete obtenu dans 

les voies semi-leptoniques (Musset) . F .  Merritt a presente les resultats 

des courants neutres de l ' experience Caltech-Fermilab et Nguyen Khac Ung 

la production des particules etranges OU charmes avec des faisceaux de 

neutrinos . 

Sur le plan theorique, des revues ont ete faites par E .  Paschos sur 

les courants neutres semi-leptoniques ,  par G. Altare lli sur les desintegra� 

tions faibles des mesons charmes et par J .  Kuti sur le confinement des 

quarks et  la spectroscopie du charmonium . M. Gourdin a presente des resul­

tats concernant les formules de masse dans la symetrie SU(4), M. Teper et  

T .  Inami ont discute le caractere SU(4) du Pomeron en re lation avec la  

production des nouve l les particules. 

A la fin de cette excitante Dixieme Rencontre de Moriond, il semble 

qu ' une ere nouve l le s ' ouvre a la Physique des Hautes Energies et nous 

esperons que l ' an prochain la plupart des mysteres mentionnes aura trouve 

une explication satisfaisante . 

J. TRAN THANH VAN 
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The focus of the Tenth Rencontre de Moriond was, without doubt , the 

discovery of the new narrow resonances,  made simultaneously by several 

American and European laboratories .  Whether at the session of Hadronic 

Interactions or Leptonic Interactions , the new partic les were the lea­

ding theme of all discussions so that this meeting was the first Inter­

national Conference to deal with this subject in its entirety . 

Last year , at the Ninth Rencontre de Moriond , H .  Lynch presented 

the SLAC results for the ratio of the annihilation c ross-section of e+e­

into hadrons to the cross section of e+e- into µ
+ 

µ . Experimentally,  

this ratio increases with energy while theoretical mode ls had predicted it 

to remain constant . Many new theoretical models haYe been proposed to 

explain this ; e .g .  : heavy leptons, neutral currents , vector mesons , 

colored/charmed quarks etc . . .  

As we note in the Introduction to the IX Rencontre de Moriond , this 

discovery leads us to expect  still more surprising experimental results 

and an exiting future for particle physics .  

Last November , the simultaneaous announcement by Brookhaven and 

SLAC of the discovery of one and later two new very narrow resonances 

opened a new era to Partic le Physics .  At this meeting, we are privileged 

to have with us physicists from the different laboratories where the new 

partic les, called J or '!' or sometimes P , have been produced . 

They are : Ulrich Becker (BNL) , Martin Breidenbach and John Kadyk (SLAC­

Berke ley) , Barbiellini , Penso and Piccolo (Frascati) and Orito-Wiik 

(Desy) and J .  People (FNAL) . 

At the present time the main results are the :following ones 

1 )  the quantum number of the 3 . 1  Gev partic le are 

spin, parity and charge conjugation �C 

isospin and G parity IG 
= 0-

2) the total width is (69 + 1 5) Kev and the leptonic branching 

ratio is 1 /1 4 .  This very smal l  width for such a high mass particle implies 

either new se lection rules l)r new particles involving new quantum numbers . 

3) there is no forward-backward charge asymet:ry in the leptonic anni­

hilation and this implies parity conservation in this reaction. 



4) the second resonance at 3 .7 Gev has a bigger width of the order 

of 2 50 N!v . Although its spin parity has not been determirred yet indirect 

evidence shows its quantum numbers are the sam!<'as those of the 3 . 1  re-

sonance . For example the fact that '¥ ( 3 .  7) decays into '!' ( 3 . 1) 

and two charged pions show that '!' ( 3 .  7) and '!' (3 . 1 )  have the same 

G parity . The branching ratio ¥(3 . 1  )+ n+n- / '!' (3 . 1 )  + anything 

is compatible with I = O .  Final ly the angular distribution of the lepton s 

in the final state is compatible with the decay of a spin 1 particle . 

5) by increasing the energy of the incident e+ and e- beams one 

sees an enhancement in the total annihilation cross section near 4.1 Gev .  

This structure is rather broad ( 250-300 Mev) and the cross section varies 

from 18 nb up to 32 nb at the peak maximum and then decreases again to  

15-18 nb . 

6) the photoproduction of '!' (3 . 1) has been observed at SLAC and 

FNAL and the measured cross-sections are very small ,  of the order of 1 0  

nb. 

7) other decay modes of '!' have been observed such as 

or 'Tl Y etc . 

On the theoretical front , different interpretations of these new 

phenomena have been proposed : intermediate vector bosons charm and/or 

color . It is now commonly believed that the vector boson hypothesis is 

completely ruled out and that both the charm hypothesis (M .  K .  Gaillard) 

and the colour interpretation (F .  Close and D .  Schildknecht) are in trouble 

on some specific points . Indeed , if the color models have a natural expla­

nation for the leptonic widths and the small hadronic widths, they ,  OTI the 

other hand cannot accomodate the narrow radiative decay width of '!' (3 . 1 )  

experimentally ,the radiative width is very small ( :: kev) whereas the 

theoretical predictions are in the Mev range . As for the charm interpretation 

they give a simple explanation of the partial decay width , in particular for 

'1'( 3.7) '!'(3 . 1 )  + n+ n , but then one wonders why the experiments 

which are becoming more and more refined,  have not yet discovered any evi­

dence for the existence of charmed mesons and baryons. 

M. Nussbaum presented pre liminary results on the search for charmed 

particles at ISR while CL Reusch gave a detailed review of the experimental 

methods used in the search for charm as well as of the present experiments . 
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In weak interactions, a third neutral current even·� (one at each Rencontre 

de Moriond since 1973 ! )  has just been abserved an<l has been heartily 

celebrated by the collaboration. These 3 observed Hvents are in agree­

ment with 4 or 5 events expected if the mixed ang1" sin2 PW = 0.38 
as observed in semi-leptonic channels . (Musset ) . F .  Merritt presented the 

Caltech-FNAL results on neutral currents and Nguyen Khac Ung talked about 

production of strange and charmed particles by neutrino beams. 

On the theoretical side , review talks have be<m given on Neutral 

Currents in Semi-leptonic reactions (E. Paschos ) , on weak decays of charm 

particles (G. Altare lli) and on quark confinement and charmonium spectro­

scopy (J .  Kuti ) . M .  Gourdin presented results conc<>rning mass formulae 

in SU(4), M. Teper and T .  Inami discuted the SU(4) character of the Pomeron 

in re lation with the prod uction of the new narrow resonances. 

At the end of this exciting Tenth Rencontre d" Moriond , it seems that 

a new era is opening to Hihg Energy Physics and WH hope that next year we 

will return to Meribel with most of the puzz les completely solved .  

J .  TRAN THANH VAN 



Discovery of J (3.1) 
in Lepton Production by Hadron Collisions 

u. Becker 

Massachusetts Institute of Technology 

Cambridge, Mass. , USA 

Abstract: The discovery of the new long­

lived state J (3.1) at Brookhaven 

National Laboratory is reported. 

Resume: La decouverte du nouvel etat de 

longue vie, nomme J (3.1), au 

Brookhaven National Laboratory 

est rapportee. 
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Int roduct i on: 

Th ere h av e  been many th eoretic al specul at i ons2) p ostul at ing 

th e ex i st ence of l ong-l iv e d  neut r al p art icl e s  w ith l arge 
2 m as s e s , �1 0 GeV/c , wh ich f or ex ampl e ,  may pl ay a role in w e ak 

i nt er act i ons. Nev e rth el ess , t ill 197 4 no hi nt 3) f or narrow 

resonanc es in the m as s  regi on 2- 5 GeV/c2 w as brought t o  att en-

t io n .  

I t  ma,y therefore b e  w orthwh il e t o  rec all th e original mot i­

v at i on f or th e exp eriment1 )  t o  be desc ribed , wh ich y iel ded 

the d i sc ov ery of th e J (3 . 1 ). 

It is th e l ogic al c ont inu at i on of p rev i ous w ork ,  d one by th e 
4 )  s ame group i n  ph ot op roduct ion of vector mesons and p roduction 

w ith subsequent l ept onic dec ay 5•6•7 ) . 

Comp arison of th e p roc esses y iel d s  th e bran<lri.ng rat i os 

r / r: = BR, and th e c oupl ing c onst ants by: V v2 ee t ot 1 4TT 
2 - .!!..... - 12 

m v 
BR. rtot 

l'lccordingly me asurement s  were d one f or p 5), qi 6 ) , �' 7 ) , and 

p
' 3> . Th e c oupl ing c onstant s  obt ained th i s  w ay agreed w ith 

thos e  f rom st o rage ring measurement s of e+ e- - p (w,rp). 
Ins erted in a spec ific p redict i on for amplitudes by th e Vector 

. 9) Domin anc e Model , one finds for t - O at 9.3 GeV: 

� 
.87 ± . 02 "" . 5 7  

. 74 ± • 04 

+ . 0 7  

+ 7 
+. 04 + • 08 ( p' ) 

(1 ) 



The disc repancy here is puzzling in the view of many accu rate 

p rediction s in photop roduction of vector mesons. 

Most easily thi s may' be att ributed to more, unknown V-mesons1 

still missing in eq.(l) . 

10. 

·� 

0.10 

8.0 

600 

t 
9 

j'• ( .... 'IT•w-•C' 
6.\ GaV 

F ig. 2 

An attempted sea rch
9) 

is 
seen in Fig. 2, howeve r.the 

ene rgy wa s too low to re-
cognize the shou lde r at 

1.6 GeV by di ff ra ctive pro­
du ct ion as the new vecto r 
meson p' J,B) 

Consequent ly, a new sea rch fo r ad dit ional vecto r me son s was 

propose d at a mach ine with h ighe r energy in the rea ct ion: 

(2) 

The a lte rnat in g gra dient syn ch roton at B rookhaven supplie s 

in cident proton s o f  28.S GeV making a CMS energy o f  E* = 7.5 GeV 

ava i lable . 

The. que stion a r i se s, what other me chani sms co u l d  produce e+e-

pa irs in hadron i c  co l l i sions. 
1 0) In the parton mo de l one expe ct s  f rom parton-ant ipa rton 

ann ih i lation v i rtua l photon s w ith conse9ent decay into 

e+e- (o r u+u-l .  Taking th i s  as the cro s s- channe l rea ction o f  

ine la st ic e-p scatter in g  and a s suming a spe c i f i c  ant i-pa rton 

d i st ribut ion a " cont inuum" o f  e+e-, fa l ling w ith the pa i r  mas s 

i s  pre d i cte d, rou gh ly in agreement w ith ea rly mea surement s 11'. 

29 



30 

To summarize the situation-in summer 74: 

Besides the general demand .for vector mesons and the omni-

present suggestion of vert heavy weak field quanta and leptons; 

there was - including symmetry schemes - no justification from 

theory to expect new particles in the mass region of 

2 < m < 5 .5 GeV/c2, the range covered by the proposed ex­ee 

periment. 

The discovery of the new 

particle J (3.1) with long life time 

came as a complete surprise - which conversely results in it. s 

importance. Since it was an "unguided" experimental discovery, 

we may pay due respect to the details of the experimental 

techniques used. 

In particular, sinc;e a very small e+e- signal had to be de­

fected in presence of a huge 'back-ground of "normal" hadron 

production. 

Detection apparatus at Brookhaven 

The symmetrical double arm spectrometer for the detection 

of e+e- pairs is shown in Fig. 3. Essentia.l for the design 

were the following considerations: 

1) Hadron pairs like TT+TT-, K+K-, pp . . •  will dominate 

over e+e- pairs from virtual photon decay by roughly 

a factor. 

Ol.z. -6 mel • Formf actor� 10 

Therefore many threshold Cerenkov counters are needed to 

achieve rejection of better than 10-8 against all 

particles other than electron pairs. 

2) Because the e+e- cross sections are small, high beam 



intensities are necessary. Conversely the apparatus must 

be able to stand high hadron fluxes. 

3) If the production has approximately similar character-

is tics to Cl and 1u produced in pp collisions: 

- bp.J. - C('� e e 
E" 

the maximal yield will occur for production of a particle 

with mass M at rest rx = 0) in the overall CMS. Then the 

± 90° decay in the CHS appears as ± g = arc tg (�) = 1·1.6° 
in the lab. system for incident protons of 28.5 GeV. This is 

independent of the mass M of the particle produced! Therefore 

�� the spectrometer opening angle was chosen ± 14.6°. 
l'' 

The intense proton beam of up to 2·10 '· protons/sec. w2s 

focused by quadrupoles to a 4 x 6 mm image spot size on a 

10 � interaction length target. 'rhis consisted of 9 beryllium 

pieces, equidistantly spaced 

co 

10 
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The top view shows how at ± 14.6° created e+e- propagate 

through the dipole magnets MO, Ml, M2, which do not deflect 

in this plane, allowing an unobstructed measurement of the 

opening angle and a re-extrapolation of the rays to the target. 

± I±!!..� 
e pass subsequentlylthe two threshold Cerenkov counters c0 
and CE, identifying only e+ and e-. The proportional wire 

chambers A0, A, B, C determine the coordinates accurately, 

having 8000 wires with 2 mm spacing. The conventional hodo� 

scopes E, F and G, H are arrays of 8 horizontal and vertical 

elements defining the time more accurately. The I, J counters 

are hodoscopes, too, but made of leadglass-counters of 3 X0 
each, followed by 7 horizontal shower counters of 11 X0• They 

identify by big pulse heights, which correspond to electron 

induced showers, the e+(e-) again and enable in case of an 

event with two trajectories in one arm to find out the e+(e-) 

track. Fig. 3c shows the apparatus before it was embedded in 

10 000 t o/ shielding. 

The following features of the system deserve special attention: 

al The momentum is determined by measuring the vertical 

deflection accurately with the wire chambers; see Fig. 3b. 

Since this is decoupled from the measurement of the opening 

angle a good mass resolution of 10 MeV is achieved. 

b) To obtain a rejection of 10-8 or better1extreme care 

was given to the threshold Cerenkov counters c0 and CE. They 

are filled with l atm and 0.8 atm of hydrogen respectively; 

the gas having the least electrons to produce knock-on electrons 

with and thereby simulating wrong particles. The windows were 

kept thin for the same reason. Scintillation ·ill. hydrogen is 

little and in addition the counters were painted black inside 
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as to absorb that random light. The rejection of each counter 

was measured to be 10-3. C0 is shown in Fig. 4a. 

PLAN VIEW Sphericl Mirror .
.

. 

.

.. 

. 

SIDE VIEW 

. .

.
. 

.. . 
. 

···· ·· . •
• •• e'»•e-· •• ·.

·
ea 

Pulse height 

The Cerenkov light created yields about 40 photons, which are 

focused via a precision spherical mirror of only 3 mm thick-

ness and a mirror parabola onto the photo cathode of a 

RCA 31 000 M multiplier. These are very new and special devices 

with excellent cathode efficiencies of about 25 %. Further-

more, due to an extremely high gain of the first dynode they 

have an excellent time resolutio.n and can .resolve single photo 

electrons. Fig. 4b gives a measurement with helium gas yielding 

only "'"> = 2 photo electrons on the average. This demonstrates 

how the estimated performance (inefficiency e-
<ll> 

with <11.> "'-10 
for H2) may be checked directly. The rejections are decoupled 

as far as possible by magnetic fields curling up 6-rays. The 



c) The high bear;: intencdty of io12 protons/sec imposes 

srecial problems on the performance of the proportional 

chanbers. The 20 HHz at chamber A0 made two ± 5° planes 

necessary to decouple the dead time. The "aginq" from such 

hi�h radiation doses causes a severe problem, which was over-

come by a special gas mixture of Argon and Methylal of 2°C 
only. Using specially sen;;itive amplifiers13) the chambers 

1-1ork with st andard 7 mm gap and 2 mm pitch at comfortably 

low voltages; see Fig. 5. 
"" RUN'/'/ CHAMllE� CL 

s.1°: l•W p TAkifT:qi.Be 
Pa.5£: lj-)1.l(Ju 
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Eff ic ienc y  of a l l  the w ir e  p lanes as a func tion of the app lied 

vo ltag e. 
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Ch ambers A B C h av e  3 p l anes e ach r ot ated ll20v r eJ ativ e l y ,  e ach 
3 

legal p oint fu l f i lls the c o ndi tion � w ires = const an I ' 
adv antage in pr esenc e of neu tron backgr ou nd. To r educ e  mu l t i­

tr ack ambigu ities th e ch ambers ar e r o t ated 20° r e l atively to 

e ach other as show n in Fig . 6. 

Configuration Of Wire Plan es In Proportional Chambers 

0 - 60° ...----..--, + 60° 

for each 3 
I wire· # = const. 

I 

Thus the prop ortional ch ambers loc ate e ach tr ack w1 thi n  th eir 

accur acy of 2 mm , enabling in the non-bending p l ane ( Fig. 3b) 

accur ate measurement of the momentu m. T ogether this yields 

mass-r esoluti ons better than 20 MeV FWHM. 

d) E ,  F and G, H are h o'3osc op es of s t an d ar d  sc i nt i l l ation 

mater i a l ,  subdiv i ding e ach ar ea in 64 f i e lds by 8 h or izontal 

and 8 v er tic al el ements. E ach of those is c onnected to a time 

of f l ight unit like the Cer enkov c ounters and by computer 

r ec or ded event by ev ent , to ensur e  the ev en t is g enu i ne ,  i. e. 

th e time differenc e  as bet�.;een ar ms z er o .  A ls o  this helps to 



e liminat e  "wrong time" tracks . Th e t ime res ol ut i on for one 

counter is seen in Fi g .  7 a .  

HOOOSCOPE TIME OF FLIGHT 

I CHANNEL • 0.2ns 

1 .J�1tib�i��·�t.;"�"::2�;:t.l·t1\'.'::�.!,:��k� 0 100 ' 200 
Channel Number 

� 
c 
"' 
> 

w 

"' 

� 
z 

Pulse Heiqhl Speclrum In Shower Counter 

�i l .�� I� 1=�17Aa 

�1 
' -�·���l�·;oJ.,....__l_,._, 100 200 

Channel Number 

el Also all lead glass and shower counters had their 

pulse heights recorded for each event. One of these 73 spectra 

is displayed in Fig. 7b in response to triggered electrons. 

The small pulse heights are not admixtures of other particles , 

they are partial showers and disappear, when all counters in 

line with a trajectory are summed up. 

f) Multiple scattering, photon conversion and bremsloss 

are kept small by minimizing the material in each spectre-

meter arm. The windows of the Cerenkov counters are only .12, 
the mirrors 3.0, and the hodoscopes 1.6 mm thick. 
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g) 'I' o  reduce the photon and neutron cnntamin<:ttion dve to 

the intense be am, all counters and chambers are mounted such, 

th;;t they do not "see" the target directly . Furthermore illl 

arp;:ir2.tus was shielded by 10 000 tO•»Of concrete. 

h) � remaining source of background will be the Lalitz 

r ade as e�e
-

pair, however , with a randcm distribution in time 

and space 2long the t <:trget ! The e
+ and e- from ;:i single n° 

have a small open ing angle and run in the same spectrometer. 

arm. If then , say, e
+ 

h2s sufficient energy to pass all mag nets 

of the srectrometer, the e momentum is likel y to be small. 

�\ wer:-.:.k rrtr:'tgnet wi l L sweep it into a Cerenkov counter of pie 
shape a.s shown in Pig. 8<1.. 

G0 Time of flight for 
rejection of pp-+1T0+X 

l� 
L..y+e+e- v 

L:�p�ctrome· I 

I ctionner = 0.2 n s 

90 1 of the �0 may be rec ognized by the fact that this counter 
responds 2t the saMe tirne as the Cerenkov counters in the 



spectrometer, which is the case at about channel 60 ± 20 in 

Fig. 8b. Events of this type are easily vetoed, this is imper-

tant at small pair masses in ee. 

Conversely this can be used as to calibrate the (shower, etc. ) 

counters in a spectrometer arm, in p articular that Ce is efficient 

on a single e and not a pair. 

The acceptance of this spectrometer in each arm is: 

in the LS: 14.6 ± 1°(CMS;90 ± 5°) 

,6 Po "" Po s 1. i3 ro 
where Po is the principal C!Xis momentu!'1, which is set by the 

bending po11er of the dipole magnets. Thus the spectrometer has 

1) a large mass acceptance, allowing to cover the 

entire region 1.5 < mee < 5.5 GeV/c
2 

in three 

overlapping settings. 

2) a relatively small acceptance in 1-.1. 
for a produced resonance. 

3) by design the acceptance is bigcjec;t o:I: 
x = � "' 0  P,, ....._L

V'J( 

Data and Results 

For d;:;ta talcing the entire apparcitus c;ot recalibrated to ensure 

no long term drift occurred in the time of flight of the 

6< hodoscopes and 6 Cerenkov counters, as well as the pulse 

heights of the 78 le;:;dglass and shower counters. The 22 planes 

of PWC were checked for 100 efficiency and tested at the same 
�v 

timeT the read out of the clOOO 'Ji res. 
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As a safeguard half the data were taken at each ma0net polarity 

setting of the spectrometer. 

Fig. 9 shows the time of flight between the� Cerenkov counters 

in the e+ vs the e arm in the mass region 

50 

40 

� 30 " " 
> "' 
0 20 " 
.Q ; z 

10 

T.QF. Spectrum Between. The Two Arms 

All Events 

-4 

" " ,, : : Events with J: 3.0< mee < 3.2 Gev/cz rj: J ll 

0 

I : 
'1 

I ' ' l., 
L., p 

4 

2.5 to 3.5 GeV/c1. 'i'he solid 

line represents all events 

taken. Clearly at T = Ons 

a genuine signal is seen. 

Also a :random background 

is noticed, which dis-

appears as soon as a common 

vertex of the trajectories 

in the target is demanded 

(dotted line). This fits 

the description of ,,o 

background. Taking the 

sample from 3.0 < mee < 3. 2 GeV does not put a further re­

striction since this intervcl contains 90 i of the events 

anyway (see Fig. 11). 
Fig.10 shows the total energy-spectra from the lead glass and 

shower counters in each arm for the same sample of events. 

The high pulse heights proof that as e+(e-) most of them 

with high momentum. 



20 

�15 c Q) > w 
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20 
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Total Energy Spectra from Pb Glass 
and Shower Counters 

3.0 < mee < 3.2 GeV/c2 . 

-
o 10 Left Arm .... Q) .0 E � 5 

L Pulse Height 

The first measurements were taken in August and are displ ayed 

in Fig. 11 as shaded area. Very pronounced a clear sharp 

enhancement is observed at 

3.1 GeV, being the discovery of the J. 

This was a total surprise, quite different from the expectations 

of a broad vector meson or an annihilation continuum. There-

fore many checks were performed, to ensure it is a real 

particle: 
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1) Decreasing magnet currents by 10 � shifts the 

acceptance as well as the spatial re9ion of the 

trajectories , reconstructing to mee = 3.1 GeV. 

The peak remained fixed, see white area of Fig. 11. 
2) Doubling the target enhanced the rate by a factor 

two and not four as background would behave. 

3) Only events with 1.5" clearance to all magnet 

walls were considered, the yield corresponded to 

this reduced acceptance. 

4) Changes in beam intensity, the high voltage of 

all shower counters, the reconstruction method, 

etc. revealed no way of similating this peak. 

Assuming a production mechanism for J like 

l -6 .fJ. ?' e independent of p; 

and an isotiopic decay distribution, we obtain 

6" (p Be J ( 3.1) + X) = l0-
34 

�m
2

/nucleon 
L.e-e-

for 23.5 GeV incident protons. 

\le furthermore note how high the si£nal exceeds the 

"backqround". Since the observed wi<:th in Fig. 11 l""s the 

appurutus resolution, a partial analysis c1:L thP Hidth hr:1:� 
been attempted in Fig. 12, indicating the real width o� J �b� 

7 
less than 5 MeV/c-. 
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The wi·dth is even less 

than the energy resolution 

of the storage rings SPEAJ(14 J 
of 2 Mev151, observing this 

particle, too. 
16) Presently , the calculated 

width is: r;'<c. 5.2 ± 1.2. keV 

and the measured branding 

ratio 
ree B 7 xi 

ee rall 
''• 

Fig. 13 below shows e+e- pairs in the region 3.2-4.0 GeV/c2. 

The acceptance in this region is smooth, varying less than a 

factor two. All events are consistent with random coincidences. 

Therefore with 95 � confidence level no particle is produced 

and decaying into e+e- in this region with 

"' 1 ·1 of J 
or, assuming the same production mechanism than J 

5 · B S J.o-36 cm2/nucleon. ee 

In particular this means, a low production cross section for 

the resonance171 seen at 3.7 GeV/c2• To exploit more details 

about the production mechanism an excitation measurement is 

planned at BNL, that is to me2sure t�e yield as function of 

the incident beam energy from 20 to 30 GeV. 
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J ( 3. 1 ) was observed meanwhi le in 

a)  hadron collisions : BNl - Hrr 1) FNAL18 ) 

3.9 4.0 

b )  e+e- annihi 1- at i on : SPE1\R , ;;done , DORIS , see Ref. 14 , 1 7 ) 
c )  I'hot oproduction : 

All measurements are compatible with 

2 lfrl.J = 3.10 ± . 0 1  GeV/c 

The width is deduced from ...., 2; r  m61 fo.e (E) dE 1 ee tot "" " 

After radi ative correcti ons , t he measured �e/ ltot � 7 � and 

J� ( E)dE � 11 . 0  11 b · GeV yield 14 , l6 )
: 
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r, = 72 ± 2 0  keV 

Even though J is very he avy , it is not a baryon : 

B "' 0 
s ince it decays i nto e+e-. It is conj ectured to be a 

state , because 

r ee .,. 5. 2 keV is a " typ ic al "  electrom agnetic decay width of 

a vector meson, comp ared to 6. 5 keV for p0 and 1.4 for � .  
The observation of <:e "" �u is i n  agreement with thi s  assump­

tion as well as prelimi n ary measurements of decay angular 

distributions and i nterference effects with the calcul able 

e+e- - u +l.l - Q. E. D. amplitude . Also no sizeable J - 2 Y  decay14) 

i s  observed, r,,y < • 4 keV. 

The question 1 i s  the 

J = h adron ? is more difficult , but 

the following indications exist: Imagine the measurement of 

F i g .  11 done with 2 MeV resolution. Then the J would be 

200 ti mes above the " normal electromagnetic background " 

indicating a relatively " strong" producti on , compared to 

a 10 : 1  enhancement in e+e- - e+e-. Conversely thi s  is noticed 

16) in the decay , too : 

e-1-e-

+ -e e 
hadrons 

+ -
{ 2 . 5 off reson ance 

12 .5 at 3 . 1  GeV. 

The mystery of the small wi d t h ,  however ,  rem ains . If this 

p article lives so long it s decay must be forbi dden for a 

presently unknown reason. 

The important questi on arises how big is the f amily of these 

new p articles1 9/ in p articul ar , are there charged J- type p articles . 
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ABSTRACT 

A sharp peak at 3.095 ± 0.005 GeV is seen in the cross 
section for e+e- annihilation. The width is r = 77 ± 19 Kev . 
Angillar distributions and interference effects imply that the 
JPC of the t( 3.l)  is 1--. A study of the exclusive final states 
suggests that the G-Parity is odd . With the exception of another 
sharp resonance at 3 .7  GeV, the ijr( 3 . 7) ,  no other comparable 
structure is seen for masses between 3.2 and 5 . 9  GeV . 

en observe un pie tres e'troit a 3 .095 ':!: 0.005 GeV dans la 
section efficace d'annihilation e+e- .  La largeur est r = 77 ± 19 
Kev . Les distributions angillaires ainsi que les effets 
d1interference conduisent a assigner i-- pour les nombres quantiques 
du t( 3.l) . Une etude des canaux exclusifs suggere une parite G=-1. Si l ' on exepte 11a�tre re�onance ijr( 3 .7) ,  aucune 
structure comparable a ete trouve entre 3.2  GeV et 5 . 9  GeV. 
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so 

In November 1974, two narrow resonances coupled to e+e- at masses of 

3 .1  and 3 .7  GeV were discovered. ( l, 2 , 3, 4 ) A search( 5 ) for other narrow 

resonances was conducted between 3 .2  and 5 .9 GeV, and no otrers of comparable 

strength were found. However, some interesting structure ( 6 )  in the total 

hadronic cross section from e + e - annihilation ( oT ) has been found near 

4 .1  GeV. This talk will attempt to describe the present experimental situ-

ation; it should be realized that many of the results are preliminary and 

therefore are not to be considered as firm or final.. 

The storage ring SPEAR circulates one bunch of electrons and one bunch 

of positrons in a single magnetic guide field. The bunches collide alter-

nately in two interaction regions . The beam energies may now be varied 

between about 1 . 3  GeV and 4 GeV. The energy distribution of electrons with-

in a beam bunch is approximately Gaussian with a width that increases 

approximately quadratically with energy, and has a er of about 1 MeV at a 

total energy ( Ecm = 2 �earn) of Ecm = 3 GeV. The absolute energy calibra­

tion is based on measurements of the particle orbits and the magnetic guide 

fields and is known to about 0 .1% The bunch shapes are Gaussian with o ' s  in 

the transverse plane of approximately 0 .1  cm and longitudinally a few cm . 
The luminosity is about 3 x 1029 cm-2 sec-l at E cm 3 GeV. 

The na gnetic detector is shown schematically in Fig. 1.  The magnetic 

field of 4 kilogauss is axial and within a volume about 3 meters in diameter 

by 3 meters long. The interaction region is surrounded by a stainless steel 

vacuum pipe 0 .15 mm thick. Coaxial with the pipe are a pair of cylindrical 

plastic scintillation counters that form one element of the trigger system. 

Continuing radially outward are four sets of multiwj_re spark chambers .  Each 

set consists of four "planes" of wires at ± 2° and t 4° with respect to the 

beam axis .  Thus, each set of  chambers provides redtmdant azimuthal ( resolu-

tion "" 0 .5  mm) and longitudinal ( resolution "" 1.2 cm) position information 

for each charged particle . Following the spark chambers are a set of 48 
plastic scintillator trigger counters . These counters are used in the trigger 
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Fig . l 

( a )  Telescoped view of detector ; (b ) end view of detector . 
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system and in a time-of-flight particle identification system with a resolu­

tion ( o) of about 0 .5  nsec, allowing n/K separation up to about o .6  GeV/c. 

Next comes the aluminum coil of the solenoid with a thickness of about l 

radiation length, followed by a layer of 24 lead-scintillator sandwich 

electron shower counters used to identify electronii . The next element is 

the iron return yoke of the magnet which also serves as a hadron filter for 

the final set of spark chambers which aid in muon :ldentification . 

The trigger requirement is two or more charged particles with transverse 

momenta greater than about 200 MeV/c .  The complete detector system covers a 

solid angle of 0 .65 x 4n. A hadronic event is def:Lned to be one with 3 

charged particles or two charged particles accolinear by 20° or more . The 

detector efficiency for hadronic events varies smoothly from 4Cf,i, at Ecm = 2 .5 

GeV to 65% at 4.8  GeV . Backgrounds have been stud:led using separated beams 

and longitudinal ( z ) distributions of events .  The background contribution 

to the resonances is very small, of order O.Ol to O . l%,  and is roughly 5% 

in the nonresonant region. Normally, cross sections are normalized by 

measuring Bhabha scattering in the magnetic detector . However, in the vicin­

ity of the narrow resonances , the e+e- pair production cross section is 

strongly enhanced by photonic decays of the resonru1ce. Hence , the luminosity 

is integrated by a set of small counters monitoring Bhabha scattering at 

small angles ,  ( where the scattering is dominantly eaused by space-like photons ) . 

The luminosity monitor is c;llibrated with the magnetic detector at a beam 

energy far from the resonances .  

E cm 

Figure 2 shows the total hadronic cross section versus Ecm in the region 
3 .l  GeV . A sharp peak is seen at a mass of 3 . 095 � 0 .005 GeV. The peak 

cross section is rather large , approximately 25oc nb, and the observed width 

is about 2.5 MeV EWIJM. The width is that expected from the convolution of a 

much narrower resonance shape, the inherent spectral resolution of the storage 

ring, and radiative corrections in the production of a virtual photon. 

Figure 3a shows the cross section for production e + e - pairs ; Figure 3b 
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shows the cross section for µ+µ- pairs . These data allow the determination 

of the total resonance width r and the width into electrons r and muons r • e µ 

The resonant cross section to any set of states f may be written 

( 2J + l ):n: 

w2 

where J is the spin of the resonance , W is the center-of-mass energy, M is 

the resonance mass ,  and rf is the width to the set of final states . If this 

expression is integrated, it may be compared to the integrated experimental 

cross section ( a�er appropriate radiative corrections)  without explicit 

dependence on the storage ring energy resolution . Thus :  

( 2J + 1 )  2:n:2 fif(W)  dw = --�---

The integrated total hadronic cross section is Joh dw = 10 .8 � 2 . 7  nb GeV . 

Assuming that r = rh + rµ + re and that rµ = re and that J = 1, r = 77 ± 19 

KeV and re = 5 , 2  ± 1 .3  Kev. The quoted errors are derived from the statistical 

errors combined in quadrature with the known systematic uncertainties ,  inclu-

ding hadron detection efficiency ( lo% ) ,  luminosity measurements ( lo% ) ,  and 

reproducability of the integral of the measured cross section ( 8% ) .  

The analysis assumed r = r ( muon-electron universality) because the e µ 

e-pair cross section has a large contribution from space-like momentum trans-

fer Q;ED processes . If the QED contributions are removed, then the ratio of 

the resonant µ to e cross sections is 0 .99 ± 0 .06 . See Figur8s 4a and 4b . 

The assumption that J=l can be tested by examining the angular distribu-

tion of the produced µ ' s  and e ' s .  Figure 4a shows the angular distribution 

of the positron for e + e - production. The solid poi.nts are the measured data 

and the open points have the QED space-like contribution removed .  Figure 4b 

shows the similar distribution for µ ' s .  Both curves are for data in a E cm 

interval of 1 MeV centered at the peak of the ;Ji( 3 .1 ) .  A fit t o  the form 

a + b cos2e yields a b/a ratio of 1 . 3  ± 0.2,  thus <:uggesting that J=l. The 

expected value for J=l is  unity. The measured µ asymmetry at the resonance 
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peak ( forward µ+ 
- backward µ+ divided by total) is O .Ol4 "± 0 .02, implying 

that either vector or axial vector accounts for at least 971/o of the total 

resonant amplitude (95% confidence ) .  

The parity of the o/( 3.l)  may be determined by looking for an interfer­

ence between the resonant and QED amplitudes in the µ + µ - channel. This 

interference is manifested in the energy dependence of the µ+µ- cross section 

which is integrated over an angular interval centered at 90° . The resonant 

l - amplitude will interfere with the QED contributfon destructively below 

the peak and constructively above . A resonant l+ amplitude will not inter-

fere . Figure 5 shows the prediction for the ratio aµµ to aee as a function 

of energy with and without interference ( corresponding to l - and l + ampli-

tudes ) .  The effect above the peak is obscured by the radiative corrections . 

This choice of the aµµ to a ee ratio is made to minimize systematic errors .  

Figure 6 shows the data.  For the l - hypothesis, the interference dip extends 

from about l4 to 4 MeV below the peak. In a 4 MeV interval in this region, 

l360 e! pairs were observed; we expect lOO + lO µ! for no interference and 

7l "± 8 with interference . We observe 68 µ! which i.s over 3 standard devia-

tions from the prediction for no interference and quite compatible with the 

interference hypothesis . We believe that the o/( 3 .1 )  has the same quantum 

numbers, _;'C, as the photon. 

Several exclusive decay modes of the o/( 3 .l )  have been identified. cne 

of the interesting questions is the determination of the G-Parity and isospin 

of the o/( 3 .l )  from its multipion decay states .  It i s  possible t o  calculate 

the missing mass distribution according to the hypothesis n( re+re- ) + x. Mass 

squared distributions for the X for n=2 and n=3 ar" shown in Figs . 7 and 8 .  

A large peak near a mass square of 0 is seen . The resolution is inadequate 

to distinguish a re0 from a single photon. The cross section in the peak for 

the 2( re+re- ) + X is about 90 nb, the 3( re+re- ) + X channel is about 60 nb, and 

the re+ re - X channel is som.,what smaller . A hint that the X is indeed a re0 is 
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in invariant mass intervals of the n+n-n° combination. A clean signal is 

seen at the mass of the m. 
Four constraint fits ( measurement of all the particles of an event ) 

have also been done . Figure 10 shows the total energy distribution of an 

event as suming a particle identification n+n-n+n-.  The peak around 3 . 1  GeV 

indeed corresponds to this hypothesis . The peak at · about 2 . 7  corresponds to 

n+n-K+K- , i . e . ,  these events move to 3 . 1  GeV when appropriate particles are 

assigned kaon masse s .  States of pp and !IA have been seen. The 4-c multi-

pion status have a cross section consistent with that expected from the 

photonic decay of the t( 3 . l )  rather than a direct hadronic decay. If we take 

the t( 3 . l ) -+ µ+µ- decay as a measure of the branching ratio for the t to 

decay via a virtual photon, we expect the cross section for any given exclu-

sive final state to be enhanced by a factor of about 20 compared to its 

value just off resonance . The cross section for 2 ( n+n- ) has been measured 

to be about O . c  nb at W = 3 . 0  GeV; an enhancement by a factor of approximately 

20 is observed. Conversely, an upper limit for the 2(n+n- ) + n° cross section 

off resonance is 0 . 6  nb ; the observed re sonant cross section is at reast 150 

times greater . The favored direct hadronic decay into states of odd numbers 

of n ' s  would imply negative G-Parity and even isospin, probably 0 .  

Shortly a�er the discovery o f  the t( J . l ) ,  SPEAR and the detector were 

modified to allow a sequential sweep in energy in steps of 1.8 MeV in Ecm" 

Measurements were made at each energy for several minutes, so that the 

expected hadron rate was about 2 per step. Realtime computation allowed an 

evaluation of the cross section within a few seconds of completion of an 

energy step. Using this technique , another narrow resonance was found at 

3 . 7  GeV, and is named t( 3 . 7 ) . A�er the discovery of the t( 3 . 7 ) ,  the scanning 

process was continued up to a W of 5 .9 GeV. The result s are shoo in Fig. 11'. 

Only the t( 3 c7)  stands out clearly. The region below 3 . 2  GeV has not yet 

been finished. Upper limits on the resonance strength Johdw for other narrow 

resonances are shown for various energy intervals in Table I. We hope to 
extend the range of the scan by a few GeV in the near future . 
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TABLE I 

Upper limits at the 90% confidence level for the radiatively 
corrected integrated cross section of a possible resonance.  The 
units are nb Mev. 

Mass range Resonance width (FWHM in MeV) 
(GeV) oa 10 20 

3 . 200 to 3 . 500 970 1750 2230 

3 . 500 to 3 . 690 780 1090 1540 

3 . 720 to 4 . 000 1470 1530 1860 

4 . 000 to 4 . 400 620 1260 1860 

4 . 400 to 4 . 900 580 1080 1310 

4 . 900 to 5 . 400 780 1100 1720 

5 . 400 to 5 . 900 800 1120 1470 

"width less than the mass  resolution 
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ABSTRACT 

An analysis of data at the t ( 3. 7 )  resonance gives a partial width to 
electrons, re = 2. 2 ± 0 .5  keV, and limits on total width 200 keV < r < 800 
kev. The decay t( 3. 7) -; t( 3. l ) rr+n- is observed with a branching ratio 
o. 31 ± 0. o4, and t( 3. 7) -; t( 3. l )  + anything has a branching ratio of 
0. 54 ± 0. 08. The t resonances appear to have the same G-parity. 

An enhancement occurs in the total hadronic cross section at a c . m. 
energy of about 4. 1 GeV, rising to about 32 nb from a level of 18 nb adja­
cent to peak, which is about 300 MeV wide. The integrated cross section 
for the peak is about 5 . 5  nb-GeV, comparable to that for the t( 3. 7 )  and 
t( 3. l )  resonances. 

Une analyse des mesures experimentales sur la resonance t( 3. 7)  donne 
une largeur partielle pour la desintegration en une paire d ' electrons, re = 
2. 2 ± 0 .5  keV, et des limites sur la largeur totale, 200 keV < r < 800 keV. 
La desintegration t( 3. 7 ) -; t( 3. l ) n+rr- est observee avec un rapport d ' ern­
branchement de o. 31 ± 0. o4, et t( 3. 7 ) -> t( 3. l )  + n ' importe quoi a un rap­
port d • ernbranchement de o. 54 ± o. 08. Les resonances t semblent avoir la 
meme parite G. 

Une hausse de la section efficace totale hadronique se produit a une 
energie dans le centre de masse de 4 . 1 GeV. La section efficace monte de 
son niveau de 18 nb a des energies avoisinantes jusqu • a  32 nb avec une 
largeur d ' a  peu pres 300 MeV. L ' integrale de la section efficace pour 
cette structure est approximativement 5 . 5  nb-GeV, comparable a celles des 
resonances o/( 3. 7 )  et o/( 3. 1 ) .  
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I • ili_,]_)_ 
Following the discovery of the t( 3. l ) ,  a systematic search was initi-

ated to look for other very narrow resonances. The method of search has 

been described previously, 1 but can be briefly explained as an automatic 

ramping of the SPEAR beam energy by 1 MeV steps every few minut es, the 

data collected at each energy being processed on- line by the SLAC IBM 168 
computer complex. By this means, the cross sections were irrunediately com-

puted in very fine steps (b.Ecm � 2 Mev) although with large statistical 

errors. However, this technique was more than adequate in detecting narrow 

resonances as was proven by going back over the t( .3. 1 ) resonance, which was 

seen clearly, and, much more importantly, by the discovery of the >1r( 3. 7 )  

soon after the search began
2 

( see Fig. 1 ) .  
* 

The s'onsitivity was such that 

resonances having ahad at the peak greater than a few hundred nb would have 

been detected. 

Shortly after observing the 1Jr ' ,  the shape of the peak was carefully 

mapped out as i llustrated in Fig. 2, in order to obtain I' e by integration 

of the cross section, as was done for the 1Jr. The result after radiative 

corrections is : 

f a had aw = 3. 7 ± o. 9 nb-GeV 

This is about a factor of 3 less than for the 1Jr. 'ro obtain the width to 

the e+e- channel and the total width, it is necessary to know the branching 

ratio into e
+

e- , or into µ+
µ-, if µ-e universality is assumed. First 

attempts to observe the leptonic modes were disappointing, only the slight­

est suggestion of any enhancement being visible. Soon it became clear that 

the s ituation was rather complex, since it was discovered that the 1Jr '  de­

cayed into the 1Jr part of the time,
2 

and since the 1Jr subsequently decayed 

into leptons, that decay mode must be distinguished from those due to direct 

decay of the 1Jr ' . We will return to discuss the 1Jr ' cascade decay in a moment. 

*within this paper we will subsequently refer to the 1Jr( 3. 7) as >Ir' and 

1Jr( 3. l )  as 1Jr. 
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Fig. 1. Examples of data taken in the early scan or search mode, leading 

to the discovery of the V( 3. 7) .  (a)  Data taken in th·e vicinity of the 

ljr( 3. 1) to confirm the sensitivity of the method, (b) data taken during 

the run in which the ljr( 3. 7) was first found. 
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Although the e
+

e- decay mode of the ijr ' was difficult to separate from the 

dominant t-channel Bhabha background, as well as from the 1jr electron decay 

mode, the µ
+

µ- mode was more easily isolated, as will be seen, Subtracting 

the QED background, the branching ratio to muo�s is found : 

If we assume µ- e universality and the spin assignmEmt J 

widths are determined : 

I'e(ijr ' ) = 2, 2 ± 0, 5 keV , 

200 keV < I'(ijr ' )  < 800 keV 

1, then the 

The electron width determination is nearly independent of the lepton ratio, 

because the latter is so small, and the errors on I'
e 

reflect just the 

uncertainty of J a
had dW, The large uncertainty in the limit on the total 

width comes about partly from the background subtraction, which is reflected 

in the µ
+

µ- branching ratio, but also from the possible contribution due to 

interference with the QED amplitude, The presence or extent of the inter-

ference has not yet been investigated in detail experimentally, The expec-

tation is to obtain a much more precise determination of these quantities 

when more data is collected. The position of the peak is known more accu-

rately than originally, due to recalibration of a flip coil used to deter-

mine the SPEAR magnetic guide field. The new valUE! is 3, 684 ± 0, 005 GeV. 

It should be noted that the 1jr • ,  although very narrow, seems to be markedly 

broader than the ijr. 
Let us now examine in more detail the decay 

the mode by which this cascade decay was discovered, From a sample of about 

30,000 events, the missing mass distribution shown in Fig, 3 was obtained, 

showing conclusive evidence for decay ( 1 ) .  The branching ratio for decay 

by ( 1 )  was determined, after suitable efficiency corrections and background 

subtraction: 
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Fig, 3. Distribution of missing mass, �' opposite :rr+ :rr- in reaction (1), The 

peak corresponds to decays in which X s t(3. l) .  
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Fig, 4. Effective mass distribution of µ
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arising from 1jr( 3. 7) decays, 

The muons pairs coming from 1(( 3, 1) decay in the cascade decay (2)  are 

well separated. 
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The branching ratio for the inclusive decay, 

( 2 )  

was also found, by isolating the muon pair decays o f  the t,  and scaling by 
the known leptonic branching ratio of the 1jr. Figure 4 shows the square of 

the effective µ+µ- mass, and the events corresponding to 1jr decay in (2 )  are 

clearly separated. Approximately 800 events correspond to reaction ( 2 ) . 

Here, the highest momentum positive and negative particles have been choseB, 

and e+e- decays have been eliminated by requiring small pulses from the 

shower counters. The e+e- mode was not used for this purpose, due to the 

relatively large background from the radiative tail of the Bhabha scatter-

ing process. The result was: 

r(t' ___, r t ' ___, 
1jr + anything) tn+,c ) = 1. 8o ± o. lo . 

We expect the "anything" above to consist, at least partly, of 2n°, since 

n+n- is observed (unless the pions are in an I = 1 state ) .  The ratio 

above has the theoretical values 1.5,  l. o, and 3. 0, for nn isospin states 

of o, 1, and 2, respectively ( these become 1. 52, l . oo, and 3. 10 for uniform 

phase space when the n±/n° mass difference is taken into account ) .  Clearly 

isospin- zero is preferred, but the lack of good agreement may result from 

admixture of other final states. 

Corresponding to the ratios presented above, there is the branching 

ratio of c�scade decays to all 1jr '  decays : 

r(t' ---> 1jr + anything) 8 r(t' ___, all) = o.54 ± o. o . 

It is of interest to look at the recoil mass against the 1jr in reaction 

( 2) as determined from the µ+µ- decay, a relatively clean sample. As seen 

in Fig. 5, there is no peak at low mass indicating a decay of 1jr' into a 

single low mass particle, such as a y or n°. The apparent absence of the 

single n° cascade decay and the observed large branching ratio by -two final 
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state pions in ( 1 )  indicates that the \jr and \jr'  havE! the same G parity, and 

that G parity is, to a good approximation at least, preserved in the decay 

process. 

A study was also made of the exclusive channel : 

+ -or e e 

( 3 )  

Here, a selection of the \jr leptonic modes was made,. and rather loose cuts 

imposed by energy-momentum conservation to insure that no particles were 

unobserved in the 4-prong event. Figure 6 shows the very clean sample which 

results, a subset of Fig. 3. The ratio between these samples in in good 

agreement with the known leptonic decay branching ratio of the \jr, which is 

about 14')1,. 'I'his sample, consisting of about 350 events, was used to study 

the final state distributions. That the decay ( 1 ) occurs predominantly 

through S wave is supported by the observed angular distribution for the 

211 system, which is consistent with isotropy, and the distribution of leptons 

from \jr decay, which is consistent with 1 + cos
2 e ( as well as with isotropy ) .  

Furthermore, the \jr angular distribution seems consistent with isotropy. 

However, the M(11
+

11- ) plot ( shown in Fig. 7 )  shows a rather strong sup-

pression of low mass states, and this is not due to instrumental effects 

investigated thus far. In particular, it is not caused by a trigger bias 

against the low-momentum pions, since the analys is required the trigger to 

be satisfied by the \jr decay leptons alone . The inclusion of final state s-
wave interaction does not appear to be sufficient to explain the observed 

distribution. Although the isotrop�c angular distribution suggests S-wave, 

higher angular momentum states cannot be excluded, and the interpretation 

of this mass distribution is still open at this time. 

The present data sample and results of analysis of the \jr' is summarized 

in Table I .  The principal conclusions which may b e  drawn at present, are 

that the \jr( 3. 7)  resembles the \jr( 3. 1 ) in being a very narrow resonance for 

such a large mass, and it has comparable coupling to the e + e - state. How-

ever, it decays with a large branching ratio into the \jr, at a rate that 
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appears to be nruch less strongly suppressed than the direct decay into the 

more usual hadron final states. That this cascade decays via two pions, 

but not one pion, indicates that the t and t' have the same G quantum num-

ber, which appears to be odd as determined from analysis of t decays. The 

relative rates of decay of 1)' '  --> 1)' plus charged pions or undetected parti-

cles ( neutrals ) in the cascade decay seems to prefHr an I = o final pion 

state, though this is an infHrence needing direct confirmation. 

II . THE TOTAL CROSS SECTION AND THE ENHANCEMENT A�' 4. 1 GeV 

Leaving aside now the very sharp t resonance peaks which are the most 

spectacular features of the SPEAR data, we should take a careful look into 

the " foothills" of the cross- section plot. 
3 

R =  

First of all, 
o

tot
(hadrons ) 

OQED(µ+µ- ) 
let us look in Fig. 8 at the enHrgy dependence of 

on a log scale. This shows cleaicly the beautiful work 

done several years ago at Orsay in studies of the p, m and cp, and the 

"average" values from Frascati at intermediate energ.ies, where the over-

abundant production of hadrons first became evident. Following at higher 

energies are current SPEAR results showing the gen.erally smooth behavior of 

R, relatively flat to about 3. 6 GeV, then an enhancement whose exact nature 

is not yet clear, and finally at the highest energy values observed perhaps 

a leveling off of R. The "bump" appears nruch more striking on a linear 

scale in Fig. 9, where there is shown both R and ototal" 
The measured 

values are generally spaced o. 2 GeV in W(= ..fs ),  the c . m. energy, although 

some data with finer resolution, O. l GeV, exists in the regions of the 

1)'( 3. 1)  and the 4. 1 enhancement. 

The prior descriptions of the sharp resonances did not discuss very 

much about backgrounds, corrections and other analysis details since the 

signal was so large as to render some of these corrections unnecessary ( the 

non-annihilation background in the 1)' region is at most about 0. 13) . How-

ever, at the more civilized cross sections of 20-30 nb, the corrections are 

not negligible, and perhaps should be mentioned again briefly to present a 



complete picture. The trigger requires at least two charged tracks within 

the o. 65( 4n ) sensitive solid angle coverage, where the efficiency for each 

track is well above 90"/o for high momentum tracks, but drops rapidly for 

momenta below 200 MeV/c. As described in the earlier paper, a hadron event 

was defined as having � 3 tracks, or two tracks acoplanar by more than 20° 
with small pulse height (not electrons ) .  These observed efficiencies and 

acceptances are incorporated in a Monte-Carlo program used to compute the 

average efficiencies per event as a function of number of charged particles. 

From these the true multiplicities were derived through a set of simultane­

ous equations, and the average detection efficiency, €, also determined. It 

should be noted that these determinations use a model by which the Monte­

Carlo events are generated, but the form of the model does not enter directly 

into the determination of €.  That € is quite insensitive to the model was 

verified by using three quite different models ( including a jet model) which 

predicted values for € differing by only ± 5%. 

Background due to beam gas interactions was determined from the longi-

tudinal distributions of reconstructed vertices, which peak strongly in the 

interaction region. The subtraction for this background was < 8% at all 

energies. The contamination from photon-photon processes was measured using 

small-angle electron tagging counters ( 20 mrad ) ,  and was appreciable only in 

the two-prong events, varying between 8% and 3% from highest to lowest ener­

gies. For ;e; 3 prongs, this type of contamination was 2 ± 2%. 

The radiative tails due to the t( 3. l )  and t( 3. 7 )  were removed, and then 

the resulting cross-section values corrected for the nonresonant radiative 

effects. 

The normalization for cr
total 

was the sample of Bhabha events collected 

concurrently, the validity of QED having been previously established in this 

energy range ( except, of course, for the resonances) . 5 

Aside from these corrections, an estimated point-to-point systematic 

uncertainty of 8% has been combined quadratically. Additional slowly vary­

ing systematic variations not included might exist at the 10%- 15% level, as 

73 



74 

well as an uncertainty in absolute normalization o:E about 10%. 

The principal structure seen in Fig. 9 is the peak at about 4. 1 GeV, 

having a width of 250 - 300 MeV, and rising from a level of � 18 nb outside 

the peak to 32 nb at the top. The integrated total cross section corre-

spending to the peak is about 5, 5 nb-GeV, a value comparable to that of the 

1jr and \jl ' , At present there is very little data available in the region of 

the 4. 1 GeV enhancement, because cross sections in this region are relatively 

small, and no large amount of running has been done at this energy. There-

fore, there are at the moment no significant results on decay modes from 

the peak region, However, a large amount of data does exist just below the 

peak at 3, 8 GeV, and also above the peak at 4. 8 GeV. studies of this energy 

region are presently in progress, and no results a:re yet available. It is, 

of course, of great importance to understand this enhancement, whether as a 

resonance or a threshold effect, and particularly :its possible relationship 

to the two 1jr particles and the rise in R beginning at 3 . 6  GeV. 

Table I. Preliminary Determination of Parameters of 1jr( 3. 7 )  Resonance, 

Quantity 

Mass 

J crhad 
dW 

Partial decay width 
to ee pairs, re 

Full width, r 

Major Decay Modes 

1j1( 3 . 7 )  -> 1j1( 3. 1 ),/11-

1j1( 3. 7 )  -> 1j1( 3. 1 )  + anything 

value Comment 

3684 ± 5 MeV 

3. 7 ± O. 9 µb-MeV 

2. 2 ± 0. 5  keV Spin J 1 assumed 

200 keV < r < Boo keV 

Branching Ratio 

o. 31 ± o. ol+ 
1 . 80 ±  0. 10 

G- Parity: Inferred to be the same as 1jr( 3. 1 )  due tc) above decay to 1jr( 3. 1 )1111, 

and apparent absence of 1jr( 3. 1 )11  mode. No determinations yet from 

direct ( i. e. ,  non-cascade) decays. 

Spin: Inferred to be 1-, due to production via e+e- annihilation, No 

determination yet from interference with QED amplitude. 
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Provisional Properties of the Y ( 3 1 00)  and Y ( 3700) 

(March 9, 1 975 ) 

Quantity 

Mass m 

Full width f 

Partial width to 
electron pairs ,  r e  

Resonance strength J CY
h 

dE 

Spin, parity, charge 
conjugation 

Isotopic spin, G-parity 

Mass 

Full width f 

Partial width to 
electron pairs ,  r e  

Resonance strength J CY
h 

dE 

y ( 3 1 00)  

3095 ± 5 MeV/c
2 

77 ± 20 Kev 

5 . 2  ± 1 . 3 Kev 

1 0 . 8  ± 2 .7  nb - GeV 

(0 )  

y ( 3700) 

3864 ± 5 MeV/c
2 

200 KeV < f < 800 KeV 

2 . 2  ± 0 . 5  Kev 

3 . 7  ± 0 . 9  nb - GeV 

Comments 

This assignment is based on 
lepton pair angular distri­
butions at resonance and a 
three standard deviation in­
terference effect with elec­
trodynamic lepton pair pro­
duction . 

Based on relative abundance 
of states with even and odd 
numbers of pions on and 
slightly below resonance ,  
and decay to  p p and /\ A  . 

Spin is assumed to be J 
for this determination 

Area of hadronic peak 
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Major  decay mode : 

y ( 3700) � y ( 3 1 00 )  + 

Branching ratios : 

+ -TT rr 

f ( Y ( 3700) � Y ( 3 1 00) + ,..,+ ,..,­
f ( Y ( 3700) � all ) 0 . 31 ± 0 . 04 

f (Y( 3700) � Y( 3100) + anything ) 
= o . s4 ± 0 . 08 

f ( Y( 3700) � all ) 

f ( Y ( 3700) � Y (3 100) + + rr rr 
1 . 80 ± 0.90 



THE EXPERIMENTAL PROGRAM AT DORIS AND A FIRST LOOK 
AT THE NEW RESONANCES 

B .H .Wiik 
Deutsches Elektronen-Synchrotron DESY 

Notkestieg I ,  2 Hamburg 5 2 ,  BD 

Abstract :  The present status of the DESY e+e- colliding ring 
DORIS and the experimental program is presented , Also the 
first preliminary results using the Double Arm Spectrometer 
(DASP) to investigate the properties of the new resonances 
will be given, 

Resume : La s i tuat i o n  ac tue lle de l ' anneau de c o l l i s i o n  
DORIS e

+
e

-
de DESY et le programme experimental sont pre­

s e nte s .  On donne aus s i  le s premi e r s  r€sultats pr8liminaires 
du Spectrometre a deux bras sur les propr i e t e s  des nouve l l e s  
r e s onanc e s .  
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THE EXPERIMENTAL PROGRAM AT DORIS AND A FIRST LOOK AT THE NEW RESONANCES 

Electrons and positrons were injected and stored in the DESY colliding ring 
DORIS for the first time j ust before Christmas 1 973 .  After less than a year 
of machine development the main parts of two large experiments - DASP and 
PLUTO - were installed and at the end of 1 974 the first data on the narrow 
resonances at 3 . 1 GeV and 3 . 7  GeV became available . Early in February after 
collecting several ten thousands of events at these resonances PLUTO was 
replaced by the experiment of the DESY-Heidelberg-group. 

In this talk I' 11 describe the present status of the. accelerator and the 
experimental· program. Also the first - rather preliminary results - using 
the Double Arm Spectrometer (DASP) will be given. 

DORIS 
Electrons and positrons from a 400 MeV linear accele.rator are injected into 
the 7 . 5  GeV synchrotron and here accelerated to the proper energy for trans­
fer to DORIS. DORIS is in the shape of an race track. with two nearly inde­
pendent rings stacked one above the other. The beams cross in the vertical 
plane in the middle of the two long straight sections . There is a twofold 
advantage in employing two rings instead of one : 

Firstly, besides electron - positron also electron - electron or electron -
proton collisions can be studied, Secondly , s ince the beams are separated 
except in the two interaction regions,  many bunches can be used, in prin­
ciple making it possible to reach very high luminosities . 

Note , however , that the high circulating currents inherent to this scheme 
might cause severe background problems . 

Although in principle CMS energies as high as 7 GeV can be reached with 
the present accelerator,  all the data so far have been collected for ener­
gies between 3 GeV and 4 . 2  GeV. Upgrading the present magnet power s upplies 
and installing all the available r . f .  power in one ring, will make it 
possible to reach a CMS energy of 10 GeV. This is  scheduled for 1 976 , 

With the present optics the measured specific luminosity around 4 GeV can 
be written as 1 03 1  I2 (A-2cm-2sec- 1 ) with the circulating current I 
measured in Ampere s .  This is in good agreement with the value of 1 . 2 • 1 03 1  

(A-2sec- 1 cm-2) predicted from the current optics. So far a luminosity o f  
1030 cm-2sec- I  has been reached with stored currents o f  0 . 3  - 0 . 4  Ampere 
in each beam. However ,  at these high currents ,  the energy spread in the 



beam increases due to coherent synchrotron oscillations . These oscillations 

can be damped for currents less than 0 . 2  - 0 . 25 Ampere by a second r . f .  

transmitter turned slightly off the resonance frequency. Hence during the 

data taking at the 3 . 1 GeV and 3 . 7 , GeV resonances ,  where a good mass reso­

lution is imperative, the currents were limited to less than 0 . 25 Ampere 

corresponding to a maximum luminosity of 0 . 6  x 1 030 cm-2sec-1 • 

Another important parameter is the size of the interaction volume . Due to 

the finite crossing angle and the high r . f .  frequency used , the interaction 

"point" is around 2-3 cm long. The transverse dimensions are less than 0 . 6  

nnn. 

The main parameters of DORIS are suunnarized in Table I .  

Table I 

Max . Energy : 

Average Circulating 
current: 

Number of  Bunches : 

Average Luminosity: 

Beam lifetime : 

Gas pressure: 

Interaction volume: 

along the beam 

transverse to the beam 

THE DETECTORS 

7 GeV ( 9 GeV in the fall of 1 975) 
( 1 0  GeV during 1 976) 

0 . 200 - 0 . 400 Ampere 

- 480 

- 3 x 1 029 cm-2 

> 5 hrs 

- I sec 

- 5 x ro-9 torr 
(depending on the current) 

2 - 3 cm 
< o . 6  nun 

So far data have been collected using three rather complementary de­

tectors . The construction and the properties of these detectors will be 

discussed next . 

PLUTO 

PLUTO, the DESY 4� detector, is shown in Fig . I viewed along the beam di­

rection. The main component of the detector is a superconducting solenoid 

I . I S m long and 1 . 4 m in diameter. The magnetic field is parallel to the 

beam axis ; the field strength is 2 Tesla. The magnetic field volume is 

filled with proportional chambers divided into an inner and outer part by 

a set of 24 plastic counters located at a radius of 20 cm. The inner de­

tector covers a solid angle of 94% , the outer detector 88% of 4�. In the 
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outer detector 1 0  chambers are foreseen, each having one plane of wires 
parallel to the beam direction. Also the s ignals induced on the high 
voltage electrodes are read out .  The high voltage electrodes consist of 
s trips , 16 mm wide, with dip angles of ! 45° with respect to the signal 
wires .  At a radius o f  37 . 5  cm, a lead cylinder 0 . 35 of a radiation length 
thick is inserted . Between the beam tube and the scintillation counter 4 
proportional chambers with only � read out are mounted . The fast signals 
from the proportional chambers are fed to a hard wired dataprocessor,  which 
reconstructs the tracks emerging from the interaction point . This makes 
it feasible to trigger the system on well defined tracks and rej ect beam­
gas and cosmic ray events on line . 

In the iron return yoke of the solenoid two layers of proportional tube 
chambers for identifying muons can be inserted . These chambers cover pro­
duction angles between 73° and 107° with essentially 2n in azimuth. 

For these first measurements the detector was completely installed except 
for the plastic counters and a few of the proportional chambers . 

THE DESY-HEIDELBERG-DETECTOR 
The basic layout of the apparatus used by the DESY-Heidelberg group i s  
shown in  Fig . 2 .  The apparatus has a cylindrical inner part surrounding 
the beam pipe made out of two sets of scintillation counters and three 
drift chambers . Each drift chamber has one signal plane which determines 
the azimuthal coordinate to an accuracy (a) of 0 . 1  mm .  This corresponds 
to an angular resolution of 4 mrad in � .  The axial coordinate is fixed 
by the signal induced on the cathode strips .  The resulting resolution in 
0 is 20-30 mrad . In front of the last drift chamber is a cylinder-shaped 
container, which can be filled with 2 radiation lengths of mercury. The 
inner detector covers production angles between 30° and 1 50° for all azi­
muthal angles .  To the right and left of the inner detector NaI and lead 
glass counters , 6 . 1 and 7 . 6  of a radiation length thick respectively , 
cover 25% of 4n .  The counters are fol lowed by iron plates 60 cm thick and 
drift chambers to separate muons from hadrons and electrons . Above and be­
low the beam pipe the outer detector covers more than 25% of 4n .  It is  

made of lead glass counters and iron absorbers . 

This s et up has a good on line rej ection of background events and is ca­
pable of separating hadrons , electrons and muons over a large solid angle.  
Another strong virtue of the detector is  the excellent energy resolution 
for photons down to a few hundred MeV. The measured energy resolution is 
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I - I nner de tec tor 

2 - Scint i l lator hodoscopes 

0 5 m 

3 - Drif tchambers with cathode reade out 
1 - Hg- Converter 2 Xo t h ick  

Fig. 2 
The DESY-Heidelberg detector viewed along the beam axis 



on the order of 1 5% (FWHM) at an incident energy of 500 MeV decreasing 

to 1 0% at I GeV, 

DASP 

A schematic drawing of DASP viewed along the beam direction is shown in 

Fig . 3 ,  The main component of the detector is two large H-magnets , posi­

tioned symmetric with respect to the interaction point and spaced 2 , 1 m 

apart . 

The geometric acceptance of the magnet is from 48° to 1 3 2° in production 

angle and : 9° in azimuth resulting in a solid angle of 2 x 0 . 45 sterad for 

both magnets . The acceptance for a charged particle is smaller than the 

value listed above and depends on the momentum, the field strength and last 

detector plane required , The maximum field strength is I . I  Tesla, the in­

tegrated field length 1 . 8  Tm, 

A charged particle emerging from the interaction point traverses the fol­

lowing detectors before reaching the magnet gap : a scintillation counter 

adjacent to the beam pipe, a second scintillation counter which starts the 

time of flight measurement, two proportional chambers (3 planes in each 

chamber, 2 mm wire spacing) a third scintillation counter used for triggering 

and a wire spark chamber with magnetostrictive readout (2 planes,  I mm wire 

spacing) . 

The momentum of a charged particle is determined from the measurement of 

one space point on the trajectory in front of  the magnet and the knowledge 

of the traj ectory of the particle behind the magnet .  The traj ectory behind 

the magnet is measured by 6 wire spark chambers (each has 2 signal planes,  

I mm wire spacing , 5 , 6  by 1 , 7 m2 sensitive area) . At the present a resolu­

tion of + 1 , 4% is reached for a particle with 1 . 5  GeV/c momentum and with 

the magnet at 2/3 of its full excitation, 

The particles are identified using time of flight, shower and range in­

formation: 

The time of flight counters are mounted behind the spark chambers at an 

average distance of 4 . 7  m from the interaction point. The measured time 

of flight resolution is 0. 5 nsec FWHM averaged over the 3 1  elements in 

one arm. This makes it feasible to separate pions and kaons for momenta 

less than 1 . 8  GeV/c ,  and kaons and pro tons for momenta less than 3 GeV/c,  

by  time of flight alone . The hadrons and muons are separated from the 

electrons by the pulse height in the shower counters . These counters are 
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made of alternating sheets of lead and scintillator, a total of 6 , 2  ra­
diation lengths thick, For an incident particle with a momentum of 1 . 5 
GeV/c the cut in the shower pulse height can be made such that 80% of 
the pions b� only -3 1 0  of the electrons have pulse heights below the 
cut , that i s ,  an electron rej ection in the pion signal of 1 0-3 in one arm, 

The muons are positively identified by their range . The absorbers in the 
range telescope are made of iron a total of 90 cm thick, subdivided into 
plates of different thickness in order to allow for an optimal pion/muon 
separation at a given momentum, After each plate sufficient space for 
either a scintillation counter hodoscope or a spark chamber is provided , 
The data were taken with one wall of scintillators at a depth of 70 cm in 
the iron. 

The inner detector, made out of proportional chambers , scintillation coun­
ters ,  proportional tube chambers , and shower counters , is located in the 
free space between the magnets , This part of the detector - when completed 
will cover 85% of 4n and is well  suited for a measurement of the direction 
and energy of photons and also the direction, and in some case s ,  the energy 
of charged particles , For these first measurements , only the part mounted 
above and below the beams pipe and the four proportional chambers adj acent 
to the beam pipe were installed , During the course of the experiment the 
large shower counters attached to the magnet were also installed , 

The part of the detector used in the first experiment is shown in more 
detail in Fig, 4 .  With this detector, events with production angles bet­
ween 35° and 1 45° are accepted in a total solid angle of 1 , 4 sterad, The 
basic unit is made of a scintillation counter hodoscope, a sheet of lead 
5 mm thick , and a proportional tube chamber , Each chamber has three layers 
of brass tubes , 1 0  mm in diameter and with 0 , 25 mm wall thickness , oriented 
at o0 and ! 30° with respect to the beam axi s .  The measured efficiency for 
detecting one charged particle is 95% per plane, a value consistent with 
the geometric efficiency, A particle emitted in the direction of this de­
tector first traverses one of the 22 scintillation counters surrounding the 
beam pipe, then four of the units just described , and finally a lead-scin­
tillator shower counter eight radiation lengths thick , The rest of the inner 
detector, constructed like the part jus t  described, will be completed during 
the summer of 1 975 ,  
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EXPERIMENTAL RESULTS 

Soon after the initial discovery l }  of the new resonances at BNL and SI.AC 

an effort to confirm these results were made at DORIS, DASP searched in 

the twobody and inclusive channels and PLUTO in the total cross section. 

After a brief search the resonances were found Z) at the masses and with 

the widths lis ted below: 

3 . 1 GeV state : M = 3090 MeV 

ow = 0 . 96 ! 0 . 1 5  MeV 

3 , 7  GeV state : M = 3680 MeV 

ow = 1 . 04 ! 0 . 1 5  MeV 

The measured widths are all consistent with the values expected from the 

energy spread in the beams alone and are hence only upper limits to the 

real widths of the particles . The masses were determined from the nominal 

energy of the colliding electrons and posi trons . These values are un­

certain a few MeV due to errors in the magnetic field measurements and 

to uncertainty in the position of the orbit in the accelerator. 

After this initial search, the main emphasis at DORIS has been on investi­

gating these resonances in more detai l .  Some preliminary results of these 

measurements using DASP 3) will be discussed below, 
+ 

- + -e e � e e 
In Fig . 5 the dependence on the total energy of the yield of e+e- scatters 

between 40° and 1 40° is plotted . A peak centered at 3090 GeV is clearly 

seen. The angular distributions (swmned over e and �-e) are plotted in 

Fig , 6 for energies outside and inside the peak. The absolute cross sec­

tions in Figs , 5 and 6 have been determined by fitting the distribution 

outside the peak to the nonresonant Bhabha scattering differential cross 

section corrected for bremsstrahlung and higher order radiative effects 4> , 
Since the energy spread in the beams is much larger than the natural width 

of the resonance the interference with nonresonant scattering will effec­

tively cancel for energies close to the peak, The angular distribution 

for the decay of the 3 . 1 particle into e+e- pairs is thus obtained by sub­

tracting the theoretical Bhabha scattering cross section from the angular 

distribution neasured in the peak . A fit of the for� 1 + b cos2e gives 

b = 1 , 1  ! 0 . 6  in agreement with b = 1 as expected for a spin 1 particle 

decaying into lepton pairs . 

Assuming a 1 + cos2e distribution and integrating over the resonance we 

obtain: �o (E) dE (965 ! 1 4 1 )  nb - MeV , 
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The observed e+e- scattering cross section for 40° < e < 1 40° 

plotted agains t the total energy, The dashed lines show the 

best fit Gaussian plus nonresonant b ackground 
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a) Angular distribution of the e+e- scatters for energies 
outside the peak 

b )  Angular distribution of the e+e- scatters for energies 
in the peak (3089 � E � 309 1 MeV) The solid line is the 
nonresonant Bhabha scattering cross section 

c) Angular distribution of the e+e- from the decay of the re­
sonance. The dashed line is a best fit to the form 
I + cos2e. 



This value has been corrected for radiative effects according to the 
prescription given by Yennie S) , The cross section integral can be re-
lated to the mass and decay widths of the resonance:  

�cr (E) 
62 r2 

dE ee 
2 r m tot 

Using the value for the integral listed above : 

LIMITS DERIVED FROM 

r 2  ee -r -
tot 

+ -
e e � Y Y 

(0 , 4 1  ± 0 ,06) keV 

The cross  section for observing two collinear or nearly collinear 
photons has been measured using the inner detector for CMS energies 
around the 3 . 1 GeV and 3 , 7  GeV resonances . A measurement at the 3 , 1  GeV 
resonance , based on fewer than a half of the present events has already 
been published 6) , The selection criteria used to extract y y events and 
the various corrections to the data are discussed in that publication, 

Collinear photons are produced in the two photon annihilation 
e+e- + y y, The cross section for this r�action can be computed from QED 
and decrease smoothly as l /E2 with increasing energy . Superimposed on 
this smoothly decreasing cross section there might be a peak due to any 
of the following reactions : 
1 )  e+e- + resonance + y y 

This decay is strictly forbidden for a spin state , It is allowed for 
all other values of the spin provided C is  even or not converved , 
2)  e+e- + resonance + n° y 

In this case there wil l  always be two photons collinear to within an an­
gle mn/E . If the second photon from the n°-decay is not detected the event 
will look like a two photon event , 
3) e+e- + resonance + X y 

� y y 

The resonance decays with the emission of a single photon into a heavy 
particle X which in turn decays into two photons . If  the mass mx is  close 
to that of the resonances ( 3 . 1 GeV or 3 . 7  GeV) X wil l  be produced nearly 
at rest  and the two photons will be nearly collinear. 

The measured cross section for collinear photons at CMS energies around 
the 3 . 1  GeV resonance is shown in Fig. 7a,  and for all photon pairs in 
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The observed cross section for e+
e- � y y as a function o f  the 

CMS energy around 3 . 1 GeV: 

a) collinear photons 

b) without the collinearity requiremenl: 



Fig , 7b , 

The cross section for the collinear pairs is consistent with the theore­

tical cross section obtained from QED including radiative corrections 7> .  
Fitting the data with a nonresonant background plus a Gaussian peak with 

mass and width as observed in the e+e- scattering data, an upper limit 

(90% confidence) is derived for the decay of the resonance into two 

photons : 

�yy (E) dE < 34 nb - MeV. 

Using the measured value of r2 /r we find: ee 

ryy I ree < 0,035 , 
From a similar fit to all photon pairs, without a cut in the col linearity 

angle , limits on . 

3, I _,. 11oy and 3, I ->- x y are set . 

\.y y 
We find: Sa 0 (E) dE < 1 2 1  nb • MeV 11 y 
or r o I r < 0. 1 3 . 11 y ee 

Since the detection efficiency for X ->- y y decreases with decreasing 

mass mx of X, the search for X is only sensitive for mx between 2 .6 GeV 

and 3 , 1 GeV, Ih this range we find : 

r 3. 1 ->- Xy 
r ee 

< 0, 1 3 - 0.24, 
The measured cross section for CMS energies around the 3 . 7 GeV resonance 

is shown for collinear photons in Fig.  Sa, and for all photon pairs in 

Fig, Sb . No clear peak is seen at the mass o f  the resonance and the colli­

near photons . are well fit by QED alone . 

From the collinear photons , the limit on the two photon decay of the 

3. 7 GeV resonance can derived. We find: 

�ayy (E) dE < 32 nb - MeV. 

From a fit to all the photon pairs, without a cut in the collinearity angle ,. 

the limit on 3 , 7 ->- 11°y is found : 

Sa o (E) dE < 76 nb - MeV, 11 y 
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The yield o f  muon pairs , produced a t  the 3 .  7 GeV resonance, is 

plotted as a function o f  the pair mas s ,  



The limit on 3 . 7  + X y varies between 76 nb - MeV and 1 52 nb - MeV 

ln 
for 3 ,  I GeV < M < 3 . 7  GeV, 

+ -e e + resonance + n y 

Using the inner detector the decay of the resonances into n y has been 
investigated using the 2y decay mode of the n .  Demanding an all neutral 

final state with exactly 3 coplanar photons eliminated the much more abun­
dant beam-gas , cosmic ray and multihadron events . Note that the kinemati c  
i s  completely determined by a measurement of  the direction of the three 
photons . In particular , possible rr 0  and n '  events are excluded using the 
opening angle and invariant mass of the secondary photons . 

At the 3 . 1 GeV resonance 3 events are found. This allow us to put the li­
mit 0, 1 keV < r

ny < 2 . 0  keV for the decay 3 . 1 + n y ,  

A search for 3 , 7  + n y failed to yield any events . The 90% confidence li­
mit for this decay is : 

+ - + -e e + µ µ 

r ee 
r .....!ll 
r 

< 0 ,025 keV. 

Muon pair production has been investigated for CMS energies around the 
3 . 1  GeV resonance with the magnetic part of the spectrometer. The muon 
pairs were identified using the following criteria :  

I )  The geometrical reconstruction required one track of opposite charge 
in each spectrometer arm collinear to within 0 , 1 5  rad . 

2 )  The production vertex was within � 5 cm of the nominal interaction 
point , These criteria selected pair events . To positively identify 
the muons it was required that : 

3) At least one range counter had fired . 

Further cuts on time of flight ,  track momenta and vertex positions were 
not needed s ince the distribution of events along the beam direction 
proved that the background from cosmic rays and beam gas interactions 
were already negligible ,  A study of events where the range counters on 
both , on one or on neither s ide fired revealed that the contamination 
due to hadron pairs was also completely negligible ,  
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Since a full account of this experiment can be found in the literatur 8) 

let me j ust  list the main results : 

1 )  The angular distribution of the muons for l cose l � 0 , 6  is consistent 

with 1 + cos2e as expected for a spin one particle decaying into 

two leptons . 

2) Within the errors no forward - backward asymmetry is observed, the 

experimental number i s :  

F - B 0 . 0 1  ! 0 . 1 1  

F + B 

3) As suming a 1 + cos2e angular distribution we find 

This leads to 

faµµ (E) dE 

r · r µµ ee 
r tot 

( 1 240 :!; 230) nb - MeV. 

(0. 5 1  ! 0 . 09 )  keV 

consi stent with the value found for r!e I rtot ' 

+ -e e 

The good particle identification properties of DASP makes it possible to 

measure the cross sections for pion and kaon pairproduction, To select 

these events and to separate them from the muon and electron pairs , the 

following criteria were used : 

1 )  Pairs selected using criteria 1 and 2 of the section above 

2) Momentum of the track should be within :!; 50 MeV of the nominal 

momentum, 

3) Pulseheight in the shower counters should be less than 4 times the 

most  probab le value for a minimum ionizing particle , 

4) No range counter fired, 

At the 3 . 1 GeV resonance no events that satisfied the criteria above 

were found. The 90% confidence limits are : 

r + - I r + -11 11 µ µ < 0 . 004 

< 0. 008 



The reaction e+e- + p p was identified using the same criteria except : 
1 )  The momentum of the track should be between 1 1 40 MeV/ c  and 1 260 MeV/c . 
2) No cut on the pulseheight in the shower counter for the negative 

track was made, 
We find 15 pp pairs which satisfy these criteria .  To evaluate the bran­
ching ratio, however , the angular distribution must  be known , Since this 
is not the case , we list the width for three possible angular distri-
butions : 

cos2e r - I r + - (0 . 034 + 0 .007) assuming 1 + 
PP ]J ]J 

(0 ,023  + 0 .006) assuming constant 
(0 , 0 1 6  ::!: 0 ,004) assuming sin2e 

In Fig, 9 the yield of muon pairs produced at the 3 , 7  GeV resonance 
is plotted as a function of the effective mass of the pair ,  Centered at 
3 , 7  GeV a peak resulting from the direct decay of the 3 . 7  GeV resonance 
is seen. Superimposed on its radiative tail there is a second peak at 
3 . 1  GeV, This peak results from the charakteris tic muon decay of the 
3 . 1 GeV resonance and clearly demonstrates the decay mode 3 . 7  + 3 . 1 + X, 

The poss ible decay modes X are : rr+rr- , rr0rr0 , n ,  2rr+rr-
, 2rr0rr0 , y 1 y2 (via 

an intermediate state Pc) ,  To investigate the cascade decay, events were 
selected for which the magnetic part of the detector showed a µ+µ- pair 
with an effective mass between 2 . 9  and 3 , 2  GeV. 67 events were found . For 
these events ,  the missing mass recoiling against the µ+µ- pair was com­
puted from the known muon momenta  assuming that all were due to the de­
cay of the 3 , 1 GeV resonance , Finally the inner detector was examined for 
evidence of photons or charged p articles , 

The result of this search can be sunnnarized as follows : 

I )  No candidates for 2rr+rr- or 2rr0rr0 were found. 

2) The two photons from the chain decay 3 . 7  + Pc y 1 + (3 , ty2) y 1 are 
nearly uncorrelated, A sizable fraction of these decays will therefore 
have an effective mass below 2m as determined from the momentum of the 1T 
muon pairs . No such events have been found, leading to an upper limit 
(90%) for the decay. via an intermediate state Pc . 

3 . 7  + pc Y 1 + ( 3 . 1 Y2)Y 1 < 0. 1 3 .  
3 .  7 + 3 .  1 • all 
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3)  The decay 3 . 7  + 3 . 1 TI+TI- is clearly seen, The branching ratio is  

found to  be  

3. 7 + 3. 1 + -TI TI 

3 ,  7 + 3, l all 
0 , 58 : o .  1 5  

10) This value is in good agreement with 0 , 54 ! 0 . 06 measured at S�EAR. 

4) The TioTio decay mode is established by the observation of events with 

masses mx between 2mTI and the mass of the 11 ,  wh<ere photons , but no 

charged particles are seen in the inner detector. 

The ratio 3. 7 + 3.  1 

3, 7 + 3 . 1 

0 0 TI TI 
+ -TI TI 

will be 1 /2,  0 or 2 for the isospin of the pion pair O, 1 or 2 res­

pectively. The ratio found is consistent with I O. 

5)  There is also evidence for the decay 3 ,  7 + 3.  1 ·� . This is based on the 

observation of events at the mass of the 11 wher'e photons and charged 

particles are seen in the inner detector . This observation is supported 

by events of the type 3, 7 + 3. 1 yy with the effoctive mass of the 

yy-pair near the mass of the 11 . 
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STATUS REPORT ON 'I/! (3 . 1  GeV) RESONANCE FROM ADONE 
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di Fisic a  Nucleare, Sezione di Roma (Italy) 

and 

M. Piccolo 

Laboratori Nazionali di. Frascati del CNEN, Frascati (Italy) 

ABSTRACT 

The present status of the Adone results on the 'I/! ( 3 .  1 

GeV) resonance is reported. Channels e+e---,> multihadrons, e+e- ,  
µ, + µ, - , ;1t; 0 y , "I y , y y have been studied. Preliminary results are re­

ported on a search for pos sible narrow resonanc e at lower energies. 

/ , RESUME 

Les resultats sur la resonance '1j! ( 3 . 1 GeV) obtenus jus 
qu' a present a Frascati sont passes  en revue. Les reactions e+e-...::; 

� multihadrons, e+e- , µ, + µ, - , ;1t;o y , "I y , y y , ont ete etudi.ees . Les 
resuliats preliminaires sur la recherche d '  eventuelles resonances 
etroites a plus basse  �nergie sont rapportes .  
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STATUS REPORT ON W ( 3 . 1  GeV) RESONANCE 
FROM ADONE 

The more recent results obtained at Adone are reported( l  +4); 
they concern the study of the newly discovered 'ljJ ( 3 . 1  GeV) particle and 
a first search for possible other new particl-es with lower mass .  

We  should begin by reminding the main parameters of Ado­
ne since the machine characteristics play an important role in many pr� 
blems concerning the observation of thi s  new kind of particle . 

The energy range covered by Adone is W = 2E = Vs = 1 . 1  + 
+ 3 .  0 GeV. The machine group allowed experimentalists to work 100  MeV 
above the maximum design energy, in order to reach the 'ljJ mass . 

1 - 1  The luminosity, at maximum energy i s  "' 0 . 3  µ,b- sec 
measured by small angle ( � 70 mrad) Bhabha scattering, by single brems� 
trahlung and by double bremsstrahlung . 

The beams lifetime is typically 8 hour s .  Each beam consists 
of three bunches which cross in six regions of the machine: two of them 
are occupied by R .  F .  cavities ,  four are available for experiments . 

The collision is an "head on" one and the source longitudinal 
density is gaussian-like with full width at half maximum of (47 + 5 )E3 /2  
cm (E  in  GeV) . The radial and vertical dimensions o f  the source ;re 1 mm 
and 0 . 1 mm respectively (at 3 . 1 Ge.V) .  

The total c . m .  energy spread I'w(FWHM) of the machine 
depends on the energy itself according to 

I' W(MeV)e:< . 3 1  w2 ( GeV) . 

The reliability of the energy setting is of the order of 0 .  3 
MeV . Recent calibration of Adone magnetic field, give for the 'ljJ mass 
the value 3 1 0 3  + 6 MeV . 

EXPERIMENTAL APPARATA -

Actually three of the four experimental crossing regions a­
re occupied by the experimental set-up of: 

i) BB group 
ii) y Y group 

iii ) MEA group 

(Frascati, Napoli, Pisa collaboration) 
(Frascati, Roma collaboration) 
(Frascati, Napoli, Padova, Roma collaboration) 

i) BB experiment . - The set up of the baryon-antibaryon 
group (Fig. 1 )  consists(2) of two symmetrical telescopes ( six counters 
each) . 
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Informations on the detected particles come from pulse 
height and timing analysis on the phototube signalE: . 

Cosmic rays rejection is achieved hardware (time of flight 
between s 1 and S2) .  

The collinearity of detected particles and the source point 
are determined by using measurement of the impact point on s 1 and s2 . 

Electron identification is achieved by pulse height analysis 

The material between s2 and s3 is about 3 . 5  r . l . thick . 

The angular region covered by this set up is : 9 = 44° ..,. 
.... 1 36°; ll'P = 40° . 

ii} )')' experiment . - This set up (Fig .  2 )  consists( 3 )  of two 
kinematical spark chambers (KSC ), two shower detectors ( SD)  sand­
wiches of spark chambers,  plastic scintillators and lead converters, and 
two thick plate spark chambers (sandwiches of spark chambers and iron 
plates) (ISC ) .  Two circular digitized side telescopes (ST) (magnetostric­
tive chambers and scintillation counters) complete the system . The to­
tal solid angle covered by the set up is for a point·- like source o .  5 x 4n 
sterad for the optical detection system and 0 . 1 5  x 4n sterad for the si­
de telescopes .  The polar angle 9 accepted by the set up ranges from 20° 
to 1 600 .  The apparatus can be triggered by different configurations e . g . : 
two or more charged particles ,  at least one in the upper part and one 
in the lower part, or only photons in the upper and lower part of the ap­
paratus . This last trigger is particularly suitable to look at the neutral 
decays of 1J! ( 3 .  1 )  particle . Time of flight technique is used for cosmic 
rays rejection. In this way the cosmic rays rate is  lowered by a factor 
"" 1 03 . 

iii) MEA experiment . - This set up(4 )  (Fig .  3 )  is a magn� 
tic detector . The magnetic field is  produced by a large ( 2  meters diame 
ter, 2 meters length) solenoid, with Al coil: the axis is perpendicular t-;; 
e + e- direction; the zero integral value of the magnetic field along the 
beam path is obtained by means of two compensator magnets . The ma­
ximum fieid available is 4 .  5 KG, but actually the running field was 2 KG . 
In this working condition the momentum re solution is rv 1 0% for 1 GeV/c 
particles . 

A set of multiwire proportional chambers (MWPC ) are pla 
ced above and below the crossing region .  These chambers have wires -

parallel to the direction of the beam and are used both in the trigger sz 
stem and in off-line reconstruction of the events .  

A system of  narrow and wide gap optical spark chambers 
is  used to measure the emission angle and the momentum of the particles .  
The wide gaps are cylindrical and coaxial with the solenoid; the electro­
des are made of wire in order to reduce multiple scattering and to sim­
plify the optical system . In fact in this way a single photografic camera 



can give the reconstruction of the events in space .  

A scintillation counter system (S1 =s4 , S � :;S� ) i s  used for 
triggering. The trigger request is at least one particle with a minimum 
energy of 1 3 0  MeV (if pion) i� the upper par1t (S1 S2s3s4 ) and one parti­
cle of 1 1 0  MeV ( if pion) in the lower part (S1 S�SJi ) .  To reduce machine 
background, events with all particles at small angle with respect to the 
beam are rejected .  The solid angle covered by the set up for point- like 
source is.6.12 m = 0, 4 x 4.rr; sterad ( 40° � 9 �. 1 40° ) for momentum analz 
sis ;..1 .ll i = 0 , 2 7  x 4.rr; sterad for particles identification (chambers c 3 
C � ) .  The effect of the extended source is to lower � to ,..., 0 .  09 x 4.rr; 
sterad at 3 . 1 GeV. 

Cosmic rays background is rej ected by time of flight measu 
rement, by requiring correct timing with bunch-bunch collision and by -

requesting that radial position of the source lies within + 5 cm from the 
beam line ( fast logic of MWPC ) .  With such requirements the cosmic ray 
rate is reduced by a factor rv 1 o4 . 

EXPERIMENTAL RESULTS -

( 1 )  

( 2 )  

( 3 )  

( 4) 

The reactions we are studing around 3 . 1 GeV are :  

+ -e e -+-
+ -e e """""'" 
+ -e e -
+ -e e -+ 

many hadrons ( l'1' ,  MEA) 

+ - -
e e (BB, l'1' ,  MEA) 

+ - ( BB, l' l' , MEA) µ, µ, 
neutrals ( )' I'  ) 

Reaction ( 1 )  has also been studied in the total c .  m .  energy range 1 .  9 + 
+ 3 .  1 GeV in fine steps . 

The identification criteria for the various channels are :  

Channel 1 - 2 non collinear tracks or more than two tracks, coming from 
interaction region and having correct timing with beam­
-beam interaction (MEA) .  

- 2 tracks (one in  each part o f  the apparatus) plus anything . ( )' )' ) 
Channel 2 - 2 collinear tracks with proper:  timing with the beam; sour­

ce position; time of flight in both side of the apparata; furthe!:_ 
more : 

- showering in the external spark chamber . (MEA) .  
- showering in  the shower detector ( )' l' ) 
- ionizing :? 2 times minimum after 3 .  5 r . 1 .  ( BB ) .  
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C hannel 3 - The µ, + µ,- Pvents have to sati sfy t h e  s am e  c ollinearity r� 
quirem ents as the e+e- events and are caracterized by: 

- ab s ence of e .  m .  showers (BB,  l'Y ,  MEA) 
- ab s ence of nuclear interactions i n  thick plates 

ber ( l' l' , MEA) 
- c orrect m om entum w ithin :1: 20% (MEA) . 

s park cha� 

The BB s et up cannot at pr esent,  di stingui sh betw e en + -µ, µ, 
pai r s  and hadr ons pairs . 

C h annel 4 - No charged particle should be pres ent but only photons c o  
m i ng from interaction r e gi on, having c or rect timing w ith 
the beam - b eam interaction and show ering in the shower d e  
tector (yy ) .  -

To extract from experim ental chta the r e sonance param e ­
t e r s ,  e . g .  t h e  width I'i , in t h i s  c a s e  ( I'i « !SVI = c .  m .  energy s pread of 
the m achine) the s i m plest procedure is to integrate the res onant c r o s s ­
- s ection over /J.W ; one obtains for J P  = 1 - : 

( 5 )  

( 6 )  

( 7) 

J + - 6.n-2 a (e e �  h a d )dW = -2-
/:i.W • M'!f! 

][a (e + e � e +e- ) - a (e +e-- e +e .. )QED] dW = 

A W 

r 2 + -e e 

I' tot 

[' + -I' + -e e µ µ, 

dW 

I n  expr es si on ( 6 )  and ( 7 ) ,  we h ave a s s u m e d  that the interfer ence term , 
integrated over the m ac h ine r e s olution is negligible . 

The above integrals do not d e pend on the m achine re solut i o n .  

T o  deduce the width from the experim ental d a t a ,  radiative 
correcti ons have to be taken into acc ount . 



+ -e e � many hadrons . -

In Fig. 4 is reported the experimental total cross section 
for e+e - - many hadrons ( rr experiment), together with the theore­
tical curve calcula�ed by taking into account radiative corrections( 5 ) 
and machine energy spread . 

The experimental results for multihadronic channel are :  

J u ( e+e -- haci) dW= 
/J. W  

( 6 . 7 :_ 2 . 4 ) nb x GeV( Yl' )  

( 7 .  0 :_ 1 .  8 )  nb x GeV (MEA) 

Here and in the following, the quoted errors include also 
uncertainties on detection efficiencies, and on luminosity measurement. 

This corresponds to (without radiative corrections) :  

( 2 . 8  :_ 0 . 9 ) KeV ( Y'Y )  

I' tot 
( 2 .  9 :_ 0 .  7) KeV (MEA) 

Applying radiative corrections( 5 ) we obtain 

( 3 .  8 � 1 .  3 )  KeV ( Y r )  

( 4 . 1 :_ 1 . 1 ) KeV (MEA) 

In Fig. 5 are shown the charged, neutral and total multiplicity distri­
butions of the detected multihadron events as obtained by Yl' experiment . 

up is ( Ne> 
out to be :  

The average charged multiplicity observed in the MEA set 
3. 3 :_ 0 . 3 ; lower limits for high multiplicity channels turn 

N� 6 
-N- ) ( 0 . 1 3 :_ 0 . 0 2 )  (MEA) 

N ; 8 ) ( 0 . 02 :_ o . o l )  (MEA) 

where N � 6 , N �8 and N �re  respectively the number of events with at 
least 6 or 8 charged particles, and the total number of events . 
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e + e -� e+e:_._:__ 

For the channel e+e-� e+e- the resonance c ontribution 
is of the same order of magnitude as the QED. 

In Fig. 6 i s  reported the excitation curve for the reac ­
tion e+e--J-e+e- (BB experiment ) .  

In Fig. 7 the measured angular distribution is  reported 
for the BB and MEA experiments .  

From the integral ( 6 )  one obtains (without radiative co� 
rections ) :  

r 2 e+e----·-

1tot 

( 0 .  2 3  :'.:_ O. 09 )  KeV (BB) 

(0 . 3 6 :'.:_ 0 . 1 2 ) KeV ( Y Y ) 

(0. 2 1  :'.:_ O. 07 )  KeV) (MEA) 

The above MEA value has been derived from back sc attering ( g� 90°) 
events for which QED background is lower. 

After radiative corrections ( 5 ) have beE;n applied these V.':l:_ 
lues become (not yet c alculated for MEA results )  

e+e�--.y+ £ :  

2 
+ r e e ---- -

rtot 

(O. 34 :'.:_ o. 14 )  Kev (BB) 

(0 . 6 5 ::t:_0 . 22 ) KeV ( l'l' 

In this channel the QED background is very small. In 
Fig. 8 the excitation curve for reaction e + e·-�, µ, + µ, - is reported 
(MEA experiment ) .  From the integral ( 7 )  one obtains (without radi.':l:_ 
tive c orrections ) :  

��EO�rµ, �-L = 

rtot 

By applying radiative correction: 

( O .  21 :'.:_ o.  o 7 )  (BB) 

(O .  2 G ::t:_O .  09 )  ( y Y )  
(O. 2 4:'.:_ O .  04 )  (MEA) 

I'e+e- I'p +_/:!:= _ 
= 0 . 3 1 + 0 . 09 (BB) 



The radiative corrections have not been yet calculated for Y Y  and MEA 
results . It is important to notice that, within the experimental errors, 
r e+e- � r + - as expected from the µ -e universality. - µ µ 
µ + µ- angular distribution (MEA experiment ) :  

A pos sible forward-backward asymmetry in the µ + µ - an­
gular distribution has been investigated(6 )  by the MEA experiment; the _'.!: 
symmetry is defined by 

where N
F 

is the number of the events in which the angle 9 between e+ and 
µ + directions is less than 85°,  while NB i s  the number of events in which 
e is greater than 950 . 

The measured 1: values averaged on the energy interval 
3 1 00 . 5 + 3 1 0 5 .  5 is consistent with zero: namely 

49 - 5 3  
49+5 3  - o. 04 + o. 1 

If further analysis is performed looking at the energy dependence of the 
asymmetry we find : 

3 2 - 1 6  3 100 , 5 � W� 3 1 02 . 5 ;  1' =  3 2+1 6  

3 10 3 , 5 � W� 3 1 05 , 5 ;  1' =  

The errors are statistical only . 

1 2  - 2 8  
1 2  + 2 8  =-0, 40 .:!:: 0 . 14  

This result i s  qui te difficult to  explain; if i t  i s  not a statisti­
cal fluctuation, the energy spread of the machine should average any ener 
gy dependent asymmetry due to such a narrow resonance .  

-

It is important to outline that, in the 1 hypothesis, radiati 
ve corrections would generate( 5 ) a forward-backward asymmetry in the­
angular distribution of the µ + µ- pair of the order of + 5% .  

Tests are in  progress to meek M E A  apparatus symmetry: 
inversion of the magnetic field and bf beam's direction . 
+ -e e - photons . -

The production of only photons at energies around the 1J! 
( 3 ,  1 GeV) resonance has been studied by the YY group, whose apparatus 
is particularly suitable for photon detection . 
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A sketch of the counters and converters arrangement in 
the shower detector SD is shown in Fig. 9 .  

A photon i s  defined by the coincidence V {O · 2 · 3 )+(2 · 3 · 4 l] 
The trigger efficiency is "' 75% for photon energies E�-, 500 MeV. Full 
tracking efficiency is reached in the shower detector for photon energies 
Ei9- 200 MeV. 

Experimental result s .  -

( 8) 

( 9) 

( 10 )  

With this set-up three channels have been studied up to 

+ -e e - 1' 1'  
+ - 0 e e - n 1' 

�1'1' 
+ -e e � 71 y 

L.+.n 
In order to detect these reactions at least two photons are required one 
in the upper part and one in the lower part of the apparatus and no char­
ged particles should be present either in the main telescopes or in the 
side telescopes .  

A total luminosity of  1 9  nb- 1 was colJ:ected at energies ran­
ging from 3090 to 3 1 1 0  MeV; 4 1  event s were detected with two photons co 
planar within � 5° with the beam line . The collinearity distribution of th� 
se events is reported in Fig. 1 0 .  No three photons events were detected 
at the resonance energy. 

A MonteCarlo calculation shows that for the reactions ( 9 ) 
and (10) the three photons configuration is favoured by a factor of � 2+ 3  
with respect t o  the two photons configuration . More precisely the efficien 
cies for detection of n ° )' and 71 )' reaction in 2 1' or 3 1'  configuration -
are: 

e2J' ( .n-
0J' )= ( 1 .  9 � 0 . 06 )% 

€21' 
( 1/ 1' ) = ( 2 .  9 � 0 .  1 )% 

0 E 3)' ( n )' ) = ( 5 .  7 � 0 .  1 )o/o 
E 3 J' ( 1j )' ) = ( 4 .  8 � 0 .  1 )% 

Therefore the absence of three photon events allows to give the following 
upper limits for the cross sections for reaction ( 9 )i and ( 1 0) ,  integrated 
over the energy spread of the machine, at the resonance energy 

J aw 
J 

AW 

a (w)dw < 27  nb 
no)' 

a (w)dw < 89  nb 
711' 

MeV ( 90% c .  l . ) 

MeV ( 90% c .  l . ) 



Radiative corrections have not yet been taken into account . In calcula- . 
ting the a upper limits the 1) -+  )' )'  branching ratio has been used: '/'/)' 

( 1J - )' )' )/ (  'T/ - all modes) = 0. 38 
. 

'The above results correspond to the following upper limits for the parti-
al width. 

r :ror 
< o . 5% ( 90% c. l . ) 

r had 

I'11 r < 1 . 6% ( 90% c .  l . ) 
r had 

From these results it follows that the contribution from reaction ( 9) and 
( 1 0) to the 4 1  two-photons events, is negligible .  In order to study reaction 
( 8) only 39 events out of the 4 1 ,  have been selected by requiring the colli­
nearity of the two photons within ±: 1 5 0 .  

The excitation curve o f  these events i s  reported i n  Fig. 1 1 .  
Within the present statistics no clear evidence appears for the existence 
of a peak in the cross section for reaction ( 8), at an energy corresponding 
to the mass of the 'IJ! . An estimate of a possible enhancement of the cross 
section for reaction ( 8) around 3 103 MeV is given by the. ratio: 

r l'Y yield ( 3 1 00�  W$ 3 106 ) 1 . 6+0 . 6  l'Y yield (W<. 3 100; W >  3 106 )  

Search for new resonances with masses below 3 . 1  GeV .  -

Possible new resonances in the mass region 1 .  9 to 3 . 1  GeV 
are being searched for .  The preliminary results from .JI )' group are now 
reported . Up to now, the following mass intervals have been explored :  
1 9 1 5  + 2045  MeV and 2205  + 2544  in  st eps o f  1 MeV; and 2 966 + 3090 in 
steps of 2 MeV. The energy spread I' w (FWHM) of the total c .  m .  ener­
gy (W) of the beams  depends on the energy itself, according to I' w(MeV) 
!:::!. 0, 31 w2(GeV) . In the explored range of mass, I' w varies from 1 .  1 
MeV to 3 .  0 MeV. Therefore the 1 or 2 MeV steps allow to detect also pos 
sible very narrow resonances . 

-

Experimental results . .  -
For each energy value, the following luminosities were accu 

mulated: 0 . 1 2  nb- 1 for 1 91 5  � W� 2045 MeV; 0 .  066 nb- l for 2205$ W� 2 544 
MeV; 0 . 1 8  nb- 1 for 2966� W� 3090 MeV. The multihadrons yield was re­
cor.ded as a function of energy .  The results are shown in Fig . 1 2 . 
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For comparison, the 'f/! ( 3 .  1 GeV) peak is reported on the same scale 
as the other experimental points .  No statistically significant structures 
other than the 'f/! ( 3 .  1 Ge V) seems to appear . In the m ultihadron chan­
nel an upper limit on experimental cross section of about 400 nb ( 90% 
c . 1 . ) can be given for possible new narrow resonances . 

The same conclusion can be deduced from the MEA data, 
although their statistics is lower by a factor ,..,. 2 .  Work is in progress  
to increase t�e statistics and to complete the energy interval covered 
by A done storage ring . 
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FIG.  1 - Experimental set -u  > of the BB experiment . s1 , s2 and s3 are 
scintillation counters .  

I m  

FIG . 2 - Experimen :al s et -up of the y y  experiment . 
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FIG . 3 - Experimental set -up of the MEA experiment. S1 + s4 , S� + S� 
are scintillator counter s .  

a- ( nb) e+ e--MULTIHADRONS 

102 

� 
W(MeV) 

3095 3100 3105 3110 3115 3120 

FIG .  4 - e+e- � many hadrons total cross section ( y y  experime1 ,t ) . 
The solid line is a fit of the experimental points withthe radiative -::or 
rections form ula of ref. ( 5), plus a constant background . The bea Tl � 
nergy sr0read has been folded in. The errors are statistical only . 
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F I G . 9 - A sketch of one of the two main telescopes (SD) of the )')' ap­
paratus . V, 1 ,  2, 3 and 4 are scintillation counters .  
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F I G .  10 - Collinearity distribution for two -photon events coplanar wi :h 
the beam ( y y experiment ) .  
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FIG . 1 1  - Relative yield for the production of collinear photon pairs 
as a function of the total c . m .  energy .  ( y y  experiment) The horizon 
tal dashed line represents the e+e ---.+ yy level as deduced by avera­
ging the first and last point . The position and the shape of the 1jJ ( 3 :-1 
GeV) resonance i s  shown. 
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FIG . 1 2  - Multihadron relative yield ( y y  experim ent) as a function of 
total c . m .  energy W. The '1j! ( 3 . 1 GeV) is reported for com parison, on 

the same scale as the other points ,  



Abstract 

CHARMLESS COLOURFUL MODELS OF THE 

NEW MESONS 

F . E .  CLOSE 

CERN, Geneva 

J. WEYERS 

CERN, Geneva 

Universite de Louvain, Be lgium 

It is shown that a strongly broken c olour model is c ompatible 

with the present data on the new partic les . Experimental c onsequences  of 

the mode l are pointed out . 

Resume : On montre qu ' un modele de c ouleur fortement bri see est c om­

patible ave c les donnees  actuelles sur les nouve lles particule s .  On donne 

des consequences exp8rimentales du mod€ le . 
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This is a progress report on attempts to investigate the simplest 
vari eties of theories which contain a new n o n - addi tive quantum number and 
can be formu lated consistent with the known facts on the new particles 1 1 1 

We present our current understanding of such schemes in the hope that at 
least i� may s t imu late others to consider possibilities beyond t h e  fami l i ar 
charm 1 2 1  and c o lour 1 3 1 models which are discu s s ed e l sewhere i n  these 
proceed ings C 4 l  

I .  THE CHARGE OPERATOR 

If one wishes to formu late a unified theory of weak and e lectromagnetic 
interactions that has no anoma l i e s  when couplings including hadronic degrees 
of freedom are introduced , then i t  i s  necessary that ( S J  

l Bi = l Bi + l ei = Q i leptons hadrons 

where ei are the charges of the fundament a l  fie lds i n  the theery . 
If one does not introduce heavy leptons then there are two types of possible 
theori e s .  

( i i  charged l eptons in the fundamen tal mu ltip let ( s )  are e u 

Hence the hadronic quarks mu st have t o t a l  charge +2 .  This is the 
" c h arm l i ke "  s o lution J the quarks are p , n , X ,  p '  with the usual charges and 
come i n  three c o l ours RYR . 
( i i )  charged leptons i n  the fundament a l  mu ltiplet ( s )  are e-U+ 

Hence the hadronic quarks have total charge zero . This is sat isfied 
by the fami l i ar p , n , X  (wi th or without co l our) . If one introduces new quarks 
one requires 

new 
quarks 

0 

It is theories of this type that we are investigating . 

( 2 )  

T h e  simplest rea lisation i s  two triplets o f  p , n , A  - male a n d  fema l e ,  
known a s  t h e  s e x  mod e l . T h i s  mod e l  leads to some frustration and appears 
to be unsat isfactory . We then proceed to a three triplet mod e l  which i s  
consisten t  with present data a n d  leads to some spectacu l ar predictions 
l i ke the supression of the cascades (4 . 1 )  + ( 3 , 1 ,  3 . 7 J +X and the (possible)  
existence of doubly ( o r  even triply)  charged meson states . 



II . TWO TRIPLET [SEX) MODEL 

2 . a .  The basic idea 

Two t�iplets of quarks [ p n A ) M and ( p n A ) F form the basic representation 

of S U ( 3 ) M Q SU ( 3 ) F , The hadrons known before November 1 974 are male states 

( singl ets under SU ( 3 ) F ) made from the ( p n A ) M quarks . A fema le universe -

states b u i l t  from ( p n A ) F - exists in para l l e l  wJ t h  the fami liar male world . 

The photon connects the two worlds and is postu lated to transform as 

Y = YM + YF = ( 8M , 1 F ) + [ , M '  BF ) , In addition to [p w� ) M states which couple 

directly to YM there exist � w� ) F states which coup le directly to Yf • 
The (J , w l mesons are as signed to these female stat e s . 

2 . b .  Problems 

Assigning 3 . 1  and 3 . 7  to the �F and wF states seems to fit nicely with 

the obs erved leptonic widt hs . However where is the predicted pF state 

Naively one expect s  f2P�y 9 f2 and a l t hough one can p lay with arbitrary mas s  r wy 
e• e-

factors it seems difficult to avoid the predictions t hat r
P F � 1 5 -20 keV 

The failure to observe this state is serious and makes a two triplet model 

unsatisfactory . 

However it is worthwh i l e  to point out that as far as weak interactions 

are concerned a two -trip let model leads t o  interesting pos sibilities which 

we now e l aborate s ince they may be taken one in more complicated t heories . 

2 . c .  Weak interact ions 

There are basically two ways of proceeding from the requirement that 

strangen ess changing neutral currents are supressed . 

Two "Cabibbo trip let s "  ( �ncl c ) M , ( pncA c ) F generate the charge raising 

weak current 

(pnc + p' A c ) 
+ 

(p ' n '
c + pA '

c ) 

where the primes denote the fema l es , u nprimed the males . 

W follows immed iately and then the neutral current w i l l  have structure 

given by w3 � r w· , w- J . 
Since the weak interactions connect t he M and F worlds then , to 

e l iminate parity violating effects in strong interact ions ( t o  order � ) , 

the Weinberg-Nanopou los ( B J  theorem suggests t hat the gluons couple 

symmetrically t o  M and F worlds . SU ( 3 J MG SU (3 ) F becomes SU ( 6 )  and this 

latter model has already been suggested in the li terature ( ? )  

( 3 )  
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( ii )  No charm because no Cabibbo 
- - - - - - - - - - - - - - - - - - - - - - - - - - -

We begin with two triplets ( p n \ J
1 , 3 

each degenerate in mass at 3 0 0  MeV 

and 2 GeV respectivel y .  The e l ectromagnetic current is  written 

2 - 1 1 - 2 - 1 1 -Y"' ( 3 PP - 3 nn - 3 H )  1 + ( 3 pp - 3 nn - 3 AA J 3 

:= [ ( I = 1  l 
z 

1 ( I = O J ] 
1 

+ [ (V=1  ) z + _2_ (V=O J ]  13 13 3 

( compare the figure 1 )  
'Yl.. .� I. The charged weak currents are an I 

spin rotation in world 1 and V spin 

rotation i n  world 3 .  0: \ 
u '\ 

Gauge theories are b u i l t  in worlds 1 and 3 so that 

--� 

1 
/ 

I v  

The medium strong interaction mixes states containing A quarks in 

worlds 1 and 3 y ielding the M and F worlds 

+ + 
( I- J

M r r- 1 1  
+ + + 

( K- J
M 

( K- ) 3 sin e + ( K- ) 1 CDS 
+ + + 

( K- J
F ( K-

) 3 cos e - ( K- )
1 

sin 

(4)  

( 5 )  

p 

( 6 )  

The observed medium strong s p l itting of the M world and the � 2 GeV separa-

tion of the quarks i n  worlds 1 and 3 generate the magnitude of e Using 

masses ( as against mass square d )  then e � e Hence c 

+ + + rw- i M = g 1
r + g3v- sin e ( 7 )  

c 

where g
1 , 3 

are t h e  coupling strengths of the w
1 , 3 

boson s .  

These ideas (Viz , that n at ure uti lises two axes asso ciated with two 

sets of mesons rather than one axis wit h  a Cabibbo rot ation )  have essen t i a l l y  

b e e n  anticpated by Schwi nger ( B J  H i s  picture h a s  g1 = g3 and d i ffers from 
+ 

the Cabibbo current on l y  by 0 . 97  1 in I- . 

Wit h our two couplings we obtain 

then 

+ [ -
g

1 I± + V± ( W-) M = 
g3 sin  

g
3 

e l 



m 
w3 

0 . 9 7 .  

Unifying with electromagnetiffil one finds typically  m 
w

3 
m � 63 GeV . 

w1 

65 G eV and 

It is not clear whether such schemes can be shown to be f u l l y  

sou n d . However they deserve further-examination s i n c e  they have some 

motivation now that new states have been found , and are of interest 

as a " non charm" approach to the weak interaction n eutral current 

probl em . 

III . A THREE TRIPLET MODEL ( 9 J 

3 . a .  The basic idea 

As in many colour schemes we assume the fundament a l  hadron symmetry 

to be SU ( 3) x SU ( 3 ) c and the photon to transform as ( 8 , 1 )  + ( 1 , 8 ) . 

However, ( and this possibility seems to have been overlooked in previous 

mode ls ) we postulate that S U ( 3 J c is  strongly broken d own t o  S U ( 2 )
c x LJ ( 1 ) c 

( "colour isospin"  and hypercharge " ) , hence ordinary mesons are not expected 

to transform as colour singlet s  an ymore . 

Exp l i c it l y  we consider three t riplets labe l led ANP with N , P an iso­

colour doublet and A an isoco lour singlet . The charges of t h e  p , n , A  quarks 

are 

A 

N 

p 

p 
z 

z '  

z "  

n 

z - 1  z - 1  

z ' - 1  z ' - 1 

z" - 1 z " - 1  

T h e  constraint that there b e  no anomalies  becomes 

Z + Z I + z "  = 2 

and so the "average charge "  of p , n , A  quarks w i l l  be 

<e > = 2/3 p <e > = - 1 /3 
n ' ) 

under SU ( 3 ) c we consider states 

V C AAJ ,  x NN + pp ) ' 12 
NN - pp 1/! ( ./2 

the st ates V ,  X having I
c

= O  while 1/! has Ic = 1 . Physical I
c

= O  states 

could be arbitrary mixtures of V and x ; however we s h a l l  argue ,  and 

support this c l aim later,  t hat the physical mesons are to a good appro­

ximation the V and x d escribed above . 

( 9 )  

( 1 0 )  

( 1 1 )  

( 1 2 )  
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Each of these fami lies contains three vector mesons which ws s h a l l  

labe l pv ' w
v

, +v et c . · ·  

The fami liar vector mesons p v ( 7 7 0 )  w
v

( 7 8 0 )  •
v ( 1 020)  ars thus isoco lour 

singlets . All three couple directly t o  the photon and their lsptonic 

widths ars consist ent with t h s  fami liar choice z = 2/3 . Simi l ar l y  ths 

p w • I
c

= O  states all  couple direct ly to t h s  phot on and t hp ratios of 
x x x 

their various lsptonic width s  w i l l  be simi lar to that of the pvwv•
v

· 

This already prevent s one from assigning ths 3 . 1  and 3 . 7  GsV states to 

I
c

=O since ons wo uld have the smbarrasing fai lure to s ee a p - liks stats 

with r
e+ e-

� 20 keV . 

The coup lings of t h e  photon to t h e  Ic = 1  • states ars 

( 1 3 )  

T h e  I
c

= 1  phenomeno logy is  now perfect for t h s  3 . 1  and 3 . 7 ident ification 

as w
.

( 3 , 1 ) , •• ( 3 , 7 ) . The i so colour conservation wil l forbid the st rong 

d ecay of ths • states into ordi nary mesons and so ans already has some 

hope of understanding the narrow widt h s . 

3 . b .  Spectroscopy 

Our model  predicts 8 1  vector mesons , sight of which coup le to ths 

phot
.
on , name l y  

AA p v wv
•

v 
with I

c
= O  and I = 1 , 0  

NN - pp 
w • •• with IC= 1 and I = O  12 

�p 
p w .  with I

c
=O and I =  1 ,  0 ./2 x x x 

We would identify ths x ( 4 . 1 l  with p
X 

or perhaps a mixture of p
X 

and w
X

. 

I n  the latter cas e ,  using the masses 

• - w 

( 1 4 )  

( 1 5 )  

( 1 6 )  

v v • + w 
� 1 2  % and � 9% as a guide ons predicts 

v v 

t h e  •
x 

to l i s  around s GeV . 

For baryons our scheme leads to s evera l possibi l ities ths simplest 

of which i s  that baryons are co lour singlets i . e .  

B � P NA .  

Note that t h s  " avsrags charges" of pn1  quarks being 2/3,  - 1 / 3 , - 1 / 3  has 

t h e  consequence that all baryon charges will be ssnsibls whatsvsr z z '  z "  



may be so long as t h e i r  sum is 2 .  

The s implest ( b u t  by n o  means unique) choice for t h e  quark charges 

compatible with t h ese a s s umptions and which avoids frac t i on a l ly charged 

meson s tates is then ( 1 D J  

z = 2/3 z ' = - 1 /3 z " 5/3 ( 1 7 )  

( note t hat z '  ;i z "  which i s  forced b y  eq . (1 3 )  an d w 1' O J . 
WY 

The most na ive mas s formulae would then lead us to predi ct , in this 

version of t h e  mod e l ,  t h at an i so co l our doub iet ( I c = 1 / 2 ,  pi\) family exists 

around 2 GeV . The ( o rdinary )  SU ( 3 )  nonets which correspond to it will 

contain a doubly c harged s t at e  (p n ) . P A 
3 . c .  Widt hs and decay modes of the new part icles 

Isocolour conserva tion forb ids t h e  strong d ecay of the tjJ states 

( 3 . 1  and 3 . 7 )  i nto ordinary meso n s . 

The o n l y  " legal quark diagram" for t h e  decay of tjJ ( 3 . 1 )  and tjJ ( 3 . 7 )  

into convent i on a l  hadrons i s  t h e  fol lowing . 

( ordinary hadro n s )  

a n d  h e n ce o f  order a2 for t h e  widths ( and o f  c o urse t h ere w i l l  be 

tjJ + y + hadrons which i s  a l ready O ( a2 J J . Cons equent ly one might anticipate 

t hat t h e  B/� ratio w i l l  be larger wit hin the peaks than o u t s i de . 

With t h e  ass ignments given in our model t h ere is no legal dia gram 

of order e which does not violate Zweigs ru le . (We thus avo id a diffic u lt y  of A"K+ pp + NN conventional colour mo dels where the ordinary mesons are 
3 s o  

t h a t  order e diagrams exist a r e  yield rates w h i c h  a r e  estimated t o  be o f  

order MeV and hence t o o  l a r g e )  • By t h e  u s ual arguments we do expect some 

vio lation o f  Zweig ' s  rule b ut we have no re liable estimat e for i t . 

For t h e  x( 4 . 1 )  on the other hand , strong d ecays into BB s t at e s  ( virtual 

or rea l )  are a l lowed and hence o u r  mode l predicts an " ordinary" width for the 

4 . 1 resonance:( s ) . 

F i n a l l y ,  t h e  decay tjJ ( 3 . 7 )  + tjJ ( 3 . 1 )  + 2� is an ordi nary strong decay 

supressed by ( t h e  ordi nary SU ( 3 ) ) Zwei g ' s  ru le . 
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Although not comp lete l y  satisfactory , the phenomenology of t he new 

s tates based on our mode l  i s  in remarkab le qualitative agreement with the 

experiment a l  fact s .  We s ummarise some of the as yet untested predi ctions 

of our model for the n ew particles . 

( i ]  I f  t h e  x(4 . 1 J  i s  a mixture of w and P X we pred i ct yet another state 
e+ e - . X 

around 5 GeV with r � 2 keV and hence probably o n l y  visible  i n  

topo logical ( i n  p articu lar , strange part i c l e )  rather t han total 

hadronic cro s s  section . 

( i i )  An important d ecay mod e of xC4 . 1 )  should be in BB (or related )  chann e l s .  

In particu lar,  b y  isocolour cons ervation t h e  x(4 . 1 )  s ho u ld not signifi­

cantly  cascade into the ¢ ( 3 . 1 , 3 . 7 ) . More preci sely  cascading into the 

¢ states i s  a l l owed in first order i n  electromagnetism and hence could 

account for a few M eV at most of the tota l width of the 4 . 1 .  
( ii i )  If the isocolour d oub let states prsd icted by our model  have indeed a 

mas s  of 2 GeV, a s ignificant fracti on of t h e  4 . 1  width could be due 

to d ecays into a pair of these st ates .  If this is the case,  n arrow 

st ruct ures could be s een in d o ub l y -charged channels . It is worth 

pointing out t hat our mode l  d oes predict the exis tence of s uch states 

but d epending upon the comp l ications one i s  wi lling  to accept in the 

mas s  formu lae , their mas ses c an be a lmost anything ( unfortunately) . 

To the extent that isocolour is exact then trip ly c harged s tates s ho u ld 

exist around 3 to 4 G eV .  

( iv )  Some o f  the s t at e s  predicted b y  our mod e l  should b e  seen i n  p p  annihila­

tion . More detai led predictions wi l l  be presented e ls ewhere . Of part i ­

cular interest i s  t h e  state p¢ which does n o t  couple t o  t h e  photon and 

which a n aive mas s  formu l a  would put at � 3 . 1  GeV . With t h e  usual 

ca veats about t h e  ma s s  formu l a  this  state can probab ly be seen 

d ecay �. ( 3 . 7 )  � p¢ ( �3 . 1 )  + n
v

. 

in t h e  

vl  C o l o ured p s eudoscalars should also  e x i s t  b u t  t h e i r  mas s es cannot b e  

predicted at this stage . 

v i )  Wit h t h e  simp lest charge ass ignment for the quarks whic h ,  we repeat , 

is by no means unique, o ur mode l predicts that R wi l l  continue to rise 

and that it s asymptotic value i s  8 .  

•• 1 one expects around 600 keV for this mode 
I n  conventional  colour mode s 

width which is much too large to be accomodated . For us the colour 

Zweig rule supresses it due to the v u.Al state a'3 signment . 



3d Outlook 

C o lo ur models of the new states are traditionally  beset by t hree problems . 

1 )  R ad i at ive widths such as W • W ' + �y . are expected to be of the order 

of MeV ; w' + p .( 3 . 0 5 ) 11 is  expected t o  be of the order of 600 keV . All of t hes e 

est imates are too large t o  be accomod ated by t h e  known data . 

2) One expect s ,  on t h e  basis of the parton mod e l ,  t hat t h e  struct ure 

functions in d eep inelastic e lectro-prod uct ion should exhibit a sizeable enhan ­

cement at colour threshold . No evidence for such an enhancement exists . 

3) The data on t h e  w ( 3 . 1 l  suggests that G parity is c onserved in the 

d ecay-typi cally  a stro n g  i nteract i on s elect ion rule and not obvious for an 

electromagnetic pro ce s s .  

In our model  t h e  first prob lem i s  immediately so lved- t h e  colour breaking 

with the assoc iated as signment of ordinary me sons t o  AA colour st ates , s upresses 

a l l  of these d ecays by the ( c o l o ur) Zweig rule . It is t his feat ure which disti n ­

guishes t h i s  from previous ( unbro ken ) colour mode l s  a n d  enables the widths t o  

be in accord w i t h  dat a . 

The parton mod e l ,  with t h e  present mod e l ' s  quark charges , would s uggest -

that at x 0 a fourfold increase t akes place in vw2 as one c rosses colour 

thres hold . Such a prediction , however, has imp lici t l y  ass umed that all dynamics 

that are independent of quark charPes are identical i n  PNA sectors . That this 
1 

may we l l  not be t h e  case is � �,",,;ested by the fact cr ( wpl  "' 25 cr ( p p ) . In corporating 

this i n  the vW2 calculation i n  the r _ , est possible  way y i elds for the increas e  

vw2 ( above) 

vw2 ( be low) 

and the rise at colour t hreshold could be very sma l l . 
2 

Furthermore since the " average'1 quark charges are 3, 
the parton sum rules for e lectroprod uction remain untouched in our 

mode l .  

W e  have n o  simp le answer t o  t h e  third problem.  Clearly,  given the 

freedom i n  the various form factors at t h e  photon-quark verti c e s ,  t here 

is  no fundamental reason why G = - final st ates could not dominate over 

G = + ,  Whether or not this can be achieved with reas onable d ynami c a l  

assumptions remains to be s een . 

Final l y ,  concern ing the weak interaction , the possibi l ities ment ioned 

in Section 2 can of course be taken over (with variations)  in the three 

tri plet mode l .  The main problem here s eems t o  be that we have too much 

freedom. 
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COLOR AND THE NEW PARTICLE S .  
A BRIEF REVIEW. 
D .  Schildknecht 

Deutsches Elektronen-Synchrotron DESY, 
Hamburg ,  Germany 

Abstract : The pos s ib ility of  interpreting the new particles as co­
lored w and � mesons is discussed in the light of the experimental 
information avai lable on widths and decay modes .  

R€sum€ : Nous dis cutons de la pos sibilit€ d ' interpr€ter les nou­
velles particules c ornme des mesons c olor€s w et � a la lumi ere des 
donn€es exp€rimentales exi stantes concernant les largeurs et les 
modes de desintegrati on. 
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COLOR AND THE NEW PARTICLES 
A BRIEF REVIEW 

I .  Introduction 

The experimental facts on the new particles 1 have been thoroughly re-

ported on by the experimentalists at this meeting . The experimental data on 

production in hadron interactions , e+e- annihilation and photoproduction 

strongly suggest that the new particles are hadronic vector states . In 

Table I I only show masses and total and leptonic widths r and re of 

the new particles and refer to the experimental talks2 for detailed infor-

mation on the decay modes ,  which have been observed so far . 

Mass [GeV] r [keV] r p [keV] 

J (3 ,  I )  - lji (3 , I )  3 . 095 ±0. 004 69 ± 1 5  4 : 8  ±0. 6 

lji (3 , 7) 3 . 684 ±0. 0005 200 < r :;,_ 800 2 . 2  ±0 . 5  

lji ( 4 ,  I )  - 4 .  I -250 ta ·  300 MeV -4 

Table I 

Because of the narrow widths of the new particles an interpretation 

seems mos t  natural ,  which s omehow introduces a new hadronic degree of free-

dam. Starting from the SU (3) classification of hadronic states in the lan-

guage of the quark mode l,  we have the following alternatives : 

( I )  We can extend the symmetry group according to SU (3) + SU(n) 

(n > 4) , specifically SU (4) 3 , i . e .  we add at least one. new quark to the 

p, n, A • triplet p ,  n , A + p ,  n, A , c .  The charmed quark (antiquark) c 

(c) carries the charm quantum number C + I (- 1 ) , while the p ,  n, A 
quarks have C = 0. The new particles are interpreted as cc s tates in close 

analogy to ¢ = AA . The narrow widths are related to a suppression of their 

decays via Zweig' s rule as in the case of ¢ + 3 n .  The charm option is be­

ing discussed by other speakers4 at this meeting, and I will not go into it  

any further. 



(2) We extend the SU (3) symmetry group of the hadrons via 

SU (3) + SU (3) x G with an appropriately chosen group G. In the quark 

model language this possibility corresponds to attributing to the p ,  n, A 

quarks an additional internal degree of freedom, "colorn , p , n , A-+pi , ni , A i , 

where the "color index" i runs over e . g . three values i = I ,  2 ,  3 .  The 

ordinary hadrons are usually assumed to correspond to the singlet repre­

sentation of G. The higher dimensional irreducible representations of G 

are supposed to be filled by particles of higher mas ses . Each ordinary ha­

dron within an SU (3) multiplet will then have higher mass partners with the 

same SU (3) quantum numbers , the number of additional multiplets and the 

number of states within each multiplet being, of course,  dependent on the 

group G and the representation chosen for the fundamental constituents . 

In order to accommodate the new particles , J (3 . I ) and � ( 3 . 7) , which 

couple directly to the photon, the electromagnetic current in such a scheme 

clearly has to have a piece , which does not transform according to the 

s inglet representation of G .  Consequently , the charges assigned to the 

constituents , e. g. the three quark triplets , in such a scheme will have to 

depend on the color degree of freedom. 

Historically , a color degree of freedom (with three colors) for the 

basic quarks has first been introduced5 in order to have an antisymmetric 

ground state wave function for the baryons classified according to the 56 

representation in SU (6) with symmetric SU (6) and space parts of the 

wave function. For the purpose of obtaining Fermi statistics for the quarks,  

and also the approximately correct ( s  � 9 GeV2) values of 

R 2 ( I )  

and o f  the n° + 2 y width , the color degree of freedom need not be ex­

cited . One may thus assume that all observable hadrons are color s inglet 

states , and likewise that the current operator and the charges of the quarks 

do not contain any additional color non singlet p ieces . Such models 5 • 6 
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thus clearly work with three triplets of quarks , which have identical 

third integral charge s ,  and do not allow for additional color non singlet 

hadrons coupled directly to the photon . 

The kind of color model which could be relevant for a description of 

the new particles , i .  e .  a model ,  in which the photon has an additional co-

lor non s inglet component and the charges of the three triplets of quarks 

are different , has first been given by Han and Nambu7 . The group G in 

this model is identified with an SU (3) group , i .  e .  the underlying synnnetry 

is SU (3) x SU(3) color . In a model8 worked out by Govorkov the SU(3) color 

group is replaced by the discrete permutation group s3 . This model has 

much in connnon with the Han Nambu model ,  but predicts a much smaller num-

ber of additional non singlet hadron states ;  in particular it does not re-

quire doubly charged mesons . Tati9 replaces SU (3) c by S0(3) c as color 

group . In what follows , we will concentrate on . models based on SU (3) x SU (3) c . 

2 .  Models Based on SU (3) x SU (3) c 

The fundamental building blocks of hadronic matter , the quarks pi ' 

ni ' Ai (i = I ,  2 ,  3) , are described? , I O by the ( 3 , 3) or ( 3 , 3*) represen­

tation of SU (3) x SU(3) c . The group SU (3) transforms p ,  n and A ,  

while SU (3) c acts on the color index i = I ,  2 , 3 .  The ordinary hadrons 

are usually classified 1 1 as s inglets with respect to SU (3) c , i .  e .  we 

have e. g. for vector mesons 

+ I + P3 
"fi

3) + p 73 (p l Il l + p2 n2 - (p , wl ) , 
(2) 

� I 73 (A I A l + A2 A2 + A3 �3 ) - (� > W] ) etc . 



. . ( + ) ( + l c) Here we have introduced the notation P , w 1 = P , to be used 

subsequently. w 1 specifies the SU (3) c singlet character of the vector 

meson p+ in dis tinction to the color octet states to be discus$ed subse-

quently . The usual particle names are thus used to indicate the color quan-

tum numbers (e .  g. color isospin and color hypercharge) of the particle in 

ques tion.  Instead of writing down the qq decompos ition (2) of the states 

explicitly we will equivalently use a matrix notation in the SU (3) x SU (3)C  

space by  writing for  e .  g .  the � mes on 

(3)  

In  addition to  the color singlet ( l c) mesons the model predicts 

color octet (8c) states . Each ordinary ( l c) meson with fixed SU (3) quantum 

numbers thus has an octet of colored partners with the same SU (3) ( iso-

spin and hypercharge) ,  but different color quantum numbers . In particular, 

one wi ll have the additional vector mesons 

where 8c runs through the SU (3) c octet . With ideal singlet octet mixing 

in ordinary SU ( 3) ( i . e .  � = AX) ,  which mixing will be assumed later on, 

we have e .  g. for the � meson the color neutral 8c states 

(4) 

and six more, which correspond to the six other members of the color octet .  

The electric charge of the quarks in the Han Nambu model is additively 

composed of a c.olor independent part QGMZ 
identical with the Ge ll-Mann 

Zweig charges of the usual quarks , and a color dependent part Qc , the 

color charge 
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Q QGMZ + Qc 

QGMZ 
= 
(2/3  

- 1 / 3  

(5) 

Qc is restricted7
•
1 2  by the obvious requirement that the charges of the 

ordinary ( J c) mesons and baryons come out correctly . Indeed , the charge of 

e .  g .  the P+ - {p+ , w 1 ) ,  

+ I + P3 n3) (P , w 1 ) 73 {p l n + Pz n2 I 
(6) 

is given by 

+ 
QGMZ (p . ) _ QGMZ (n . ) Qp + Qc (j:'i ) - Qc (ni) 1 1 (7 )  

I +  Qc (pi) - Qc (ni) '  

and thus QC has to fulfill the condition 

i I ,  2 ,  3 ,  (8) 

where the generalisation to the A quark is obtained by also looking at the 

charge of the .,('-+ = iJ (p 1 i1 + Pz i2 + p3 i3) .  The color charge from 

(8) thus has to be a singlet in ordinary SU (3) . 

The charges of the ordinary ( J c) baryons yield an additional restric-

tion on Qc . In fact ,  in order to obtain the correct charge for the proton 

0 . (9)  

With (8) , p and n in e9) may be replaced by arbitrary combinations of 

p ,  n ,  A and thus we have 

( J O) 

i. e. the matrix acting on the color indices has to be traceless .  



Thus from the requirement that the charges of the ordinary mesons and 

baryons (classified as singlets under SU (3)c) come out correctly ,  the 

color piece of the electromagnetic current has to transform as a singlet 

under SU (3) and an octet under SU (3) c , 

J µ 
( 1 1 ) 

Assuming moreover that the photon conserves color , i .  e .  forbidding tran-

sitions such as yp 1 + p2 , the Sc part mus t  transform as the color neutral 

member of the octet ; the matrix in ( JO) must be diagonal (and traceless) . 

Requiring also integral charges for the quarks , we finally obtain 

( 1 2) 

or permutations thereof 

( 1 3) 

which choices are equivalent ,  as long as no direction in color space is  a 

preferred one . Clearly , as soon as color symmetry is broken by medium 

strong interactions , which then define a preferred direction in color , the 

choices ( 1 2) and ( 1 3) correspond to different physics . As only the rela-

tive directions of the photon and a poss ible symmetry breaking by medium 

strong interactions are important , we will use 1 3  ( 1 2) in what follows 

without loss of generality , and will consider different choices of breaking 

color symmetry by medium s trong interactions . The basic quarks then cor-

respond to the ( 3 , 3•) representation, and the color charge is described by 

the Uc spin scalar 

Q i { ( ' _ , J(' J ( '  ,){ '  .) ) ( 1 4) 

U x I + I x Uc . 
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The modified Gell-Mann Nishij ima formula reads 

Q I I3 + 2 y + IC 
3 

I c + 2 Y , 

and clearly implies the existence of doubly charged meson s tates . The 

tum numbers of the (integrally charged) Han Nambu quarks are given in 

Table 2 .  

I3 y Ic 
3 ye QGMZ QC: Q 

P t 1 /2 1 / 3  - 1 /2 - 1 / 3  2 / 3  -2/3 0 

Il l  - 1 /2  1 /3 - 1 /2 - 1 /3 - 1 / 3  -2/3 - I  

" 1  0 -2/3 - 1 /2 -2/3  - 1 / 3  -2/3 - I  

P2 1 /2 1 / 3  1 / 2 - 1  /3 2/3 l / 3 

n2 - 1 /2 1 / 3  1 /2 - 1 / 3  - 1 / 'J  l / 3 0 

"2 0 -2/3 1 /2 - 1 / 3  - 1 / 3  1 /3 0 

P3 1 /2 1 /3 0 2/3  2/3  1 / 3 

Il3 - 1 /2 1 /3 0 2/3  - 1 /3 l / 3 0 

A3 0 -2/3 0 2/3  - 1 /3 l / 3 0 

Table 2 

( 1 5 )  

quan-

The peculiar third integral Gell-Mann Zweig charges in such a scheme 

appear as average charges of the quarks and antiqu.arks , respectively , in 

the color singlet states . The p+ for example,  

spends one third of the time in the color 1 ,  2 ,  and 3 s tate s ,  the average 

quark and antiquark charges being 2/3  and - 1 / 3  respectively . 



From the form of the electromagnetic current ( 1 1 ) and ( 1 4) ,  we now can 

discuss the number of vector mesons coupled directly to the photon and their 

coupling s trengths , turning to an assignment of the new particles to colored 

vector mesons subsequently .  In my discussion I will largely follow the work 

by M. Krammer , F .  Steiner and myself 1 4 . Surveys of poss ible interpretations 

of the J and � including the color interpretation have been given in 

reference 1 5 .  Color interpretations have also been discussed in the papers 

listed in references 1 6 ,  1 7 .  

As the color singlet ( l e) part of the electromagnetic current trans-

forms as the U spin scalar component of an SU(3) octet , with no breaking of 

SU (3) by s trong interactions we would have one l e  vector meson only (the 

U spin = 0 component of the octet) coupled to the photon. Actually , because 

of symmetry breaking by the medium s trong interaction, we expect two , and 

due to singlet octet mixing there are evea three l e vector mesons coupled 

to the photon , the well known 0 p ' w and cf> .  
for the l e  states may b e  presented a s  follows : 

Schematically the situation 

( 1 6) 

Next , let us look at the color octet (Sc) part of the electromagnetic 

current . As this part transforms as a singlet under SU(3) , a priori , 

colored versions of the SU(3) singlet s tate , w 1 , only should be coupled 

directly to the photon. Within the quark model it seems natural , however ,  

to assume ideal singlet octet mixing in SU(3) also for the color octet 

vector mesons . Then colored versions of w and cf> ,  consisting of non-

s trange and strange quarks respectively , should couple to the photon . (Co-

lored p 0 mesons cannot couple directly . )  As the color octet part of the 
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electromagnetic current has been assumed to transform as a color U spin 

scalar ,  a maximum number of two additional colored w and p mesons may 

be expected . They correspond to. the two yc 
= O members of the 

color octe t :  
0 

o ---- (w , � ) 
(w l ' � ) '-......._ o 

($ ,  p ) 
( 1 7) 

w 

Whether there are actually two colored w and two colored $ mesons 

coupled to the photon, or whether the two s tates are degenerate,  depends 

upon symmetry breaking in SU (3) c . 

In fact ,  if SU (3) c symmetry is exact except for electromagnetism, then 

the eigenstates of the mass matrix are Qc, Uc multiplets within the co-

lor octet .  The photon couples to the Qc 
= O, Uc 

= 0 member of the octet 

only : 

O ) )  

O ) )  

The relativ vector meson photon couplings 1 / yv appearing in the matrix 

element 

<O I J  (0) I V> µ are then obtained ( 1 8) 

from the SU (3)  x SU(3) c wave functions of the particles and the quark 

charges in Table 2 .  From 

( 1 9 )  



and 

(� , w8 (Uc:=O) ) I n H  I. I I. I + "2 "2 + 1.3 i3) 

we obtain 

-2 -2 2 I (20) y Y (� , w8) (w, w8) 

Combined with the well known relation for color s inglets we have 

-2 y� 9 : I : 2 : 8 : 4 • ( 2 1 )  

The coupling of the Uc: I s tates may clearly be explicitly checked to be 
zero from the decomposition 

(22) 

When deriving the ratios for the photon couplings , SU (3) x SU (3) c: synnne-

try of the dynami cal part (the configuration space wave function in a quark 

model approach) of the matrix element ( 1 8) has of course been assumed . The 

9 : : 2 ratio for -2 : y� is empirically valid within experimen-

tal error s .  There may be s tronger synnnetry breaking, however , when comparing 

color singlet with color octet couplings . The conclusions on the ratios (2 1 )  

o f  the coupling constants and on the number o f  states coupled t o  the photon 

directly remains unchanged , if there is breaking of color synnnetry by medium 

strong interactions , as long as the breaking is in the direction of the 

photon. 

If SU (3) c: is broken by medium strong interactions in a direction dif-

ferent from the photon direction , i .  e .  if the color octet breaks up into 

Ye: , Ic: multip lets (whereas the photon transforms as a Uc: spin scalar) , then 

diagonalisation of the mass matrix leads to w� (Ic:=O) 

both coupled to the photon . The s tates 

(23) 

states 
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and 

(24) 

are s imply obtained by cyclic permutation 123 � 3 1 2  from the Uc = 0, 1 

states given in ( 1 9 )  and (22) . The relative coup lings for the four vector 

mesons are given in Table 3 (case B) together with the couplings ( 2 1 )  

obtained for the case discussed before . 

Case A Case B 
c w� (Uc=O) pc (Uc= l )  wc (Ic=O) pc (Ic= l )  W I 8 

0 3 0 0 0 0 p 76 
I 2/2 0 -12 -16 w 76 76 76 76 

� 12 -2 0 I 13 76 76 76 76 

Table 3 

The experimental observation of only two narrow s tates then suggests 

case A to be realized in nature and to make the assignment (Krammer , 

Schildknecht ,  Steiner 1 4 and Bars and Peccei 1 6) 

J (3 . I )  

(25) 

</! (3. 7) 

The broader state at 4 .  I GeV is then interpreted 1 4  as a recurrence (radial 

excitation) of the one at 3. I GeV . 

Alternatively, one may assume case B ,  strong breaking of SU (3) c sym-

metry in a direction different from the photon direction . In such a case 

it  is tempting to identify (e .  g. Stech 1 6 ) 



J ( 3 .  I ) - (w, p 0 ( Ic= I ) ) ,  

1/1 ( 3 .  7 )  - (<j> , po (Ic= I ) ) ,  (26) 

J (4 .  I )  (w ,w8 (rc=O) ) ,  

while evidence for the fourth s tate to be expected around 4 . 8  GeV is still 

mis s ing. The above assignment seems to be preferable to ( e .  g .  Sanda and 

Terazawa 1 6) 

J ( 3 .  l )  - (w, p 0 (Ic= l ) ) ,  

"' ( 3 .  7) - (w,w8 (Ic=O) ) ,  (27) 

J(4.  I )  - (<j> , po (Ic= l ) ) ,  

as a strong color isospin breaking must be invoked in (27) to allow for the 

observed cascade decay 1/1 (3 . 7) + J ( 3 .  l )  + TI TI ,  while otherweise SU ( 3) c 

should not be too badly broken, because of the narrow width of J ( 3 .  ! ) . 

3 .  Experimental Consequences , Difficulties of the Color Interpretation 

Let us now come to a discuss ion of consequences and experimental tests 

of the interpretation of the new particles as color excitations . We will 

concentrate on the assignment (25) corresponding to unbroken color symmetry 

or breaking of color symmetry in the photon direction . The main features of 

the color interpretation may be seen within this assignment 14  

Photon Couplings : With the assignment (25) 

J (3 .  l )  

1/1 0 .  7)  

(w ,w8 (U
c=O) ) 

( <j> ,  Ws (Uc=O) ) 

the photon couplings should be in the ratio 2 

from Table 

l .  Experimentally we have 
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-2 
y

lj! 
2 . 6  ±0. 6 ' 

which is compatible with the prediction . 

(28) 

Additional States Predicted . Within the quark model ,  from the assign-

ment (25) we may immediately ob tain a naive estimate of the masses of the 

colored partners of w and and 

If the mass differences between the particles within the vector meson nonet 

are attributed to mass  differences between nonstrange and strange quarks 

(mn mp = m; mA = m + 11) , with ideal mixing we have 

m2 p 

and from 

m2 <P 
� ... 

(m w + 
(m + w 

also the relation 

2 � .. m2 q, 

26) 2 ,,, m2 + 4 11 m w w 
11) 2 � m2 + 2 m f1 w w 

+ m2 p 

(29) 

(30) 

( 3 1 )  

Both, (29) and ( 3 1 ) , a s  is  well  known, are fulfilled within a few percent 

for ordinary ( l c) vector mesons . Relations ( 29) and ( 3 1 )  should likewise 

hold for the color octet,  and one predicts from the masses of J ( 3 . I )  and 

iji ( 3 . 7 )  the masses of the colored p and K"' mesons to be 

lt c m[ (K , w8 (u =O) ) J  
3 . 1 GeV, 

(32)  
·3 . 4  GeV. 

As f1 is fixed by the masses of the color singlet states , consistency of 

the scheme requires the mass splittings of l c and Sc: mesons to be related 

by 



(33) 

which yields m(� ,w8) = 3 . 4 1  GeV instead of the experimental value of 3 . 7  

GeV, i f  the mass o f  J ( 3 . I )  is  used a s  input . These naive estimates of the 

masses are thus not quantitatively consistent . Nevertheles s ,  (32) may still 

be used as a reasonable guide ; with the colored � lying at 3 . 4  GeV , in­

stead of at 3 . 7  GeV , the K• mass would have shifted to about 3 . 3  GeV. 

Each one of the color neutral vector mesons should be accompanied by 

other partners from the color octet . With no symmetry breaking in a direc-

tion different from the photon direction , there will be degeneracy between 

s tates of equal color charge . If mass splitting is due tc. electromagnetism 

only, it may be on the I % or 2 % level ,  i .  e .  30 or 60 MeV . Non-neutral 

members of color octets would be weakly decaying long living s tates ,  some 

of them with ordinary and color electromagnetic charge , i .  e .  doubly charg-

ed . 

Besides colored vector mesons , the color interpretation would require 

colored pseudos calars in roughly the same mass range , and many further 

meson s tates 1 7  besides colored baryons , etc .  We are not going into further 

discussions of the complete spectroscopy . 

Hadronic Decays . Invariance of the interaction under the color group 

requires color conservation, 

i .  e .  the decay of the colored vector mesons into ordinary hadrons is  for-

bidden. This is the color interpretation of the narrow widths of J ( 3 . l )  

and f(3 . 7) . The transition 
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is allowed by color symmetry , but forbidden by sphase space , if Sc s tates 

are assumed to be in the vicinity of 3 GeV. The transition 

requires closer inspection . For J (3 .  I )  - (w ,w8) , the decays corresponding 

to w + 3TI ,  namely 

J (3 .  I )  + (TI0.w8) TI+ TI , 
(TI ,w8) p , 
(p , w8) TI ,  

(34) 

are again prohibited because of lack of phase space, . The narrow width of 

J ( 3 .  I) yields lower limits for the colored pseudoscalars . 

For the 1jl (3 .  7) - (<j> ,  w!l) ,  we expect the decays 

{ 
+ TI TI 

ijJ ( 3 .  7) (<I> , ws) (w,w8) + 0 0 
- TI TI 

11 
+ (35) 

{ 
TI TI 

J ( 3 .  I) + 0 0 - TI TI 
11 

which are the observed cascade decays , the evidence for which has been tho­

roughly discussed in the experimental talks2 . These decays are suppressed 

by Zweig ' s  rule 1 8 , much in analogy to <j> + p 0 TI .  



The decay 

ij! ( 3 .  7) ( 36) 

is also suppressed by Zweig ' s  rule ,  but from the above estimate (32) of the 

mass of the colored p is a rather crucial test of the model ,  as it seems 

hard to shift the ( p , w8) mass to beyond the threshold of about 3 . 5  GeV . If  

(32)  is correct, the decay should give a clean monoenergetic pion signal ,  

as  the colored p should be a narrow state . If  its mass lies above 3 .  I 

GeV, the colored p is expected to be broader , however ,  since cascade de-

cay according to J ( 3 .  I )  7r becomes possib le .  The 

process would then contribute to the cascade ijJ (3 .  7) + J ( 3 .  I )  + + 7T TI • To 

my knowledge , definite upper limits on reaction (36) have not been given as 

yet . Also by Zweig ' s  rule suppressed are the modes 

lj! (3 . 7) + (rr0 , w8 ) p ,  
0 + (rr , w8 ) rr rr , (37) 

which, if nonexistent , put a lower limit on masses of colored pseudoscalars . 

The decays 

lj! (3 .  7) (38) 

are neither forbidden by color conservation nor inhibited by Zweig ' s  rule 

and thus yield definite lower limits for the colored pseudoscalars , namely 

m(K, w8 ) � 3 . 2  GeV and m(n ,w8) � 3 . 2  GeV . 

Radiative Decays . Among the transitions Sc + Sc + J c are the radia­

tive decays , in which the Sc vector mesons lose their color by radiating off 

a Sc photon . These decays constitute the 
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big problem of the color interpretation ,  as naive estimates indicate a 

width of these decays , which is orders of magnitude larger than the mea-
0 sured one . In fact , by simply s tarting from the measured width of W -+ TI y ,  

r wnoy = 0 . 9  MeV and taking into account the enormous phase space avai lable 

for J (3 . l ) + ny according to 

r ci g2 P� .M. f3 , (39) 

one obtains rJ+ny - 15 MeV . Implicitly it has been assumed in this argu-

ment that the coupling gSCSC JC between two and a state appear-

ing in the J (3 . 1 )  decay is of the same magnitude as the color singlet 

coupling , of relevance for the w decay. In the paper 1 4  by Kram-

mer , Steiner and myself it has been argued that there may be a strong sup-

pression gscsc l c << g1 c 1 c 1 c . Evidence for such a suppression effect has 

been given 1 4  by analysing the Sc photon contribution to the n + yy decay 

within a vector dominance framework . From the measured n + yy and ,,o yy 
width, we concluded that in fact a strong suppression of the V(Sc)V(Sc) 

PS ( l c) couplings compared with the V ( l c)V ( l c) PS ( l c) couplings should be ex-

pected . 

Quite apart from the (as yet not convincingly solved) problem1 9  of the 

absolute magnitude of the (radiative) widths,  it is a firm prediction of the 

color scheme that the radiative decays J ,  ijJ + y + hadrons should be domi-

nant .  At this meeting we have heard that the DASP group at DESY has identi-

O . l keV < f  ny fied events for the reaction J (3 . 1 )  + n y giving limits of 

< 2 . 0  keV. The decay width for this transition is quite small , but it may 

be considered a positive point for color that it  doies exist .  The prominent 

radiative decays may actually be multibody decays, such as 



J + 1T + 1T y , 
+ + 1T 1T 1T 1T y ,  (4 1 )  
+ + + 1T 1T 1T 1T 1T 1T y . 

As we have heard from the SPEAR 2 there is actually a considerable group ' 

fraction of events of the type 

J ( 3 .  l ) + + + 1T 1T 1T 1T x neutral 
+ + + (42) 

1T 1T 1T 1T 1T 1T x neutral , 

where the system X has not been directly observed , its mass being con­

sistent with zero ( i .  e .  the photon mass)  and the 1To mas s .  Assuming that 

X is a 1To , a peak at the w mas s  has been found , which shows that the 

missing neutral system X cannot always be a photon. Further conclusions 

cannot be drawn at the moment , except for the rather obvious remark : If the 

maj or decay mode of the J ( 3 .  l )  is  an odd number o f  pions ( i .  e .  of the 

type of the color forbidden decay Be + l e + le) , while the color allowed 

decay into y + hadrons constitutes a negligible fraction , then there is no 

reason to keep the color interpretation any longer . Conversely, if the ra-

diative decays are dominant after all ,  the color interpretation may well be 

on the right track, and we may look for an explanation of the small absolute 

value of the total (radiative) width with increased confidence in the model . 

Let me also remind you of the fact that the so called "energy crisis" i .  e .  

an appreciable increase20 o f  the neutral t o  charged energy ratio in the 

region around 3 . 8 GeV, where R seems to ris e ,  is still  present , and co-

lored photons would still  be an attractive resolution .  

Recurrences of  J (3 . l ) ,  iji ( 3 . 7) . Via "new duality"2 1 , recurrences of 

J ( 3 . 1 )  and ip (3 .  7) , i . e .  of the colored w and respectively , may be · 

predicted as follows . First of all ,  for color singlet vector mesons , by 

requiring scaling of oe+e- + hadrons (i . e .  constancy of R) with the 

149 



1 50 

scale being set by the low lying leading vector mesons , we simply have2 1 • 22 

3 TT 
l l\r 

Po , w , <f>  4 
l 
V (yi/4TT) 

ti �  
e (s  - (� - --) )  

2 

With a Veneziano type mass spectrum23 , m2 = m2 ( 1 + 2 n) n P ' 

(43) 

n = O, 1 , . . .  , 

and the measured values of the p 0 , w, <f> photon couplings , one obtains 

R ';;{ 2 . 5  from (43) which is in agreement with experiment below about 3 GeV, 

where effects due to the production of J and w start to set in. This 

value of R � 2 . 5  roughly coincides with the value obtained from the 

squares of the color singlet parts of the quark charges , R = f: <QGMZ) 2 
= 2 .  

Thus in ref . 1 4 ,  we have speculated that consistency between R obtained 

via "new duality" and the squares of the quark charges should also hold for 

the production of colored vector s tates , i .  e .  

2 .  

Inserting masses and photon couplings for J and W • a level spacing 

GeV2 is obtained , which is dramatically different from 

the level spacing of ordinary vector mesons . The masses of the recurrences 

and the leptonic widths thus predicted are listed in Table 4 .  The state at 

about 4. 1 GeV and its leptonic width nicely fit into the scheme and have 

actually been predicted 1 4  prior to the confirming data . If our conjecture 

of the 4 . 1 GeV state being a recurrence of the one at 3 . 1 GeV is correct , 

we expect a strong cascade decay of J ' (4 . 1 )  � J (3 .  1 ) . No evidence for the 

required recurrence of the colored </> has been reported so far . Figure 

shows how the asymptotic value of R• interpolates the low lying resonances 

which separately set the scale for each particular kind of hadronic matter 

coupled to the photon . 



n 

0 

2 

0 

2 

8 

7 

6 

5 
� 

4 

3 

2 

1 

0 

[GeV] + - width [keV] mass e e 

J ( 3 .  I )  c 3 .  1 05 (input) 4 . 8  ±0. 6  - (w,w8) 

J '  4 . 05 3 . 7 

J" 4 . 8  3 .  I 

lji(3.  7) c 3 . 7  (input) 2 . 2  ±0. 5  - (cp , w8) 

1/1 ' 

1/1" 

0 

4 . 5  1 . 8  

5 . 2  1 . 6 

Table 4 

R vs W 
• This Experiment 
0 yy Group } .1 
c µ Tt Group Frascat1 
11,. BCF Group : f x CEA �l 

\ 

I 1, ,  1 1 I ¢·�·9 I I I \ I I I 

2 3 4 
W (GeV ) 

( input) 

(input) 

I I I I * 
� 

5 

Fig. I The contributions to R dual to p , w, cp and to 
J ( 3 .  I )  and 1/1 ( 3 . 7) . Compare ref . 2 for data .  

6 
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4. Sunnnarizing Conclusions 

I have concentrated on color and the new particles and could not com­

ment on deep inelastic scattering and weak interactions in this brief re­

view24 Let me sunnnarize the main points ,  which have been made . The ratios 

of the leptonic widths of the new particles (including the 4. I GeV state) 

can be nicely acconnnodated within the color s cheme , and likewise, suppress­

ing the hadronic widths via color conservation and the cascade decay via 

Zweig1 s rule,  does not pose serious problems . The extreme narrowness  of the 

total widths , i .  e .  the strong suppression of the radiative decays (assum­

ing the color interpretation to be correct) constitutes a big problem. 

Nevertheles s ,  I think it would be premature to give up the color model ,  as 

long as the mos t firm prediction of the model ,  dominance of the radiative 

decay modes , does not seem to be ruled out . It is satisfying that the color 

scheme may be readily disproved by just looking at the J (3 .  I) decays : If 

the color forbidden (J (3 . I )  + hadron , e .  g. many pions) turns out to be 

allowed in nature , while the color allowed (J (3 . I )  -� hadrons + y) is  for­

bidden, there will be no reason to keep the scheme any longer.  
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1 .  INTRODUCTION 

Before discussing the more phenomenological aspects of charmed parti-

cles, I shall give a flash review of the underlying theory . 

When the quantum number dubbed "charm" by Bj ilrken and Glashow was first 

introduced 1) , one of the motivations was lepton-hadron symmetry . With the 

addition of a fourth quark , the left-handed components of quarks and leptons 

form four doublets : 

which character ize their weak couplings .  Here c is a "channed'1 quark and 

n = n cos 8 + A sin 8 c c c 

(where Sc is the Cabibbo angle) are the eigenstates of "weak isospin" (as 

opposed to n and A which are eigenstates of strong interactions) .  For 

( 1 )  

fractionally charged quarks , leptons and quarks are' distinguished by their 

"weak hypercharge" ,  related to electric charge by 

Right-handed fermions are scalars under weak isospin with hypercharge Yw = Q .  
According to the Weinberg-Salam model2) , the weak and electromagnetic inter-

actions arise through the coupling of fermions to weak isospin and hyper-

charge gauge bosons : 

The theory is renormalizable if 

a) all particles are massless (bosons must be mas sless to ensure local 

gauge invariance, and fermion masses would break weak isospin which 

acts only on the left-handed components of the fields) , and 

(2) 

b) all interactions are invariant under weak hypercharge and isospin gauge 

transformations . 



In practice these requirements are badly broken; however , renormaliz-

ability remains if the symmetry is  broken only through couplings to Higgs 

scalar s .  In the simplest model one introduces only one Higgs scalar field 

<P = [::J which is a "weak isodoublet" ,  and its Hermitian conjugate .  Its  

couplings to  fermions must  be  invariant : 

(3) 

and the observed symmetry breaking must occur only through a non-vanishing 

expectation value of the neutral component of the Higgs field : 

( <fl o ) o = < ¢ 0 > 0 = A  # 0 • (4) 

Redefining the field so that cp' = <jl-A has no vacuum expectation value, one 

generates an effective (non-diagonal) mass  term in the Lagrangian : 

Similarly, a mass term for vector bosons is generated through their coup-

lings to the Higgs scalar s .  Since the Higgs coupl ings a s  well as the 

symmetry breaking conserves charge , the mass  matrices generated by the Higgs 

mechanism mix only charge-degenerate field s .  Thus W 3  and B will mix , yield-

ing one massless state coupled to the electromagnetic charge : 

and a massive vector boson : 

z O = cos 8 W - sin 8 B w 3 w 

The lepton mixing i s  not observable if the neutrinos are both massless 

( i . e .  degenerate) ; Ve is  by definition the state which couples to the elec-

tron . For the quarks there is one observable mixing angle which by conven-

tion is the Cabibbo angle describing the n , A  mixing . 

The important point here is that the mixing conserves the weak quantum 

numbers ,  I: and Yw . Since the neutral currents are diagonal and couple to 

these quantum number s ,  under which nc and Ac are degenerate , these currents 

159 



160 

are invariant under. Cabibbo mixing : 

J0 'V n n + '.\: A c c c c nn + :\:A 

Thus . no strangeness-changing neutral currents are :induced . Moreover , in 

the l imit of p, c mass degeneracy, no effective A -<+ n transition can be 

induced in any order3) • In order to understand the observed suppression of 
+ - -KL .,. µ µ  , K .,.  'TT\!V ,  etc . ,  it is suff icient that the p ,  c mass spl itting be 

small  on a mass  scale determined by the weak interactions : 

me - mp < < (mW sin2 8) = 38 GeV • 

Indeed , the observed non-suppression of KL .,. yy requires that the c ,  p 

degeneracy be badly broken on a hadronic mass  sca1"4) . 

As stated above , renormalizabi lity of the theory requires that s trong 

interactions (except for mass terms) be invariant under weak isospin and 

hypercharge . Together with parity and "strong" i sospin conservation, thi s  

constraint impl ies invariance under chiral SU (4) 0 SU (4) . Further restric-

tions arise from the non-observation of parity and s trangeness-violating 

effects of order a .  Such effects have been shown to be  absent5) provided 

that strong coupl ings also occur through a gauge-invariant coupling of 

quarks to vector bosons , and that the gauge group of s trong interactions 

commutes with the gauge group of weak interactions . One possibil ity i s  

that the strong gauge group is "colour SU (3) " (colour being the additional 

degree of freedom for quarks which allows fermi-statistics for quarks , a 

correct prediction for the '!T o decay rate , etc. ) .  In this case the strong 

interactions are "asymptotically free" 5) -- providing , for example , an 

understanding of the observed sca l ing in deep inelastic lepton production . 

It i s  this theory that we shall  adopt whenever strong interactions are 

relevant.  



2 ,  CHARM SPECTROSCOPY AND THE NEW RESONANCES 

The postulate of a fourth quark, together with the requirement of SU (4) 

invariant coupling s ,  leads us to anticipate bound states involving charmed 

quarks ; these states should complete the observed hadron multiplets to form 

irreducible representations7 • 8) of SU (4) . For example,  along with the meson 

nonets , there will be the SU (3) representations : 

3 :  (cp) ,  (c;;) ,  (c:i:) 
{ D+ , Do - +* o * +* D , D , F 

(5) 

the conjugate representation 3, and an SU (3) singlet �c which may mix with 

the other I = Y = 0 state s .  Together these multiplets form an SU (4) 16-plet 

( 15 (j) 1)  for each spin-parity. Similarly the baryon octet is extended to 

an SU (4) 20-plet ,  with the additional states listed in Table 1. The (%:) + 
baryon states form a different 20-plet , i . e .  with different SU (3) structure, 

containing the known decouplet.  

The mass scale for charmed particles is a priori unknown -- apart from 

the remark made above that the symmetry should be "badly" , but "not too 

Table 1 

Charmed ( Y2 )+ baryon states 

Provisional I s SU (3) c nomenclature representation 

c; 0 0 3 + A ' Ao y, -1  
1 

++ + 0 
C 1 , C 1 , C 1 1 0 
+ S O  s , Y, - 1  6 

To  0 -2 

x++ + y, 
' 

xn 0 p 3 2 + x,_ 0 - 1  
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badly", broken . However , the form of the symmetry breaking is known 

owing to the requirement that it should arise only from mass  terms : 

C = C + moqq + maqA aq  + mi sqA 1 sq • strong SU (4) 0 SU (4) 

A perturbative treatment of a badly broken symmetry cannot be expected to 

(6) 

be reliable . However , given that perturbative mass formulae work surpris-

ingly well  for broken SU (3) , they might be valid at least as a first rough 

approximation for charmed particle masses .  In this approximation it is  

sufficient to know the mass of one charmed quark bound s tate in order to 

determine the others (up to ambiguities as to whether quadratic or linear 

mass  formulae should be used) . The reason for this  is that , for a given 

representation of SU (4) , the matrix elements of the operator qA 1 5q ,  which 

breaks SU (4) only, is related to the matrix elements of qA8 q ,  which breaks 

SU (3) . The only unknown is the relative scale of the symmetry breaking : 

m1 5 /ma . This parameter is independent of the SU (4) representation .  

Before d iscussing the interpretation o f  the newly discovered resonances9) 

in the framework of charm, one further element of theoretical input i s  

needed ,  namely "Zweig ' s rule" 1 0) . This is  the statement that a diagram 

involving the annihilation of two quarks into a quarkless intermediate state 

(Fig . la) is "forbidden", whereas the connec ted diagram of Fig . lb is 

q 

q 
Fig .  l Quark diagrams which are forbidden (a) and allowed (b) 

by Zweig ' s  rule .  

b )  

"allowed" .  While the theoretical justifications for this rule are not com-

pelling , it does seem to work to an accuracy of 5-10% in amplitude, as in 

the suppression of <j> + 3TT and <j> production from non-strange particles . 

Now let us examine the properties of the new resonances in the light of 

the abpve ideas .  One anticipated new state is  an isoscalar vector meson, 



expected to be a nearly pure cc bound state . We shall identify the reso-

nance at 3 . 1  GeV with this state, and those at 3 . 7  and 4 . 15 GeV with its 

radial excitations (or a possible D-wave state) . We call these obj ects $c' 

$c ' ,  and $c" • respectively. Using as input m$c 
= 3 . 1  GeV, the masses of 

the lowest-lying 0- and 1- charmed states [Eq . (5)] are expected to have 

masses in the range 2 . 2-2 . 4  GeV. 

The hadronic decays 

$c + h ' $ I + h c 

are therefore forbidden by Zweig ' s rule.  However, the observed hadronic 

widths are in fact much narrower than anticipated ; in terms of effective 

couplings ,  

g2 ($c + h) 

g2 ($ + 3TI) 
� 1/50 . 

Of the various explanations proposed for this extra suppression ,  one rather 

attractive idea1 1 • 1 2) is related to asymptotic freedom.  From charge conju-

gation and colour conservation, quark annihilation in the 1 s tate requires 

the exchange of three gluons;  the gluon coupling decreases as the exchanged 

mass increases ( i . e .  tends asymptotically to z�ro) , thus explaining the sup-

pression of the $c coupling relative to the $ coupling . 

The cascade decay 

is also forbidden by Zweig ' s  rule (Fig. 2) . However since the exchanged 

quarkless  state has C +l,  the suppression is expected to be less s trong . 

F i g .  2 Quark diagram for the 
decay $c ' + $cTITI . 
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In Regge language this is because pomeron exchange is possible; in gluon 

language it is because only two gluons need be exchanged , so the amplitude 

is of lower order in the effectively small gluon coupling constant . In terms 

of effective couplings we have 

g2 <<P/ + <P 'IT'IT 
_____ c_ 2: ( 0 . 5  - 3) x 10- 2  
g2 (p 1  + PTITI) 

(the branching ratio for p1 + pTITI is not known) , to be compared with the 

C = -1 suppression factor (at a comparable mass of the exchanged gluon 

system) : 

The radiative decays 

g2 (<jl + p'IT) 
"' 3 x 10- 3 • 

g2 (w + pTI) 

<Pc + by 

are also forbidden by Zweig' s rule (Fig . 3a) , unless the final-state hadron 

contains a cc component (Fig. 3b) . The small width of the <Pc can be under-

a )  

Fig .  3 

c 
c • 

Radiative decay diagrams which are forbidden (a) and 
allowed (b) by Zweig ' s  rule.  

b)  

stood only if no pseudoscalar state with a mass less than " '  3 GeV contains 

an appreciable component of cc . This in fact is not what was anticipated 

from a simple perturbative treatment of the symmetry-breaking Lagrangian, 

Eq . (6) . Rather , one finds 8 • 1 3) that,  if the n ' ( 958) is a 0- qq bound state , 

it should contain "' 25% cc,  and another state , nc ' with "' 75% cc is predicted 



The effective mas s  Lagrangian for mesons , derived from Eq,  ( 6 ) , may be 

written in the form8) 

Ceff = m Tr rr2 + a  Tr rr6rr + m0 (Tr rr) 2 + S Tr rr Tr 6rr , (7)  

where rr is the 4 x 4 matrix representation of the meson 16-ple t ,  6 is  the 

quark mass matrix, and the other parameters are related to the reduced 

matrix elements of the operators in Eq.  G6 } .  In the quark model the first 

two terms in Eq.  ( 7 )  represent the quark masses plus an exchange potential 

(Fig . 4a) ; the last two terms represent an annihilation potential (Fig . 4b)  

qi 
a )  

qi 
F i g .  4 Exchange potential (a) and annihilation potential (b) 

contributing to  the meson mass  matrix. 

and in fact are forbidden by Zweig ' s  rule .  It is  this  annihilation poten­

tial which gives a departure from ideal mixing . If the gluon picture 1 1) 

discussed above is correct ,  the fact that ideal mixing i s  better for vector 

mesons than for pseudoscalars can be understood because 

a) 1 annihilation involves three-gluon exchange and 0- annihilation in-

volves two-gluon exchange ; 

b)  vector mesons are more massive and therefore the effective gluon coup-

ling in the annihilation channel is weaker , 

Furthermore, the fact that the annihilation diagram varies with exter-

nal mass means that the naive perturbative treatment is not valid for these 

terms ; the parameters mo and S cannot be treated as constants in Eq.  ( 7 ) . 

We find instead that the nc should also be nearly pure �c with a mass 

� � 3 GeV, and that the �c contribution to n 1 (958) is small . On the other 
c 

hand , the exchange potential of Fig . 4a does not depend sensitively on the 

external mass ,  so large symmetry-breaking effects need not be present for 

the first two terms in Eq. (7 ) . 

165 



166 

There is also the possibility that the E ( 1420) rather than the n ' ( 958) 

is  the 16th 0- s tate ; in this case a straightforward application of the 

naive mass  formulae1 3 , 1 •) gives a nearly pure nc � (cc) 0- at a mass of about 

3 GeV. 

The large width of <Pc" ( 4 . 15) remains to be discussed. Using the experi­

mental l imits in the partial  width for the cascade d ecay of <Pc ' ,  one expects  

at most  a total width of  10 MeV from cascade decays of  the cjl / :  
<P II + <P + 1f1T '  Ki, n I ' n . c c 

The observed width of 250-300 GeV can be understood*) only if the <!>/ i s  

above threshold for decays into charmed particles : 

r ·  
FF 

cjl II + n*ii* ' F*F* 
c 

n*n ' 

Probably all the states of Eq . (5)  mus t  fall in th.e mass  range 

where the lower limit is imposed by the narrow width of cjl 1 (3 . 7 ) . This range 

is somewhat lower than the anticipated range of 2 .  2-2 , 4 GeV , but considering 

the large symmetry breaking [m1 5 /m8 "' 20 in Eq . (6) ], this  can hardly be 

considered a difficulty .  In this context , the discuss ion of Gourdin ' ") is 

also relevant ,  

The production of <Pc by  nucleons has  been observed at  Brookhaven 

(Aubert et al . ,  Ref . 9) : 

and at FermiLab1 5) : 

E n 

E p 30 GeV , 

250 GeV • 

*) However,  it has been remarked by John Ellis 1 2) that if the <Pc" were less 
than ideally mixed -- by as little as 10% -- its width could be under­
stood in terms of decays into ordinary hadron s .  



Are these cross-sections compatible with the charm interpretation? As dis-

cussed in Ref .  14, since the ¢c is detected through its leptonic decay mode 

in these experiments ,  a comparison with the non-resonant background both at 

SLAG and BNL allows one to conclude that the hadronic production cross-

section and decay width are compatible in the sense that the same mechanism 

is involved : here interpreted as a direct,  albeit  suppressed , strong coup-

ling of the ¢c to hadrons .  Then why is the cross-section at FermiLab at 

least an order of magni tude larger? Firstly, the production cross-sections 

for mas sive obj ects generally rise with energy (the di-lepton background is 

expected to rise 1 4) from BNL to FermiLab energies by a factor of 20-300) . 

Secondly, the FermiLab energy i s  above threshold for the inclusive proces s :  

N + N + ¢c + charm + anti-charm + X 
which has a threshold energy of about 40 GeV, and which i s  not forbidden by 

Zweig ' s  rule ( see Fig .  5 ) . 

N 
N 

N 
N 

F i g .  5 Forbidden production (a) of ¢c , and an example of an 
allowed production process (b) . 

Photoproduction of the ¢c allows a determination of the ¢cN total 

cross-section via the optical theorem if vector meson dominance is  assumed 

(Fig . 6) . The extracted values are 

o (¢CN) 0 . 4  mb Ey 1 1 ,  18 

0(¢CN) 

These values are to 

1 mb 

be compared 

E y 
with1 a) 

o (pN) " 26 mb 

100 

GeV 

GeV 

[Gillman, 1 6) ] 
[Knapp et a l . 1 7) ] 
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y 4>c 

Fi g .  6 Vector meson dominance mechanism 
for photoproduction of �c · 

Symmetry breaking apparently suppres ses the �c cross-section considerably 

more than the � cross-section relative to the p, but the orders of magnitude 

are not unreasonable . In Ref .  17 it is found that the �cN cross-section i s  

largely inelastic . Presumably the important inelastic channel s  involve 

charm production ,  so the total �c cross-section should not be compared with 

a (pN) and o (�N) except well  above charm threshold.  However , it is  surpris-

ing that there is no apparent rise between 11 and 18 GeV. 

3 .  DECAYS OF CHARMED PARTICLES 

The theory of weak decays will be discussed in detail by Alterelli 1 9) . 

Here we outline the results needed for our subsequent discussion . 

The dominant transitions for a truly decaying charmed quark are : 

c -+ amp l .  

c -+ ;\ + pn amp l .  

'\, cos e "' c 
"' cos 2 e "' 1 c 

The non-leptonic and leptonic decays are a priori comparable .  However , the 

situation i s  similar for a freely decaying s trange quark : 

;\ -+ p + i -;; "' s in 8 c 
;\ -> p + np 'V cos e sin e 'V sin e c c c 

but we know from experiment that the non-leptonic mode is effectively 

enhanced by a f actor 'V ( s in 8c)- 1 • This can be understood qualitatively if  

we compare the diagrams (Fig . 7) contributing to free quark decay -- which 

necessarily involve low-momentum W+ exchange -- with contributions which can 

arise when strong interactions (gluon exchange) are taken into account 



a )  

F i g .  7 

p 

Leptonic (a) and non-leptonic (b) decays of a free 
quark . 

b )  

(Fig . 8) . For leptonic decays the momentum carried by the W+ necessarily 

remains equal to the di-lepton mass ,  i . e .  small .  But for non-leptonic transi-

tions , loop diagrams of the type illustrated in Fig .  8b are dominated by 

large-momentum W ' s ,  so that the suppression due to the W propagator may be 

attenuated [in the theory considered here,  n\i2 is replaced by n\J2 ln 

(mw/ l  GeV) 2] .  

a )  

Fi g .  8 

c " .. �,,j�:� : + • • .  

n p 

1· 

Strong interaction corrections to (a) leptonic and 
(b) non-leptonic decays ; B is a g luon field.  

b )  

In asymptotically free theories ,  the leading corrections due to gluon 

exchange can be calculated . What one finds is that2 0 ) to order �2 a non­

local V-A current-current interaction may be replaced by an effective local 

V-A current-current interaction -- just as in the free quark case or for 
µ decay -- but with the difference that the effective Fermi coupling is 

modified and depends on the internal symmetry s tructure of the current-

current produc t :  

Jeeff 
GF /2 x C x JµJµ x appropriate Cabibbo factor . 
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For C > 1 ,  the effective interaction is enhanced relative to the free quark 

case , and for C < 1 it is suppressed , One f inds for the theory outlined in 

Section 1 that the suppression or enhancement depends on the symmetry of the 

current-current product under the interchange of SU (4) quantum numbers of 

two quark or two antiquark f ields .  Expl icitly: 

{
Ap (�: - :�) 

C > 1 for JµJµ � cn(pA - Ap) 

cn (pn - np) 

{'' '� 
+ � 

C < 1 for J J � cn (pA + � µ µ 
cn(pn + np) 

�I � )  
<m 0 ) 

(6I Y, )  
(6I � .  ¥, )  
<m 1) 

(6I Y, )  
In analogy with the enhancement o f  the 6 I  = Y, rule for the usual 

strangeness changing decays , we obtain an enhancement of the V-spin conser­

ving part8 • 2 1 ) of  the dominant ( i . e . strangeness changing) amplitudes for 

charmed particle decay. The enhancement factor is universal ; we take it 

to  be empirically � ( sin 8c)- 1 •  In Table 2 we list  the hierarchy of decays 

according to their strength and their selection ru l e s .  Approximate selec-

tion rules ( i . e .  those arising from dynamical enhancement) are indicated in 

parentheses . 

If the vector mesons are higher in mass than their pseudoscalar counter-

parts as expected (although a small violation of the mass formulae could 

invert the spacing) , they will decay electromagnetically or s trongly depend-

ing on whether phase space is available for p ion emi ssion, In any case they 

are expected to be narrow ( I' �  MeV) as the level spacing is probably small .  

From i sospin conservation F* + FTI i s  forbidden; thus the F* decay will  be 

predominantly electromagnetic : 

unless phase space is available for 2TI emission : 

F* + FTITI • 



Table 2 

Decays of charmed particles 

Selection rules Amplitude Examples s trength 

I LIS LIC D o + - + i<2n = K TI ' 
GF cot e 

LII 1 c D+ + i<2n (D+.,,... i<0n+) = 

u 
F+ + + ..... (LIV = 0) + nn ' K KS , L' 3n p 0 w 
F+ n +n o p. + "' 

...., 
I 
p 

D o + - TIO TI O 0 LIS = 0 + TI TI ' z 
(LII Y2 l 

GF D+ + + 3n (D+ -fH TI+Ti o )  = nn ' 

+ K+n ° ,  + F + K n 

LIS Lie LIQ D o - + = = + K 9, v 

llI = 0 u 
GF D+ + K0l',+v 

..... p + n!',+v 0 F + w p. 
"' 
...., LIC = LIQ , LIS = 0 D + nl',v 

GF s in e 
+ Kol',+v llI = 112 

c F + 

S imilarly 

D* + Dy , 

or possibly 

n* + nn . 

For baryons the predictions vary drastically depending on whether quad­

ratic or l inear mass  formulae are used2 2) ( see Table 3) . In the first  case,  

the 3 s tates wi ll be stable against strong decay and will  appear as narrow 

resonances in channels 8 • 2 1) with S = - 1 , -2 and Q = 0 ,  1 ,  2 .  (The C = +2 

representation 3 will  also be s table and will cascade decay s imilarly to the 

�-.  �- . )  In the latter case ,  however , no charmed baryon will  be s table 

agains t s trong cascade decays with charmed meson emis s ion . These s tates 

171 



172 

Table 3 

Charmed baryon masses 

SU (3 )  Lowest  mass (GeV) 
representation Quadratic formulae Linear formulae 

3 2 . 7  4 . 5  

6 3 6 

3 4 . 1  9 

will  appear as broad resonances in many-body channels and will  probably be 

very difficult to detect .  In either case the 6 can cascade to the 3 through 

pion emission . 

4 .  INDIRECT EVIDENCE FOR CHARMED PARTICLE PRODUCTION 

Anomalous phenomena such as scaling violations and direct lepton pro-

duction may constitute evidence for the production of new particles .  

In deep inelastic leptoproduction , no dramatic effect i s  expected . 

This is because the electromagnetic current is diagonal in quarks 

( i . e .  partons ) , and the cc component of the current can be excited only if  

charmed partons are present in  the nucleon . If they are present at all , 

their contribution is expected to be concentrated at small x (x � 0 . 1) . 

Explicitly, as charm threshold is crossed , one expects an increase in the 

cross-sec ti on 1 2 ) : 

tio 0 ____ 4-'/_9--'(�c_+_c-') ____ + 0 
4/9 (p + p) + l /9 (n + n + >. + 5:) 

for x > 0 . 1 , 

where c ,  p ,  etc . ,  represent parton distribution functions . Apparently such 

a behaviour is compatible with the data from FermiLab2 3) . 



In v reactions ,  charmed particle production i s  expected and is calcu-

lable . E lastic baryon production 

+ -v + n + C µ 

can be directly related" , 2 4) to 

++ -v + p + c µ 

v + n + p + µ 
by SU (4) , and the estimate should be correct at least as to order of magni-

tude .  A typ ical event of this type would be characterized by an S -1 

final s tate with possibly a di-lep ton . However , the cross-section is pro-

portional to sin2 ec . A more favourable process might be that of 0iffrac­

tive production") of the F* (Fig . 9) for which the cross-section i s  

a )  v 

F ig .  9 

e 

Diffractive leptoproduction of ( a) the F* and 
(b) the p0 • 

b )  

� cos 2 ec ' and which should b e  similar t o  electroproduction o f  the p 0 , apart 

from the difference in the W and y propagator s .  A s ignature for the process 

would be an odd number of photons in the final s tate , for example:  

*+ + F - + F-y 

L nn± 

L n . 
Apart from the detection of specific final s tate s ,  the parton model 

allows estimates of inclusive charm production sufficiently above 
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threshold8 • 2 5 ) . The basic process is i l lustrated in Fig .  10. The total 
cross-section is proportional to the structure function of the target parton : 

do � L: do (vq + cµ) Fq (x) � 
q 

{ s in: 8 c 
cos 8 c 

q n, n 

q 

Parton structure functions may be estimated from a comparison of electro-

production and neutrino data . The A and 5:: parton content is in fact com-

patible with zero . Nevertheless ,  i f  we assume 

also compatible with the data, we predict a 5% contribution of charm produc-

tion to the total v cross-section and a 15% contribution to o;:; from the 

!- + c transition. S ince both production and decay satisfy ns = nc , the over-

all process wil l  be predominantly strangeness conserving , and events appear 

as associated production of strange particles . When the charmed particle 

decays leptonically there will be a d i-lepton in the final state . 

N 

F i g .  1 0  Parton model picture o f  c.harmed 
particle production by neutrinos . 

Whatever the i- , 5:: content of the nucleon there must be charmed particle 

production at a level of sin2 8c � 4%  from the n + c transition . This pro­

cess will contribute 4% to the total v cross-section and about %% to av . 
Here the signature wil l  be apparent violation of the nS = nQ rule if the 

charm decay is non-leptonic,  and a d i-lepton with an S = -1 hadronic final 

state (S = +l for an incident V) if  the decay is leptonic . 



From the above discussion we can estimate di-lepton production above 

charm threshold . Assuming a A , �  parton content � 5% ,  we have 

+ (� 5%) a� • 

The v charm production should all be concentrated at small x with 

v ) < v a ( charm � 15% aT • 

Assuming further a 5% branching ratio for leptonic decay (Be 0 . 05) ; 

we obtain: 

v + -a (µ µ ) 

v + -a (µ µ ) 

At FermiLab, 14 di-leptons have been observed2 6) with an incident beam 

composition 

01v o . 6  . 

The reported cross-section i s  

Ev > 40  GeV • 

(8 )  

Anomal ies in the x and y distributions have also  been reported by the same 

group2 7) ; such effects are expected near the threshold for new particle 

production . However, the calculated effects of charm production, assuming 

a 5% A , �  parton sea, do not seem sufficient to account for the observed 

anomaly. 

Direct production of high Pr leptons in nucleon-nucleon col lisions has 

been observed2 8) at a level of 

Less than 50% of this  ratio can be accounted for2 9) by the production and 

leptonic decay of p ,  w ,  � and �c ( 3 . l) .  Can the remainder be due to lep­

tonic decays .of charmed particles? One remarkable feature of  the i /n ratio 

is that it i s  apparently independent of Pr • at least over the measured range . 
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Suppose the observed leptons are coming from the decay of a massive hadron H.  

For value s Pr >> � · the transverse momentum of the lepton reflects the 

transverse momentum of the parept and should have a s imilar distribution. 

However,  if the observed lepton has Pr � mH/2 , the parent transverse momen-

tum may be negligibly small .  As hadron production at small Pr i s  favoured ,  

one would expect a peaking of the lepton d istribution around Pr = �/ 2 .  

However , i t  turns out that2 9 )  if high Pr (pT ::'.. 1 GeV) hadron production is 

universal in the variable 

the accumulation of leptons at Pr � �/2 is  compensated by the extra sup-

pression -- relative to pion production -- from the parent mas s .  Thus the 

� Irr ratio is reasonably flat for 

if the parent is a charmed meson with 2 GeV mas s .  However , a fall-off in 

the �/rr ratio is expected for pl < 1 GeV. 

What is the lepton yield which might be expected from charmed particle 

production? Consider a qualitative picture in which high Pr hadron produc-

tion arises from elementary parton scattering . We know from lepton produc-

tion data that the antiparton contribution is small and that about half the 

momentum is carried by neutral gluons ; thus the two elementary scattering 

processes are quark-quark scattering (Fig. l la) , from which the leading high 

Pr particle is expected to have S = C = 0, and gluon-gluon scattering 

(Fi8 .  llb) which should yield -- at a transverse momentum that is large 

a )  
q 

q 
F i g .  1 1  

q; q 
B B --- n: --- n; , K, D  

q; B q 

Production of high Pr hadrons by (a) quark-quark and 
(b) g luon-gluon scattering .  

b )  



compared will all hadron masses -- comparable rr ,  K, and D distributions .  

If  the·se two processes have equal weight , one expects 

K/IT 'V 0.5 , 

which is compatible with the data. Then assuming a production distr ibution 

of the form 

E -d-'o_,(.._p_+_p,__->_h_+_X..:..) ( 2 2 - " 
"' � + pT) 

d 'p  

and a branching ratio of  5% for  the decay D ->  Kiv , one finds 3 0) a contribu-

tion from D production: 

which i s  of the correct order of magnitude if D/IT -> 0.5 for high pT . 

8 

6 

R 
4 

2 

F i g .  1 2  

2 3 4 
Ec m. (GeV) 

I 
I 
I 
I 
I 

¥ 

+ !+ 

5 

- 3.3 

The ratio R = o(e+ e- -> h) /o(e+ e- -> µ+µ- ) .  
Theoretical predictions for the asymptotic 
behaviour compared with the data points 
taken from J.A .  Kadyk ' s  talk at  this meeting . 
The 3 . 1  and 3 . 7  resonances have been omitted . 
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The ratio of e+e- annihilation cross-sections : 

R o(e+e- � hadrons) 
a (e+e- + all) 

is expected to approach asymptotically the value 2 for energies below the 

charmed particle threshold . Once the charm threshold is passed , this ratio 

should approach the asymptotic value of 10/3 . In the asymptotically free 

theory ment ioned in Section 1 ,  the approach i s  from above3 1 ) , along logarith-

mic curves as indicated in Fig . 1 2 .  

5 .  DIRECT EVIDENCE FOR CHARM? 

There is now an accumulation of indirect evidence ,  including the prop-

erties of the newly observed resonances ,  possible threshold-induced anomalies 

in leptoproduction (as well  as  the absence2 3) of a large scaling violation 

for x > 0 . 1  in muon scattering) , and direct lepton product ion , which tends 

to support the charm hypothes i s .  I s  there any d ireet evidence? 

The most obvious place to look for charmed particles is amongst the 

decay products of the <Pc" ( 4 . 15) , If our interpret.ation of the resonance 

widths is correct ,  the <Pc" decays should be dominat,ed by two-body charm­

ant icharm states .  A systematic study of this region has  not  yet been per­

formed at the e+e- storage rings . However , there is some data at an energy 

of 4 . 8  GeV, above the presumed charm threshold , and the results that have 

emerged are negat ive . 

There is no dramatic increase in the K/TI ratio3 2) . As indicated in 

Table 2 ,  an expected characteristic of a charmed meson decay is a kaon in 

the final state . However , decays are expected to be largely multibody, and 

although the number of events wi th kaons should increase, it is not clear 

that the K/TI ratio should increase .  Explicit calculations 3 3 ) , based on the 

selection rules of Section 3 ,  of the decays 



yield the ratios 

K8/(11+ + 11 15% 

(K+ + K-) / (11+ + 11-) 23% , 

which in fac t  do not represent a dramatic increase over the background 

levels  (� 10%) . Furthermore , at a non-resonant energy above threshold , the 

two-body charm-anticharm s tate is no longer dominant . A more significant 

test is  whether there is  a rise in the number of events containing two or 

more kaons . 

There is no evidence for structure in invariant mass  plots in the 

channels 3  •) 

The first two final states are suppressed (see Table 2) ; the last two are 

allowed,  but the branching ratio for any specific channel cannot be expected 

to exceed 20%.  Furthermore, to the extent that multibody f inal states are 

predominant in e+e- annihilation, there is a large combinatorial background . 

A search for an invariant mass  peak in events containing one lepton in the 

final s tate might provide a means of reducing the background . 

Taking an optimistic point of view, the observation in Gargamelle3 5) of 

a µe event with a s trange particle in the final s tate , a neutrino event 

which apparently satisfies 6S = -6Q observed at Brookhaven3 6) , the apparent 

production of long-lived massive particles in cosmic rays 3 7) -- none of 

which might be compelling if  taken alone -- may represent the beginning of 

an accumulation of direct evidence for charmed particle production . 

The remarks collected here are largely the result  of many discussions 

with colleagues at CERN and with the participants at the Rencontre de 

Moriond . 
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Abstract : A review is presented of the expected properties of weak 
non leptonic decays of charmed particles . 
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INTRODUCTION 

In this talk I shall review some work on non leptonic weak decays of 
charmed particles whi ch was done in collaboration with N .  CABIBBO and 
L .  MAIANI( l , 2 ) . It will  be shown that in the SU(4) charm scheme (3)  one is 
naturally led to expect weak non leptonic amplitudes for the decays of 
charmed particles to be enhanced over semileptonic or leptonic modes .  More 
-over the effective Hamiltonian for non leptonic charm changing transitions 
possesses we ll definite selection rules . These properties are obtained by 
an extension in SU (4) of the well known features of strangeness changing 
non leptonic transitions , such as the 6T = 1/2 rule . Phenomenological con­
sequences for the decays of charmed particles are discussed . 

A striking feature of \ 6S \ = 1 non leptonic decays is the 6T = 1/2  
rule , or  in  SU (3)  language the octet enhancement rule . That is , whi le in 
the product of two weak hadronic currents pieces with b oth 6T = 1/2 and 
6T = 3/2  (8  and 27  of SU (3) ) are expected to occur , it is  a well establis­
hed fact that 6T 

+ decays , where K 
1 /2 or 8 parts are the dominant terms . For example in K 
1T+1T o is a pure 6T = 3/2 transition while K 7 11+11- or s 

K + 1T 0 rr 0 can occur through 6T = 1/2 amplitudes , it is experimentally found s + + -that r(Ks -r 1rn) / r (K  -r " 1T ) = 660 . Moreover branching ratios are correctly 
reproduced to a good approximation by the 6T = 1/2 rule in K -r 1111, K -r 311 
and hyperon decays . Although the 6T = 1/2 rule is  not exact and therefore 
6T = 3/2  amplitudes are certainly not zero , it is concluded from experiment 

that in \ 6S \ = 1 non leptonic decays : 

A( 6T 3/2)  
1/2) � 5 % ( 1) A( 6T 

A more delicate question is the following one : are 6T = 1/2 ampli­
tudes enhanced , or are 6T = 3/2 amplitudes suppressed or both ? In order 
to obtain a qualitative answer to this question one may consider simple 
tree graph contributions to the relevant processes . For example for K-r 211 
one may consider a K 11 W vertex (W is the charged intermediate vector bo­
son) followed by a d irect W1T transition .  Since b oth couplings are known 
( from K -r 11ev and 11 -r µv)  one can get a feeling of what should be the "natu 
-ral" size for these amplitude s .  The result of this sort of calculations (4) 

is that 6T = 1/2 amplitudes appear to be enhanced , while 6T = 3/2 amplitudes 
are either unaffected or suppressed by a smaller amount.  S imilar arguments 
also hold for K -r 31T decays , as testified by the successes of PCAC in relat-



ing K + 3n to K + 2n , and for hyperon decays . 

THE 6T = 1/2 RULE AND SHORT DISTANCE SINGULARITIES 

An appealing mechanism for explaining the 6T = 1/2 rule was first pro­
posed by K. WILSON in 1969 (S) . Neglecting Lorentz indices ,  leaving aside 
technical details , a very s chematic presentation of Wilson ' s  argument is  the 
following one . To lowest order in the weak (and e .m . )  interactions and to 
all orders in strong interactions the matrix e lement for a weak non lepto­
nic transition is  given by 

(2)  

± where D (x2 , Mw� i s  the W boson propagator and Jw are the weak charged ha-
dronic currents . The integral clearly corresponds to the emission and sub­
sequent reabsorption of a charged W. (Contributions of weak neutral currents 
do not arise for ! 6 S !  = 1 or ! 6C !  1 transitions and will not b e  considered 
here) . Note that the matrix element of T (J  + J -) between the hadronic states w w 
i f> and I i> is entirely determined by strong- interactions . 

Since Mw >> � ·  where � i s  a typical hadronic mass scale , the leading 
contributions to the integral in Eq . ( 2)  arise from short distances x � l/Mw ' 
where the Wilson operator expansion(S) holds : 

T (Jw
+ (x) Jw

-(o) ) X +o 
(3 )  

µ 
where o4 ( o) , 06 ( 0) • . •  are local operatom of canonical dimens ion 4 , 6 etc , 

and Ci (x2 ) are C-number functions that would be constant in free field theo­
ry . This is an operator expansion , that is the s ingularity of each term is  
independent of the matrix e lement .  In -general strong interaction effects 
renormalize the funct ions Ci (x2 ) ,  which thus acquire singularities at short 
distance s .  It is simple to show that the terms that dominate the integral in 
Eq . (2)  in the limit Mw >> � are those which correspond to the most singular 
terms at short distances .  Thus Wilson argued that if ! 6S !  = 1 ,  6T = 1/2 ope­
rators acquire a stronger s ingularity at short distances than ! 6S !  = 1 ,  
6T = 3/2 operators , then the 6T = 1/2 rule would follow .  

On the other hand from the approximate validity· o f  scaling in deep 
inelastic processes (6) , which are themselves governed by short distance s ingu 
-laritie s ,  we know that strong interactions are free or almost free at short 
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distance s .  That is the functions Ci (x2) only acquire logarithmic or small 
power s ingularitie s .  In particular the best approximation to scaling is  pro­
vided by asymptotically free theories of strong interactions ( 7 )  where 
C1. (x2) "' ( 9,n x2)di where d. are exponents which can be reliably computed in 1 d I perturbation theory. In this class of theories if  c112 (x2) "' ( ,q,n x2) 1 2 , 
d 112 > O and c312 (x2) "' ( in x2) -d3/2 , - d312  < O ,  where c1 12 and c312  are 
the leading terms of the coefficient functions of j tiS j  = 1 ,  tlT = 1/2 and 
tiT = 3/2 operators respectively,  then it would fol.low : 

<f IHNL I i> tlT=l/2 
I NL I . <f H i> 6T=3/2 

� Mw2)dl/2  + d3/2  
"' n ::--7 

� 
d l o112 <0) I i> 
d lo312 Co) I i > ( 4 )  

S ince Mw "' 100 GeV , � "' 1 GeV then ,q,n  Mw2/mh2 "'  10  and for reasonable 
values of d112  and d3 12 the tiT = 1/2  may be reproduced with its correct size . 

Recently it has been proved8)that thi s  mechanism is actually realized 
in asymptotically free theories based on a SU (3 )  color group for the strong 
interactions and on the Weinberg-Salam theory for weak and e .m. interactions . 
For example in the specific model of Glashow-Iliopoulos-Maiani (3 ) , based .on 
three quartets of fractionally charged colored quarks , one fjnds d112 = 0 . 48 ,  
-d312 = -0 . 24 , corresponding to an enhancement factor of ( 9,n Mw 2/� 2 )  O 

• 
72 "' 6 

(times unknownfactors which , contrary to this one , are a priori expected to 
be of order 1 )  for tiT = 1/2  versus tiT 3/2  amplitude s .  Although the explicit 
factor found in this model  is smaller by a factor of  about 3 from what is  
actually observed , thi s  computation certainly provides s trong support in 
favour of a mechanism based on short distance singularitie s .  

CONSEQUENCES FOR l tic l  = 1 AMPLITUDES 

The assumption that octet enhancement arises from short distance singu­
larities  has general consequences for non leptonic amplitudes in a theory 
based on SU(4 ) . These apply both to tis = O parity vio lating transitions (g) , 
and to tic <f O amplitudes ( l , 2 ) . Here we will  discuss the latter and recall 
that these implications do not depend on the detai led dynamics of s trong intera­
ctions (asymptotic freedom or else) . 

The concial point is that at short distances the theory is more symmet­
ric than in general .  In particular the SU (4 )  breaking , which only arises from 
mass terms in the Lagrangian , disappear s .  It then follows that a whole repres­
entation of SU (4)  is  enhanced or suppressed . Since the weak charged hadronic 
current transforms as a component of the 15 dimensional representation of  



SU (4) , the content of T(Jw
+ Jw ) in terms of irreducible representations of 

SU(4)  is completely specified . Note that T(J  + J -) is symmetric in the ex­w w 
change of the two currents, so that only those representations in 15 & 15 . 
which are symmetric can contribute . Thus one obtains : 

(5 )  

where 158 is that 15 which is symmetric in  the two currents while 20H (84) 
is the representation spanned by a traceless tensor : 

[ab] 
T [cd] 

{ ab }  
T 

{ cd} 

with two antisymmetric ( symmetric) upper and lower indices .  

It i s  however simple to show that 1 and 158 cannot b e  relevant for 
6S # 0 or 6C # 0 transitions . This is obvious for 1 while for 158 it is 
shown by the following argument . 158 is uniquely determined as : 

'V {J + J _}a 
- _

4
1 0 \ rJ + J _}c 

w w b \w w ¢ 
in terms of the anticommutator of the weak currents .  Now recall that the moti­
vation for charm was the need of suppressing neutral 6S  # 0 transitions .  The 
vanishing of 6S # 0 pieces in [J + J -J guarantees the cancellation of unwan-w w 
ted transitions of order G, while the vanishing of 6S # 0 parts of {J + J -} w w 
is necessary in order to suppress transitions of order Ga . In the Glashow-
Iliopoulos-Maiami ..::heme 158 is actually zero , because {J + J -} is proportio­w w 
nal to the identity matrix in SU (4)  space . 

One is then left for 6S # 0 or 6C # 0 transitions only with 20H and 84 . 
Since 84 contains a SU (3)  2 7  with j 6S j  = 1 ,  6T = 3/2 component s ,  this is the 
representation to be suppressed . On the other hand 20H has a SU(3) content 
20H "' 8 $ 6 e 6 and in the j 6S j  = 1 sector behaves like an octet . Thus the 
enhanced effective hamiltoni an for non leptonic transitions should behave 
like a 20H 

NL 
H "' 

eff 

[ab] 
20H "' H [cd] (6) 
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In order to explicitly exhibit the structure of the effective hamilton­
ian, we introduce the notation : 

I a 
where a is the color index (a  1 ,  2 ,  3 ) . We have 

and 

� N .L) H I t1S I = 1 
eff [IC = 0 

cos e sin {c<r1. ) (np) - cil1. ) (pp)J 

-[c"P' 1. ) Cnp ' )  - cil1. l CP"' P ' lJ } + h . c .  

cos2 e r [Cip ' )  (pn) - (pp ' )  CinlJ] + h . c .  + . . .  

( 7 )  

( 8 )  

where the dots stand for terms o f  order cos 8 san and sin2 8 ,  which we 
neglect . Note the antisymmetry of 

NL 
H eff in both th1e exchange of quark labels 

and of antiquark labels , corresponding to the . [ab] antisymmetry of H [cd] in both 
upper and lower indice s .  It is precisely this prop1erty that makes : 

(HNL ) l t1S I = 1 '\ eff [IC = 0 

pure llT = 1 / 2 .  In fact in (p>.) (np) (n>. ) (pp) the antiquarks n and p appear 
in a antisymmetric combination , hence T = 0 which ,combines with the quark p 
of T = 1/2 to make /)T = 1 / 2 .  Likewise the selection rules of : 

are 6 e 6 under SU ( 3) , [IV = 0 ,  L'.IT = 1 ,  llC = L'.I S .  V is the V-spin generator of  
the SU(2 )  subgroup of SU (3 )  that rotates >. and p quarks , leaving n (and µ ' )  
quarks unaffected . 

We conclude this section by stressing the crucial role of color . Recall 
that v-A four fermion couplings are invariant under Fierz rearrangement . Then 
our effective hamiltonian would be zero if color did not exist , because 
(q1q2 ) (q3q4 ) would be exactly the same as (q3q2 ) (q1q4 ) .  But when color is pres­
ent , in order to go from one ordering to the other ,  color indices should also 
be crossed and the equality is no more valid . 



PHENOMENOLOGICAL IMPLICATIONS 

Low-lying charmed particles cannot decay via strong and e . m. interac­
tions and their lifetime is determined by weak interactions . A general conse­
quence of the above discussion is that non leptonic amplitudes are enhanced 
over their "natural" size and hence over semileptonic or leptonic modes .  Thus 
one is led to extimate ( l , lO) 

r (c + µ (or e) + all) � a r ( c  + all) few percent (9)  

This is an important fact to take into account if leptonic signatures 
are considered for charmed particle detection . 

The lightest multiplet of charmed particles are the charmed pseudosca­
lar mesons , expected to exist in the mass range 1 . 8  2 . 2  GeV( lO , ll , l2) . 
These states are made up of a p '  quark and a normal antiquark , with their 
antiparticles . We thus have a 3 of SU (3 )  with p '\ � S+ (T = 0 ,  S = 1) 
(p '�) � D+ ; (p 'p) � D0 (T = 1/2 , S = 0) , with their antiparticles in a 3 
of SU(3) . 

We have seen that , neglecting the Cabibbo angle , the effective hamilton­
ian is a V spin singlet . We thus have , in the limit of SU(3) symmetry : 

f (D0 + non leptonic) = r (S+ + non leptonic) 
( 10) 

where the last relation refers to the sum of the partial rates into two pseu­
doscalar mesons and other similar relations also hold for different final sta-
tes .  

For two body decays we note the selection rules (l )  : 

D+ ./-'> K0 TI+ 

( 11) 

The first one follows from V-spin ,  the second one from isospin. Moreover 
the amplitudes for decays into two pseudoscal ar mesons are all proportional 
in the SU (3)  l imit 

189 



190 

- /2 (D0 + K0 n ° )  - /6 (D0 

( 10)  

Some relations for three body decays are also obtained ( l) . 

We now turn to charmed baryons . Baryons with C = +l are made up of a p ' 
quark and two normal quarks . Among JP = 1/2+ states there are 6 b aryons of 
the form p ' { q1q2} and 3 state s of the form p ' [q1q;[ with the normal quarks 
in a symmetric or antisymmetric combination respectively.  These 9 states 
belong to a 6 e 3 of SU (3 )  contained in a 20B of SU (4) ( lO , ll ) . This is a 
different 20 than 20H , and its  SU( 3 )  content is 20B "' 8 6l 6 6l 3 I& 3 .  Note 
the similar situation with the I ' S  and the A .  The J\ is  made up of a A quark 
together with p and n quarks in a antisynnnetric combination (T = 0) , while 
the three I ' s are made up of a A quark plus two pp , pn or nn quarks in a 
symmetric combination. Jus t  a s  the A is  lighter th.an the I ' S  one expects the 
charmed baryons of  the 3 to be stable ( l2 ) . Thus the candidates for charmed 
stable baryons are p' [pn] "' B;n (T = O , S = 0) ; p ' [An] "' B;n and p '  [AP] 
(T = 1/2 ,  S = -1) . These baryons should lie in the mass range between 
2 -;-- 3 GeV( l l , 12 ) . 

In the SU(3 )  l imit we obtain from V spin , in analogy with Eqs . ( 10)  

+ r (Bpn + non leptonic) = r (B�n + non leptonic) 
( 12 )  

Furthermore many relations can be derived for  two body decays Bc + B + MpS 
in that , in the SU(3 )  limi t ,  14 decays are given in terms of only 3 amplitu­
des ,  as described in detail in Ref . (2 ) .  

We conclude by pointing out one further interesting consequence of the 
20H dominance in non leptonic decays . The enhancement of a given representa­
tion of SU(4)  is a consequence of the symmetry of the theory at short distan­

NL ces .  However when matrix elements of H are taken between hadron states the eff 
SU(4 )  symmetry breaking becomes effective . For this reason we restricted to 
relations arising from SU(3)  symme try applied to matrix e lements . It would be 
interesting however to learn how badly SU(4) is  broken . Interestingly enough 
this possib ility i s  offered by norm.al hyperon decays . It is well  known that 
the LIT = 1/2 rule restr icts the independent amplitudes for normal hyperon 



decays to four transitions which �an be chosen as L+ + n rr+ , L+ + p rr0 
A + p rr , � + A rr • If one further assumes exact SU (3 )  ( 8  dominance) and 
cµ invariance the Gell-Mann , Lee , Sugaware relation for s-wave amplitudes 
is also obtained : 

( 13) 

which is  very well satis fied by data ( 4 . 08 ± 0 . 04) = (4 .04 ± 0 . 05) . 
NL 

If we now assume SU(4)  symmetry and cp invariance , from R
eff � 20H , 

B � 20 , MpS � 
(2)B 15 , one additional relation is obtained for s-wave amplitu-

des This relation can be cast in various forms either : 

S (A + p rr-) 1 s (r 13 + P rro ) ( 1 . 48 0 . 85 ) ( 14)  

or 

S (;:;- + A rr ) = _l_ s(r + p rro ) ( 2 .04 1.  71) 13 ( 15) 

where a comparison with experiment is also shown . We see that the result is 
neither particularly good nor catastrophic ,  SU(4) being broken at the 40 % 
level . 
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Pomeron Coupling to Charmed Particle.s 
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Ab stract 

Relations between diffractive cro ss-sections for proce sses with and without 

charmed particles  are given in a broken SU (4)  scheme of Pomeron coupling based on the 

conj ecture of exi stence of fc traj ectory .  Experimental consequences,  in particular 

for photon- and neutrino-production of charmed vector me sons, are discussed. 
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Among the theoretic al models  for the rec etly discovered particles of mass 3 . 1  and 
( 1 )  p 3 . 7  GeV, one assuming that they are 0 =1 - hound state s of charmed quark ( c )  and ant_i-

quark (c ) , in an SU(4 )  symmetry scheme (2 ) ,  seems  to fit many pieces  of experimental 

information . Hence ,  it i s  of interest to speculate how charmed particles  c an be 

incorporated into Regge model thus far developed in SU( 3 )  framework . 
* 

In thi s  talk we derive relations between cro ss-sections for various 

diffractive processes including tho se with charmed particles  in a scheme with broken 

Pomeron c ouplings .  C onjecturing the existence of a cc tensor traj ectory, the 

sixteenth member of the hexa-declmet tensor traj ectori ,e s  which we denote 

wa extend from SU( 3 )  to SU(4) the idea of f and f' dominance of Pomeron 

by f c 
1 .  ( 4) coup ings . 

In thi s new picture the Pomeron couples  to particles  v:ia f , f '  and f ·traj ectori e s .  
c 

SU(4)  breaking of Pomeron c ouplings given in terms of splitting of the f , f '  

and f intercepts c an be used to estimate diffractive cross-section for photo- and 
c 

neutrino-production of charmed vector mesons '/Jc * * 
D and F • 

To estimate numerically the Pomeron coupling to charmed particles we propose 

a model of exchange degenerate (EXD) l inear <f>e- fr:. traj ectory with daughters spaced 

by two units of  angular momentum and incorporating the new particles .  The low 

interc ept of our lf>e- fc traj ectory l eads to a large SU(4)  breaking of Pomeron 
* * 

couplings ,  which tends to suppress strongly 'Pr:. , D and F production compared with 

what i s  expected from exchange of SU(4)  singlet Pomeron( S ) . 

Let us c on sider elastic scattering 

( I ) 
We wil l  ignore unessential complication of spin effect .  At sufficiently high energies 

elastic scattering is governed by the exchange of Pomeron singularity with intercept 

( 3 )  * Most o f  the c ontent o f  thi s talk has already appeared i n  preprint • 



close to unity. In this appDoximation the elastic amplitude i s  written in the form 

(2 ) 

2 where v = - 2 p1- p2 , t = - (p1 - p ,' )  and Ol p  i s  the Pomeron traj ectory. Possible 

logarithmic energy dependence is ignored. 

In the s-channel picture Pomeron exchange is generated by the shadow of  all 

inelastic proc esse s .  It has been found that various Regge aproache s to 

calculate the Pomeron in thi s picture , when supplemented with the notion 

of duality ,  l ead to a general form of Pomeron coupling . Namely, Carlitz,  Green and 
(4) Zee have shown that in a vari ety of models  the Pomeron residue is related to other 

vacuum traj ectories by the formula 

( 3 )  

valid for small t .  The sum runs over all vacuum traj ectories and a • s  and � ' s  denote 

Regge traj ectories and residue s ,  respectively . B · · p is the Pomeron "bubble" . t� 
Thus one is led to a picture that in the SU( 3 )  scheme the Pomeron couples to 

* 
particles via 5 and 5' , the ratio of the Pomeron residue to the f and 5 '  residues 

being independent of  the nature of  particles  and related to the f and f '  intercepts .  

This picture expl ains quanti tatively the difference between n N and KN total 

cro ss-sections ( 4) . It has been te sted in inclusive reactions as well and a satisfactory 
(7 ) 

agreement with experiment has been found . 

We consider SU(4 )  penta-dec imet-meson nuc leon scattering 

* 
The models c on sidered in Ref . (4 )  are too simpli fi ed to be reali stic approximations 

to production amplitudes . Recently, Chan et al . proposed a more real i stic method of 

calculating the Pomeron based on duali ty and EXD( 6 ) . Their approach al so leads to 

the � dominance of Pomeron coupling s .  
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M. + N - M. + N l l ( 4 )  

and apply the s-channel picture for generating the PoroE-ron . W e  extend t o  an SU(4 )  
. ( 8 )  . . ( 9 )  scheme the earlier c alculations using two-cluster , mult1per1pheral o r  dual models 

which lead to eq. ( 2 ) . Thi s can be done by introducing c harmed particles in the 

intermediate state s and then exchange of charmed Regge traj ectories .  The only 

modification in the final expression will be tnat the 'sum now includes the fc and 

its possible daughters in addi tion to the f , f  and their daughters . As an example , figures 

below depict the leading f '  f I and f contributions to Pomeron couplings in n:- N c 

and F-N diffractive scattering using quark diagrams and. the one-loop approximation 

for the Pomeron "bubble" B. _ P  . Wayy lines represent reggeon propagators. lJ 
Crosses indicate twi sted propagator s .  

I n  addition t o  the basic notions such as Regge behaviour and dual ity w e  will  

introduce a few extra assumption s .  

( 1 )  The leading f , f ' , and fc contributions dominate the sum over vacuum traj ectori es .  

( 2 )  All  coupling preserve SU( 4) symmetry. The tensor mesons f ,  f '  and fc are 

ideally· mixed . The Pomeron "bubble" B. _P coupl es  to the f ,  f '  and f like an SU(4)  lJ c 
singlet,  

(5 )  

In these approximations we get for small t 

A M ·/ (t)  � { eLM. M · ct) [1 - oc+ ct)r1 Bi/ <t) .,.. �i' M ·  M·  ctJ r1 - cx 1, tt)r 1 s 1.t p ( t i  
I. J l ' t l 

+ � t  M· M. <t l [ l - 011 ttl r 1  B + / tt ) }  [ 1 - 0<1 tt ) ) - 1  f?,1 i.rn <t) ( 6 )  C: I I t t 

When the f , f '  and fc intercepts are split ,  as they are experimentally, an 

effective SU( 4) breaking of the Pomeron couplings i s- induced. Thi s  breaking i s  

parametrized by the two ratios 
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(7 ) 

In terms of these two parameters we predict the following ratios between diffractive 

* amplitudes 

F pN : F wN F o"'N : F F*N : F <t> N c 

( 8) 

where vector mesons W ,  </> ,  ¢c are assumed to be ideally mixed. Eq . (7 )  also applies  

to pseudo-scalar nucl eon scattering with a slight modification depending on  how 1 1  1 '  
and � c  are mixed . 

The above predictions ( 8 )  can possibly be checked by charmed me son production 

experiment using nucl eus targets .  This require s ,  however , ,a great deal of effort from 

experimentalist s  on one hand , and a sati sfactory theory of particle interaction in 

nuclei on the other. Our aim is to apply the present model to the diffractive photo-

and neutrino-production of vector mesons at t = o, usnig the vector meson dominance 

(VMD) idea. 

Let us first con sider photo-production of p , W , </' and '/Jc . Ac cording to the 

VMD prescription, we have 

d<J" ( .,. N � V - N ) = e 2 a ; - 2  <Jcr ( V. /IJ -') V - N )  dt u • iJ .  a t  . , 
2 - 2  

= e � L  i F V · N � V· N l 2 
' l 

( 9 )  

( 1 0) 

where c oupling c onstants 1t. are defined by < D I Jµe "' I V, ) = €µ. mv,2 1 g ,  
To write eq. ( 9) we have ignored possible c ontributions from other vector mesons Vi ',  
V: " · · ·  with the same quantum number as V . . The ratios ( 3 )  then imply the fol lowing • • t 
*

We use notations in Ref . ( 5 )  of charmed particles  ; o* + ,  o*0 p*+ and �c ' 
en ,  c p . c >-.  and c c  members of the hexa-decimet vector mesons . 

are 
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relations betaween diffractive cross-section s ,  

dtr -( _,. N ,  1' N )  dt  0 c 

( 1 1 )  

We can also e stimate how copiously strange and charmed vector mesons will be 

diffractively produced in high energy neutrino reactions 

( 1 2 ) 

taking the hadronic weak current suggested by Glashow, lloipoulos and Maiani � 1 0) 

J.,_w+ = J / ( L:. S = O, l H = O ) c1'<1 ee + J µ+ ( l�. S = 1 ,, D. C = 0 ) AAM. f1e 

-J .,._+ u:i. s = o ,  D. c = 1 )  M-n e c + J j.L .. < l1 s = 1  , D. c = 1 ) uM & c ( 1 3 l 

wheEe S and C represent strangeness and charm, and 17(, is Cabbibo angle . For small q2 

2 (=-(p1-p1 1 ) ) ,  i . e .  outside deep inel astic reeion, and smoll t, we have 

: a -2 t6<!2 (J  ( r, + r2 )2. � F � c 2 
where the weak-current vector-meson coupling constants � c  are defined by 

0 Simil arly we can derive re lations between p , w , <j), and <f>c production cross-

( 1 4 )  

( I  5 > 

sections in reactions V+N -? V+V. 0 +N for small q2 and t and at large V ,  if we take a 1 
. ( 1 1 )  particular model for neutral weak current .  For Weinberg-Salam current , we get 

O"( v N -'t v p0 N )  : er( 11 N � v w N ) : <r ( v N -'>  v q, N ) : er ( v N -'t v iJ>� N ) 
= 9r-2 c 1 - 2�2f>w >2 : 9..,-2 c z�2e�/ : 9t1-2 ( 2 ,aMA2 @.., )1. r, 1. : 9+e-� <2AiM2 e. J r2� ( 1 6 )  

where Bw i s  the Weinberg angle .  

T o  estimate numerically the Pomeron coupling ratios we assume EXD liner hexa-
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decimet I -2 traj ectories .  Data on meson resonance s  give for f and f 

( 1 jl )  
A s  for fc 

we asswne a liner ¢c-fc trajec tory with daughters spaced by two units of 

angular momentwn, based on the original notion o f  daughters ( 1 2 • 1 3 ) and in analogy 

. ' ( 1 4) with the c ase of p , and incorporating the new particles(  see ref . ( 3 )  for detail ) .  

The 3 . 1 GeV resonance can be identified with rpc . We suggest the interpretation that 
I 

the 3 . 7  GeV resonance ( ¢c ) ii s  the daughter of �c ( 3-) ( see fig. 1 ) .  Then we get 

cx1 to ) � - 3. 8 ( 1 ll> c 
I 

give* The f ,  f ' f intercepts ( 1 7 ,  1 8) c 

r1 ( 0 )  = 0 . 5  - 0 . 7 , r
2 

( 0 )  = 0 . 085 - 0. 1 3  ( 1 9) 

where we have allowed the following uncertaintie s  of intercepts : ACX1 ( 0 ) = 6 ()(�, (0)  
= 0.  0 5 • l'.l. Ol i ( 0 )  = 0.  5 .  Predictions fo r the ratios between vector meson e 
production cross-sections at t = 0 and at sufficiently high energie s  are given 

in table 1 .  For photo-production '!�Vi coupling constants determined from 

e+ e- experiments* *are used.  For neutrino reaction the quark model ratios for 

coupling constants 9 <  are used but they should be replaced by 

experimental values as soon as they are known from weak dec ay measurements .  

W e  take experimental values of ( c;hr/ dt ) t ,,. O 
for Y N -p N at 9-1 6 GeV/c (l 6 )  as imput in order to calculate ( d cr/ d t ) t = O 
for Y N - w N, tpN  and <ficN.  The me son (f and A

2
) exchange c ontributions in 

Y N - p N  and ill N reactions can easily be taken care of using the approximate 

relation 

* If we take the universal slope a• � 1 . 0 for the EXD rf>c - f, trajec tory 

instead, we get r
2 ( 0 )  � 0 . 050 .  

"" *  
We  have taken 9 2 /4-;c := 2 . 3  a 2./47t "' 1 &  4-p . ' 1 w  · , 

9. 2. ( r c q,, --, e•e- ) =  6 . 0  R e V  ) .  
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We ignore po ssible weak variation of diffractive cross-sections as pL -+ 00  
2 

and estimate [ o-,. N  ( pLl  h r,. N  ( DO ) ]  = 1 . 3 -1 . 4  for p L  '.'"' 1 0 GeV/d . Table 1 a  

gives predictions for (dq-fdt )t-= 0 for w ,  ip and q,c production at Ey = 1 0  GeV, 

¢r. production i . e .  SLAC energy, as well as at Ey = oo ,  where Ey =0 P L  
cross-section is  taken t o  be negligible for pl � 2:0 GeV/c due t o  a large 
kinematical effec t .  Comparison of vector me son dominance c alculations with 

( 1 7 )  
experiment has already been done by many authors and will not b e  repeatted 

here .  

The most important experimental consequence of our speculation is  that 

a large deviation of r2 from unity implies that ¢c and F*+ production will 

be suppressed considerably, i . e .  by two orders of magnitude or a bit more for 

t/>r. production and one order for F* + production . Note that one would expect 

t/>t and F *+ to be produced as copiously as p in a model of SU( 4)  singlet 

( 5 )  Pomeron exchange . 

Calculation of the slope B <>f d r;r/Gf t involves too many assumptions to 

be reliable quantitatively. One may ,  however, guess that the slope of tf>e 
production is a little flatter than that of tj> production 

2 ( 1 6) 
= 4 - 5 GeV- at Ey = 1 0  GeV ) .  If we suppose 'B y p-> <f>c P � 3 

GeV-2 at NAL energy, we get' a crude estimate ITl1 p -� lflc P )  � 0 . 05 - 0 . 1 0  µ b . 

The author is greatly indebted to Professor II. Geffen for his valuable 

suggestions at various stages of this work . He i s  also grateful to Professor 

A. Krzywicki for a c areful reading of the manuscript and to Dr . L. Oliver, 

H. Yoshida, and Professors A.  Capella, Chan Hong-Mo and Tran Thanh Van for 

helpful discussions .  He also thanks Dr . S. Kitakado for informative di scussions .  
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Table la 
Predictions for {do/dt)t=O for vector meson photo�production. To calculate the ratios we have used r1 :::::: 0.55 and r2 = 0.09 - 0.14 
Predictions are given at E'Y= PL :::::: 10 GeV as well as at E'Y = ""' in order that comparison with experiment ( 17, 19) at SLAC energy 
may be done. p production cross-section has been used as input. 

Reactions 

"(N -+- pN 
'YN -+- wN 
"(N -+- 1/>N 
'YN -+- 1/>cN 

Theory 

Ratios 

I 
0.124 

- 0.05 

(2-4}X 10-3 

(da/dtlr=o µb/GeV2 

15 -80 
9-10 
-4 
0.1 5 - 0.3 

Table lb 

105 
13 

-4 

Experiment 
(da/d/)t=O 
µb/GeV2 
E-y-:::s lOGeV 

105 ± 5 
12.5 ± 2 
2± 1 

Predictions for cross-section ratios between vector meson neutrino�production at large v, small q2 and t = O. The quark model 
values of Ci have been used to calculate the ratio numerically. 

Reactions 

vN- µ-p'°N 
vN -+-µ_K._+N 
vN -+-µ-D*+N 
vN-+- µ-F*+N 

JP w�/·p·A1 
.- •-f' 

Ratios 

g-2 cos2Bc 
g-g. sin28c ! (1 + r1 )2 
g-6* sin2o c ! (1 + r2 )2 
gpi cos20c ! {r1 + r2 )2 

- 0.03 - O.o2 

0.1 - 0.2 

fo. ! • 
- -� �· I-� 1'1'-' ...................... ��.....,..c... ....... :..i__,_....._�..__,_ ...... � 1 5  20 "' &.v2 

Fig. I. Chew-Frantschi plot of EXD linear <Pc-fc trajectory proposed in the present paper together with w-f-p-A2 and ip-f' trajec­
tories. Predicted and observed states are denoted by an open and a full circle, square or triangle. Crosses represent odd daughter 
points where one does not expect resonances. 



THE SU(4) CHARACTER OF THE POMERON: 
A CALCULATION OF THE 1jJp (AND 7rp, Kp, np, ETC. ) TOTAL CROSS-SECTION. * 

M. Teper 
Institute of Theoretical Science 

University of Oregon 
Eugene, Oregon 97403 (USA) 

Abstract : We calculate the ratios of up , Kp , • • •  , WP total 
cross-sections utilising a phenomenologically motivated peri­
pheral-type model for production processes, supplemented with 
SU (4) symmetry for the couplings. Kinematic effects arising 
from mass splittings are crucial. We obtain crWP z t mb. 

Re sume : Nous calculons les rapports des sections efficaces �s np ,  Kp , . • .  , �p en uti lisant un modele du type peri­
pherique d ' origine phenomenologique pour les processus de pro­
duction - avec la symetrie SU(4 )  pour les couplage s .  Le s effets 
cinematique s provenant des ecarts de rnasse sont cruciaux. Nous 
obtenons cr'1fp ,,,, .:!. mb . 

2 

* Work done in collaboration witH J . W. Dash and M. S. K. Razmi. 
Supported in part by U. S .  Atomic Energy Commission contract AT(45-l) 
- 2230. 
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THE SU(4) CHARACTER OF THE POMERON 

A particularly interesting interpretation of the 1jJ is that it is the 

charmed analogue of the cjl i. e.  its quark content is a charmed, c ,  and an 

anti-charmed, c, quark. Within the context of this picture we shall cal-

culate the ijJp total cross-section, O"ijJp ' and compare it to the experimental 

estimate presented at this meeting. (l) 

We certainly expect <JijJp + <J1Tp since we know that <J 1Tp + QKp i. e .  the 

Pomeron is not an SU(3) singlet. This is no surpr:lse: we usually think 

of the Pomeron as having vacuum quantum numbers, and the vacuum is clearly 

not an SU(3) (or SU(4) ) singlet.  Thus if we take a picture of  the vacuum, 

some of the time it will look like a 2rr pair, and sometimes like a 2K pair. 

By the uncertainty principle , however, it will look like 21T more often 

than 2K, because the mass of a K is greater than that of a rr. It will 

look like 2D even less often (D ,F ,nc are the extra particles in the 15 

multiplet of pseudoscalars that contains rr, K etc. } .  

More directly if we look at collisions in impact parameter, we expect 

21T exchange to extend further than 2K exchange and much further than 2D 

exchange. Correspondingly one expects <J1Tp > crKp >> crDp " 

Clearly we have no rigorous prescription as to how to set about calcu-

lating these -- or any other -- strong interaction cross-sections . We 

must choose both our approach and model. Our approach is to have a model 

for inelastic processes, and to sum over such proce,sses to give the re-

quired total cross-section. Our model will be a slightly generalised ver-

sion of the multiperipheral model. 

We shall calculate cr 1Tp crKP : <Jnp first since we have experimental 

results for these quantities -- and a comparison be:tween our results and 

experiment here will be indicative of the reliance we should place on our 

later results for aijJp. Results on these ratios are , of course, of 

interest in themselves . 



Our model for ap collisions is as in Fig. la leading to a contribu-

tion to the total cross-section as shown in Fig. lb 

l: 
b , c  

a b 

p 

(a) 

a b 

(b) 

In general a belongs to the pseudoscalar octet and we take b , c  to be the 

vector, pseudoscala�, octets respectively . Thus our equations are 

+ 
p p 

p p 

(1) 
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r; -1lE. r; 
'!Tp 

* 'TT p , K  
--

p 

(2 )  

If we iterate Fig. la we obtain a multiperipheral model which has received 

detailed comparison(2) against multiparticle data: hence we are confident 

that it provides a reasonable representation of a substantial fraction of 

the total cross-section. In the present context Fig. la is in fact better 

than the derived multiperipheral model. Thus, suppose for example that 

our choice for the exchanges c is just half right. Then the derived mul­

tiperipheral model will be only (l/2)n-l right (n is the final multi-

plicity) which can be a very small number. In using the model directly as 

shown in Fig. la,b we simply do one loop integral and use the physical r;cp 
for the lower blob: hence in the case where the exchange is half right , 

our final answer is also likely to be at least half right (taking ratios 

improves things in any case) . The results reported here are calculated 

assuming the only t dependence in the loop integral to come from the 
2 propagators, l/ (t - me ) .  The same model results i:E we use the form 

factors employed in Ref. (2) . 

The size of r;1f/r;Kp will be determined primarily by the fact that 

strange mesons are more massive than non-strange mesons . Hence one may 

anticipate that even if we were to allow b and c in Fig. la to belong to 

SU(3) multiplets with various spins, etc. , in taking the ratios (1) and 

(2) the final results would remain largely unaltered. 

With pure SU(3) couplings we obtain 

er _..!12. ::: r; 1• 74 
Kp 

r; _!}£ r; 1Tp 
::: 0• 4 



With conventionally broken ( -4% ) couplings we obtain 

The experimental values are 

a .....!lE. ;:: a 1Tp 
0• 5  

a __TlE. a O• 6 - O• 7 
1Tp 

Clearly the comparison is good enough to motivate an extension from SU(3) 

to SU(4) . 

Extending this procedure to the full 15 multiplets of pseudoscalars 

and vectors, we obtain a larger set of coupled equations. The solutions 

are 

� a 1Tp 
;:: O• 2 � ::: a 1Tp 

::; 0• 02 

where D, F are non-strange and strange charmed pseudoscalar mesons, while 

nc is the spin zero analogue of the �. Hence our final result is 

a T]Cp (3) 

which compares reasonably well with the value obtained in �-photoproduc-

tion,cr�p ::: lmb, as reported at this meeting. In this calculation pure 

SU(4) couplings were used -- on the assumption that to a first approxima-

tion, just as in SU(3) ,  the mass-breaking is more significant than coupling 

breaking. 

The result (3) would appear to provide additional evidence for the cc 

interpretation of the �. However some caution is necessary. The fact 

that the decay � (3• 7) + �(3• 1) + 21! goes ,  means that there is a contribu-
I 

tion to the �p cross-section where (in Fig. la) a = �. b = � , c = ordi-

nary meson. Our estimate of the couplings on the basis of the known 

decay width ( a highly non-unique procedure ) suggests that this type of 
1 contribution could perhaps be as high as 2 mb. So at this stage it is 
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perhaps too early to conclude that the � is a cc pair: however the fact 

that the calculated cr�P is not too large retains its significance. 

We thank Gordon Aubrecht and Robert Mazo for help with the computing . 
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4. QUALITATIVE DESCRIPTION OF THE MODEL 

In recent years there has been increasing evidence that 
hadrons are composite ob jects with fractionally charged quark 
constituents . However, there are strong indications that 
hadrons are very difficult , if not impossible , to break into 
their quark constituents : 

The hadron spectrum is strongly r�;._,:Lniscent of an 
infinite tower excitation spectrum of exte3nded ob jects with­
out any indication for an " ionization point" into constituents . 
Further , no quark constituents have been ioeen in deep inelas­
tic or other high energy collision proces :3es . As a radical 
response to thiio situation quark confinement and the iotudy of 
extended ob jectio has became an attractive theoretical approach 
to hadron physics in the last two yeario . 

In 1962 Dirac9made a proposal for an extended particle 
model of the electron . As far as we know his Lagrangian model 
has served as the firiot prototype of an extended ob ject 
described in a four-dimensional relativistic picture abandoning 
conventional nonlinear field theory .  

The electron i s  asioumed t o  have a charged surface . Out­
side the surface Maxwell ' s  equations hold . Inioide the surface 
there is no field . The electron iio stabilized againiot the 
Coulomb repulsion of its surface charge b;y a non-Maxwellian 
force of the type of a surface tension. So the electron may 
be pictured as a bubble whose energy in addition to the 
electromagnetic field energy contains a positive term propor­
tional to the surface of the particle . 

In Dirac ' s  theory the spherical excitation /radial 
vibration/ of the electron is conjectured to correspond to a 
massive particle vaguely interpreted as the muon. 

There is a different way of stabilizing an extended 
ob ject if a special force of the type of a volume tension is 
introduced which correspons to some positive energy propor -
tional to the volume of the extended particle . Volume tension 
serves as the confining mechanism for quarks in the MIT bag 
model!) 

Recently , we have proposed a minimal extended particle ..J) model for the· quark confinement mechanism abandoning conven-
tional nonlinear field theory . Here we will present the main 
features of the model together with some applications to 
charmonium spectroscopy . 



As the most important element of the model first we 
introduce extended particle-like vector gluon bubbles /bags/ 
which are stabilized against free expansion by a surf ace 
tension or volume tension. Since quarks are coupled to the 
gluon field they are confined to the inside of the gluon bag 
without any further mechanism. 

only color singlet gluon bags are allowed in our 
model .  Gauss �  theorem as applied to the gluon field will 
assure that all hadrons are necessarily color singlets .  
However, in the limit when the quark-gluon coupling vanishes 
quarks become free particles since they are decoupled from the 
color singlet gluon bags in that limit . This feature makes 
the model distinctive from bag type theories�where quarks 
are confined without utilizing the vector gluon field and the 
quark-gluon coupling is introduced only at a later stage to 
arrange for color singlet hadron states . 

Since nonlinear boundary conditions are not imposed on 
the quark fields in our model , we hope to avoid some peculiar 
problems ( as the construction of local currents ,  to mention 
one ) which are related to the quantum f ield theory of 
extended particle models . 

Surface tension seems to us to be the most straightfor­
ward application of Dirac ' s  idea to the quark confinement 
problem abandoning conventional nonlinear field theory .  Some­
what more reminiscent of the MIT b ag model ,  volume tension 
may also be applied for stabilizing the gluon bag and we will 
further elaborate on both possibilities at several points of 
our discussion . 

We have no deep physical interpretation for the rather 
mysterious surface tension or volume tension. Perhaps the 
model is internally consistent even on the quantum field 
theoretic level so that we can work with it phenomenologically, 
at least . If , however, we will run into inconsistence s then 
we will be forced to understand to what extent the tension 
type force is only an artifact of some hitherto undiscovered 
quark confinement mechanism. 

A conventional solution may be offered by an underlying 
relativistic field theory where the vector gluon field is 
trapped somehow via a nonlinear scalar field.s;lwhich is non­
vanishing inside the gluon bubble and vanishes outside ( or 
vice versa) . The gradient of the scalar field across the 
smooth . surface of the bubble would generate some surface 
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tension whereas the approximately constan-:; potential energy of 
the scalar field inside the bubble acts l :Lke a volume tension. 
The relative weight of the two types of t eDsions would be 
det:ermined by the detailed behaviour of the nonlinear system. 

Or, more probably ,  some hitherto not known mechanism may 
be phenomenologically well approximated b�r a tension type 
confinement force . 

Though in the most sophisticated version of our model 
the classLcal field equations inside the bag are identical with 
those of an asymptotically free non-abeli�m gauge theory , the 
differences are relevant . In the Yang-Mills theory higher 
order quantum effects from the infrared region are conjectured 
to lead to quark confinement . In our case the finite size of 
the gluon bag balanced by a tension type force represents an 
effective infrared cutoff so that we don ' t expect infrared 
divergences here . That is consistent with the main features 
of the model since the glun<;.P field is already confined by the 
tension force and we mustYimpose another confinement mechanism 
on the quarks . (Is the gluon bag with quarks inside perhaps  
an artifact of the quantum field theory of Yang-Mills fields 
coupled to quarks?) 

The coupling of the gluon field to quarks is sufficiently 
weak in our model so that vacuum polarization effects are 
expected to be small for the lowest meson and baryon states.  
The "fine structure constant" ol_r of the quark-gluon inter­
action is approximately � in what follows here? Even though 
we would certainly feel uneasy with a much larger value , 

ol.s = J: is not necessarily a best choice in hadron 
spectroscopy . We have chosen this number for a first orientation 
in our calculations . 

Since vacuum polarization is expected to be fairly weak ,  
w e  attempt t o  calculate bound states with a fixed number of 
point-like quarks (valence quark) � The quark-consfifuent 
picture is valid then and valence quarks dominate the structure 
of hadrons . 

The lowest meson states would be represented by relati­
vistic "positronium-like" "J.t -bound states whereas baryons 
are conjectured to be  3'}- -bound states . A re la ti vely weak 
Coulomb-like force will dominate the quark- acJ.ti�quark inter­
actions at small distances and the valenc'" quarks will be 
confined to the inside of the gluon bag b;y a linear confinement 
potential . 

The gluon bubble carries vacuum. polarization 'J. i -pairs 



( sea-quarks ) whose feeble presence should be calculated from 
the gluon bag-valence quark bound states . This approach may 
open the way to a dynamical foundation of the quark-parton 
model of the nucleon .  

Radially excited mes:ins with large excitation from their 
H bag-like" ground state become rather similar to rotating 
strings with linear confinement potential between the quark 
constituent s .  Excited mesons and baryons may split into lower 
mass states via the presence of vacuum polarization pairs . A 
better understanding of this decay mode would provide us with 
a dynamical explanation of Zweig ' s  rule for some decay 
properties of hadrons . 

Multiparticl·e production is associated with the creation 
of � <j: -pairs from the vacuum polarization of the strong 
gluon field which represents the quark conf'inement force to ��, balance large disturbances i:riYhigh energy collision process . 
The asymptotic behaviour of strong interaction cross sections 
is related to this mechanism. 

2 .  GAUGE FIELD BAGS WITH QUARKS INSIDE 

First we consider a massless abelian gauge field ( like 
the electromagnetic field) confined by surface tension .  We 
will work in a four-dimensional relativistic picture in which 
the surface of the gauge field bubble appears as a tube with 
a three dimensional surface . 

The classical action 'VI consists of two term s ,  a four-
-dimensional integral \.-.lo extended over the space inside the 

tube and a three-dimensional integral � extended over the 
surface of the tub e .  The space outside the tube contributes no 
action. We take v./0 to be  the usual action for the Maxwell 
field 

lt/0 = - f�J{' J ff 11 Ft'" cil4x 1 
/2 .1/ �u '4 A., - cl,, �  

We choose � to be  a constant times the three-dimensional area 
of the tub e .  

T o  avoid certai.n difficulties i n  working with the action 
principle we must introduce curvilinear coordinates • The 
surface of the tube is defined to be � (X ) = O  in terms of 
these curvilinear coordinate s ,  with f<x)  > O  for the region 
outside the bag .  t<xJ is not changed in the variation process 
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and an arbitrary variation of the surface is produced by 
varying the coordinate system. For convenience ,  the curvilinear 
coordinate system and its variations are described in a fixed 
system with rectilinear and orthogonal coordinates �A • The 
metric for the X system is 

/2 . 2/ 

If there is one gauge field bag ,  the most convenient choice 
for f<x) is 

t e x )  ./ 
= x ) /2 . 3/ 

which can be  fitted in with a deformed s;ystem of polar coor­
dinates . With the choice /2 . 3/ for fcx) , the action is 

VI = - �  J M dx0J x2 J xJ s 4 7i' f 

/2 .4/ 

/2 .5/ 

.2 X = O  2 
where -J is the determinant of �11 and M is the determirmnt 
of <t 1 where a C take on the values o .z. 3 so that drJD J I I I 

M = J (- 'f'/' 
l.J is a positive constant that determineE the strength of the 
surface tension introduced by /2 . 5/ .  

The variation of Ar (X) and �.i. <x) which describes the 
curvilinear coordinate system leads to the Maxwell equations 

inside and two boundary conditions on the surface 

where 

p 1f 7 = 0 ) 
I r j"V -� ( - 4 �I) r = - w J +- Jnf<) 

vr is a unit normal vector to the surface 

hr = - � -r (X) ( + +(K) J"'[(x) r4 

/2 . 6/ 

/2 . 7/ 

We have derived the boundary conditions /2 . 6/ and /2 . 7/ 

by varying �C•) on the surface . An alternative choice in the 
variational principle is to keep �<x) vanishing on the surface 
with cf !Jr-< ( 'I) :  o • This leads to a complementary set of 
boundary conditions : 



('.J J'M. F i  -rr- = O  /2 . 6a/ 

. * fv pr" = - w rl+ (J 'YI�) 

where 'Ft"= cf-"!" Fj.i;- i s  the dual tensor. 
The second set of boundary conditions /2 .6a/ 1 and /2 .7a/ 

would be applied if our quarks carried magnetic monopole 
charges /magnetic bag/� Since we study here quarks with color 
char ges /electric bag/ we will use the boundary conditions 
/2 . 6/ and /2 . 7/ o  The right-hand side of /2 . 7/ has a simple 
geometrical meaning. It is proportional to the mean curvature 
in the case of a static surface . 

A similar analysis can be repeated with volume tension if 
Ws in /2 .  5/ is replaced by 

/2 .8/ 

where (3 is a positive constant that determines the strength 
of the volume tension. The Maxwell equations are valid inside 
the surface , the linear condition /2 . 6/ remains the same , only 
the nonlinear boundary condition /2 .7/ will change : 

- !_ [ rl'" 
4 /" ,... /2 .9/ 

where the left-hand side is now constant on the surface .  
The Yang-Mills theory is a straightforward generalization 

of the abelian cas e .  We define 

r::'1'v = Jr ll; v - o?., A 'r + d f•Jk AJj< Akv 
with a coupling constant ';!- in the nonlinear term. 'J. becomes 

'v/_ _ I s j 9,MJ' 'j Ii 6' r r' 1 � o - - /61f' xi<o d d ''./'-" r1,r.- � x 
and /2 . 5/ or /2 .8/ remain the same . Introducing the gauge 
covariant derivative 

::Dij r  = J.i � - J- t;ik a� , 
we have the Yang-Mills field equations inside the gluon ba3 

]) ijf ( j � �v ) = O 
The boundary conditions are : 
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surface tension volume tension 

/2 .lo/ 

/2 .11/ 

Finally , we introduce quark fields Cf'io( (XJ where the 
first index refers to the SU (3) of color mid the second to the 
hadronic S U  ( 4 )  • The quark fields are coupled to the Yang-

-Mills fields through a conserved current as if they were mass­
less ,  whereas the quark mass term is put :in additionally . 
S:ince quarks are also coupled to the electromagnetic and weak 
gauge fields , the quark mass te:rm :is perhaps generated by the 
Higgs field in a unified theory . The bag is , of course ,  
transparent against electromagnetism and weak interactions . 

Now we have the complete classical field theory . Inside , 
we have the field equations of a Yang-Mills theory of quark-

-gluon interaction. They are derived from \..{, which now includes 
the quark f:ields and the quark-gluon coupl:Lng. On the surface 
/2 . lo/ and /2 .11/ remain the same since there :is no change in 
VJ.s and 'Wll • In addi t:ion, we introduce a l:Lnear boundary 
cond:it:ion for the quark field 

9-; o( ( X} = 0 /2 .12/ 

on the surface of the bag .  
The f:ield equations for the gauge fields arid quarks / 

together with the boundary condition /2 . lo/ eliminate all the 
extended particles with non-zero color charges .  

3 .BORN-OPPENHEIMER /ADIABATIC/ APPROXIMATION-

As a first application of the model we w:ill study a simple 
approach to bound states of heavy charmed quarks .  

Sim:ilar t o  the Born-Oppenheimer approximation in molecular 
physics heavy charmed quarks will be treated as no=elativist:ic 
:in their motion whereas the gluon bag and light quarks ( u , d , S) 
will be treated :in adiabatic approx:imation�J Under special 
circumstances the interaction between a charmed quar12'-antiquark 
will be described by a nonrelativist:ic potential V<rJ. att.1 

It is worth of recalling that in molecular approx:imat:ions 
due to the large ratio of nuclear mass to electron mass the 



nuclear periods are much tonger than the electronic periods . 
It is then a good approximation to regard the nuclei as fixed 
calculating the electronic motion. Moreover , the nucle ar 
motion can be calculated under the assumption that the elect­
rons have their steady motion for e·ach instantaneous arrangement 
of the nuclei  / adiabatic approximation in molecular physics/ . 

The analogy is suggestive . The charmonium bound state is 
like a quark molecule whose heavy charmed quarks correspond 
to the heavy nuclei whereas the gluon oscillations and light 
�� �pairs from vacuum polarization are analogous to light 
electrons in molecules . 

We imagine a pair of static sources (charmed quark and 
charmed antiquark) of the gluon field Q:,..<t)• The gluon field 
is coupled also to the light quark fields . The position 

-> _, vectors r.; and y;_ of the static sources are parameters in the 
static Hamiltonian H.s ( r: , �> ) whose dynamical variables 
are associated with the gluon bag and the light quark fields . 
Now we assume , that in adiabatic approximation for slowly 
moving charmed quarks when the C -quark is found at ?;' and 
the C -quark at r; the other dynamical degrees of freedom 
representing the gluon bag and the light quarks are described 
by the static Hamiltonian 1-1.s ( .t; ,  t;_' ) • Physically we assume 
that the gluon bag and light quarks inside can instantenously 
readjust themselves to the slowly moving sources ignoring 
retardation effects . 

In adiab atic approximation we identify the nonrelati­
vistic potential energy of the charmed quark and charmed 
antiquark with the energy stored in the gluon bag including 
the light �t -pairs from vacuum polarization. This energy 
is calculable from the static Hamiltonian 

According to our assumption the gluon coupling to quarks 
is rather weak so that in first approximation we will calculate 
the contribution of ._:;he gluon bag to the petential energy of 
the C -quark and C -quark sources and ignore the light 

-pairs from vacuum polarization . 
Since the CC -bound state must be a color singlet ,  the 

color spins of the static sources are antiparallel . In that 
case the non-abelian field equations deco�ple and effectively 
we have to WOI:'k with a� abelian gluon field coupled to opposi.te 
color charges . 

The ordinary spins and the associated "color magnetic 
moments" of the sources are ignored for the moment . 
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After this reduction of the problem we have to solve now 
a rather peculiar exercise from electrostatics : given two 
fixed color charges at positions f;' and �� with opposite 
signs for their charges  find the shape of a domain ( gluon bag) 
inside which the Maxwell equations are valid for the gluon 
field ( f', if) 

I -> -c u r f ::: c ur/ � ::: o 
diV  H = O  

/3 .1/ 

where eeo is the color charge of the C -quark. On the static 
surface of the gluon bag we have the following boundary 
conditions : 

...... 

surface tension 

-> -> [ .  't1 = 0 
-- -> H x ri = O  

volume tension 

_,.. -> £ .  n = o /3.1/ 

I -> .2 
J E =f /3.3/ 

where Yl is a normal vector to the surface , 'R.. and 'R:t. are the 
principal curvatures :Ln two orthogonal directions at a given 
point of the surface . .!.. ( ..!... + ..!.... ) is the mean curvature .2 R1 'R:t. 
of the surface . 

When the distance 1' � I r: - '? I between the C -quark and c -
-quark is small we expect a dominant Coulomb interaction. 
However,  for large '( an electric vortex develops between the 
color charges and the interaction energy becomes proportional 
to f. 

In fact , there is an infinite electric vortex solution to 
i:;he boundary conditions which is exact . The electric field is 
homogenous inside the vortex and f.t. is determined by the 
nonlinear boundary conditions /3 . 3/ . The radius 'R of the 
vortex tube is given then by the total flux of the vortex 
which is specified through the color char15e e" 

� iec = 1< 2  Jf Jf I 
With surface tension we find 



R = s /3 .4/ 

whereas the radius of the electric vortex with volume tension 
is 

/3 . 5/ 

Rs and 1?11' are expressed in terms of ec and W ( or(3) which 
are the fundamental constants of the theory . ec is a 
positive dimensionless coupling constant ( color charge) and the 
dimensional parameter w (•�(3 ) sets the fundamental scale in the 
theory . 

The energy stored in a vortex of length i' is � i' with 
� = ?.e+ )., , where we have 

surf ace tension volume tension 

/3 . 6/ 

/3 . 7/ 

The electric field energy stored in the vortex of length r 
is .le r and surface tension (or volume tension ) contributes 

?.l. r to the vortex energy . 1 
For a first orientation the value S was chosen for 

Js = e; which approximately satisfies several considerations . 
The values of l..l and (3 are given then in terms of A from 
.J 3 . 6/ and /3 . 7/ .  The value ;:\ = 0.2. GeV2. is suggested from a 
qualitative description of the charmonium spectrum. 

Whith these values of .Is and w (or (3) we have solved the 
static bag problem on a computer. The method we used was based 
on the observation that we can study the principle of least 
action on the computer. 

With the two color charges fixed the problem has cylind­
rical symmetry . The surface of the b ag was expanded in terms 
of a series of Legendre polinomials with variable coefficients . 
Similarly , the electric field inside was given as the sum of 
an electric dipole field and a remainder field expressed in 
terms of a series of Legendre polynomials with another set of 
variable coefficient s .  
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The Maxwell equations were satisfied inside by the Legendre 
expansion of the electric field . The computer has calculated 
the action \Al as a function of the variable parameters and 
searched for the stat:j_onary point of the parameter space 
monitoring the action W. This nonlinear approach to the pro bl em 
gave rapid convergence and satisfactory results .  

For numerical work we have used our GDC 3300 computer 
facility . The results for the potential energy Vlr) of the CC -
system are shown in Fig . l and Fig . 2 .  V<rJ is approximately 
- � at small distances and � V" at large distances , in excellent r 
agreement with our qualitative expectations . 

It is interesting to see that the electric vortex solution 
with linearly rising potential energy set:3 in at rather small 
distances .  In Fig .1 and Fig .2 the bag energy stored in the 
form of surface tension or volume tension is also shown. It 
goes linearly with the distance and con:firms our conjecture 
for an electric vortex between _ the two c01or charges .  In the 
vortex region, according to / 3 .6/ and /3 . '7/ 1 twice as much 
energy is stored in the form of surface tension than in the 
form of electric field energy . For volume tension the two 
terms are e qual in the vortex energy . The '3lope of Ver) in 
the vortex region compared with the slope of the bag energy 
from surface teAsion or volume tension nicely agrees with this 
picture . 

The shape of the bag with surface tension is shown in 

Fig . 3  for several va:\_ues of "( • The position of the charge is 
also :indicated there . The value of the vortex radius 'R.s is 
calcul(;lted from /3 .4/ to be J. . 4.f Ge(1 with our numbers for ec 
and CU • One can see from Fig . 3 t.l;le rapid convergence to this 
value of 1?i- with increasing 1' • 

4 .  CHARMONIUM SPECTROSCOPY 

9j Recently two narrow resonances have been discovered at 
3. 1 and 3. 1(;ei/. The most plausible explanation of this pheno-1<y menon is that of Appelq:::_ist and Pol:itzer who suggested that 
the new particles are CC -bound states of charmed quarks . The 
new particles would lie then below the tluJ�shold Mc for the 
production of a pair of charmed hadrons . '!'he bound state 
system has been called charmonium. 

Since our potential VcrJ is fairly well approximated by the 
sum of a Coulomb term and a linear confinement part 



) /4.1/ 

the predictions of the charmonium spectrum qualitatively agree 
with those of some recent papers which appeared during the 
preparation of our work. The authors of Ref . 41 have used 
intuitively a potential of the form /4 .1/ and we are close in 
our predictions to the ir results . 

The potential V<r) is used in the no=elativistic Schri:idinger 
equation for massive charmed quarks in the spirit of the Born­
Oppenheimer approximation. 

With t'Ylc = /.2GeVthe level spacing is shown in Fig.4 for the 
low-lying .S 1 -P and J) -states .  Spin effects and the "fine­
structure" of the leltel scheme are not indicated here . For 
example , three levels of a multiplet are lumped together in the 
lowest -P -state . 

The calculated level spacing and thG electronic widths into 
e+e - - pairs of the particles 'Jr(3 , l) and '(1(3 . 7) can be 

adjusted to the experimental data by the fundamental constants 
of the theory , Other decay modes are open for discussions . 
For example , the hadronic widths of it' and 't-1 , which eventually 
violate Zweig ' s  rule , may be explained as annihilation of the 

C C  -system into three gluons . 
One of the most important consequences of the potential 

V<r) with a linear confinement term is monochromatic photon 
decays between S and P -states . The partial decay widths 
associated with £1 transitions are rather large : 

The "/1'(3 .7) state can decay into the lowest P -multiplet 
by the emission of a monochromatic F1 -photon with a partial 
decay width of the order of 100 - 200 k e V . The states of the 
P -multiplet can decay into the "/'(3 . l)  state via the emission 
of an £1 photon with similar decay widths . 

It is a challenge for theorists to establish to what 
extent the location of the lowest -P -multiplet between the 
"f'(3 . l) and i'C3 . 7) states is model-independent and it is a 

challenge for experimentalists to search for monochromatic 
photons . 

The 3S state at � . I  GtV in our model must be above the 
ttrreshold Mc for charm production and perhaps part of the 
impressive bump at 4. f Gd in the total cross section for 

€+ e_ -> hadrons is associated with the J S  - state . It may 
happen that other resonant states in this energy region are 
not resolved experimentally and a more complicated structure 
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will be  found there . We will come back to this po int at the 
discussion of the small oscillations of the gluon bag .  

I t  i s  interesting t o  observe that the lowest ]) -state 
is fairly close to the "f(3. 7) 2. S -state . The level 
separation with linear confinement potential is perhaps less 
than I OO MeV • In the presence of tensor forces there is a 
possibility for level mixing . If that happened then the ]) -

- state could be produced in e-t e - -annihilation via its 
.tS -component in the wave function. 

5 .  FURTHER DEVELOPMENTS 

Our work in the framework of the Born-Oppenheimer 
approximation is far from complete . Even neglecting vacuum 
polarization , the gluon bag may oscillate with new 6.ynamical 
degrees  of freedom. The gluon oscillations are difficult to 

calculate except for a particular case : the radial oscillations 
of the vortex with volume tension in linear approximation . 

When the flux of the vortex is kept constant in time (f:4lfe,) we can find the eigenfrequenc:ies of the radial vibrations 
of the vortex. The infinite series of eigen,_,frequencies is 
given by 

/ 5 . 1/ 

,(') -( where t<:u- is calculated to be .Z GeV from /3 . 5/ with our choice 
of the parameters ec and (3 • .:In is the 1nl� zero of the Bessel 
function of zero order. 

So we conclude from / 5 . 1/ that the first quantum excitation 
of an infinite electric vortex with volume tehsion is separated 
from the ground state b;y an excitation energ;y of about I .  2 G�V. 

This calculation is not an empty exercise . We believe it 
is the first step toward the quantum field theory of our gluon 
bag model .  Also , when the C C  -system is radially excited the 
electric vortex is dominant and perhaps the small oscillations 
of the bag are well approximated by / 5 . 1/ .  

In the genral case we have to calculate the eigen­
frequencies CJ" Cr') as a function of the distance between the 
color charges . We expect that lVn l rJ -> �� for large "Y' in �!v 
the case of cylindrically symmetric vibrations . When '( is 
small the eigenfrequencies are larger . We are working on the 
complete theory of small gluon oscillations along the line of 
the adiabatic Born-Oppenheimer approximation. 



It is likely that gluon o s cillations correspond to a 

level separation of � H Ge'/ (or even la:rger) above the static 

ground state . The gluon variab l e s  are more strongly coupled 

with the quark variab l e s  for smaller values of i' and they 

b e come de coupled in the infinite vortex l imit . 

Gluon o s cillations carry angular momentum and more 

generally , we have to 11.nderstand serious theoretical que stions 

there . it is not imp o s s ible that there are gluon excitations of 

the 1'(3 .1) in the 4 - 5'  Ge  V region which are new states in 

addition to ordinary radial excitations . 

When the meson is radially excit e d ,  the probab il ity of 

vacuum polarization 1� -pairs incre as e s . Then the me son may 

split into two lower-lying meson state� .  This mechanism offers 

a dynamical understanding of Zwe ig ' s  rule for meson de cay 

With the inclusion of vacuum polarization the Born-Oppenhe imer 

approximation b e come s  complete and we may understand decay 

pro cesses like the decay of the 3S C C  -state at 4. 1 bd into 

charmed hadrons . 

If we wish to go b eyond the nonre lativisti c and adiabatic 

approximation we have to respe ct relat ivity . Alre ady the f irst 

que stion is rather provo cative : what happens with the Kle in­

- paradox in the case of l inear conf inement p otential in the 

Dirac e quation? 

It is instructive to see a fairly s imple so lution to this 

problem. The term '.l.e r from the field energy of the electric 

vortex is represented as the fourth component of a vector 

potential in the Dirac e quation. The b ag energy �t i' comes 

from a scalar term in the Lagr�an and it is represented by a 

scalar p otential in the Dirac e quation . Due to the b alance of 

the two typ e s  of p otentials we face no Kle in-paradox here . 

Detailed so lutions for the Dirac e quation will b e  given else­

where . 

The Dirac e quation corresponds to a s ituation where one 

particle is f ixed and the other moves around in the given 

potential V(r) • That is not enough for the calculation of 

l ight relativistic mes on state s .  We have to deve lop our Bethe-

- Salpeter e quation for the relat ivistic cas e . Work is in progres s  

in this d irection , 

Relativistic tnvariance is not s eparable from the que stion 

of spin dependence . The spin dependence of -!�e quark-antiqaark 

interaction is an intere sting question in it self , It is rather 

dramat ic if we wish to interpret the .Jt' - f mass difference as 

spin-spin interaction . 
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We have qualitative arg=ents that due to gluon confinement 
the spin dependent part of the 1 'l- - interaction is large in our 
model .  This spin-dependence is associated with gluon confinement 
and the color magnetic moments of quarks . It is preBUlllably much 
stronger than ordinary hyper�fine interactions . SU (() is b adly 
broken then in a rather natural 1 built in wa� Our results on 
this problem will be published elsewhere . 

The problem of b aryons and the description of strong 
interaction phenomena remains entirely open in the model . It 
is a long way before we can say something definite about the 
baryon spectrUlll or the nature of the Pomeron'�and other exciting 
problems which go beyond the Born-Oppenheimer approximation. 

Nevertheless the model is promising and incorporates many 
important features of hadron physics in a desirable manner. 

ACKNOWLEDGEMENTS 

The authors are deeply indebted to Peter Gnadig for his 
most valuable help during the preparation of this work . 
Interesting conver sations with the members of the Particle 
Theory Group in Budapest are also acknowledged.  One of us 
/J .  K ./ benefited from discussions with Carleton de Tar. 

We were $ducated on the Breit equation and the Bethe-Salpeter 
equation by T .Nagy and K .Ladanyi .  P. Boschan provided us with 
his numerical assistance . 

We are indebted to professor A. Szalay who kindly arranged 
for us access to the CDC 3300 computer f acility . 



FOOTNOTES AND REFERENCES 

1 .  P,A.M.  Dirac , �ro e .  Roy . So c ,  268A , 57 /1962/ 

2 .  A. Chodos ,  R.L.  Jaffe , K. Johnson, C .B .  Thorn and 

V.F.  Weisskopf,  Phy s .  Rev. 122_, 3471 /1974/ 

3 .  J .  Kuti , talk presented at the Regional Triangte Meeting , 

November 5-7 , 1974 Visegrad 

4. W .A .  Bardeen, M .  Chanowit z ,  S .D .  Drell , M .  Weinstein and 

T .M .  Yan to be published.  This paper contains further 

references .  

5 .  G .  t 'Hooft , CERN preprint , TH . 19o2 

R . F .  Dashen, B ,Hasslacher , A. Neveu, Princeton preprint , 

C00-2220-30 , A.M .Polyakov,  preprints from the Landau Inst . 

6 .  -J:i �c "  � in our calculations here . The metric is (+ - - - ) ) 
the fine structure constant ol. = e.2. 

7 .  We are grateful to Carleton de Tar who has pointed out to 

us this analogy in our approach . 

8 .  For a magn�tic bag l see A. Patkos ,  ITP preprint # 348 , 

Budapest . The paper contains further references to quark 

confinement with magnetic monopole s .  

9 .  For a reference , s e �  this Proceedings 

10 . T .  Appelquist and H . D . Politzer, Phy s .  Rev. Letters 34, 

43 /1975/ 

1 1 .  E. Eichten etal . ,  Phy s .  Rev. Letters , 34, 369 /1975/ 

This paper contains further:' references 

12 . For a recent model of the Pomeron with quark confinement , 

see F . E .  Low, MIT-preprint , CTP-438 /1975/ 

225 



N � 

2 1  VU > 
(GeO 

. · l ' 

SURFACE TENSION 

vortex re3io11 

te9,'•n 

/ 
.(�"\ / e."'"/ 

....,.,.'!> / 7 

' 8 
'f' (Ge'/01) 

Fig.l The potential energy 1/(-r ) of C-C for gluon bag 

with surface tensd.on is represented by the solid line. 

Dashed line denotes the bag energy associated with 

surf ace tension. 

! 

-I j l 

I/Cr) 
(GeV) VOL IJME rENSIO/J 

vorh• r•J'•" -

.... •i'":i" -\r•'!I ,,......,.. 
,,.,,..- ::,....---

·_,...,....- _,...,....-
"(' (Gf.{I) 

� ' 8 

�Ji•" 

Fig.2 The potential energy V Cr) of C-C for gluon bag 

with volume tension is represented by the solid line . 

Dashed line denotes the bag energy associated with 

volume tension 



� ....:i 

'Rs 

2, 

4 surfqce 

color chqr�E' 
� 

o l  • I �c I •c I r c 1 I . ... 
c 

� J. 3 
Fig , 3  The surface o f  the bag as a function o f  the distance 

between C and C • Only the f irst quadrant of the 

surface is shown . � is the radius of the electric 

vortex asymptotically when r goes to infinity 

4 }1 (GeV-4) 



228 

3 

GeV 

--- D i''0.1) lS  
� -E4 r, .. 100-Joo kev � / 

-- 'P 
£!/ / fl.,., IOQ-200 ke'I 

'f(J. O fS 

Fig.4 The charmonium. spectrum. with low-lying states . Some 
f4 transitions are indicated . 



MASS FORMULAE AND MIXING IN SU (4)  SYMMETRY 

M. GOURDIN 
Laboratoire de Physique Theorique et Hautes Energies 
Univ. P. et M. Curie , T . 1 6 ,  4 p l .  Jussieu 75005 Paris 

(France) 

Warning : These notes do ·not form an organized and systematic 
paper on the subject and they must be considered as an illus­
trative appendix to M .K .  Gaillard ' s  talk at the same meeting . 
The SU(4) symmetry and its mass breaking are regarded in a 
very naive way . Dynamics  is not included , only Clebsch-Gordan 
coefficient calculations have been done . Criticism is not 
given because the calculations are in progres s .  

Avertissernent : Ces notes ne constituent pas un article s truc­
ture et systematique sur le sujet .  Elles doivent etre conside­
rees comme une illustration de l ' expose de M .K .  Gaillard , a 
cette meme rencontre . La symetrie SU(4) et sa brisure de masse 
sont traitees de fa�on tres naive . La dynamique a ete exclue 
et seuls les coefficients de Clebsch-Gordan ont e�e calcules . 
Les calculs €tant en cours ,  aucune critique n ' est  presentee . 
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A - isu (4) MASS BREAKING! 
I .  ASSUMPTION 

We proceed as for the breaking of SU (3) synnnetry and we assume 

that the physical masses can be computed in a perturbative way, the first 

order calculation being sufficient . The underlying problem of the dynamics  

is disregarded here . 

The medium strong interaction Hamiltonian has the quantum numbers 

I = 0 s = 0 c = 0 Q = 0 B = 0 

We assume that the non singlet part �SS of such a Hamiltonian transforms 

like a component of the adjoint representation of the SU (4) algebra . It  

follows that ,  a priori,  �SS may be associated to  any direction in  the two-

dimensional subspace of the Cartan algebra orthogonal to 13 • In other terms 

�SS transforms like any linear combination of the SU (4) traceless opera-

tors S and C associated to strangeness and charm 

S = S + � B 4 

and the mass formula is written 

m 

3 C = C - 4 B 

g �  c-s 
The symmetric isometries g SYM are computed in the enveloping algebra and 

the result is 

g SYM 2 1<1 + 1 )  - 2 I (I + I )  c-s 

SYM 1 + 2 -2 g 2 X4 - x3 3 c c 
The I spin is. associated to the SU (2) subgroup of SU (4) commuting with iso-

spin. The non-strange or charmed quarks are I spin singulet and the system 

A , p '  is a I doublet.  

x3 and x4 are respectively the SU (3) and SU (4) quadratic Casimir operator s .  



I )  Baryons JP 

2) Baryons JP 

5 (4 )  parameters 

3/2+ in n20 ( 3 , 0,0)  

SYM 

c-s 4 (C - S) SYM 

c 
4C 

We only have 3 parameters and a generalized equal spacing rule with two 

scales , one for strangeness and one for charm. 

3) Mesons JP = 0 , in n 1 5 ( I , 0 , l )  

Because of TCP invariance m1 0 and we remain with three 

parameters .  

III . MIXING FOR MESONS 

I )  Mesons constructed as quark-antiquark states will form a 1 6-plet , the sum of 

an irreducible 1 5-plet and of a singulet . We then expect , as  in the w-$ 
case,  a mixing of I = O, S = 0, C = 0 mesons as a consequence of the SU(4) 

breaking . 

2) We first have a 3 x 3 mass matrix M0 in the basis of representation 

SU(4)  ) SU (3 ) . The physical states are the eigenvectors of M0 and the 

diagonalization is achieved by introducing a 3 x 3 orthogonal rotation matrix 

depending on three parameters R. After rotation, we get a diagonal mass 

matrix M whose elements are the physical masses . The relation between these 

three matrices is 

M 

3) When M is known, the mixing constraint determines all the parameters . 

This procedure can be applied to vector mesons when the � (3 1 00) is iden-

tified as the third isoscalar , S = C= 0 vector meson . 
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IV. SU(4) VERSUS SU(3) BREAKING 

I )  The mass splitting due to strangeness is typically of order I SO MeV , e . g . 

an effect of 1 5% .  The splitting due to charm is expected to be larger probably 

by an order of magnitude . Therefore a perturbation idea is perhaps totally 

crazy. Nevertheless let us be naive . 

2) The ratio m2Jm1 = m4Jm3 is associated to the direction of l\iAss in the 

S ,  C plane . From group theory there is no a priori reason for this ratio 

to be the same for all supermultiplets , except in particular dynamical 

models based on quarks . 

V .  LINEAR OR QUADRATIC MASS FORMULAE ? 

I )  It is usual to write linear mass formulae for baryons and quadratic mass 

formulae for mesons . In the SU(3) framework the Gell-Mann-Okubo relation for 

the JP 
= 1 /2+ octuplet and the equal spacing rule for the JP 

= 3/2+ decuplet 

work so nicely that we are very reluctant to abandon linear mass  formulae 

for baryons . 

The situation concerning mesons is more obscure because of the 

occurrence of mixing in the nonets . For vector mesons , the mixing angles 

associated to linear and quadratic mass formulae differ only by a few degrees . 

For pseudoscalar mesons the difference is more important but ,  to our know-

ledge, there is no unquestionable argument for choosing one form. 

2) In the SU(4) framework the use of universality 

CONSTANT 20 

where the last number is obtained from vector mesons with quadratic mass 

formulae , will lead, with a linear mass formula for baryons , to very heavy 

charmed states in the 5-8 GeV range . That situation looks physically un-

reasonable and it  was a reason to propose quadratic mass formulae also for 

baryons .  We do not like this solution for the re.asons previously given. 



Therefore, if quadratic mass formulae for mesons and linear mass formulae 

for baryons is the correct assignment, we have to abandon universality and 

to work with a breaking ratio of order 20 for mesons and I O  for baryons . 

3) A possible way to restore , at least partially, universality is to use 

linear mass formulae for all the particles . The gener�l properties for 

vector mesons are unchanged but the effect is more important in the case of 

pseudoscalar mesons.  The breaking ratio is now less than IO but even in this 

case it is not obvious that universality for m4/m3 could be a reasonable 

assumption. Nevertheless,  by itself ,  the use of linear mass  formula for 

mesons might be an interesting assumption. 

B - IVECTOR MESON ROTATION MATRIXl 

I .  INPUT MASSES 

m = 782 . 7  MeV {JJ I O I 9 . 7  MeV 

The neutral value has been used for the K� mass 

m 3095 MeV 1/J 
8 98 MeV and 

because of the experimental uncertainties of the p meson mass the matrix 

is computed for the three cases 

m p 1 775 1 = 7 70 
7 65 

MeV 

II . ROTATION MATRIX QUADRATIC MASS FORMULA 

- -
<j>NS = � q, = s A� q, = c p ' p '  

0 . 9979 -0 . 055 I -0 . 034 1  
{JJ 0 . 9987 -0 . 0485 -0 . 0 1 53 

0 . 999 1  -0 . 0423 +0 . 00 1 9  

0 .054 1  0 . 998 1 -0 . 0296 
q, 0 . 0483 0 . 9987 -0 . 0 1 3 1  

0 . 0423 0 . 999 1  +0 . 00 1 7  

0 . 0357 0 . 0277  0 . 9990 1/J 0 . 0 1 60 0 . 0 1 24 0 . 9998 
-0 .0020 -0 . 00 1 7  0 . 9999 
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III . PREDICTIONS 

The ratio m4/m3 is computed by the same calculation to be 

1 9 .  7 1  
1 9 . 5 9  
1 9 . 42 

and we make predictions for the D* and F*' charmed vector meson masses 

I 2205 1 � .. = 2234 
2259 

MeV I 225 1 I 2281  MeV 
2307 

IV . ROTATION MATRIX - LINEAR MASS FORMULA 

4>NS 4>s 

0 . 9999 -0 .0076 
w 0 .  9995 -0 . 0005 

o .  9988 +0 .0066 

0 . 0075 0 . 9999 
4> -0 .0004 0 . 9996 

-0 . 0086 0 . 9991 

-0 . 0 1 25 -0.0 1 1 1  
ijl -0 . 0308 -0 .0272 

-0 . 0473 -0 . 04 1 9  

V .  PREDICTIONS 

The ratio m4/m3 takes smaller values 1 8 . 6 1  
8 . 49 
8 . 35 

4>c 

0 . 0 1 24 
0 . 0308 
0 .0477 

0 . 0 1 1 2  
0 . 0272 
0 .04 1 5  

0 . 9999 
o. 9992 
0 . 9980 

and the predictions for the o" and ylo- charmed vector meson masses become 

1 1 957 
1 985 
2009 

MeV 
2080 I 2 1 1 3  MeV 
2 1 42 



VI . REMARKS 

I )  The physical situation is very close to an ideal mixing where 

w </>NS <Pc 
2)  The w-q, mixing parameter is  practically unaffected by the presence of the 

heavy <f> meson and it is the same as in SU (3) symmetry . 

3) The non diagonal matrix elements are very sensitive to the input masses 

and they cannot be accurately determined by such a calculation. More can be 

learned on these quantities from w meson decay • 

4) The prediction for the D• and F*" masses are also very sensitive to the 

input masses whereas the ratio m4/m3 is not .  

S )  The predicted masses for rJA and F* are lower with linear formula than 

with quadratic one s .  The shift is 250 MeV for D* and 1 70 MeV for F• 
• 

C - !DECAY V 

I .  The photon in SU(4) symmetry is a linear superpos ition of I S-

plet and singulet weights .  We then have TWO coupling constants g 1 5  and g 1 
for the photon-vector meson junction. 

I I .  SUM RULE 

The p meson constant determines g 1 5  

For the three other quantities we can derive a sum rule independent o f  the 

mixing parameter,s 

The constant g 1 is  not known and by positivity we get an inequality 
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The unitary synnnetry being broken, we do not have a definite prescription 

on what quantity the synnnetry relations must  be applied . In the SU(3) frame-

work with p ,  w, </> data two possibilities are equally compatible 

In the first case we obtain r (1/J + e + e -) > 14 . 1, keV. In the second case 

we obtain r (1/J + e+e-) > 3 . 2  keV . 

The first assumption is obviously inconsistent with the 1/J data . 

III .  PREDICTIONS 
2 + -We retain the second assumption gV 0( f (V + e e ) and we use the 

quadratic mixing parameters in order to compute the f (l/J + e+e-) widths . With 

the ACO data as experimental inputs ,  the predictions are 

+ -
f (l/J + e e )  

( 5 . 54 ± 0 . 68 )  keV 
(5 . 4 1  ± 0 . 66) keV 
( 5 . 30 ± 0 . 65 )  keV 

for the three cases previously considered of the p meson mass .  These values 

are compared with the SLAG result 

IV. UNIVERSAIITY 

The same calculation determines g 1 and the result turns out to be 

compatible with a universality relation 

If the universality relation is  assumed the previous sum rule with our phase 

space assumption becomes 

I I  + -9 r (p + e e ) 

Using again the ACO data for p ,  w ,  </> ,  we make a prediction for the 1/J 
radiative width independent of the mixing parameters 



+ -r (iji + e e )  

in very good agreement with experiment . 

D - lDECAY V + P + P l 
I .  PHASE SPACE 

(5 . 30 ± 0 . 88) keV 

We apply the unitary symmetry on the dimensionless coupling 

constant fVPP , the phase space factor being taken as 

I I .  INPUT DATA 

The most accurately known results concerns the K meson and the 

experimental value of the K* width is  

f (K"- + K7r) 

III . PREDICTIONS 

In exact SU (3) symmetry f�MM 
computed to be 

r (p + 7f1f) 

(49 . 8  ± 1 . 1 ) MeV 

2 4/3 f�KM and the p width i s  

( 1 72 ± 1 0) MeV 

whereas the average of experimental data is  

r ( p  + 1f1f) av = ( 1 50 ± I O) MeV 

For the � + KK and ijl + KK decays the coupling constants are 

proportional to the matrix elements < �8 I � > and 

i s  the SU (3) octet weight.  

< � 8 I ijl > , where $3 

Using the previous quadratic rotation matrix, we predict 
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r < <P  _,. Ki) (MeV) r (ljl + Ki) ( eV) 

775 3 . 27 + 0 . 1 4  2287 + I O I  - -
m = 770 MeV 3 . 30 + 0 . 1 5  1 73 + 8 p - -

765 3 .34 + 0 . 1 5  7 . 45 + 0 . 33 -

EXPERIMENT 3 . 4 1  + 0 . 1 8  < 1 30 -

IV . REMARK 

With the input masses used the coefficient < <P a  I ljl > vanishes 

and changes of s ign in the investigated range 

< <Pa I "' > 
0 . 002047 

- 0 . 000888 
+ 0 .000 1 85 

Therefore there i s  no difficuity in understanding an extremely small 

r (ljl + KK) width . 

E - JDECAY V + 'lf0 + y I 
I .  PHASE SPACE 

We apply the unitary symmetry on the coupling constant gVPy having 

the dimension of the inverse of a mas s .  The phase space factor is taken as 

II. INPUT DATA 

The experimental value for the partial decay width w + 'lf0 + y is  

r (w + 'lf0 + y) = (0 . 8 7  .:_ 0 .09) MeV 

III .  PREDICTIONS 

The three decay widths r (p ->- 'lf 0  + y) , r (• + 'lf0 + y) , r (ljl + '1[0 + y) 



are all proportional to the width r (w + TI0 + y) and the proportionality 

factors are given by the quadratic rotation matrix . The predictions are 

r (p o + 'JTO + y) r <<P + 'ffo + y) f (ljl + TI0 + y) 
(keV) (keV) (keV) 

775 94 . I + 9. 7 ( 5 . 86  .:!:. 0 . 6 1 f  (74 . 88 .:!:. 7 . 75) -
m = 770 MeV 92 . 0  + 9 . 5  (4 . 68 .:!:. 0 . 48) ( 1 4 . 95 .!. 1 . 55) p -

765 90 . 0  + 9 . 3  ( 3 . 58 .:!:. 0 . 37 )  (0 . 24 .:!:. 0 .03) -
EXPERIMENT < 750 (7 . 6  .:!:. 3 . 2) < 0 . 7  

IV . REMARKS 

I )  With the input masses used the coefficient < <PNS I 1jl > which governs the 

1jl + TI0 y decay amplitude vanishes and changes sign in the investigated range . 

Therefore there is no difficulty in understanding an extremely small r (ip + TI0y) 

width despite the enormous phase space available .  

2 )  The other decays 1jl + P 0  + y o f  the same type are also experimentally sup-

pressed . In order to evaluate the corresponding matrix elements we need 

. information on the pseudo-scalar meson mixing . The calculations are in 

progress . 

F - jPSEUDOSCALAR MESON ROTATION MATRIX ! 

m o TI 

Two 

I .  INPUT MASSES 

1 34 . 96 MeV 

assumptions for n ' 

1 . - .TJ ' - XO 

2 . - TJ '  - Eo 

497 . 7  MeV 

957 . 6  MeV 

1 4 1 6  MeV 

m TJ 548 . 8  MeV 
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II . SYMMETRY BREAKING RATIO 

The calculations are made for two values of the ratio m4/m3 • 

1 . - The value deduced from the vector meson analysis (universality 

assumption) 

2 . - A value such that 2� is above the �· mass and below the 4-1 

GeV enhancement observed at SLAG . The value chosen is 1 . 980 MeV for � · 

Numerically we use 

m4 1 9 .3 1 for quadratic mass formulae m3 1 6  

� 
, 

8 .46 1 for linear mass formulae m3 4 .09 

III . CASE n' _ XO QUADRATIC MASS FORMULA 

-
nNS = � n = s )./; n = c p ' p ' 

n (549) 

X0 (958) 

n" 

PREDICTIONS 

o .  7222 -0 . 6908 0 . 035 1 
o .  7226 -0. 6906 0 . 0324 

0 . 6669 0 . 7089 0 . 2297 
0 . 6676 o .  7093 0 . 2262 

-0. 1 835 -0 . 1 425 0 .  9726 
-o . 1 7 92 -0 . 1 4 1 8  0 . 9735 

I 2 1 64 1 1 980 MeV � = I ;��� I MeV 

2720 l m
n" 25 1 6  MeV 



IV. CASE n ' = X0 LINEAR MASS FORMULA 

nNS ns 

n (549) 0 . 8543 -0 . 5038 
0 . 8579 -o . 508 1 

x• (958) 0 . 4 7 1 4  0 . 8383 
0 . 4701 0 . 833 1 

n" -0 . 2355 -0 . 1 897 
-0 . 2043 -0 . 2 1 84 

PREDICTIONS 

nc 

0 . 0943 
0 . 0675 

0 . 2741  
0 . 2 9 1 3  

0 . 95 7 1  
0 . 9542 

nn = 
I 3567 I MeV I 4066 I MeV 1 980 � 2342 

5578 I MeV m
n" 3049 

V.  CASE n '· = E0 QUADRATIC MASS FORMULA 

�s ns nc 

n (549) 0 . 6682 -0 . 7437 -0 . 0089 
0 . 6682 -0 . 7439 -0 . 0 1 20 

E0 ( 1 4 1 6) o .  7409 0 . 6668 -0 .0795 
o .  7383 0 . 6650 -0 . 1 1 27 

n" 0 . 0650 0 . 0465 o. 9935 
0 . 0 9 1 8  0 . 0664 0 . 9968 

PREDICTIONS 

= 2 1 64 I MeV 1 2 2 1 7 1 � 1 980 � 2037 

m
n" 1 3073 

2843 [ MeV 

MeV 
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VI . CASE n ' - E0 LINEAR MASS FORMULA 

nNS ns nc 

n (549) 0 . 7848 -0 . 6 1 95 0 . 0 1 8 1  o .  7850 -0 . 6 1 93 -0 . 0 1 3 1  

E0 ( 1 4 1 6) 0 . 6 1 36 o .  7809 0 . 1 1 70 
0 . 6 1 9 1 0 . 7838 0 . 0484 

n" -0.0853 -0 .0798 0 . 9 9 1 6  
-0 . 0 1 97 -0 .046 1 0 . 9987 

PREDICTIONS 

3567 I MeV I li066 I � 1 980 � 2342 MeV 

m
n" I 6079 I 3402 Me\T 

VII . REMARKS 

1 . - If we insist on the condition � < 20�;0 MeV , the universality 

for the ratio m4/m3 between vector mesons and pseucloscalar mesons cannot be 

maintained. 

2 . - In the quark model approach the orthocharmonium-paracharmonium 

mass difference is expected to be positive and small . This feature 

is realized in our examples 

for n ' - X0 with a linear mass formula 

for n ' - E0 with a quadratic mass forlllula 

Only the first of these two cases satisfies also the previous requirement .  

3 . - The pseudoscalar meson mixing i s  far t o  b e  o f  the ideal type 

as for vector mesons and the non diagonal matrix elements in the considered 

basis are important . In particular the quantity < nc I n ' > is very 

crucial for the partial decay width ip + n ' + y • In this respect the case 

n ' = E0 is certainly more favourable . 
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ABSTRACT 

As part of our experiment we measure the e lectron to pion ratio at 

30° from pp collisions at the ISR (26  GeV on 26 GeV) . Preliminary results 

are presented . 
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We began an experiment , last november , at the ISR, designed to study 

the production and decays of charmed particles . ThE' scheme is to trigger 

on electrons at 30° 
and to look for correlations with oppositely charged 

muons and/or strange particles , including the possibi lity of hadronic 

decays of charmed particle s .  

Fig . 1 shows the set-up briefly, arm 2 is used t o  signal either an 

inclusive or a diffractive event . Arm 1 is used for detection of muons 

and/or hadrons .  The electron arm is designed to detect electrons with a 

rej ection power for hadrons of approximately 105 

The preliminary results , I wi l l  report today , will be concerned 

exclusively with our findings from the electron arm . Therefore , I will 

describe i t  in more detai l .  

Fig . 2 i s  an enlarged view o f  the electron arm . Each of the 
. 

scintil lation counters shown , is in fact , subdivided into two vertical 

sections ( i , e ,  four dE/dx counters near the interaction region and two in 

front of a block 
'
of f ifteen lead glass counter s ) . 1'he positions of the 

six X and six Y planes of drift chambers are as shown . The magnet has a 

0 . 6  tesla-meter field , and houses a one meter atmospheric pressure co2 
Cerenkov counter . The lead glass blocks are twelve radiation lengths long 

and are arranged in a 5 x 3 mat.rix that covers the 9eometr ical acceptance 

of the magnet. 

The trigger conditions wer e :  ( 1 ) a signal in arm 2 ,  ( 2 )  at least two 

particles in spectrometer arm 1 ,  ( 3 )  in the e lectron arm counts in both 

front and back scintillation counters ,  greater than one half photoelectron 

pulse from the gas Cerenkov counter , and more than 0 . 4  GeV energy deposition 

in the lead glas s .  Pulse heights from a l l  counters i n  the electron arm were 

recorded . 

In eighty hours of running we recorded approximately five million 

events . In addition, about 10% of the time was devoted to various calibra-

tion runs . The data analys i s ,  so far , has been dirE!Cted to extracting a 

clean electron signal . In order to guard against conversion pair s ,  we re-

quire that only one particle enters the electron arm . This is accomplished 



by requiring : (1 )  that the pulse heights in each of the front counters be 

compatible with minimum ionization, ( 2 )  that the counters hit have an 

appropriate patter n ,  ( 3 )  that there be evidence of only one track in the 

drift chambers and (4 )  that there be only one hit c luster in the lead glas s .  

From these we extract our electron candidates by requiring that the gas 

Cerenkov has a signal greater than two photoelectrons . 

A subsample ( first 20% of the total) is displayed in fig. 3 .  Here 

we plot , for the residual events , the momentum of the candidate (vertical 

scale) as measured by the magnetic bending , versus the energy deposited in 

the lead glass (horizontal scale) . The dense population along the line of 

unit scope is a c lear indication of our electron signal . An e/� ratio is 

obtained by relating these results to runs where no Cerenkov nor lead ,glass 

signals were required in the trigger . In order to extract the ratio of 

11prumpt11 electrons to pions two main sources of background must be sub-

tracted . Fir s t ,  there are Dalitz pairs which contribute only one electron 

to our detector . This background is calculated by a "Monte Carlo" method , 

-4 
and contributed ( 1 . ± . 5 ) x 10 to above ratio. Second , there are e lectron 

pairs (produced mainly in the vacuum chamber wal l , from n° gammas) which 

are not rej ected by our pulse height cu� where subsequently one of the pair 

is swept out by the magnet . This background was measured by using variable 

absorbers inserted between the vacuum tank and the electron arm , as well as 

the variable thickness of the vacuum tank by extrapolating to zero thickness 

of material . After these corrections ,  we tentatively conclude that our 

integrated electron to pion ratios above 0 . 4  GeV are e
-

/n- = e
+

/ 
+ 

= (7 . ± 2 . )  
-4 

x 10 
In order to have a better empirical determination of our corrections 

we have now installed numerous 11guard 11 counters , designed to capture both 

larger angle Dalitz pair s ,  as well as electrons swept out by the magne t .  

In addition , w e  have inserted a third dE/dx counter a t  the front of electron 

arm . 

In conclusion, let me stress again that these are very preliminary 

results . We shall be running for the rest of this year , and I hope , before 

long , we will have a lot more to say on this subj ect , including the report 

of our f indings in the main spectrometer arm . 
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For a number of years ,  the existence of a new , s imply additive , quantum 

number has been postulated for the hadrons 1 ) , This postulate was motivated 

originally by the observation of relatively subtle phenomena in the weak inter­

action of hadrons : the � - KS mass difference,  the small decay mode � -+  2µ , 

the recent observation of neutral /',S = 0 weak currents ;  and by a desire to 

put leptons and hadrons on a s imilar logical level by j uxtaposing four basic 

hadronic building blocks ( e . g .  quarks ) to the four leptons µ, \!µ ' e, Ve . The 

fourth (new) quark would carry the new quantum number ; all previously known 

hadrons would carry a zero eigenvalue of the new charge, the new quark would 

have an eigenvalue of one , 

Only recently has this new quantum number been called upon to do the yeo­

man ' s  work usually assigned the hadronic "charges" B, Q, (or I 3 ) ,  S (or Y) : to 

help explain the gross  features of the observed hadron spectrum. The emergence 

of narrow mesonic states with masses much superior to those of all previously 

known hadronic states , and widths cons iderably inferior to those of all well­

established strongly decaying hadrons ,  gives a new i�mpetus to ask whether a 

law implying the conservation of a new charge ,  CHARM, can be established to be 

at the basis of these phenomena , 

Charm has to date not been explicitly observed .. If the narrow heavy meson 

states are due to bound pairs of quarks and antiquarks carrying the charm quan-

tum number , we may f ind ourselves in the pos i tion of the experimen�er who1 

knows all about positronium but is in search of electric charge ;  o r  o f  the 

observer of </> mesons who is not sure whether there is such a thing as strange­

ness .  Is this a likely conj ecture? Theories abound , and will permit any 

variat ion of the basic charm theme to be cons idered .. We will here avoid all 

prejudice in this matter and s imply review the experimental evidence,  

I will quickly focus on some utilitarian topics that will later on permit 

me to discuss the most  incisive experimental efforts that have been undertaken 

or ,  at las t ,  are close to yielding data .  These topics are : 

1) Summary of parameter s :  What, if any , observables do we look for? 

2)  Production mechanisms : Where do we look? 



3) Detection strategy and techniques :  What experimental effects do we 

expect ,  and how do we isolate a signal? 

We will then discuss individual efforts chosen both for the promise they offer, 

and for representative illustration of the various approaches . Finally, a 

status quo of our knowledge as to the exis tence or non-existence of charmed 

hadrons will be given, with an outlook on the foreseeable future . 

1 .  SUMMARY OF PARAMETERS 

What hadronic states are expected? For each quark in the qqq baryon and 

qq meson states,  we now have four possible choices . Using the properties of 

the new quark , p '  (or c) 

I 0 Q 
( 1 )  

s 0 B 

we span a three-dimensional lattice for the spectroscopy of hadrons . Figure la 

shows the fundamental quartet . The weak interaction connects states of differ-

ent eigenvalues of C (as of S) according to the favoured mode (by cos Sc) C 

M = /l,C , (2) 

and we assume that all the known selection rules of the weak interaction remain 

valid. This simple picture then gives charm-changing interactions which 

(Fig . lb) predominantly change strangeness simultaneously according to (2) , 

with /l,S//l,Q = 1 .  We will  be looking for the weak decays of the lowest-mass 

charmed hadrons , whose narrow width and largely strange final-state will be the 

most telling features . 

c 
y 

2 

F i g .  l b  

F i g .  l a  
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What are the lowest-mass charmed hadrons? Fo:r baryons , we have the qqq 
states 

i 20 20 

The synnnetric 20 c:r=IJ is identified as 

10 + 6 + 3 + 1  

(with charm 0 1 2 3 )  

1 0  contains the 1'!. ' s  and their strange partners,  the ,2_ gives charm-one /';-type 

states . For mixed-synnnetry , we have 

20 (JP 
� 

1!i +) .!L + 6 + 3 + 3 

(with charm 0 1 2)  

8 is the usual nucleon octet ; we have a 6 and 3 of singly charmed 1+ states,  

the non-strange members of  which would decay principally (by /';I  

and A 0 • If we make the reasonable assumption that the S o, c 

0) into z:± o 

1 baryons 

are the charmed baryon "ground s tates " that can de,cay only weakly ,  there 

should be sharply defined narrow s tates decaying into z:+ pions from an I = 1 

multiplet containing a doubly charged s tate , and into A+ pions from a s inglet 

that has Q = 1 .  

where 

For the mesons , we have the basic 

4 x 4 + 15 + 1, 

(with charm 

8 + 3 + 3 + 1 
� � 

0 - 1  +l 0) 

yields back the pseudoscalar and vector octets , plus positively and negatively 

charmed triplets that decay characteristically into K and lT combinations . 

The current structure of the weak interaction imposes certain selection 

rules on these decays , as has been worked out in detail in Ref . 2 ;  most notice-

ably, the lowest-mass pseudoscalar meson would not: decay into KlT in its charged 

state, which couples to KlTlT , but its neutral partner would decay into K:;:lT± . 



So , we will be looking for narrow Kn, Knn , An • • •  , Ln • • •  peaks , including a 

L+n+ state; but at what masses and lifetimes?  

The range of possible masses. for the charmed "ground states" is highly 

model-dependent, but the analogy between c and p quarks which effects the 

cancellation of the �S = 1 weak neutral currents sets limits . A reasonable 

range might be for baryons , Be,  and mesons , Mc , 

2 . 5  $ m(Bc) $ 5 GeV 

1 . 5  $ m(Mc) $ 3 . 5  GeV 

If , however ,  we assume that the observed narrow mesonic state at 3 . 1  GeV is to 

be interpreted as a bound (c�) state <Pc , a mass scale gets estab lished th.at 

allows us to narrow our range of interest . This could lead , for .. the mesons , 

to masses of order 

2 . 2  GeV 

for the 0- 1 triplets of C = ±1 . If the � (3 . 1) is the charm analogy to the 

<P = (AX) , we also expect an n analogy, 

where the mass is 

c n (pp- + nn- + ' ' 3 -) 1 1\1\ - cc /12 

2 . 7  . 

For the baryons , masses depend on our choice as to the use of a linear or quad­

ratic mass formula. If we choose the linear formula, the JP = i,+ states wi ll 

have masses 

m@ 4 . 5  GeV 

m(6) 6 GeV 

With the use of a quadratic mass formula, we find 

2 .  7 GeV 

3 . 3  GeV 

These numbers will set an approximate scale for minimum total-energy require-

ments in charm search experiments .  
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The lifetimes follow from s imple dimensional considerations in a s trange-

ness charm analogy , They yield 2 ) 

2 .  PRODUCTION MECHANISMS 

2 . 1  Weak production 

T 
CT 

- 1 3 :5 10 sec 
-3 :5 10 cm 

This will be principally observable from 

VN (or VA) + c± + • • • + l••pton 

according to 

c:!: 
L __ 

• hadrons { l v + • • •  hadrons 
The principal difficulties are these :  the small cross-section of the weak 

production process ;  the suppression of the production of (c; , cp) s tates from 

non-s trange nucleon cons tituents , bY. sin2 ec (-u 1/20) ; the small amount of A� 
pairs inside the nucleon, to make /:,.C = /:,.S trans ition to (cp ,c;) s tates without 

suppress ion . 

2 . 2  Electromagnetic production 

This can occur from lepton or photon beams : firs t ,  in electron-positron 

collisions 

Below threshold for c+ + C- production , there may be the production of the 

"hidden-charm" bound s tate analogous to the hidden-s trangeness <!> = (;\�) : 
+ - -e e + y + (cc) (ijJ , 1)! ' ' . . .  ?) • 

If this were the correct interpretation of 1jJ ,ijJ / production, then we would 

almost  certainly have to s ee 



(cc) ortho (cc) + y para 

with (cc)ortho to be identified with either � ( 3 . 1 )  or � 1 ( 3 . 7 ) , and the mono-

energetic photon giving the process away . 

For the production of meson pairs c+ + c- , all the characteristics of the 

weak C decays would be useful . There should be an enhancement in the K/rr 

ratio ,  the reconstructibility of sharp mass peaks , semi-leptonic decays giving 

direct leptons , and more.  

Furthermore,  a promising route of inves tigation would be the photoproduc-

tion or electroproduction processes 

yp (or yA) + c+c- + 
+ (cc) + 

If ,  again, we believe the (cc) interpretation of � (3 . 1) , then the � photopro­

duction cross-section observed at FNAL 3 ) can give a rough idea of what c+c-

cross-section to expect:  

A particularly telling experiment may be feasible at high energies , using the 

Primakoff production graph to observe the pseudoscalar nc state , 

y llc 

and its expected subsequent 2y decay mode . The characteristic energy and 

Z-dependence of this sharply forward-peaked process open it up to very selec-

tive observation; note , however , that this meson still has no manifest charm 

even if its quark composition is correctly es timated . 

2 . 3  Production by s trong interaction processes 

This wi ll proceed largely in analogy with the s trong production of strange 

hadrons : charm conservation leads to "associated production11 : 

NN (or rrN) + c+c- + . . .  , 
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where c+ and c- are baryons or mesons carrying opposite charm number . What 

hadron states will  be visible? Close to threshold , the mos t economical quark 

graphs in TIN interactions will  be 

c meso n c 
s' baryon 

and , if Mc and Bc are the charmed "ground s tates " ,  their characteristic  weak 

decay properties should be noticeable .  Alternatively , 

TC M "  c c 
-=:JC . M' c· 

( p, n 
N - N 

meson 
meson 

baryon 

wi ll lead to the observation of two rnesonic "ground s tates " .  If 

m(Bc) > m(N) + m (Mc) , these two graphs may not be experimentally dis tinguish-

able .  A s  the available energy increases , more channels open up , but  mos t  

likely there will be strong cascading to C - ,  c+ ground s tates , so that the 

bas ic observation of narrow s tates of relatively low mass remains a promising 

tactic.  

One specific s tratagem that , if valid ,  would lead to a particularly tel-

ling signature for associated charmed hadron production is predicated on the 

assumption that � (3 . 1) = (c�) , and on the empirical rule that will not permit 

quark lines to meet inside a bound sys tem (= hadron) 4 ) : if , in a high-energy 

pp collis ion , a � ( 3 . 1) can be identified ,  say , by its µ+µ- decay mode , c+c-

production is indicated by means of diagrams of the type 

p "c s' c ·  ba ryon 

t l.jJ ( c c )  bound state c M ' -. c meson 
p N baryon 



Since the ¢ + µµ events should stand out clear ly , these assumptions and an 

acceptable cross-section for ¢ production would l ead to the cleares t c+c­

trigger imaginab le .  Unfortunately , it is  not quite clear whether in the 

parallel case of pp + �  (= A�) + s+s- , such a mechanism is manifes t .  

Irrespective o f  the precise process occurring ,  s trong production should ulti­

mately yield , by SU (4) symmetry , plentiful c+c- events .  

3 .  DETECTION STRATEGIES 

In the above-discussed production processes , what will be the most  pro­

mising stratagems for detecting the charmed s tates? We wi ll quickly pas s 

review, then go over to the experimental methods by which we can most  profit­

ably follow these courses of attack . 

3 . 1 Weak interaction 

The production of single charmed s tates according to 

<�� + c± + Q, + 

(with Q, the appropriate final-s tate lepton) is mos t eas ily indicated by a 

"dilepton signature" :  if c± has an appreciable  ( semi- ) leptonic decay mod e ,  

then lepton pairs Q,+Q,- (with Q, µ or e) would be a telling f eature .  Thus 

neutrino interactions yielding lepton pairs of opposite charge should be 

closely s tudied . While the interpretation of di lepton s ignals 5 ) , in the ab­

sence of detailed additional information , remains an open question, their 

charm connotation is certainly a probabi lity . 

If detailed observation of a neutrino event is possible , there is also 

the observation of an apparent violation of the 6S = 6Q rule , as in an event 

recently reported by a BNL group6 ) . However , precise reconstruction of kine­

matics and correct particle identification , with satisfactory s tatistics , are 

hard tasks in neutrino interactions ( see below) . 

Other , les s direct,  implications of charmed hadron production would re­

flect in inclusive features of neutrino interactions 7 ) : the kinematical dis­

tributions ( in the y variable) would change ;  sum rules would change their 

saturation values ; apparent charge asymmetries may show up in the final 
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s tate; and the scaling of  the s tructure functions describing neutrino-

nucleon scattering would exhibit a new threshold . None of these features , 

whi le indicative,  will  give information sufficiently concise to establ i sh or 

rule out any specific type of charm scheme. 

3 . 2  Electromagnetic interaction 

The production processes discussed under Section 2 . 2  are open to a variety 

of conclusive experimental checks : e+e- -+ c+c- will mos t  clearly give rise to 

observables : there should be a discernible  threshold in 

for c+ ,c- decaying into charged hadrons ; a threshold should show up for lepton 

yields from the weak c+ , C- decay s ;  the mean charged multiplicity should change 

abruptly at c+c- threshold , as should the ratio of neutral to charged particle 

energy , owing to the sudden occurrence of  neutrinos .  

Many of these features should equally be observable in photoproduction 

and in electroproduction. There , the use of higher-Z targets may also allow 

the coherent diffractive production of JP 1 sys tems , with characteristic 

angular dependence . The same holds for the proces :> yZ -+ 1\Z + . . .  , as men-

tioned before. 

3 . 3  Strong interaction 

We start from the bas ic scheme 

{ 9,\)e (+ hadrons) 
hadrons 

We assume c+,c- to be "ground s tates " that decay weakly and have a sharply de-

f ined mass .  The principal s tratagems then are the following: 

i) c+ and/or c- - +  charged hadrons : look for any sharp mass peak among 

final-state hadro� combinations , particularly those involving strange 

par ticles (favoured by � cos ec) . 

ii) c+ -+ iv + c 9.v + look for dileptons of oppos ite charge,  in 

particular for µ +e± . Als o ,  invariant mass  distributions of lepton + 

+ hadron (s ) should exhibit  limiting values : 



m ( n:  µ ) 
m ( D )  

iii) c± + K (or TI) 9.v , c + + hadrons : use "direct" lepton 9, for trigger ; 

then recons truct invariant masses of hadron combinations , nw , TIK , as 

above .  

iv) c± + K'TT , c + + K'TT'TT : trigger on  large pT kaon , use  fully reconstructed 4C  

events to  determine invariant masses of  K'TT , K'TT'TT systems . Plot m (K'TT) 

versus m (KTITI) : an enrichment along the bisect9r m1 = m2 would indicate 

pair production c+c- . 

3 . 4  All interactions 

Direct observation of a charged-particle track of very short range ,  with 

character is tic subsequent decay ,  will be an extremely potent ind0icator . How-

ever , the expected short lifetimes of T � 10-1 3 make this method suitable 

only for techniques resolving on the 10-4 cm level .  

4 .  DETECTION TECHNIQUES 

In order to make use of the stratagems reviewed above , what are the most 

appropriate detection methods in the particle physicist ' s  arsenal? 

4 . 1  Visual techniques 

For the reconstruction of charged-particle decays , all visual techniques , 

depending on their time and space resolution , are useful .  

Nuclear emulsions have b y  far the most  precise spatial resolution , t o  a 

level of � 1 micron . Disadvantages are obvious : the recording of an event 

cannot be triggered ; the emulsion contains high-Z nuclei rather than free 

nucleons ; feedback to the experimenter i s  extremely s low. 

Bubble chambers : reconstruction is good f or all  charged tracks ; selec-

tive triggering of  the camera system permits the experimenter to use hybrid 

sys tems for , say ,  muon identification outside the chamber .  Disadvantages are 
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its virtual lack of particle identification , its l imited total mas s for neu­

trino exposures , and its slow thermodynamics , which combine to disallow 

searches for very small cros s-section processe s .  

Streamer chambers d o  not share these disadvantages : selective triggering 

of chamber and recording gear al low small  cross-sections to be tackled . The 

low-density gas volume permits accurate kinematical reconstruction . 

High-intensity beams (up to several hundred particles pe� chamber memory time) 

can be tolerated , liquid or heavy targets can be inserted . On the ne·gative 

side , particle identif ication remains a prob lem , and the interaction vertex 

is not directly visible in mos t  cases . 

4 . 2  Electronic techniques 

In addition to the visual techniques , which a llow for a full reconstruc­

tion of multiparticle final s tates , as well as visuali zation of decay vertices , 

all electronic detection techniques come into the game: preci sion spectro­

meters have the advantage of separating charged-particle rest masses as well 

as their momenta and charges .. Double-arm or wide-·acceptance spectrometers are 

able to give a fairly precise determination of two-particle masses at high 

counting rates . Large solid-angle devices such as the Omega spectrometer at 

CERN or LASS at SLAG are capable of combining many of  the useful features of 

visual and electronic techniques , a lthough their performance still has to be 

established in rigorous tes t s .  

5 .  SOME CHARM SEARCHES DONE OR IN PROGRESS 

I will now mention a number of experimental projects that have been 

undertaken or , at leas t ,  s tarted charm searches .  Before the unexpected 

discovery of the 1/J (or J) particles 8 ) las t  fall , only one such experiment was 

completed9 ) . Subsequently , a f lood of proj ects has been entered upon; some 

have published results . While a connection betwe<>n 1/J ' s  and the charm quantum 

number may or may not turn out to be existent , the current vogue of charm 

searches has certainly been largely motivated by their advent on the scene of  

particle physics . 



Since completeness is not a weaningful cri terion under the circums tances , 

I have chosen projects that best i l lus trate the s tratagems and techniques de-

s cribed in the previous sections , and that show the highes t promise  of yielding 

telling results , confirming or refuting the charm hypothes is ( in the s imple 

form assumed in Section 1) . 
5 . 1  Neutrino experiments 

Exposures of hydrogen bubb le chambers have looked for narrow peaks in-

valving many-particle mass combinations . No sharp peaks have emerged . Direct 

charmed-particle tracks do not appear , even at FNAL energies , just as expected 

from the lifetime es timates . One event has been reported from BNL 6 ) , with an 

apparent 6S = -6Q implication in the f i t  

A charm interpretation would imply the existence of  a fairly low-mass 

(2 . 4  GeV) C = 1 baryon. We would hope to see more results from that ( low-

energy) experiment before forming an opinion in this connection. 

The counter experiments in the FNAL Neutrino Laboratory have produced 

sugges tive results on dimuon production1 0 l : experiment lA sees some 30 µ+µ-

pairs , with reconstructed masses between 2 and 4 GeV. There is no dimuon 

signal of equal s ign . A charm connection is possible ,  but can hardly be ex-

panded upon in the absence of all detailed information on vertex , full f inal-

state , precise  momenta,  etc .  

An interesting project has just  moved pas t the approval stage1 1 ) : Some of 

the calorimeter and muon identification apparatus of  the FNAL neutrino counter 

experiments will be used to give fast external information on where a vertex 

may be found ins ide a set of 5 . 6  cm thick emulsion s tacks . Direct charmed-

particle tracks can be resolved for l ifetimes of y-1 x 3 x 10- 1 5  sec .  The 

idea is simply to let the external muon track guide the experimenter to a vz 
vertex ins ide the s tack ;  then follow the hadron tracks from this vertex to 

see whether there is a charmed-particle decay vertex at a distance of more 

than 1 µm (Fig .  2 ) . For all its statistical l imitation , we believe this to 

be a very promis ing effor t .  
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v detection 

-- R . . . . . . . . . . . .  =:Jµ / muon detection system 
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5.6 cm th ick 
emulsion stacks 

Fi g .  2 

5 . 2  Electromagnetic interaction experiments 

The well-known experimental set-ups at SPEAR {Stanford) and DORIS 

(Hamburg) are training their sights on all  poss ible s ignals for charmed-

particle production. While both magnetic detection sys tems can tell charges 

and momenta of particles emerging from e+e- collisions , there are the problems 

of incomplete solid-angle coverage; of limited rr/K separation, and of elec-

tron , photon , and muon detection and identification . Stil l ,  within thes e 

limitations , some very impor tant features have emerged . 

Suppos e that w ( 3 . l)  is the (c�) s tate analogous to the (AX) s tate � ( 1 . 02) . 

Then the na1ve charm picture demands that there be charmed 0 mesons of masses 

not much above 2 . 2  GeV each; in other words , at a total energy of 4 . 8  GeV 

( 2 . 4  GeV per beam) , SPEAR should find itself above the threshold for charmed 

meson pair production . We might also identify the reported broader "reso-

nance" W11 ( 4 . 1 5) and the accompanying increase in R = o(hadrons ) /o (µ+µ-) as 

denoting the onset  of C+C- production. Then the s trategies dis cussed under 

Section 3 . 2  above should apply . 

In fac t ,  data collected at those energies give no indication that any of 

the criteria discussed would indicate c+c- emergence 1 2 ) . The K/rr ratio does 

not increase within errors , the ratio of neutral to charged energy has no no-

ticeable step ,  neither does the charged hadron multiplicity. A reconstruction 

of invariant masses for various mesonic sys tems shows no sign of  a meaningful 

enhancement 1 3 ) , to a level of cros s-s ection X branching ratio of nanobarn 

order . These observations , if anything , r>ule out the simple char>m scheme with 



the mass scale set by the (cc) identification of � (3. 1 ) .  Improved and more 

detailed results may have to await another generation of detectors to become 

really res trictive. 

In photoproduction, the recent connnissioning of the FNAL Tagged Photon 

Laboratory should allow an early result on the conjectured production of nc 

and its 2y decay . Approved experiments 1 � ) should set clean l imits within a 

year ' s time. 

5 . 3  Strong interaction experiments 

A number of experiments have been performed ; we wi ll mention them ac-

cording to the s tratagems discussed in Section 3 . 3 .  

i )  Looking for mass peaks (inclusively) 

The MIT-BNL experiment that discovered the � (3 . 1) in pp + e+e- + a ) 
can use its precise double spectrometer to look for properly defined 

and identified pairs of charged hadrons . In a recent s ix-week run , no 
+ +(-) meaningful s ignal was found in the K-n +, n-p , K±p+ , n+n- or K+K- channels in 

the mass  range expected by the s imple charm scheme1 5) ; this experiment was 

performed at BNL , where the total hadronic energy avai lable is of order 8 GeV. 

Note that this project is limited to all-charged , al l-hadronic two-body de-

cays . 

ii) Looking for di leptons from c+c- decays 

At the CERN Intersecting Storage Rings , an experiment is in progress1 6 ) 

to s tudy ( semi-) leptonic decays of charmed hadron pairs by means of precisely 

identifying leptons in the final s tate. The experiment banks on a diffractive 

production process 

pp + pp* 
+ • • •  

where both the charmed meson and the charmed baryon will essentially follow 

the excited proton: 
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decay 
of 

c � 1 J system 

:::::... -- p'(i nteract ion t rigger) 

A very efficient elec tron spectrometer (Fig . 3) is seen to be set at � 30° to 

the beam; a forward large-aperture spectrometer incorporating Cerenkov coun-

ters and large wire-chamber planes as well  as a ste,el shield for muon identi-

fication should make it  pos sible to probe for Be ,  Mc decays into leptons and 

(s trange) hadrons , with the e± arm giving a precise ly defined trigger . The 

high centre-of-mass energy of the ISR should make this project definitive in 

the framework of the production model employed . It is at present in the run-

ning stage. A result  on µ - e coincidences should soon be emerging . 

Spectrometer 
magnet 

Prop. chambers 

Electron telescope 

F i g .  3 

Arm 2 

� 

� 
Prop. chambers Calorimeter 

iii) c± + ive + • • • yields trigger, c + gives (s trange) hadrons 
for sharp mass reconstruction 

One such proj ect is in final preparation at the ISR1 7 ) . While the pre-

vious experiment assumed peripheral c+c- production , this  one starts from the 

notion that a central collision is mos t  likely to give rise to the production 

of new particle types . In terms of quark diagrams , Figs . 4a and 4b show the 

approach of the R-605 experiment versus that of the R-702 ISR experiment in 
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p 
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B 

preparation by the CERN-Saclay Collaboration. Their method is illustrated 

in Fig .  5 :  since a central col lision leads to i sotropic emission of secon-

daries , large-angle detection of leptons and (s trange) hadrons will  be mos t  

clearly promising . Two large solid-angle magnets  combined with hodoscopes 

and wire chambers , with Cerenkov counters inserted in their aperture ,  deter-

mine production and decay vert ices of processes "tagged" by the emission of 

a large Pr electron. These electrons are momentum-analysed in the magnets 

and energy-analysed in a bank of lead-glass total absorption counters that 

provide the trigger for event ·read-out . Detection of y and n °  will therefore 

also be pos sible over a l imited solid angle.  

One lower-energy experiment using this same s tratagem trigger on di-

rect lepton, reconstruct hadron masses -- was completed in June of las t  year 

at SLAG by a Santa Cruz-SLAG Collab oration9 ) . I t  made use largely of detection 

apparatus that had been tuned for a very selective muon trigger from muon in-

elastic scattering .  The apparatus is schematically shown in Fig .  6. A 

15 GeV pion beam of small  phase space interacts with nucleons in a number o f  

discretely posi tioned polyethylene targets inside a 2 m long s treamer chamber . 

All charged particles emerging from the interaction are momentum-analysed in 
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the chamber . If there is a muon from . C± + µ + V + • • •  , it will , over a large 

solid angle,  be  identified by penetration of a 1 . 5  cm Pb wal l .  The trigger 

for s treamer chamber firing and event read-out is  thus simply a muon of energy 

� 2 GeV in the final s tate . 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 17 
LEAD (GLASS 

COUNTERS} 
AND 

��:�BERS 
\�\=1===o===o==o===o===c==)=o==::=== 

1 1  I 1 1  I I I I I I I I I I 1 1  I I 
F i g .  5 
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The strategy for firs t analys is was s traightforward : look for obvious 

s trange-particle events (vees from A0 , K0 decay in the chamber) triggered by 

the "prompt" muon . Then reconstruct hadron tracks , calculate invariant masses 

of all charged-particle combinations as wel l  as K0 , A0 plus charged particles . 

A total of 16 , 000 pictures were taken: it became immediately obvious that a 

first look at these data did not show a s trange-par ticle yield much superior 

to that seen in normal hadron-hadron collisions . A much more sophi sticated 

analysis then became necessary : measure all events ;  calculate al l invariant 

mass distributions (KIT . . .  , Arr • • •  , KK, Kp , ITIT . . .  ) for any 2 ,  3 ,  4 • • •  charged 

tracks and K0 ' s ,  A0 ' s . Cuts can then b e  introduced to clean up the sample,  

which will have a cons iderable combinational background : on the pT of  trigger 

muon or (s trange) hadron , on location of the vertex in the chamber ( the further 

downstream the event occurred , the less the chance that a secondary IT decayed 

before hitting the absorbers , thus s imulating a "direct" muon) , and others . 

The Collaboration has to date not seen any conclusive evidence for a narrow 

peak; bear in mind , however , that the hadronic mass W in that experiment is 

about 5. 6 GeV, just  enough to make a pair of charmed mesons in addition to the 

proton, according to our above mas s  es timates , or possibly a BcMc pair . One 

would have to bank on a threshold enhancement to expect a large yield . 

The sensitivity of the experiment is def ined by its 'V 1000 events/µb ex-

posure , but may be heavily modified by systematic effects . 

iv) C+ , C- + hadrons : try for charmed meson-antimeson production 

A Collaboration1 8 ) using the Omega Spectrometer Faci lity at CERN has 

proposed to use full kinematic reconstruction of an all-charged f inal state 

in the reaction 

to search for the occurrence of sharp mass  peaks associated with kaons , for 

two simultaneous ly occurring particle combinations . The set-up is sketched in 

Fig. 7: salient points are the K- trigger at high pT , the requirement of :'.: 



charged par ticles in the final s tate , identification of K versus 11 and p by a 

large-aperture Cerenkov counter,  and the capability of multiparticle momentum 

analysis .  

v 

4 - 6  t racks demanded 
F i g .  7 

The experiment is quoted to be sens itive to McMc pair production on the 

SO - 100 nb level;  preliminary results looking for an event enrichment along 

the m(K11) = m(K1111) (where K' s and 11 1 s are all different particles) line 

m ( Kn:) t ,ef: 
m Krr = 

m K rr rr 

L__ m ( K ' n: 'n:" )  

have not produced any sugges tive evidence 1 9 ) . 

v) pp + �(3 . 1) + Bc + ( • • •  ) c :  use o/ + 2µ decay 
to tag an event containing charmed hadrons 

This s cheme, highly model-dependent though it  i s ,  is sufficiently at-

tractive to motivate serious efforts at the ISR. Appropriate detection ap-

paratus will  cons ist  of a large magnetic detector including a muon identi-

fier -- with reconstruction power sufficient to pin down narrow states such 

as � ( 3 . 1) . A dimuon experiment performed recently in the Split-Field Magnet2 0 ) 

using the iron of that structure for hadron/muon rej ection , may be able to 
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give firs t limit s .  There is  another approved project looking for dimuons , 

together with hadron track recons truction close to the vertex , that wi ll do 

the same thing in a much more ambitious wqy2 1 ) . 

6. SUMMARY AND OUTLOOK 

Throughout this discussion , we have centred our attent ion on the obser-

vation of clear signals for the existence of charmed hadrons in the framework 

of the straightforward SU (4) charm scheme as sugges ted by the non-observation 

of 6S = 1 neutral weak currents . We have discussed the nature of the obser-

vables that we might hope to experimentally detect ,  specifically leaving out 

es timates of production cross-sections , which are of necessity based on as-

sumed , un-understood dynamical models , and therefore vary by large amounts . 

Next , we reviewed the mos t promising ways in which the experimenter may be 

able to convince himself of the exis tence of these observables . We then fol-

lowed active (or , in some cases , merely approved) experi�ental efforts at 

various accelerator laboratories , trying to i llustrate the different lines of  

attack by our choice . There are many efforts , particularly approved FNAL 

experiments , that we lef t out s ince they either fol low s imilar lines , or ,  as 

in the case of the various hh + dimuon experiments , wi ll not lead to results 

that are res trictive enough to decide between c+c - or other mechanisms . 

At the time of the writing of this lecture (May 1975) , there are these 

inferences outstanding : 

the simple charm scheme with its scale set by the subsidiary assumption 
c -that � (3 . 1 )  = � (cc) does not work ; 

no statistically meaningful indication has been seen of sharp mass peaks,  

implying the exis tence of weakly decaying charmed hadron "ground states" ,  

ei ther mesonic o r  baryonic .  

sufficiently many experimental efforts are presently active that ,  within 

the foreseeable future,  the framework of this review should be experi-

mentally exhausted . 
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INCLUS IVE HADRON PRODUCTION AT HIGH 

MOMENTUM AT SPEAR I 

G. GOGGI 
Istituto di Fisica Nucleare,  Universita di Pavia 

Istituto Nazionale di Fisica Nucl eare,  Pavia ,  Ital y  

Abstract : Recent .result s  o f  the Maryland-Pavi a-Pri£ 
ceton collaborat ion on inclusive hadron production 
in e+ e- annihilation at V-S = 4 . 8 GeV are presen­
ted. The resul ts are discussed in the framework o f  
other result s  obtained at SPEAR I and o f  the impli­
cat ions at the higher energies attainabl e at SPEAR 
I I .  

Resume : Nous presentons les resultats recents de l a  collabo­
ration Maryland-Pavia-Princeton sur la production inclusive de s 
IR drons dans l ' annihilation e+e- a ,fs = 4 . 8 GeV. Nous compa­
rons ces resultats avec d ' autres  obtenus a SPEAR I et dis cutons 
les implications pour les energies plus haute s comme ce lles de 
SPEAR I I .  

275 



276 

INCLUS IVE HADRON PRODUCTION AT HIGH MOMENTUM AT SPEAR I 

I would l ike to pres ent some o f  the p:reliminary result s  of 

an experiment on inclusive hadron production in e+e-
annihila-

tion , that was performed at SPEAR by a col l aborat ion o f  the Uni 

versities o f  Maryland , Pavi a  and Princeton .
( * ) 

�NET SHOWEk HADRON 

SHOWER 
OE:.TECTOR FlllfH \ ' $"0...£11 lt4DllON 

0E1EC1QR fl(!Ell 
HAO�:�:�!"' : : i  -
FILTER 

,, I 

c l  
C2 

: I 

C . .  PROPORTIONAL WIRE 
CHAM8ERS 

Fig.  1 - Plan vi ew o f  the ap­
paratus . 

F i g .  2 - El evation view o f  the 
apparatus . 

The main characteristics o f  th e experiment are the follo­

wing ( see Figs . 1 and 2 ) :  

1 .  The apparatus consisted essent ially o f  a singl e-arm spe� 

trometer , equipped with proporti onal chambers ; it was pl� 

ced at 90 °  to the coll iding beams , and it subtended about 

1 %  of the solid  angl e .  The trigger required one charged 

particle in the sp ectromet er . 

2 .  Every particl e  detected by the sp ectrometer was identi­

fied as an e, /:' , 1T , K or p by means of a gas Cerenkov 

counter , shower counters , hadron absorbers,  and time o f  

flight . 

( * )  MP2 Collaboration : T .  Atwood, B . A .  Barnett ,  M .  Cavalli-Sfor 
za , D . G .  Coyne,  G. Gogg i ,  G . C .  Mantovani , G . K .  0 1  Nei.1 1 , A-; 
Piazzol i ,  B. Rossini , H . F . w .  Sadrozinski , D .  Scannicchio , 
L .  Trasatti , G. Zorn . 



3 .  Parti cl es travell ing in the direction roughly opposite to 

the spectrometer were also detected by shower counters 

and hadron absorbers . 

4 .  A proportional chamber central detector subtending 99% o f  

the solid angle measured the charged parti cl e multipl i ci­

ty associated to every trigger , and the <f' azimuthal an­

gl e o f  every track . 

5 .  Chambers and shower counters at small angl e tagged events 

produced in 1 12 t "  processes by detecting the asso ciated 

el ectrons or positrons . 

The experiment was set up and �ebugged in late 1 7 3  and d� 

ta were taken in the first hal f or 1 7 4 ,  prior to the discovery 

o f  the narrow resonances . The experiment was optimized to iden­

t i fy particl es with momentum greater than . 8 GeV/c. At the ener 

gies of SPEAR I ( up to 2 . 5  GeV/beam) this correspons to the up­

per part of the range of the x variabl e .  Due to the E4 depende£ 

ce of the luminosity at S PEAR, most o f  our data come from the 

higher energy runs ( 2 . 4  GeV/beam ) .  The resul ts presented here 

come from the analysis of about 60% of the data at the latter � 

-�1-� w � 

.1 

1.0 

-� 
0 4.8 SLAC-1.81. 

>D p{Gev/cl 
Fig.  3 - Invariant hadro­
nic cro ss sections from 
the S LAC-LBL and MP2 exp� 
riments . 

nergy,  and are for momenta higher 

than 1 GeV / c. 

The hadroni c inclusive cross 

sections were obtained by normal i 

+ -
zing to the tJ If rates , ad assu 

ming the \:I +  � cross section 

from QED .  Fig .  3 shows the inva­

riant cross section at 4 . 8  GeV 

CMS , plotted together with the 

S LAC-LBL results
( 1 )  

at different 

energie s .  The agreement is good. 

It should be pointed out , in thi s 

respect , that the one particle 

trigger we used ( due to the small 

solid angl e of the spectrometer ) 
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makes the effi ciency cal culations direct and especial l y  model 

'independent . 

The cross section above was obtained merging together all 

events identi f i ed as hadrons . Turning to K/rr separat ion ,  Fig.  

4 shows how this ·  was achi eved by means o f  the- Ce.renkov counter .  

400 
w E L E C T R O N S  
0 ::i 300 I---' "- P I O N S  :::> <( 200 .... . >U 

100 

0 400 800 1 200 1600 
P ( MeV/c ) 

Fig.  4 - Behaviour o f  the Cerenkov coun 
ter for pions o f  kaons .  Points repre­
sent pul se amplitude ( in arbitrary u­
nits ) for part of the sample .  Cal cula­
ted curves for electrons and pions are 
shown . The arrow indicates the practi­
cal lower l imit of the acceptance o f  
the spectrometer . 

The threshold for 

pions is at p 1 . 0 5  

GeV/c and above 1 . 2 

GeV/c there i s  a 

cl ear separation o f  

pions from kaons and 

protons . The pul se 

height expected for 

pions as a function 

of  momentum i s  indi-

cat ed. 

We get 53 pions 

and 1 3 kaons or pro­

tons with momentum 

greater than 1 . 2 

GeV/c. Of the latter ,  

three coul d not be a 

nalyzed by t ime of flight;  the other ten were identified by t� 

me o f  flight as kaons .  Considering all o f  them as K ' s ,  since 

we have no evidence of protons , we get a K/rr ratio  of  . 3 3 .:!:: .1 0 

for hadrons with P
had >- 1 . 2 GeV/c. If we spl it the sampl e at 

1 . 6 GeV/c ,  we get : 

K/11 

K/rr 

. 2 8  .± . 09 

. 6 4 .± . 32 

for 

for 

1 . 2  < Phad 
< 1 . 6  GeV/c 

1 . 6 <: P
had < 2 . 4  GeV/c 

Fig.  5 shows the resul ts  of thi s  experiment and of the 

S LAC-LBL experiment
( 1 ) , together with the results  on K/rr ra­

tios obtain ed in p-p interact ions at FNAL by Cronin et al . ( 2 )  

( 3 )  + -
and at the ISR by Alp ert et al . • The e e and p-p results  

look similar at  the lower momenta,  but as  momentum increases 



there seem to be relatively more kaons produced in the e+e- in­

teraction . If we attach weight to our high momentum poin t ,  that 

is based presentl y  on only 5 K ' s ,  the ratio could still be ri-

sing . 

Parti cl e  separation al so allows to check on the behaviour 

of thermodynamic scal ing model s and the universal ity of parti­

cl e distributions at l arge energies compared to the rest masses 

o f  the part i cl es . Invariant cross sections for kaons and pions 

are plotted versus total energy of the parti cl e in Fig.  6 ,  tog� 

ther with the data o f  SLAC-LBL. The exponential thermodynami c­

l ike distribution that holds very well under 1 GeV breaks down 

. 7 
( k�p ) 

6 

. 5  

. 4  

. 3  

. 2  

. 1  

0 

0 ref 1 

e M P 2  
ti. rel 2 
• ref 3 

!! 
l�· li • • 

.4 .8 1.2 1.6 2.0 

P I  Gev/c) 
Fig.  5 - K/rr ratios from the 
SLAC-LBL and MP2 experiments 
and in p-p experiments at FNAL 
and ISR. 

100 I l \ ref 1 o n . �:: I + K i 
� , ,  

�1 " e' o n 

\� l "  
( P >  1 2 GeV ) 

��\j � 

�!
I 

I 

� 1 0  

.r. 

.01  

0 1.0 2.0 E (GeV) 

Fig . 6 - Particle  energy di­
stributions from the S LAC-LBL 
and the MP2 experiments at 
4 . s  GeV in the CMS . 

for higher energi es . Also , whereas under 1 GeV the energy distri 

butions o f  di f ferent parti cles seem to belong to the same uni­

versal distribution , this i s  not true for pions and kaons above 

1 GeV. It is p erhaps worth to point out that although deviations 

from the exponential are more evident for energies approaching 

the beam energy , one cannot use only phase space arguments to 

explain the breakdown of this scal ing behaviour , since pion and 
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kaon invariant cross sections are already above the exponential 

and well separated from the antiprotcn cPOss. section for ener­

gies just above 1 GeV. 

The charged particl e  multipl i city measured for each event 

by the central detector is shown in Fig .  7 against the momentum 

o f  the hadron detected 

10  Vs =  4.8 GeV 
c" • P I O N  

..... · �· · ·· 

1.0 1.5 2.0 
P ( GeV/c) 

F i g .  7 - Charged mult ipl i city vs . mo­
mentum of the particle detected in the 
spectrometer at 4 . 8  GeV in the CMS . 

i n  the spectrometer . 

The mul tipl i city de-

creases as the momen-

t um of one parti cl e  i£ 

creases , as one might 

expect from phase spa­

ce arguments .  A few e­

vents have ( unphysi cal ) 
odd mul tiplicities ; 

thi s can be attributed 

to '( -ray conversion 

in the vacuum chamber , or,  to a lesser extent , to ineffi ci encies 

in the chambers near the support wires . 

The average mult ipl i city measured in the central detector 

is 3 . 7  ± . 3 ,  a value somewhat l ower than the SLAC-LBL number , 

that is 4 . 2  ± . 4  at 4 . 8  GeV in the CMS . This i s  not surprising , 

given the momentum-multipl icity correlation shown in Fig.  7 and 

the GeV/c momentum cut of thi s  part of our analysi s .  

I t  should b e  pointed out that this experiment i s  approved 

to run again at SPEAR II at CMS energies of 7 + 8 GeV. At these 

energi es parti cl e  separation at high x with large solid angl e 

detectors gets more difficult ,  and the uni que range o f  our sy­

stem in identi fying parti cl es wil l  expand. 

Some points which this experiment should contribute to cla 

ri fy in the next round are the following : 

1 .  Bj orken scaling - Fig.  8 shows the wel l-known SLAC-LBL 

resul t :  with increasing s, the range o f  x in which a Bjorken 

kind of scal ing holds increases . More sp eci ficall y ,  s d O"/dx 

seems to approach quite rap�dly a pure exponential . I f  thi s  i s  



the cas e ,  some dramati c  changes in the present trends should be 

10000 

5000 

IOOO 
� ! 500 
.&1.: 

100 

I I \ 

02 " 0 6  .. IO 

Fig,  8 - s d s-/dx from the 
SLAC-LBL experiment at three 
energi es ,  The dotted l ine 
i s  hand-drawn through the 
exponent ial part of the cur 
ves . 

rather near at hand : 1 1  do 
( a )  0 s dx dx = s < n > oh would 

tend to a constant value; the 

product .:: n > � would then de­

crease l ike s- 1
; in other 

words , in the approximation 

of a constant or very slowly 

rising < n > ,  G""
h 

would be­

gin to decrease like  1 / s ,  

( b )  i n  thi s approsimation , 
G"" h R = (o=-) would al so become 

( c )  

l't' 
asymptoti c ,  Integrating 

s d El/ dx with the parametri­

zation shown in Fig,  8 ( 4 ) , 
and making an educated guess 

at < n '> ;  one obtains 

R � 1 0 
asympt , 

from the above relationship , 

and with o
h 

'.:::I 20 nb,  < n > ,;,  5 ,  one gets for the onset o f  the 

se phenomena 
2 s � 42 Ge V , i .  e .  E � 3 , 2 5  GeV/beam 

that is  within the S PEAR I I  energy range, 

2 ,  Parti cl e  inclusive cro ss sections 
Should the trend 

forwards full Bjorken scaling be con fi rmed at higher energies , 

i t  might be reasonabl e to expect each indi vidual particle in­

clusive cross section to scal e ,  This would imply an asymptoti c  

Kj� ratio , and a n  s-independent curve f o r  its  dependence on 

the x variabl e ,  

W e  must keep in mind , however , that up t o  now the e+e- in 

teraction has sistemati cally given surprises to theoreti cians 

and experimenters alike.  We should not be too surpri sed ,  ther� 

fore , i f  more new features should arise in the SPEAR I I  energy 

range , 
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THEORETICAL STUDIES FOR LEPTONS PRODUCTION 
IN HADRONIC COLLISIONS 

F .M.  RENARD 
Departement de Physique Mathematique 

U .  S .  T. L . ,  34060 MONTPELLIER CEDEX, France 

Abstract : Predictions are g iven for the leptons pairs production 
taking into account the new informations about the quark partons 
(antipartons d istributions from v datas , charm, colour) and about 
the vector mesons (heavy vector mesons and � particles ) . Appl ica­
tions are given for various hadronic beams and energies in the 
cases where one detects either the pair of leptons or a s ingle 
lepton. Modifications of the partons model and additional contri­
butions are noticed . 

Resume : Nous donnons des predictions pour la production de paires 
de leptons tenant compte  des informations nouvelles obtenues sur 
l es quark partons (distributions d 'antipartons a partir des expe­
riences neutrinos , charme , couleur) et sur les mesons vecteurs 
(mesons lourds et particules � ) . Nous faisons des appl ications pour 
divers faisceaux hadroniques et diverses energies dans les cas OU 
l 'on detecte soit la paire soit un s eul lepton. Nous s ignalons la  
possibilite de modifications du  modele a partons ainsi que de  
contributions supplementaires . 
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We reconsider globally the effects of a s et of new informations ( l ,B ,9)  

which modify our expectations about the leptons production in hadronic 
col lis ions , i . e .  constraints on antipartons distributions inside the nucleon 
from DIS of neutrinos , existence of charmed and coloured states , higher 
vector mesons and new 1/J particles . We give new predictions for cross-sections 
with various hadronic beams in a large energy range.  In the first part we 
use the parton model with the Drell-Yan mechanism( l , Z ,3)  in which a q q 
pair annihilates into one photon which gives then the leptons pair . In the 
2nd part we cons ider the vector meson product ion ( p ,  w, � .  1/!3 • 1

) and their 
series of higher masses)  ; this production is described by two processes , 
annihilation diagrams (A) and Bremstrahlung of vector mesons by the initial 

+ hadrons (B) . In both parts we give applications fo·r col l is ions of p ,  p, 1T 
• 

1T • K- , K0 , K0 on protons at various energies .and with measurements of 
da da 
dQ2 • dQ2d� 

and for a s ingle l epton. 

Detailed results can be found in 
"Leptons product ion in hadronic col lis ions , partons , vector mesons 

and new particles '.' , Preprint Montpell ier PM/75 /3 , to be published in Il  
Nuovo Cimento A .  

Let us just not ice some d iscuss ions : 
We believe that the contribut ions of the process (A) to the vector 

meson product ion is in a s ense "dual"  to the point·-like Drell-Yann mechanism 
but that the process (B) is an additionnal t erm wh:lch may also have a dual 
counter part in a Bremstrahlung process of a qq pair by a s ingle  initial 
hadron. Those  connections between partons anrl vector mesons have already 
been discussed <4) in the case of deep inelastic scattering and e + e -

annihilation <5) . We observe then that the sum of (A) and (B) approaches the 
famous 10-4 ratio for t/11 in the range 1 .< Q,T < 7 GeV/c for p + p coll is ions . 
Of course  for N and 11 beams the cross-sect ions are much larger . 

Addit ional contributions can be imagined . 
First a modification of the Drell-Yan mechanism due to gluons effects 

is poss ible (&) . For example for vector meson production and more generally 
time-like photons one can require the extraction from the initial hadrons of 
more partons than the valence pair , i . e .  the complete set of configurations 
with other pairs and gluons which constitute the s ea of any hadronic state. 
Knowing (l) from DIS that in a nucleon s tate there are in average 49 % of 
gl11ons the effect can be important . In a very s imple model with Poissonian 



n 
distributions of pairs and gluons in the s ea (Ph(n) = e-g .K._ in h and n !  
P (n) = -g ' g ' n 

e � in the vector meson or photon) one gets the correction 
factor to the Drell-Yan f ormulas 

( 1 1 )  K = (1 + gg ' ) eg ' (g-l ) 

If the s ea of gluons is sharply x dep endant (l ike some p ower of ( 1-x) ) 
one may have a T d ep endance in eq ( 1 1 )  through g ( T )  = g ( l  - T) k ; g '  is 
related to the hadrons produced in e + e - annihilation: g  1 - < n(n-l ) > 

2 ( 8 )  < n> here also the shape of qd�cr and its scal ing violat ions (apart from 
threshold effects for exampl e  of charmed part icles )  can be related to the 
opening of the s ea configurations of the t ime-l ike photon (notice the 
similarity of the regions in x : x < 0 . 5  for scaling violat i ons in q��cr 
and for the s ea contr ibut ions to F ( x) ) .  For reasonable values of g and 
g '  one can get from eq ( 1 1 )  an enhancement factor for small T and £T and 
a flatening or depress ion factor for large T and £T ; exactly what s eems 
to be required by experiments ( 9 ) . 

In addition new vector meson states (non s inglet colour repres entations , 
Han-Nambu ' s )  can still  appear with high masses and contribute to large 

£T � � • Finally s ingle charged lepton production due to weak decays of 
new pairs. of (charmed) particles is also pos s ible but d if ficult to 
evaluate ( lO) . 
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JET STRUCTURE AND APPROACH TO SCALING 
IN e+e- ANNIHILATION 

K. Schilling 
University of Wuppertal 
56 Wuppertal (Germany) 

I report on a detailed analysis + about the plausible onset of scaling for 
normalized inclusive pion spectra ;----- :� , x = �O , in the reaction 

tot 

e+e- � IT (p0 ) + any pions . 
Since , as a surprise to many, at least to theorists , Bj orken scaling was 
not confirmed by data in the energy range IQ2 < 5 GeV , it seemed worth­
whi le to us to calculate nonasymptotic effects in a scaling mode l ,  for 
which we chose as the simplest prototype an uncorrelated j et model (UJM) 
with randomly oriented j et axis .  The two inherent parameters , the j et 
width , A ,  and the slope , K ,  of the asymptotic logarithmic increase of the 
average particle number were chosen to be equal to the hadronic j e t  dimen­
sions observed in proton-proton collisions at the ISR ,  i . e .  from fits of 
type 

N K l nQ2 + . . .  tot s+oo 

-� d3o l 
0totd3p PL = O 

pt small 

With the values A=6 . 2  GeV- l , K = 3 , we evaluated the predictions of the 
model by Monte Carlo methods by use of the formulas 

with 

+ 

0 tot 
r ie· exp OIP-xe I )  • Q (� . Q-p) 
f d2en ( � , Q) 

work done in collaboration with R. Baier , J .  Engels and H. Sat z ,  to be  
published in Nuovo Cimento B 
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and (J N  (e ,Q) JN r 
i= l 

The main result is shown in the figure which demonstrates the deviations 
from the scaling curve at 3 GeV (dash-dotted) , 3 . 8  GeV (broken) , 4 . 8  GeV 
(full line) and 20 GeV (points) . Conclusion : one would not expect scaling 
to occur before 20 GeV. 
UJM differs from Fermi phase space and Statistical Bootstrap Model pre­
dictions mainly at p0 > "I GeV. Conclusive comparison of models to pre­
sent data is not yet possible because of lacking particle separation and 
the unknown secondary distribution .of neutrals .  As the observed unsepara­
ted invariant particle spectrum deviates from exp (·-po /kT) , a j et  type 
picture has a good chance to be confirmed at the next generation storage 
rings . 
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COMMENT CONCERNING THE CONSERVATION 
OF LEPTON NUMBER 

G,W,  LONDON 
LPNHE - Universite Pierre et Marie Curie 

Abstract : We make a short and off the beaten track comment 
concerning the additive and "mult iplicative" schemes for the 
conservation of lepton number , First we recall the two schemes ,  
Then we discuss the use o f  µ decay to distinguish between the 
two schemes , noting the theoretical complications in interpreting 
the pub lished experimental results ,  We conclude that the only 
practical experiment which can clearly distinguish between the 
two schemes is the search for e-e- + µ µ events in the DORIS 
(DESY) or DC! (Orsay) colliding electron machines ,  

� : Nous faisons un commentaire court e t  insolite sur l a  
conservation du nombre leptonique additif ou "multiplicatif" , 
D 1 abord nous faisons un rappel des deux schemas .  Ensuite , nous 
discutons l ' utilisation de la desintegration du µ pour dist inguer 
les deux schemas , tout en notant les complications theoriques 
dans l ' interpretation des resultats experimentaux publies .  
Nous concluons que la seule experience pratique pour distinguer 
clairement les deux schemas est la recherche des evenements 
e e + µ-µ- dans les anneaux de collision DORIS ou DCI .  
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The ordinary scheme for lepton conservation requires the conservation 
separately and additively of electron and muon number. The e and its 
neutrino ( µ- and its neutrino) have electron (muc,n) numbers , Le (Lµ ) =+l 
while their antiparticles are assigned L (l.µ) =-1 .  The "�ultiplicative" 
scheme ( l) for lepton conservation requi�es the conservation of the 
additive lepton number (L=+l for e-, µ- and their neutrinos and L=-1 for 
the antileptons) and the conservation of the multiplicative lepton parity 

+ + 
(L =+ for e- and their neutrinos ,  and L =- for µ- and their neutrinos) . p p + 

In the intermediate boson picture , the l< which mediate ordinary 
µ decay, µ + e Ve vµ , and the z0 which mediates vµe- + vµe- have lepton 

· number• in the two schemes : Lµ = Le = 0 and L = o, LP = +.  

The multiplicative scheme allows a second µ decay, µ 
Assuming L = 0 for the intermediate bosons which mediate this decay,there 

+ 
are � diagrams which contribute, one with W- with L

P=- and one with 
a z0 with L =- . Thus these intermediate bosons are not the same as those p 
in ordinary weak interact ions.. 

The Gargamelle <2> experiment has attempted to measure the fraction 
of "wrong" µ decay by looking for events from the "wrong" e- neutrino . 
Their result is that this fraction is <1 /4  with 90% confidence . But 
what should it be in the multiplicative scheme ? Since the intermediate 
bosons are not the same , their coupl ing constants to leptons ,  G ' , are 
unknown. Since there are two competing diagrams for the "wrong" µ decay, 
cancellations are possible.  Therefore the expected fraction of "wrong" 
µ decay can be anywhere from 0 to 1 .  Thus the Gargamelle experiment does 
not give a limit on the coupling constants for the "wrong" decay, provi­
ding a poor test of the multiplicative scheme . A related analysis (3) 

- + A' of vµ A +  e µ Ve suffers from the same theoretical ambiguity. 
A better test of this scheme is the reaction e e + µ µ since 

this involves only the Z bosons with L=O and L
P=- . The only published 

result (4) gives G ' < 610 GFermi ' hardly meaningful .  The new storage 
rings , DORIS (DESY) and DCI (Orsay) , can be used to get a much better 
limit .  With G' = GF . and S = (4 x 4) Gev2 , the cross section , G2S/4rr , ern1 
is about 3 x lo-37cm • 

(1)  G .  Feinberg and s .  Weinberg , Phys .  Rev . Letters i. 38 ( 1966) 
(2)  T .  Eichten et al , Phys .  Letters .i§.!!., 281 (1973) 
(3)  C .Y.  Chang, Phys . Rev. Letters 2,!, 79 ( 1970) 
(4)  W.G. Barber et al , Phys.  'lev . Letters �. 902 ( 1969) 



SU( 6 )-STRONG BREAKING , STRUCTURE FUNCTIONS AND STATIC 

PROPERTIES OF THE NUCLEON 

A .  Le Yaouanc , L .  Olive r ,  0 .  Pene and J .C  Raynal 

Laboratoire de Physique Theorique et Hautes Ertergies 

Universite de Paris-Sud 

91 405 ORSAY - France 

Abstract : The breaking of SU ( 6 )-strong in the harmonic oscil lator quark 

model : implications for the ratio F�n
/F�P , the static properties 

tot tot . µ /µ , (F/D) . 1 and the s lope of the neutron e lectric form factor . p n axia 

.Resume : La brisure de SU (6 ) dans le modele des quarks de l ' oscillator 

harmonique : consequences pour le rapport des fonctions de structure 
en ep tot

/ 
tot 

du nuc leon F
2 

/F
2 

, les quantites statiques µ
p 

µ
n 

, (F/D)
axial

' et le 

facteur de forme electrique du neutron. 

291 



292 

In order to explain the experimental x-behavj our of the ratio of deep 

i ne lastic scattering structure functi ons F;n/F;P , which is  a manifestation 

of SU ( 6 ) -breaking , we propose to introduce ,  in thE' harmonic oscillator 

quark mode l ,  the following inter-band mixi�g for i,he nuc leon wave function 

at rest : cos m(.2.§_,0+)N = 0 + sin m(70 , 0+ )N = 1 . The effect  on the x-beha­

vi our of the ratio 

Fen/Fep is  linear in tg m ; the angle is  found to be m = -20 ° .  It 2 2 
turns out that the famous successes  of unbroken SU ( 6 )  for the low-lying 

octet static 
tot/ tot 

µP 
µn 

porpertie s  are not broken significantly, 
3 2 2 ( 1  + 0 . 03 ) ,  ( F/D ) axial = 3 ( 1  + 0 . 02 ) , since  the break-

ing effe ct is proportional to tg2 © with reducing c oeffic ients . Moreover,  

the mixing implies a slope for the neutron electric form fac tor , which is  

a linear effect in  tg  m,  of the right sign and order of magnitude . 

at P z 

1GA/GV I is c orrectly predicted to 1 . 2 5 .  

The chiral c onfiguration mixing de scribing the nuc leon wave func tion 

"' is shown to c ome from the intercombination of two effects 

i) introduction of small c omponents in  the quark Dirac spinors to 

acc ount for the highly re lativistic internal quark ve locities as  de sc ribed 

in our previous papers , which preserves the 56 assignment of the nuc leon 

wave func tion at re st ,  . 

i i )  the new effe ct of SU ( 6 )  mixing for the nuc leon wave func tion at 

re s t .  

In a first step, we c ompute the structure functi ons in the approxi-

mation of three valence quarks , whose. momentum and spin distributions are 

described by the wave func tion boosted at Fz = "' · Thi s wave funct ion ex­

hibits automatically the scaling as a c onsequence of the Lorentz c ontrac-

Fe n/Fep tion . We predict c orre ctly the ratio 2 2 for x � 0 . 2 .  The proton and 

neutron asymme tries are positive and c lose to each other at x � 1 . 

Introducing a structure for the quarks which parallels the need for 

quark structure in the leptoproduction of hadrons ,, we end with a good des­

cription of the unpolarized structure functi ons in deep ine lastic e lec tro-
and neutrino-production. 

Further predictions are made of the ye t unmeasured asymmetries in 

deep ine lastic polarized e lectro-production. 

Careful comparison is made with previous works by Alterelli et  a l .  

and Close , which have adopted different approache s .  



REVIEW OF THE EXPERIMENTAL STATUS OF 

NEUTRAL CURRENTS REACTIONS IN GARGAMELLE 

P .  Musset 
European Organization for Nuclear Research 

1 21 1  Geneva 23 (Switzerland ) 

Abstract : We present the status of the experimental study of 
neutral current reactions (6Q = 0 )  of neutrinos and antineutrinos 
on nuclei in the inclusive channel and on electrons in the 
elastic channel .  

Resume : Nous presentons l ' etat d e  l ' etude experimentale des 
reactions de courant neutre (6Q = 0) des neutrinos et des 
antineutrinos sur les noyaux dans le canal inclusif et  sur les 
electrons dans le canal elastique . 
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The neutral currents reactions have been detected and studied in 

Gargamelle by the collaboration of Aachen , Brussels , Cern, Ecole 

Polytechnique , Milan , Orsay, University College of London laboratories .  

Three channels have been explored 

( 1 ) v (v > + N + v <v > + hadrons ( inclusive ) µ µ µ µ 
( 2 )  v (v ) + N + v (v > + N '  + 7f (one pion) µ µ µ µ 
(3 ) + e + v + e 

- (leptonique ) v µ µ 
The experimental observations were that there are neutral 

penetrating particles (i . e .  not hadrons ) producing events without muon 

or electron. The hadrons produced in reaction ( 1 ) behave similarly to 

the hadrons produced in the charged current reaction 

Also a few electrons at small angle from the beam are observed as 

expected from reaction (3 ) .  Reaction (2 ) is treated separately in the 

present Rencontres .  

These observations were subjected t o  interpretation following the 

three steps . Firstly , it may be assumed that the unobserved primary 

particles are neutrinos ,  and more specifically neutrinos of the muon 

type . Secondly because of our current ideas about the conservation of 

leptonic numbers , it may be assumed that secondary neutrinos,  also of 

the muon type , are emitted in the reactions. Finally , one can also spec­

ulate about the possibility that these reactions are described by a 

current-current type lagrangian , as the usual charged current reactions 

are . 

The chamber has been described elsewhere , and we only remind the 

dimensions : length 4 . 8  m, diameter 1 . 9 m which are large compared to 

radiation length 0 . 1  m ,  and collision length 0 . 6  m. The chamber is 

surrounded by the yoke and the coils of the magnet ,  i . e .  1 . 5 m of iron 

or copper everywhere except at the two ends when only - 0 .6  m of copper 

shields the chamber (fig. 1 ) . 
I . THE INCLUSIVE CHANNEL 

This channel gave first positive evidences for neutral currents .  

At  the time this search was engaged no  specific prediction existed for 

reaction ( 1 ) v (v ) + N + v (v ) + hadrons . The study of this possible µ µ  µ µ  - - +  reaction together with reaction (4 ) v ( v ) + N + µ (µ ) + hadrons µ µ 
was hence attacked with the following principles . The hadronic 
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parts in ( 1 ) and ( 4 )  were assumed to be similar , or at least not very 

different . This as sumption has proven to be adequate since the hadronic 

distributions are indeed much more dominated by the shape of the energy 

spec trum than by the inelasticity distribution. This channel was 

believed to be less sensitive than ( 2 ) to possible nuclear effects , and 

these effects were believed to lead to similar results ir. ( 1 ) and (4 ) .  

Then , criteria were s earched for in order to minimize the biases . 

It was aimed to completely separate ( 1 ) from (4 ) .  All the hadrons 

were identified in reactions ( 1 ) ,  and a subsequent analysis proved that 

reaction (4 ) c ontamination into reaction ( 1 ) is indeed at the level of 

the percent . Hadrons are identified in exactly the same way in ( 1 ) and 
(4 ) ,  so that the bias is minimum. The analysis proved that reaction ( 1 ) 

contamination into reaction ( 4 )  was at the level of the percent too . In 

order to reduce the background coming from neutrons which simulates 

reactions ( 1 ) a cut in hadronic energy is applied  (EH > 1 GeV) .  

Before events are classifie d ,  the tracks are identified according 

to the following rules . A possible muon is a track which leaves or s tops , 

or, if positive , decays into a positron . No kink > 30°  has to be observed 

and if any < 30° the transverse momentum at the kink has to be less than 

1 00 MeV/c . The hadrons are all unambiguously identified by interaction 

( IT ,  p) , stop ( p ) , decays ( IT0 , K ,  f\ ) .  

The events are then classified into the two categories , NC 

consists of hadrons with no muon , CC consists of hadrons plus one and 

only one possible muon. In order to s tudy the background of neutrons 

produced in neutrino interactions outside the visible volume , we use as 

a reference background sample the neutron stars produced by neutrinos 

inside the fiducial volume . These consist of neutrons simulating an NC 

event downstream a primary ordinary neutrino interaction. For all these 

categories we require that no further interaction existed in the picture , 

in order to minimize the background . 

On the other hand , the observable properties of the neutron inter­

actions in the chamber have been thoroughly studied in a special run 

with primary protons of different energie s .  We call the neutron star 

simulating NC events in this run the NS events .  



RESULTS 

The number of events is given by the table ( 1 ) .  

TABLE 1 

events films 

cc 21 8 60 

NC 1 89 209 

AS 42  · 268 

NS 78 

We remind briefly the first observations . All the spatial and 

kinematical distributions of the NC events are comparable and compat­

ible with those of the hadronic parts of the CC events (distribution 

along the beam direction, radial distribution, total energy and 

resulting momentum direction distributions ) . Only the distributions 

obtained in the new improved statistics for neutrinos are shown (fig . 2 ) . 

The background was calculated from a Monte Carlo method ,  in which 

the neutrino interactions are generated through the whole apparatus . 

The neutrons produced are then followed through the cascade inside the 

shielding. The neutron cross sections were first taken from measure­

ments of neutron and proton reactions on nuclei .  

A special study of the absorption length was made in the proton 

run and the measured value was found to be in agreement with the 

calculation at various neutron energie s .  

The number o f  background events B in the N C  sample i s  calculated 

in the Monte Carlo to be such that !s ; 0 . 6  ! 0 . 3  where the error 

includes systematics . After all corrections for contaminations,  the 

ratios of the two types of events are : 

NC (cc >v 
NC (cc)\, 

0 . 21 7 ! 0 .026 

0 . 43 ! 0 . 1 2  
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FURTHER TESTS ON THE NATURE OF NC EVENTS 

We will report here on further tests of the nature of the NC 

events .  In these new tests the hypothesis of the neutrino nature of the 

NC events was reinforced by two observations. The first one is  that the 

charge distributions of the secondary pions are not the same for NC and 

AS (NS ) events , as it should be if NC events were due to neutrons .  The 

second one is a more precise study of the spatial distributions of the 

NC events . This distribution is found much closer to that of CC events 

than that of neutrons . The spatial distribution is able to produce 

information on the fraction of neutron background in the NC sample · 

CHARGE DISTRIBUTIONS 

S ince the energy spectrum of NS , AS , and NC events are not the 

same (fig. 3 )  the comparison has been done within energy bins of 1 GeV. 
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number of n° The ratio r = is calculated for ea.ch type 
number of n+ + number of n-

of events .  All the information on neutrons (AS aad NS events ) was 

combined into only one r, called r combined .  This quantity was compared 

with the same quantity for NC events (table 2 ) , called rNC' 

TABLE 2 

ll E  r (AS) r ( NS) rcombiined r
NC 

1 .  2 GeV 0.24 ! 0.08 0.38 ! 0.12 0.30! ().07 0.75! 0.09 

2 . 3  GeV 0.10! 0.07 0.23! 0.09 0.18 ! 0.06 0.53 ! 0.11 

3 . 5  GeV 0.20!0.20 0.31 ! 0.10 0.30! 0.08 0.37 ! 0.08 

5 . 7  GeV - - - 0.31 ! 0.16 0.31! Oi.16 0.48! 0.16 

It is clear from the table that rNC is generally greater than rcombined ' 

The probability that the NC events are all due ·to neutrons , so that the 

differences between rNC and rcombined have to b1a attributed to statis­

tical fluctuations is - 1 0-4 . 
SPATIAL ANALYSIS 

The spatial analysis of the NC events has been done with the use 

of the variable v = ( 1  - e- V;\)/( 1 - e
-L/;i,) whe:re R., L are respectively 

the interactions length and the potential length of the events calcul-

ated along the total momentum direction. A is the interaction length. 

The v distribution 

has to be uniform for 

hadron interactions . 

It is not so for NC 

events (fig. 4 )  and a 

x2 gives the follow­

ing estimate of the 

apparent interactioµ 

length II 
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.:2 :L 
0 . 1 6  ! 0 . 1 2  0 . 39 � 0 . 21 
0 . 1 5 ! 0 . 10 0 . 1 5  � 0 . 1 4  

These results also favour the neutrino character of the NC events . Note 

that the value of the appa :rent interaction length was tested by 

measurements in the proton run with proton and neutron (NS ) reactions 

(fig. 5 ) .  
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CORRECTED VALUES FOR THE RATIO OF NEUTRAL-TO-CHARGED REACTIONS 

The experimental conditions slightly affect the ratios NC/CC.  The 

corrections have been sometimes evaluated by using only the energy 

criteria. These corrections are then largely overestimated. It seems 

more adequate to use the CC neutrino and antineutrino events to evaluate 

the effects of all the experimental conditions . This has been done , 

assuming that vector and axial contributions to CC reactions are equal. 

C omparison of the results can be made with the Weinberg-Salam model 

elaborated by C ,  Albright,  R .  Palmer or L. Sehgal. These three last 

models give similar results . Taking into account the relative number of 

protons and neutrons in CF3Br, the selection criteria, and applying a 
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correction to charged current reactions (o for \1 1 tg2e
c 

for v) , 
assuming no /:f3 = 1 NC reactions , the following numbers are obtained 

(NC/C C )corr 
= 0 , 224 : 0 .026 v 

corr 
= 0 . 67 : 0 . 1 8 v 

(Nc/cc ) �:orr 
= 0 . 39 : 0 . 1 1  1J 

If the presence of only V or only A is assumed j:or NC reactions , as in 

the Sakurai model , then the corrections lead to : 

(Nc)vcorr 
+ TNBTv = 0 . 62 - 0 . 1 7  while the theoreotical value 1 is 

predicted. 

Note the excellent agreement obtained for the test of consist­

ency in the Sehgal model 

0 . 38 : 0 .07 = 0 . 37 + 0 • 1 0  
- 0 . 1 5  

The mixing parameter is finally estimated to be sin2
e.,y = 0 . 38 � g:g� . 

At the present stage of  the analysis,  the relative "probability" 

of the Weinberg-Salam model against the Sakurai model, deduced from the 

measurement of (NC ) /(NC )- is - 1 0 . v v 

I I .  LEPTONIC NEUTRAL CURRENT 

We recall our previous search for the reaction 

+ v + e 
µ 

in which no candidate was found. 

( 1 ) 

The experiment is presently concentrated on the reaction 

v + e + v + e µ µ ( 2 )  

for which the background i s  the lowest . 

The availability of the booster with which the intensity is 

increased by a factor 3 has made this experiment feasible . 

The signature of such a reaction is the emission of an -isolated 

electron in the liquid of the bubble chamber at a small angle with 

respect to the neutrino beam. Indeed at sufficiently high energy , the 
12me angle is less than :E: . 

The electron is identified with an - 1 00 %· probability by 

spiralization in the magnetic field . This spiralization is the result of 

the energy l·osses at the Bremsstrahlung processes . 



The cross sections are predicted in a definite way in the W-S 

model as a function of the mixing parameter sin
2

8W {fig .  6 ) . 

c e -0 .! CD (\1 ...... 2.0 
E 0 
.;t3d0 
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V. A for '\) e + e· 
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-3d /16 Fig. 6 
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There are two main sources  of background which might simulate 

reaction (5 ) .  

Firstly, the elastic scattering of electronic neutrinos with an 

invisible secondary proton 

\ie 
+ n + e

- + p 

in the case the proton is of very small energy. 

This background can be evaluated by assuming the e-µ universality 

and using the observed reactions with a muon arid without any visible 

proton. 

\!µ + n -+ µ- 1: P• 

This amounts to a background of 0 , 22 event in the film presently 

scanned . 

Secondly, the presence of a certain number of isolated y-rays 

coming mainly from the NC semi leptonic events is a source of background. 

They may be mistaken as electron if they produce a compton electron 

( - 0 , 5  % probability) or if the electron pair is asymetric ( - 3 ,5 % 
probability, as measured in observed pairs ) .  From the number of 
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observed pairs , this amounts to a background of 0 ,24 events in the 

film presently scanned .  Hence 0 ,46 event is exp,ected from the back­

ground . 

Three unambiguous events are observed wi t:il the following 

characterietics : 

1 2 3 

Energy of the electron 385 41 2 800 

Angle to the beam 1 . 5 :: 1 . 5 2 :: 2 1 + 
-

Liquid upstream along the beam 0 . 6  m 2 . 6  m 3 . 7  

1 

m 

Position transverse to the beam 0 . 1 6  m 0 .40 m 0 . 35  m 

Another ambiguous event at 2 GeV has been observed in which two 

low-energy electrons and one low-energy positron at the beginning of 

the track might come from a low-energy Bremsstrahlung Y-ray. The 

probability of this configuration ranges from 5 % at low energy up to 

25  % at higher energy. Nevertheless  instead of ](eeping this event as a 

candidate it is possible to restrict the sample to the three unambig­

uous events and to evaluate the loss due to this process .  The effect of 

this loss will depend on the model since it depEmds upon the energy of 

the electron. In the W-S model , the losses due ;�o cut s ,  to scanning 

efficiency and to this last effect are - 50 % together . From these 

preliminary numbers , the cross section is then calculated to be : 

CT - 0 . 1 7  1 0-4 l 
E cm

2
/GeV.  

COMPARISON OF THE LEPTONIC CHANNEL WITH THE SE!.U LEPTONIC CHANNEL 

If the mixing parameter s in2 13w is 0 . 38 as calculated from the 

observations in the semi leptonic channel ,  four to five electron events 

are expected.  The three observed events are to l>e considered in good 

agreement with this expectation. 

CONCLUSIONS 

Firstly we have observed events that we interpret as due to 

neutral currents in the semi leptonic channel .  

Secondly , a few isolated electron events c:an also b e  interpreted 

as due to elastic neutral current on electron. 

Thirdly , the rates in the two semi-leptonj.c channels , neutrino 

and antineutrino and the rate of the electron events are all compatible 

with one value of the mixing parameter sin2
ew - 0 . 38

+
0
° · 06 of the 

- . 05 
We inberg-Salam model as explicited by C .Albrigh1; , R . Palmer and L.Sehgal. 



Nevertheless ,  many properties of the 6Q = 0 reactions remain to 

be investigated.  The spatial VASTP structure and the isotopic properties 

of the neutral current can be studied at the P .S . energy in the one pion 

channel (in freon and propane ) , and in the elastic semi-leptonic 

channel .  At the SPS energy , the study of the differential cross-section 

in the V-Q2 plane will be possible in a narrow band beam, and more 

statistics on the elastic leptonic channel will be accumulated.  Finally , 

let us mention the attractive properties of the diffractive reactions of 

neutrino which are due to neutral currents .  In these reactions the 

quantum numbers of the neutral current are directly observable . For 

example , the' diffractive production of w and <P ,  p ,  A1 , TT . . .  would be 

due respectively to respective components of the neutral current : 

vector isoscalar , vector isovector , axial vector isovector, pseudo­

scalar isovector , • • •  At sufficiently high energy , these reactions 

would constitute a unique tool for the study of the neutral current . 

"Je remarquais , touchant lea experience s ,  qu1elles sont d 1autant 

plus necessaires qu ' on est plus avance en connaissance" . R .  Descartes.  

Latest results on the subject and references can be found in : 

Further investigation on the events without muons in the neutrino 

experiment in Gargamelle , presented by A .  Pullia , London Conference 

1 97 4 .  

- A search for the reaction Vµ + e + Vµ + e , presented by J .  Sacton ,  

London Conference 1 974 .  

- Neutrino Physics Plenary Report , D . C .  Cundy , London Conference 1 974 .  

- Neutrino interactions at  ANL, BNL and CERN , P .  Musset,  Ecole d 1Ete ,  

Gif-sur-Yvette ,  Sept.  74 .  
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NEUTRINO AND ANTINEUTRINO 
INTERACTIONS IN GARGAMELLE 

U .  NGUYEN-KHAC 
Laboratoire de Physique Nucleaire des Hautes Energies 

Ecole Polytechnique , Paris 
France 

Resume : On passe d ' abord en revue les resultats importants obtenus dans 
l ' analyse des interactions v et v produisant des leptons µ- et µ+ . On 
etudie ensuite les interacti8ns V µet V donnant 1 OU 2 particules etranges 
dans 1 ' etat fina l .  L' analyse des µreact�ons a "courant neut re" et "c-ourant 
charge" donne R .. = (SNC/SCC) = 0 . 29 ± 0 . 14 pour les deux contributions 
�S = 0 et �S = 1 .  Des limites de sections efficaces de production des 
particules charmees ont ete estimees pour la bande d ' energie 2-10 GeV. 

Abstract : We briefly review the most important results obtained from 
v and v interactions involving charged leptons µ- and µ+ . Then , the 
sgudy ofµthe Vµ and Vµ interactions providing 1 or 2 strange particles 
in the final state are discussed .  The analysis of "charged" and "neutral" 
processes gives R = (SNC/SCC) = 0 . 29 ± 0 . 14 for both contributions �S = 0 
and �S = 1 .  Limits for production cross sections of "charmed particles" 
have been estimed for the 2-10 GeV energy range. 
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Thi s  paper is divided in 2 parts .  The first part refers 
only to charged current interaction (CC) without strange particle pro­
duction in the final state (str�ngeness S = 0) and the second one re­
fers to charged current and neutral current. interactions (SCC and SNC) 
with strange particle production (stnngeness· S f 0) . Since the results 
on charged current events have been already published (ref . I ,  2 ,  3,  4) 
only important data related to vµ' Vu total and differential cross 
sections as well as the sum rules will be reviewed . On the other hand , 
the charged and neutral current events associated to strange particles 
will be discussed in detai l s .  

I . Introduction 

graph 

where 

E 
E '  
e 

2 
q 
v 

Neutrino reactions can be represented by the following 

target = p ,  n or e­
incident neutrino energy 
f inal lepton energy 

f ,.,_.J. L.,l,-.o-i '­
/> :??rt.........,, . 

angle of the final lepton with the incident neutrino 
direction. 
ZEE ' ( I -cos9)  
E - E '  

Vµ and Vµ come from the decays K + µv and TI + µv whereas Ve and Ve 
come mainly from the K + rrev decays . The final lepton may be a neu­
tral lepton (V , V ,  Ve , V )  or a charged lepton (µ- , µ+ , e- , e+) .  
According to t�e c�arge ofe the final lepton, there are 2 types of 
interactions 

- �harged current interaction 
- neutral current interaction 



only CC,  SCC and SNC processes corresponding to these configurations 

v .  ]. 
ta:rget 

vw vµ 
p ,  n 

will be discussed . (NC process and purely leptonic process will be re­
viewed in a separate report) . Reactions induced by electronic neutrino 
V , V have been purposely omitted s ince the V , Ve fluxes coming 
ffom Ke3 decays are very low, of the order of ro-2 to 10-3 compared 
to Vµ , Vµ f luxes) . 

The final state may be defined by 2 variables : 

quantities which are measured directly in the labora­
tory system : 8 and E '  
quantities which are invariant 

q2 = (p - p ) 2 v µ 2 2 2 v =-pq/M ( o r  W =-q +M +2MV)1 M=Nu c l e o n  mas s 
- dimensionless quantities 

or 

q2 / 2M 
v/E 
q2 / (2M 
v/E 

(or p 
+ M2 ) 

E ' /E) 

( or p = E ' / E )  

Total and differential cross  sections will  b e  discussed i n  terms of 
of (x ,  y) variables or (x' , y) variables . 

Experimental conditions 

The exp_erimental conditions of Gargamelle  neutrino ex­
periment are summarized below 

i) Gargamelle 

ii) Beam 

cylindrical chamber : length L 4 , 8 m 
diameter � =  1 , 85 m 

Magnetic field B = 20 KG 
Liquid : freon CF 3Br (radiation length Xo 

visible volume 7 m3 
fiducial volume 3 m3 

1 1  cm) 

Focussed wide band vµ and Vµ beam at the CERN 
proton-synchrotron 
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iii) Energy resolution 

(LIEµIEµ) 8% 
( Liv/ v) I 5% 

2 .  "Charged current" interactions (CC) (Strangeness S 0) 

2 . I  - Total cross sections 

Reactions 

v + N + µ + hadrons 
_µ + vµ 

+ N + µ + hadrons 

where N is a nucleon (neutron or proton) have been stu-
died. 

The analysis of total and differential cross sections 
for charged current interactions have been made on the basis of 
2656 v events and I062 \i events with total energy larger than 
I GeV (Ev, \) > I GeV) and longitudinal momentum larger than 0 . 6  GeV/c (PL > 0. 6 GeV /c) 

Results on vµ and Vµ t�tal cross se,:tions and their 
ratio (Ref . 2, 3, 5) have been summarized in table 1 .  

Table I 

Total cross sections av , 
av 

av = {0 . 76 ± 0 .02) E I0-3 8 cm2/nucleon (E > GeV) 
OV1f= 3 8  { O .  7 4  ± 0 .03) E IO  cm2 /nucleon (E < 5 GeV) 

CJ�= (0. 77 ± O. I O) E I 0- 3 8 cm2/nucleon (E > 8 GeV) 
av = (0. 28 ± O . O I )  E IO- , 8 cm2 /nucleon (E > GeV) 

Ratio av/ av 
o\i/ov 0 . 38 ± 0 .02 (E > 2 GeV) 

These data· lead to the following conclusions : 

i) the Vµ and Vµ total cross sections in the energy range 
I - I O  GeV are compatible with the Bj orken scaling �rediction (t.he sca­
le . invariance for structure functions implies c;V• = av v Ev v where 
a is a constant) E + � ' 



ii) As we know, V from n decays and V from K decays corres­
PBnd respectively to Ev < 5 GeV and Ev > 8 GeV. The two slopes of a n and aVK are compatible and we thus conclude than we do not obser­
ve any difference between V from n and V from K total cross sec­
tions . 

iii) The ratio of total cross  sections av/av is near the phy­
s ical boundary , 1 / 3 ,  implying that the left helicity is dominant in 
the neutrino proces s  and longitudinal contribution to the cross  sec­
tion is negligible as compared with the transverse contribution. This 
result is compatible with the parton model with a spin 1 / 2  for point­
like constituent . (if we assume AS = 1 contribution is negligiJ!.levand 
charge symmetry for weak hadronic process ,  one can shgw 1 /3 < aV/a �3) 

2 . 2 .  Structure functions 

i) Differential cross sections in the scaling region 

The double differential cross sections in the scaling re­
gion, neglecting the liS = I contribution is given by 

d2aV ,V G2ME { _:i!:_ -- = --�- ( I  · - y) F 2 (x) + 
2 

2 x F l (x) :!: 
dxdy " 

y ( 1  - �) x F3 (x)� 
By assuming the Callan-Gross  relation 2 x F 1 (x) = F2 (x) (relation 
which is supported by electron and neutrino scattering data) , the s truc­
ture functions F2 (x) and xF3 (x) are calculated and shown in figure 
l a .  Fig. lb shows the y distributions . 

Our data are in agreement with the SLAG results and com­
patible with the scaling hypothesis in inelastic neutrino reactions 
within errors of order of 1 0-20% . 

ii) Differential cross sections without scaling cuts 

Since the scaling behaviour seems to hold down to low va­
lues of E and q2 , distributions in terms of x' = q2· /  (2Mv+ M2 ) and 
y = V/E have also been calculated. Consequently , new s tructure func­
ti_ons ,F,. (x' ) ,  F4 (x' ) ,  Fj Li. )  were arbit;!_arily defined .Fig. 2 gives 
F2 � ,E) and Fig.  3 shows Fz (x ' )  and x ' F3 (x ' ) .  The shape and magnitude 
of..!.2 (x ' )  is independent of E and is in agreement with the SLAG data. 
x ' F3 (x ' )  is compared to calculations based on fits of quark parton 
models to the electron scattering data.  

Distributions in y for V. and v events are shown in figure 
4 for different energies . At low energy , the main contribution is due 
to elastic events ,  but as the energy increases , the v distribution 
becomes flat whereas the V one varies rougly as ( 1 -y) 2 • 
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2 . 3 .  Sum rules 

Results obtained from electron and neutrino experiments 
required spin 1 / 2 for point-like consti tuents , allowing a direct com­
parison of the experimental data with the quark parton model . In terms 
of the Bloom-Gilman variable x' = q2 / (2MV + M2 ) ,  structure functions 
F2VN (x ' )  and F3vN (x ' )  have been calculated (Ref . 4) and if we assume 
that they represent the high energy asymptotic region , we find the fol­
lowing results : 

Sum rules per nucleon in 
freon CF3Br 

f r;_,,N ot)'\jf �eN�><'  
(Llewellyn-Smith) 

s '3vN(1<'J ol.>'' 
(Gross/Llewellyn-Smith) 

.:!!. t � .. -· - � ...... �) 
c;. 2, IA. '1.2. 

(Adler) 

Experiment Theory 

3 . 6  + - 0 . 3  3 . 6  
(quark model) 

3 . 2  + - 0 . 6  2 .  94 
(SU3) 

< 0 . 3  0 .08 
(SU3) 

We conclude that our data are in good agreement with the 
Llewellyn-Smith and Gross/Llewellyn-Smith sum rules and we find no de­
tectable deviations from the Adler sum rule for the 1 - 1 0  GeV energy 
range . 

3. Charged current and neutral current interactions (SCC, SNC) 
(strangeness . S # 0) 

The usual quark model constructed on the basis of a tri­
plet ( A ,n, p) of SU3 can not at the present time be reconcilled with 
any gauge theory. In particular, it would induce a changing strangeness 
neutral hadronic current with a rate of the same order as charged cur­
rent incompatible with the experimental data . Following Glashow, Ilio­
poulos and Maiani (Ref . 6) it should be necessary to add a fourth quark C 



with a new quantum number called "charm" introducing thus a new cur­
rent 

C (-nsin e + A cos 8 )  

This current i s  the orthogonal combination o f  the one in 
the Cabbibo charged current 

p (ncos 8 + A sin 8 )  

where 8 is the Cabbibo angle . Therefore,  charmed particles , if they 
do exist ,  could be produced for example by V , V reactions and could 
decay predominantly into strange particles via hadronic or semi-lep­
tonic modes (Ref . 7) . In order to search for charmed particles ,  we 
have made on the one hand a study of "strange particle" production and 
on the other hand an analysis of "muon-electron" pairs observed and 
associated to strange particles in the V ,  V reactions . 

(SCC) 

(SNC) 

3 . 1 .  S trange Particle Production 

We present 

v (v) + N 

v (v) + N 

here a 
- + µ (µ ) 

_,. v (v) 

study of the reactions 

+ hadrons + "S" ( 1 )  

+ hadrons + "S" (2) 

where "S" represents one or two strange particles . Reactions ( 1 )  and 
(2) are called SCC and SNC referring respectively to strange particle 
production in charged current and neutral current events . Charged cur­
rent evP.nts are signed by the presence of at least one muon candidate 
and neutral current events by the absence of any possible muon .  

In a LIS = 0 
observed. According to the 
allowed in V reaction (6S 
allowed in V reaction (6S = 

reaction a KK pair or a KY pair should be 
6S = 6Q rule single production of K is 
+ 1 )  and single production of K or Y is 
- 1 ) : 

LIS = 0 associated production 68 = 1 LIS = - 1  
(V and v reactions) (V reactions) <v reactions) 

+ - ... - + K K ,  K K0 K K 

K°K - KOKO Ko Ao 
' 

K+A0 , K+L0 , - ,+ 0 , - ,+  l: 
KoAo , KOL O ,- ,+  

313 



314 

Due to the experimental conditions , the probability of 
detecting and identifying K- , I;± and I: 0  i s  very small ,  so the event se­
lection has been performed only on the reactions involving a K+ , Ks or 
A0 • Furthermore to ensure a good detection efficiency , Ks and A0 have 
been selected by charged decay modes (Kg + TI+TI- , A0 + pTI-) and K+ have 
been identified by the K 2 and Kµ2 decays at res t .  The numbers of the 
selected events are dispiayed in table 2 using a fiducial volume of 
3 m3 and after applying the following criteria : 

i) K0 and A0 time of flight smaller than three life-
times , 

ii) total visible energy Ev v � I GeV, 
i i i) longitudinal momentum along the v beam 

PL > 0 . 6  GeV/c (only for strange charged current events) . 

TABLE 2 

INCIDENT 
Kt FLUX Ao Ko (Ko ) AOKO A°K+ K+K0 K° i.(o 

<E'>IGeV) v sec 8 . 677  28 1 3  1 5  I I I  0 0 

( 6 1 29 -

events)  SNC x 1 0 1 4  7 3 3 0 2 0 I 

v sec 9 . 1 34 22 6 2 3 3 0 0 

(2430 � 
events ) SNC x 1 01 4  I 0 I I 0 0 0 

TOTAL 

68 

1 6  

36 

3 

In most of the cases the V0 are classified easily as 
a Ks or a A0 by identifying the positive track . Nevertheless there re­
main 1 3  ambiguous K0/A0 inV sample and 6 in V sample.  1 3  of them are 
classified as A0 and 6 as K0 by choosing the best mass fit .  In figure 
5 are shown the energy distributions of both v and v events . 

In order to calculate production cross-sections we ha­
ve to take into account the corrections for 

i) loss of A0 and K0 neutral decays , 
ii) nuclear absorption effects , 

iii) A0 , K0 and K+ detection probability. 



The probabili ty of A 0 absorption inside the nucleus is 
estimated to be (5 ± 5)% using a Mont e-Carlo calculation, whereas the 
K0 absorption has been neglected . 

The main loss of K0 or A0 is essentially due to very 
short decay lengths . From the observed life-time distributions , the 
A0 and K0 detection probabilities are respectively estimated to be 
PA0 - = (85 ± 3)% and PKo+ +n- = ( 75 t 8 ) % .  + pTI S TI 

From the observed number of A0 , A°K+ and A°K0 assuming 
no 6S = - 1  inVreactioft$, the K+ observation probability is estimated to 
be 0 . 3 1  ± 0 .09 .  This value is in good agreement with the one deduced 
from the comparison of the observed K0 and K+ momentum spectra . 

We also calculated the background of associated pro­
duction by hadrons interacting inside the nucleus using the same 
Monte Carlo technique . This gives a maximum of 1 5% of "b'ents in V re­
actions and 8% of events in � reactions which have toystbtracted from 
the observed numbers of events corrected for detection efficiency . 

Due to the lack of K and E detection , this experiment 
gives only a lower limit for 6S 0 production and an upper limit for 
6S = I production in V reaction 

R� =cr �cc (6s 

R� =cr�cc<M 
v O) /crcc � 0 . 6% at 90% CL 
v 

I ) /crcc � 2 . 4% at 90% CL 

In addition, the values of Ro and R 1 for the ratio (SCC/CC) in v ,  v 
reactions and their correlations have been given in figures 6 and 7 ,  
calculated by a maximum likelihood method . In V reaction� "6S = O" 
refers to observed associated production (K0Y0 , K+Y0 , K°K , K+K0 ) and 
" l .6S I = I "  refers to ·the upper limit corresponding to s ingle K+ or K0 
production. On the other hand , in \i r.1=actions "6S = O" refers to ob­
served associated production (K0Y0 , K Y0 , K0KW ,  K+�) and possible as­
sociated production (K+ or K0 associated to non observed K- or Y1) 
whereas " l 6s l = I "  refers only to single A0 and E0 production. 

In order to estimate the ratio SNC/SCC , we required 
that a SCC event contain one and only one muon candidate.  After sub­
tracting events with a hadronic energy less than I GeV and events ha­
ving more than one muon candidate , there remain 48 events in v and 
1 1  events in v for the normalization : 

SNC sec 
events events 

v 1 6  48 

v 3 1 1  
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The background of SNC events in V sample due to neutron 
or KL is estimated to be 3 events .  Since the �S = 0 contribution can not 
be separated correctly from the �S = I ,  we give only the result 
(SNC/SCC) for both contributions 

M = O + M =  (SNC ) sec; v 
0 . 29 ± 0 . 1 4  

3 . 2  Search for "charmed" particles 

Reactions -Vµ + N + µ + hadrons + c 
L e+v + (S  e 

+ µ + + hadrons + c Vµ + N 

L e-V + (S  e 

- I state) 

+ I state) 

have been studied . 

As pointed out in our previous pap,er (2) electrons in 
Gargamelle are unambiguously distinguished from other tracks and very 
well identified , the decay modes (charmed particles are expected to 
obey a �C = �Q rule) 

+ (S state) c + e + v + - I e 
c + e + v + (S + I state) e 

should be efficiently picked up at the scanning s t,•ge . 

A special scan was carried out and charged current 
events ( s igned by the presence of a muon) with an identified electron 
(negative, positive or ambiguous charge) were selected . 

v 

-
v 

The results are summarized in the table below 

Photographs 

2 , 22 . 105 

6 , 5  • 1 05 

Charged 
ctirrent events 

(E > I GeV) 

6 108 

8700 

1 1Charmed11 
Candidate 

I 

0 



The "Charmed" candidate found in v sample is of type µ-e+ (K0 //(0 ) 
TI-3p2n with a visible energy of 3 . 1 5  GeV. 

The probability that the candidate found in the v 
film is due to an asymmetric Dalitz pair or a V events is estimated 
to be respectively 2 . 1 0- 3 and 0 . 5 . 1 0- 3 •  e 

As the threshold for charmed na rticle production is  
unknown, the upper l imit with 90% of confidence to the charged current 
cross section is given (figure 8) as a function of energy E and hadro­
nic invariant mass squared W2 • 

The An invariant mas s  in the v film has been calcula­
ted and is shown in figure 9. There is no evidence for an enhancement 
below a mass of 2 . 5  GeV/c2 which is about the maximum mas s  which can 
be produced in the experiment . 

I am indebted to Dr M. Haguenauer for very useful discussions . 
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RECENT NEUTRAL CURRENT EXPERIMENTS 
IN THE FERMILAB NARROW BAND BEAM 

FRANK S .  MERRITT 
California Institute of Technology 

Pasadena, California 91125 (USA) 

Abstract :  Neutral current measurements obtained by the Caltech­
Fermilab neutrino experiment during the past year are reviewed . 
Preliminary results are presented from the most recent experiment, 
in which hadron energy distributions of neutral current events were 
measured in both v and � narrow band beams . The measured 
distributions are compared to the distributions expected from V-A, 
V+A, and scalar or pseudoscalar couplings . Dominant S and P 
couplings are inconsistent with the data, as is dominant V+A . Very 
preliminary comparisons show no inconsistency with some combination 
of V-A and V+A couplings . 

Resume : On passe en revue les mesures de courants neutres obtenues 
l ' an dernier au cours de l ' experience sur les neutrinos du Caltech­
Fermilab . On presente les resultats preliminaires de l ' experience 
la plus recente au cours de laquelle la distribution en energie des 
hadrons dans les evenements correspondant a des courants neutres a 
ete mesuree a partir de faisceaux a bandes etroites de neutrinos 
et d ' antineutrino s .  Les distributi-0ns mesurees sont comparees aux 
distributions prevues par la theorie des interactions scalaire, 
pseudoscalaire, V-A et V+A . Les couplages dominants S ou P sont 
incompatibles avec l ' experience, de meme que V+A. Des comparaisons 
tres preliminaires ne montrent aucune incompatibilite dans le cas 
d ' un melange determine de couplages V+A et V-A . 
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Until about two years ago, the Fenni theory accounted for all  the 

major experimental features of the weak interaction .  It  was known tha t the 

theory would have to be modified at high energy, but the first radical ex-

perimental disagreement with the theory came with the discovery of neutral 

current neutrino events: 
Gauge theories (in particular, the Weinberg theory2) have pre-

dieted that neutral current (NC) events of the kind 

v(v) + N - v(�) + hadrons ( 1 )  

exist in  addition to  the charged current (CC ) interactions 

(2)  

Both kinds of  interaction are expected to show scaling behavior at high 

energy, and are described in tenns of the scaling variables defined in 

Figure 1 .  The observed level o f  NC events i s  consistent with gauge theory 

predictions . However, there have been some preliminary experimental 

v µ v. vf l. 

w+ q p - Pµ- q p - Pv v z V .  0 l. 
Ehad = 

qo = v 
2 x -q /�v _...... 

Hadrons V/EV 
Hadrons y 

(a) (b) 

Figure 1 
indications that neutral current events may not confonn in detail to 

theoretical predictions based on V and A couplings3, and there has been 

theoretical speculation4 that neutral currents might couple through the 

helicity-flipping couplings scalar (S ) ,  pseudoscaler (P) , and tensor (T)  

f 

rather than through the helicity-conserving V and A .  Such couplings would 

imply that the neutral current phenomenon is unrelated to the usual gauge 

model s .  Although experiments are difficult to perfonn and to analyze since 

neither the incident nor final-state lepton is directly observable, more 



experimental infonnation is clearly needed to detennine the structure,_ as 

well as the magnitude, of the coupling . 

The Caltech-Fennilab experiment has carried out two major runs to 

investigate neutral currents .  The first ,  in February 19 74, was exploratory 

in nature and aimed at confinning the existence of neutral currents . The 

results of that run have recently been published5 and I will review it only 

briefly . The second run was carried out last September to measure the 

hadron energy distributions of NC events and to extract constraints of the 

possible types of coupling . The analysis of this data is still in an early 

stage, and I will only be presenting preliminary results . 

In the first experiment, the Fennilab narrow band beam was tuned 

to 140 Gev to produce a neutrino spectrum composed of two energy bands 

centered at 45 and 125 Gev . Data was taken with both neutrino and anti­

neutrino beams . A wide-band background component, coming from decays oc-

curing before the beam was momentum selected , was separately measured by 

running the experiment with the momentum slit closed . 

Neutrino interactions were observed in a target-calorimeter 

approximately 50 feet in length and 5 x 5 feet in transverse dimensions . 

It consisted mainly of steel plates with a liquid scintillation counter 

after every 10 cm of steel (1 collision length) ; altogether, there were 70 

counters and 140 tons of stee l .  When a neutrino interacted in the steel, 

the resulting hadron shower typically penetrated through 4 to 14 counters , 

depending on the energy o f  the shower.  The signals from the counters were 

stnmned to measure the total energy of the shower . The resolution in hadron 

energy varied approximately as l/� Eha� ' and ranged from � 10% at 150 Gev 

to � 35 % at 12 Gev . A spark chamber was placed after every second counter 

to measure the transverse position of the interaction and to track the final­

state muon produced in CC events .  

The apparatus was triggered by a total measured energy deposition 

in the calorimeter of > 6 Gev, in coincidence with a penetration of charged 

particles through at least 2 - 4 counters . All good events were further 
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required to have a vertex at least five inches from the edges of the appara -

tus . 

Charged current events are characterized by the presence of a very 

penetrating particle (the muon) in the final sta te .  NC events were 

distinguished from CC events ,  then, by their penetration P, defined as the 

number of collision lengths· of steel (measured by the counters) traversed 

by the most penetrating charged particle produced in the interaction. Since 

the final -·state neutrinos in NC evenr:s give no signal ,  the penetration for 

such events is just the range of the hadron shower and was generally � 10-12 

counters . For CC events , P wa s general ly the distance travelled by the 

muon before it left the apparatus through the sides or end (relatively few 

muons actually ranged out in the apparatus ) .  

Neutral currents ,  therefore, should appear as  an excess of events 

in the short-penetration region P < 14.  Figures ( 2a )  and ( 2b) are the 

experimental distributions in penetration for v and v events , respectively6 

The smooth curves ,  normalized to all events with P 2c 14, represent the 

distributions expected from CC events alone . The excess of the data over 

the curve in the large peaks centered at P � 9 is interpreted as a neutra l 

current s igna 1 .  

Backgrounds due to cosmic rays , electron neutrinos ,  and neutrons 
5 

were small .  The only major background source was from CC  events with wide-

angle muons (and hence short penetration) . The extrapolation of the pene-

tration curves for CC events shown in Figure 2 is based on a Monte-Carlo 

which uses the measured narrow band spectrum and assumes Bjorken scaling, 

the SLAC nucleon structure functions , and a V-A coupling with negligible 

antiquark component in the nucleon . These assumptions are consistent with 

previous measurements of CC data� The extrapolation from large P to small  

P is not sensitive to  devia tions from these assumptions, so  long as  the 

deviations don ' t  violate existing CC data . 

In fact,  conservation of energy and momentum requires that wide-
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angle muons cannot have very high energy, since the hadron shower must have 

enough energy to balance transverse and longitudinal momentum. For example , 

a SO Gev interaction with 9µ 2'. 200 mrad must have Ehad 2'. 25 Gev. This 

means that <Ehad> should increase as we move from the large P region 

(small e) to the small P region ( large e),  as illustrated by the Ehad 

distributions of CC events in Figures ( 3a )  and (3b) . As we move down from 

the intermediate P region of Figure (3b) to the short-penetration region 

of Figure (3c ) ,  the Ehad distribution should continue to shift upward in 

energy as indicated by the Monte-Carlo curve . But the hadron energy 

distribution of the data , in fact ,  looks similar to the CC data of Figure 

(3a ) ,  and not at all like the CC background curve in Figure (3c) . 

The low-energy events in the short-P region cannot be due to 

high-energy CC events, therefore, and since the experiment was performed 

in a narrow band beam the number of low-energy neutrinos is much too small 

to account for them . They also, of course, can ' t  be v + N - hadrons, 

s ince the hadron energy would then have to equal the beam energy . In fact, 

the existence of these low-energy, short-length events shows that un-

observed energy i s  being transported out of the steel apparatus, and 

s trongly indicates the presence of a non-interacting neutral particle in 

the final state, as  expected from interaction (1) .  
h . v, v1 v, v To obtain t e ratios crNC ace , it is necessary to extra-

polate the measured NC hadron energy distributions to Ehad = O .  However, 

the shape of the d cr distribution strongly affects the result of this extra­cry 
polation . The unextrapolated ratios we obtained were . 22 for v and . 33 

for v, but the extrapolated ratios could differ by nearly a factor of 2 

depending on the dcr/dy shape assumed . 

But of equal importance with the actual magnitude of the neutral 

current cross-section is the question of the structure of the neutral 

current coupling . If we assume scaling of the hadron vertex and for the 

moment ignore possible propagator effects due to a low mass z0, then the 

most general form for the NC differential cross-section is 
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G� 2 2 -1(- [ � + ct (l-y) + yy J 

(4) 

(This relation between \I and \I cross-sections does not depend on charge 

symmetry argtnnents ,  but only on the henniticity of the neutral current . )  

I f  the coupling i s  V-A (as for CC interactions ) ,  then the ct tenn will 

dominate for both v and v interactions, with perhaps a small  admixture of 

� - I f  the coupling is V+A, then the � tenn will dominate, with perhaps a 

small admixture of ct (in the parton model ,  these small admixtures 

correspond to scattering off antipartons) . On the other hand, a dominant 

S or P coupling would produce a y, or y2, distribution for both v and v. 4, 7 

In general,  it is not possible to detennine the coupling uniquely from 

the y-distribution alone . In fact,  a combination of the helicity flipping 

couplings P, S ,  and T can conspire in such a way as  to mimic any combination 

of V and A. However, it is pos sible to see if the y distributions are 

consistent with the ct and � distributions expected from V and A; if any 

positive y component is observed the helicity- flipping components P, s ,  or T 

are involved .  

Since Ehad = y · Ev' these different y distributions will produce 

correspondingly different Ehad distributions in a narrow band beam . In 

order to exploit the advantages of this beam, we carried out the second 

run in September to measure the Ehad distributions of NC events , and so to 

obtain constraints on NC coupling schemes and to better measure the 
v ,ii1 v ,ii 

crNC crcc ratio s .  

In preparation for this run, we made several changes i n  the 

apparatus and beam . Since Ehad is the only kinematical variable measured 

in NC interactions , we made extensive studies of the calibration and res-

elution of the target-calorimeter using a scaled-down test calorimeter . 

An improved monitoring system was set up to systematically monitor the 



counters during the run . To reduce the pos sibility of bia s against very 

low-penetration NC events ,  the trigger was altered to require a minimal 

penetration of only 2 counters (this necessitated a slight increase in the 

trigger threshold to avoid increasing the cosmic ray trigger rate) . 

To better measure the wide-band background component in the beam, 

we ran for a considerable time with the momentum slit  closed . The 

distributions measured during this closed-slit  running were normalized to 

the open-slit running and subtracted from the open- slit distributions . 

This eliminated low-energy events (both CC and ,NC ) ,  so the resulting 

distributions reflect a pure narrow band spectrum. 

The efficiency for detecting the muon produced in CC events is 

better for high-energy events ,  and the relative resolution in measured 

hadron energy is also better . We therefore ran the hadron beam at 1 70 

Gev, somewha t  higher than in the preceeding run . To further enhance the 

relative number of high-energy events, we steered the beam away from the 

center of the apparatus during part of the running . Since the pion 

neutrinos (� SO Gev) are much more collimated than the kaon neutrinos 

(� lSO Gev ) ,  this decreased the s ize of the low-energy band without sub­

stantially a ffecting the high-energy band . 

In analyzing the data , we have applied a fiducial cut on the 

vertex of a ll interactions and only used events with a to tal energy depos­

ition in the calorimeter of Ehad � 12 Gev. Cosmic ray and wide-band back­

grounds were measured during the run and have already been substracted from 

all distributions . 

Figure 4 shows the penetration curve obtained for neutrino events 

(both CC and NC) ,  and again the NC peak is evident . To extract the hadron 

energy distribution of the NC events we have divided the data into two 

penetration regions, P s 14 counters and P > 14, and have plotted the 

Ehad distributions in Figures (Sa )  and (Sb) . The high-penetration region 

(Figure (Sa ) )  contains most  of the CC events, while the low-P region 
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(Figure (Sb) ) contains essentially all the NC events plus CC events 

with wide-angle muons . The smooth curves in both figures are the cal-

culated distributions expected from CC events . 

In Figure (Sc) we have subtracted the calculated CC curve in 

Figure (Sb) from the short-P data in that figure to obtain the NC hadron 

energy distribution . The three curves shown are the distributions cal-
d cr culated for dy = flat ,  (l-y) 2, and y2, corresponding to the a, �' and 

y components for neutrinos in Equation (3) . All three curves are nor-

malized to the data above Ehad = 12 Gev. The flat y distribution (a) 

looks most like the data . 

The types of coupling can more easily be distinguished when 

correlations in magnitude, as well  as shape, of the neutrino and anti-

neutrino NC signals are considered . Equation (3 )  allows us to predict 

both the shape and magnitude of the v NC distributions corresponding to 

the shape and magnitude of the three curves fitted to the v data in 

Figure (Sc ) .  For example , if an a distribution is as sumed, Equation (3) 

integrated over y shows that the total number of v NC events should be 

1/3 the number of v NC events ( for equal v and V fluxes) . But if a � 

distribution is a ssumed, there should be 3 times as many � as v NC 

events . The mea sured number of CC events recorded ln the v and v runs , 
6 

together with the previously measured CC total cross- sections , gives the 

relative normalization of the v and v fluxes . 

The three curves predicted in this manner from the a, �' y curves 

of Figure (Sc )  are compared to the Ehad distributions of v NC events in 

Figure (6) . A dominant y distribution is clearly inconsistent with the 

data, as is dominant � ;  a combination of a and � (with more a than �) 

will fit the data . We cannot ,  of course, rule out the presence of some 

y component . We can conclude a t  this point, however ,  that we are not 

consistent with dominant scalar and pseudoscalar couplings ,  but are con-

sistent with a combination of V and A .  
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The calculation of the 

total cross-section ratios 

R v , v/ v , v  
v ,v = crNC ace depends 

s trongly on the shape assumed 

for the Ehad distributions , 

s ince the fitted curves must be 

extrapolated below the cut at 

Ehad = 12 Gev . The table below 

lists the "raw" unextrapolated 

ratios obtained by assuming 

each of the three shapes consid-

ered.  The top line uses the a, 
�' y distributions normalized 

to the v NC data to obtain extrapolated values of Rv ; the second line gives 

the corresponding ratios for v (normalized to the v data ) ,  and the third 

line gives, for comparison, the values predicted from the corresponding Rv and 

equation (3 ) . The predicted value is low if pure a is assumed and very high 

"Raw" Extrapolated 

EhaC1 2  Pure Pure Pure a 13 y 
Rv . 21 . 23 . 3 7  . 18 

R-v .43 .50 . 31 . 24 

Rv (predicted) . 23 3 . 33 .54 

if pure 13 is  assumed . If the coupling is in fact a combination of V-A and 

V+A, the actual values of Rv , v should lie between the limits of pure a and 

pure 13 given in the table (probably closer to a than to 13) . This range of 

values is in general agreement with the Gargamelle ratios of Rv . 22 ± .03 

and R­v .43 ± . 12? and is also consistent with the predictions of the 

Weinberg model .  

Our conclusions a t  this stage are more qualifative than 
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quantitative, however, and several sources of possiCble error must be studied 

before a meaningful fit can be made to the values of a, �' and y that best 

represent the data . For example, we have assumed i�n the calculation that 

CC events couple through pure V-A with no antiquark component in the 

nucleon. If this assumption is relaxed, both the subtraction of CC events 

in the low-penetration region and the extrapolation of the Ehad 
distributions to low hadron energy are altered, and the Rii ratios can be 

increased by as much as 20% of the values listed above (the effect on R\J 
is much smaller) .  The CC interactions must be studied in greater detail 

to determine how much antiquark component can be tolerated and to check 

the extrapolation in Ehad " 
Another effect that must  be investigated i s  the possible energy 

dependence of the NC total cross-section . This analysis has assumed a 

linearly rising cross-section for neutral currents ,, and the agreement 

between the R\J , \i. range indicated by the table and the Gargamelle measure­

ments provides some support for this assumption . To make an independent 

measurement of the energy dependence, we have steered the beam at different 

angles relative to the apparatus, thereby varying the relative sizes of the 

low-energy and high-energy bands . By comparing the NC/CC ratios at 

different steering angles and by studying how the g
had distributions change 

as a function of angle, we hope to obtain a better measure of the E\J 
dependence and perhaps to better measure the shape of the y distributions . 

The analysis is still in a fairly early stage, then, and several 

corrections will need to be made . Our most important conclusion at this 

point is that strongly dominant scalar and pseudoscalar (and a lso V+A) 

couplings do not agree with the data . This effect is too large to be 

substantially affected by future corrections . 
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ABSTRACT 

The evidence for weak neutral currents is analysed in semileptonic 
reactions with special emphasis in their Lorentz and internal symmetry 
structure . It is found that present observations are consistent with 
the expectations of gauge theories , but other pos sibilities can not be 
ruled out . Of particular interest in this respect is the presence of a 
large isoscalar component . The excitation of the Li-resonance by neutral 
currents is analysed and pion-nucleon mass distributions are presented . 
Charge asymmetries sensitive to isoscalar-isovector interferences are 
discussed . 

RESUME 

L 1 evidence pour d e s  c ourants neutres fai b l e s  e s t  analyse dans d e s  
reacti ons semi-leptoniques e n  soulignant l e u r  structure de Lorentz et 
e n  sym6t r i e  inte rne . On trouve que l e s  observations actue l l e s  sont com­

pat ible s avec ce qu 1 on attend des th€ o r i e s  de gauge , mai s  on ne peut 6 l i ­
miner d ' autres p o s s i b i li t€ s . L a  pr8s enc e d ' une grande c omposante i s o s c a­

laire e s t  d ' un intere t part i cu l i e r  a ce propo s . L ' exc itat i on de la r 8 s onanc e 

b par de s c ourants neutres e s t  ana lysee et on pre s e nte d e s  d i s tributions 
de mas s e  pi on-nu c l e o n .  On d i s cute des asyme t r i e s  de charge s ensibles aux 
interf8renc e s  i so s c a l a i r e - i s ovecteur . 
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INTRODUCTION 

The revived interest in neutral currents arose with the possibility of 
1 

constructing a renormalizable theory of weak interactions . This interest 
2 , 3  

was further enhanced b y  their discovery ·and subsequent confirmation in 
4-7 

numerous neutrino experiments .  The present activity i s  partly motivated 

by the implications that this discovery has for other problems of high 

energy physics .  It is believed that neutral currents play a crucial role in 

developing a finite and unified gauge theory of weak and electromagnetic 

interactions . It is also believed that they are intimately connected with 

the existence of new quantum numbers and consequently new hadronic states.  

The arguments leading to such conclusions have been discussed elsewhere and 

we review them very briefly . 

In gauge theories the bad high energy behavior of tree graphs must be 

cancelled by other graphs .  For example, to lowest order in perturbation 

theory the cross section for 'the production of zero hel:\,city W ' s  in pro-

cesses like 

v + v 

e + e 

grows with the square of the c .m. energy and violates unitarity . Unitarity 

is restored by introducing other graphs whose role is to cancel the bad high 

energy behavior. The new graphs have either s-cha.nnel poles , which require 

neutral currents ,  or t-channel poles , which require heavy leptons . 

The extension of these arguments to semileptonic reactions must satisfy 

additional constraints .  It i s  observed that 

(5 ± 2 ) x 10-6 ( 1 )  

(2 )  

which imply that strangness changing neutral currents are greatly suppressed 

(at least at low energies ) .  To account for this suppression , but still 

8 



allow for L'S = 0 neutral currents ,  several schemes have been devised which 

invariably introduce new quantum numbers . They , in turn , require a new 

stratum of hadronic states carrying new quantum numbers . An elegant solu-
9 

tion by Glashow ,  Iliopoulos and Maiani introduces a fourth quark carrying 

charm. In this scheme , there are two left handed multiplets 

(3 )  

where nc = ncosec + AsinBc ' Ac = -nsinBc + Acosec , p ,  n ,  A are the conven­

tional quarks and p ' is a new quark carrying charm. The neutral current 

operator is 

(4)  

with T3 being the third component of the isospin operator, Q the charge 

operator and sinGW a mixing parameter . To lowest order the scheme gives 

only f'S = 0 neutral currents .  In higher orders it suppresses induced f'S = 

1 and 2 neutral current effects .  The model also leads to a rich phenomen-

ology which is now enjoying a good deal of attention since experiment is 

close to providing decisive tests .  

Of basic importance to the above topics is  the existence and nature 

of neutral currents .  The first issue ,  concerning their existence ,  has been 

settled by the overwhelming evidence shown in Tables I and II.  The next 

issue concerns their nature. To be precise ,  we would like to know 

(a) The Lorentz structure of neutral currents .  Are they vector and axial 

or scalar , pseudoscalar and/or tensor? 

( �) The internal symmetry structure. Do they have components which can 

be classified within SU(3) or are there also new components?  

In dealing with these issues we are fortunate because there are two 

separate kinematic regions where we know a good deal about the charged-weak 

and electromagnetic matrix elements .  In the deep inelastic region we have 

a scaling law and an explicit parton model both of which have been success-
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ful in interpreting experiments .  This region provides information concern-

ing the Lorentz structure .  In the low energy region , on the other hand , 

there is the il(l236) resonance ,  whose excitation by conventional currents 

is well understood" Consequently , a detailed study of its excitation by 

neutral currents might provide relevant information concerning their iso-

spin structure. 

In the next few sections we study properties of the neutral currents 

with emphasis on their space-time and isospin s tructure . 

SPACE-TIME STRUCTURE OF CURRENTS 

The general local neutral current interaction between neutrinos and 

hadrons assuming T- invariance and left-handed incident neutrinos has the 

form 

(5)  
where S , P ,Vµ ,Aµ , TµA. are scalar , pseudoscalar , vector , axial-vector and 

t ensor hadronic currents .  They are hermitean and have a general internal 

symmetry structure which is not shown explicitly .  G is the Fermi coupling 

constant . In calculating cross sections we observe that there are no 

interference terms between the (V,A) and (S ,P ,T) interactions because the 

former do not flip the neutrino helicities , while (S ,P ,T) couplings do so. 

We can thus discuss separately the contributions from the two classes and 

look for differences which can distinguish between them. One obviously can 

discuss specific channels , but the inclusive reactions on matter 

V ( V) + N v(v) + X (6 )  

are the easiest to  be measured and we  concentrate on them. It is also con-

venient to extend the Bjorken scaling phenomenon to the (S ,P ,T )  currents 
10 

and obtain the double differential cross section in the scaling limit 



v ,v 2 i 2 d
d
a

d 
= G ME xy (F +F ]+4xy(2-y) (FST+FPT J X y !( SS pp -

2 1 2 2 2  3 2 4 /  + 4 [x ( 2-y) FTT + 4 (1-y ) FTT -2x y FTT + 2xy FTT J \ ( 7 )  

Here x = Q2 /2MV, y = V/E and Fij a F . . a(x) are the scaling limits of the 1-J 
structure functions bilinear in the currents i and j and the superscipt 

a is used in order to distinguish the different contributions of the tensor 

terms . For comparison we give the corresponding cros s  section for the (V ,A) 

combination 

(8)  

where the superscript bar emphasizes that we allow for an arbitrary admix-

ture of V and A currents . 

Remarks :  1 )  In the absence o f  I-couplings and for any admixture o f  S- and 
1 1 ,  12 

P-couplings 

G�E 2 = --!(- y 
1 J x (F88 (x) + F

PP
(x) ]dx 

0 
(9)  

The rise of the cross sections with y2 is a unique signature of S and P 
13 

interactions . The results presented by the CIT-FNAL group indicate 

that this possib il ity is already ruled out. The equality of the two cross 

sections is another testable property. Tab le I gives the world ' s  compila-
14 

tion of data on inclusive neutral current reactions . The Gargamelle data 

give 

v 
aNC 

v ace 
0 . 22 ± 0 . 03 and 

v 
a NC 

v ace 
0 . 14 + 0 . 04 (10) 

which within two standard deviations are consistent to being equal . The 

ratios from the HPWF-collaboration are also consistent with equal v and 

V neutral current cross sections .  It is important to determine this num-

ber precisely , because it is also relevant to the presence of a V-A inter-

ference term. 
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Table I - Neutral Current Measurements for Total Cross-Sections 

Ratio 

o(VN vx ' )  
o(VN .... , µ-x" ) 

Experiment 

0 , 217 ± 0 . 026 
0 . 11 + 0 , 05 
0 . 22 ± 

0 . 20 ± 0 , 06 

Energy Group 
Ran e 

1-10 GeV Gargamelle 
5 - 15 0  GeV HPW-FNAL3 

E1t 
"' 38 GeV CIT-FNAL5 

EK 
"' 108 Ge.V 

1-10 GeV BNL7 

2 

0 .43 + 0 . 12 1-10  GeV Gargamelle2 o(VN .... Vx) 
o(VN .... µ+x ' )  

2 )  

0 . 32 ± 0 . 09 5 - 150 GeV 
0 . 33 ± E "' 38 GeV 1( 

EK "' 108 Ge,v 

v v .! (� - �) a: y (l-·b» E dy dy 

HPW-FNAL3 

CIT-FNAL5 

the y dependence is identical for the two classes of couplings . 
ll 

( l l )  

3 )  :rheorem: For any admixture of V and A the,re is a corresponding 

admixture of S, P and/or T which yields the same y-distributions for reac-

tions (6 ) . 

The proof follows by looking at Eqs .  ( 7 )  and ( 8) , because (V ,A) gives 

at most a quadratic distribution in y .  From ( 7 )  we see that we obtain 

again at most quadratic terms with enough arbitrary coefficients to imi-

tate the (V,A) y-distribution (remark ( 2 )  is also relevant ) .  The theorem 

implies that it is difficult to distinguish (S ,P ,T)  and (V ,A) , Extensive 

studies of this issue indicate that in order to separate the interactions 

one needs precise and difficult experiments of exclusive channels or 

the observation of neutral currents in electron-positron experiments ,  

I have gone into some detail in discussing the presence of  S ,P ,T 

couplings for neutrinos because their existence will have some important 

consequences . Their existence means that there are two new states : a 



right-handed neutrino and a left-handed antineutrino ; that the multiplet 

structure is more complicated and xhat gauge Yang-Mills theories do not 

provide a complete picture. Keeping all this in mind, it is still useful 
14 

to proceed and analyze the data in terms of the (V,A) possibility look-

ing for deviations which can reveal new components or confirm the theor-

etical expectations and thus provide additional support" for the gauge 

theories . 

ISOVECTOR COMPONENTS 

In analogy with the effective current-current interaction for 

charged currents , we write an effective neutral current interaction 

G 
-----:r 
( 2 ) 2  

where JA  is a hermitean neutral current of the form 

e ... µ 
( v  ... v J e µ 

( 12) 

The underlying assumption is that the hadronic neutral current components 

transform l ike an octet representation of SU(3)  plus an SU(3) singlet. The 

superscripts indicate the particular SU(3) assignments .  In general , the 
8 

coupl ings vA7 and AA7 to other currents lead to CP violation and will be 

omitted . The suppression of K decays in Eq . ( 1 )  and ( 2 )  suggest that v6 and 

a6 are very small so we set them equal to zero . The remaining currents 

are representative of  a large number of the poss ibilities discussed in the 

literature. 
15 

We mention three distinct examples . ( 1 )  In the Weinberg-Salam 

model a = 1 ,  v = l-2sin2e 3 3 w Both v0 # 0 and a0 # 0 in the extension 

of the model that incorporates strange particles . 
16 

(2 )  In  the model of Beg and Zee the neutral current is proportional to 

the electromagnetic current (a3 0) . 
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17  
(3 )  In  Sakurai ' s  model a3 = v3 = O .  The current i s  an SU(3 )  singlet 

with the vector part identified as the baryonic current and it may also 

have a chiral (axial) partner (v0 # 0 , maybe a0 # 0) .  There are numerous 

other models but their enumeration is beyond the scope of these. lectures .  

Concerning the isovector components the problem is now re.duced to 

the determination of the parameters v3 and a3 . There are two general 
18 

theorems which are helpful in this respect .  

Theorem II .  Consider the cross sections 

( 14)  

with the corresponding cross sections for antineutrinos denoted by z0 and 

z- . Let xi refer to the sum of all final states or a subset of s tate s ,  

subj ect only t o  the requirement that a sum over a l l  possible charge con-

figurations has been performed1 
z0 +z0 i THEN R = -- � -I z++z- 2 ( 15 )  

where V (A) i s  the contribution of v3 (A3 ) alone to  the cross section. "A "A 
In applying the results to the total cross sections we can appeal 

to the experimental observation that 

and obtain 

R1 can be evaluated from Table 

V "° A 

·:t_(v 2 + a3
2 ) 4 3 

giving 

> 0 .  27 ± 0 .  09 - RI to 90/o confidencB level . 

( 16)  

(17)  

The main conclusion is that the v"A
3 on AA

3 couplings cannot be maximal 

( J v 3 J = J a3 J = 1 ) . This is shown graphically in Fig. 1 where the interior 

of the large circle is the allowed physical region. 
19 

Theorem III Under the same assumptions of theorem II 



0 
or 

+ 
or 

( 18)  

where or
O 

( or
+

) is the contribution to the cross section arising from the 

V-A interference term of the isoscalar (charged) current . 

We could calculate R
rr 

from Table 1 ,  but the errors are so large 

that Eq . (18) is not very restrictive. To demonstrate the restrictions 

implied by the theorem we consider the central values given by the experi-

ments.  Neglecting the isoscalar term, the Gargamelle results give the 

hyperbola H shown in Fig . 1 .  For the HPWF experiment the hyperbola degener-

ates into the two axes and implies that neutral currents are only vector 
or only axial . 

Further restrictions are obtained by appealing to Schwartz ' s  inequal-

ities for the isovector and isoscalar currents .  For the Gargamelle data 

the physical region is constrained to lie within the octagon ABCD , which 
20 

looks very much like a rectangle. The HPWF experiment gives a different 

region but it too premature to take two standard deviations very seri-

ously , because the experimental values require further refinements .  

T o  sum up , for any arbitrary isoscalar current v3 and a3 cannot be 

maximal .  For a multi-parameter theory the latitude of physical pos sibili-

ties is shown in Fig. 1. This is a natural extension of  the model inde-
2 1 , 18 

pendent bounds often discussed in the literature and could be real-

ized within the gauge theories . 

The conditions become more restrictive , if one assumes that the iso-

scalar contribution is much smaller than the isovector . This is a reason-
22 

ab le assumption, because in parton model calculations they couple to 

strange and charm-quark distributions which make them small .  For zero iso-

scalar current contributions the allowed physical region from Eq . (15)  is 

a circular ring indicated in Fig . 1 .  Its overlap with the region 

within the octagon is indicated by the shaded areas . The fact that one 

of them contains the point a 3 = 1 and v3 = 0 . 28 is consistent with the 
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Weinberg-Salam theory , It is evident that estimates of the isoscalar com-

ponents are very important and we analyze them in the next section. 

ISOSCALAR COMPONENTS 

Most of the studies concerning the internal symmetry structure of 

neutral currents deal with low energy reactions where the number  of final 

s tate particles is limited. In this case both th•• initial and final states 

have precise quantum numbers and it is possible to infer the internal sym-

metry structure of the current. A clear example :Ls provided by s ingle 

pion production, where one expects to see evidenc•• for the excitation of 

the Li-resonance .  The absence o f  the Li will imply the absence o f  an I =  1 

component ,  belonging to the same multiplet with the charged currents .  The 

analysis of such reactions is greatly facilitated by earlier calculations 
23 

in isobar models which account for electromagnetic and weak pion pro-

duct ion . A relativistic generalization of the static model , de,veloped by 
24 

Adler , has been applied extensively to charged current reactions and 

seems to be success ful . Theoretical interpretations are easiest in exper-

iments with hydrogen and deuterium target s .  Experimental considerations , 

however , neccessitate the use of complex nuclear targets and in the latter 

part of this section we address the question of nuclear corrections involved 

in the interpretation of the experiments .  

Reactions in hydrogen and deuterium 

The following charged current reactions hav" been observed 

Vp 

Vn 

Vn 

+ 
µ p:rc 

0 µ p:rc 
+ µ Il1i'. 

25 

(19) 

(20) 

(21) 

The rates and pion-nucleon mass distributions are within the expectations 

of the model . Figure 2 shows the data for reaction (19)  together with the 
25 

theoretical calculation. The theoretical curve is normalized to the inte-

grated experimental cross section . In the same Fig. I plotted the pre-



diction of the model for the reaction 

Vn + µ mr (22) 

We note that the ratio of v/v is in the vicinity of 0.38 over an extensive 

range of pion-nucleon masses . Measurement of this reaction provides a 

specific test for the I = 3/2 amplitude of the model . The striking fea-

ture in reactions (19) and (22) is the dominant 6-resonance .  A smaller 
25 

enhanc·ement in the 6-region has also been observed for reactions (20) 

and (21) , but the statistics are more limited. The data are again consis-

tent with the model calculations .  

In  discussing neutral currents one encounters the matrix elements of  

new operators and it is desirable to discuss them independent of specific 

dynamic model s .  Results of this general nature are available in  the form 
26 

of lower bounds .  For the Weinberg-Salam theory they are l isted in 

Table II together with the experimental observations . The bounds are con-

sistent with the experimental values ,  but they still allow substantial 

isoscalar contributions . It is therefore desirable to go beyond the bounds 

and attempt detailed comparisons between theory and experiment . Estimates 

of the pion-nucleon mass distributions are along these lines . 

I describe here one general approach . 

1 )  Reaction (19)  determines the I = 3 / 2  amplitude. The relative vector 

and axial contributions can be inferred from reactions (19) and (21) , pro-

vided that the two terms are relatively real.  

2) The magnitude of the I = 1/2 amplitude can be obtained from the sum 

(23) 

where the interference term between the two isospin amplitudes is absent . 

The relative contributions of vector and axial matrix elements is also 

determined by comparing them with corresponding electrop�oduction data. 
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Table II. Neutral Current Measurements for Single Pion Productim 

RO 

R+ 

R 

Ro+ 

R 

Reaction 

cr(VJ,:> 
cr(vp 

cr(VJ,:> 
cr (Vp 

cr(Vn 
c (Vp 

= R + R 0 + 

VJ,:>llQ) 
- + µ pit ) 

Vnit+) 
- + µ _ pit ) 

VJ,:>it- ) 
- + µ pit ) 

cr(VN VN 1n°) 
cr (VN µ-N ' itO )  

::;:: 

Experiment 

0.40 + 0 . 22 

0 . 13 ± 0 . 06 

0 . 07 ± 0 . 03 

0 . 53 ± 0 .23 

0 . 17 + 0 . 06 

0 . 21 

Theory 

? 0 . 10 

:? 0. 08 

? 0 . 10 

? 0 . 03 

Ref Target 

4, 24 H2 

4, 24 H2 

4 D2 

4, 26 H2 ,D2 

6, 26 75% Al 
25% c 

27 Freon 

3)  The phase of the I = 3/2  amplitude relative to the I = 1/2 ampl itude 

is assumed to  be given by the phase of the Breit-Wigner denominator. In 

general thi$ is the phase of a resonance relative to a non-resonant back-

ground. 

The calculation indicates that the I = 1/2 amplitude is important and 

it is most important away from the peak of the resonance .  The phases of  

the  amplitudes are also  important.  Figure 3 shows the pion-nucleon mass 

distribution for the reaction 

Vp 0 Vpit ( 24)  

at an incident neutrino energy of  1 GeV .  Curve (a)  shows the expectation 

of models with destructive interference below the resonance and construe-

t ive above the resonance . Curve (b) corresponds to constructive interfer-
ence below the resonance . Curve (c)  shows th e in,ooherent sum of the two 

amplitudes . Figure 4 shows the results  of a similar calculation but for 



the sum of the cross sections 

(25) 

In this case the interference term between the two isospin amplitudes can-

eels out . A prominent feature of Figs . 3 and 4 is their similarity to 
28 

corresponding mass distributions in electroproduction. 

Nuclear Targets 

The cross sections on heavy nuclear targets are considerably differ-

ent because of multiple scattering and charge exchange corrections within 

the nuclei .  There are two types of  calculations available a t  this time. 
26 

In the first approach , one considers the scattering from an isospin zero 

nucleus and describes the final states in terms of the isospin of the re-

s ulting nucleus and a pion. The lower bounds derived are also included in 
29 

Table II and are again consistent with experiment. In the second approach , 

one calculates the cross sections on free protons and neutrons and then 

folds in the nuclear corrections . The main aspects of the nuclear-

corrections-model could be tested in electromagnetic and charged current 

experiments but this has not been done as yet. To indicate the importance 
24 

of the I = 1/2 amplitude and of the nuclear corrections we discuss the 

ratio 

R 
cr(v"p" ... vP!0)+cr(v"n" ... vn:n°) 

2cr(V"n" --+ µ-p:nU) (26 ) 

which has been measured in13A127 • Table III shows the different contri­

butions to R in the Weinberg-Salam theory . The model also indicates that 

sin2ew &-only L'\,+(I  = 1/2)  �(I  = 1/2 )  + 
charge exchange correction 

0 . 3  0 . 56 0.40 0 . 23 
0 .4  0 . 46 0 .33 0. 18 

Table III 
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the charge exchange correction for the reactions in the numerator is 

�10% while the corresponding correction for the denominator is �50% . The 

origin of this disparity lies in the presence of a large correction from 

reaction (19 ) . 

Other calculations on single pion reactions by the Princeton group 
30 31  

were reported at  this meeting by  Colglazier. The low energy theorem 
4 

derived for vn - vprr is still untested ,  because the new Argonne data are 

not sensitive to such small  cross sections . 

The main conclusion from all the studies so far is the following: 

There is no statistically significant evidence which indicates a discrep-

ancy between the expectations of gauge theories and experiment , However , 

as was already mentioned , the comparisons made so far are not very sensi-

tive to isoscalar contributions.  Detailed pion-nucleon mass distributions 

are sensitive to large isoscalar terms , but because one encounters many 

corrections their sensitivity is also limited . Additional tests are 

needed . 

There are measurements which are sensitive to the presence of an 

isoscalar-isovector interference term. For isoscalar targets the inter-
26 

ference term shows up in the charge asymmetry of inclusive pion production 

(27 )  

(28) 

Similarly for experiments on protons and neutron targets there are inter-
8 

ference terms in the expressions 

A(V) 

A (v) 
- -- + - - o  o(v+p - v+Y ) - o(v+n - v+Y ) 

(29) 

(30) 

where the Y ' s  stand for any final states summed over all possible charges.  
7 

For bubble chamber experiments the study of the difference 



(31) 

is relatively simple and does not depend critically on the neutron back­

ground . In all these cases [A(v)+A(v) ] is sensitive to v0v3 and a0a3 

while [A( v) -A(v) ] is sensitive to v0a3 and a0v3 . A2n is proportional to 

the isoscalar-isovector interference and a large non-zero value will be 

evidence for substantial isoscalar components . 

The study of 11 O meson production by charged and neutral currents is 

more demanding experimentally , but it is worth the effort , since it has a 

simple isospin structure. The general methods developed for single pion 

production are applicab le and give additional constraints .  

CONCLUSIONS AND OUTLOOK 

The existence of muonless events in neutrino induced reactions is 

well established and their interpretation in terms of neutral currents 
32 

seems natural.  The· general picture so far is cons istent with the exist-

ence of vector and axial currents , which have both isovector and isoscalar 

components .  However, one can not rule out other possibilities , nor can one 

determine yet the importance and magnitude of the different components . 

In this respect,  there are several issues , whose r.esolution is relevant 

to future theoretical and experimental developments . 

The absence of L$ = 1 neutral currents is inferred from low energy 

experiments .  The absence o f  such components has never been tested at 

higher energi!'s . In almost all theoretical models the absence of LS =  1 
components is taken for granted. 

A dominant isoscalar component is not expected in gauge theories . 

This issue can be settled by studies on the excitation of the £:,- resonance , 

by determination of the charge asymmetries in Eqs . (27 ) - (31) and by the 

production of 11° mesons . The existence of such a component is of impor-

tance not only to the internal structure of the models but it also has 
33 

far-reaching applications providing a candidate for the explanation 
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supernovae explosions in massive stars . 

Data with antineutrino beams are very limit.ed . In fact data on 

reactions with specific final states are practically non-existent. Anti-

neutrino reactions will clarify the space-time structure of the inter-

actions and can provide more confidence for many of the calculations . 
34 

The theory for elastic scattering has been studied in detail and it 

is known that the magnitude and Q2 -dependence of the cross section can 
35 

distinguish among several models. An experiment sensitive to v-p elastic 

scattering is now in progres s .  
36 

Studies on the couplings of neutral currents to ee and µµ pairs are 

still in their infancy . 

Looking back at the problems which were studied a few years ago , we 

can not fail to notice that considerable progress has been made .  Most  of 

the issues on the existence of neutral currents have been settled .  The 

two new issues which have emerged , in the meanwhile, are concerned with the 

operator structure of the currents and their basic role within the frame-

work of weak and electromagnetic interactions. 
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It is difficult to conclude at the end of an exciting 

conference where so many interesting experimental data 

became available to us . I think the long waited brea�­

through is somehow in the air but it can hardly happen 

before a convincing unification scheme will be found for 

all what we know in these stormy days . 

I will try to summarize the conference in a rather 

evasive way . I wil l briefly go through the important parts 

of my introductory talk I gave at the beginning of this 

conference where I summarized what was known to us when 

we came here . Then I will make comments on what we have 

learned during the conference about our outstanding problems . 

1 .  NEUTRAL CURRENTS 

The discovery of the neutral currents has given a 

large boost to Unified Gauge Theories though it is not 

the only scheme which can accomodate neutral currents .  

Still , I think the Unified Gauge The ory represents 

the most attractive possibility and we are wai":;ing for 

the concrete model in which its beauty wi ll be materialized . 

We learned at this conference that experimentalists 

are working to establish the Lorentz structure of neutral 

currents in neutrino induced hadronic reactions . It seems 

likely that the neutral currents are some combination of 

v and A and the relative weight with sign will be 

available in the near future . 

That is great progress and will he.lp to narrow down 

the roads in searching for THE MODEL . 

It is perhaps even more interesting for a the orist 

that no strangeness changing neutral currents have been 



found so far in first order in the Fermi coupling Gw • 

If we accept the assumption that �uarks are the building 

b l o cks of hadronic matter it is rather hard in an attractive 

theory to arrange for the absence of strangene s s  changing 

neutral currents without the hypothes i s  of the fourth 

/ charmed/ quark . 

An e asy way out of this dilemma may be overlooked 

somehow by the theorists , but as we stand now the fourth 

quark seems to be a ne arly ne c e s s ity . 

2 .  THE QUARK MODEL 

The convent ional Gell-Mann - Zwe ig quark mo del with 

three color triplets works remarkab ly we ll for the nucle on .  

The accumulation o f  charged neutrino and antineutrino data 

in the deep ine lastic region when combined with the 

SLAC- M . I . T .  data strongly suggest that the nucleon consists 

mainly of three valence quarks in the re gion 0. 1 < x < l 
in the s c aled momentum variable X • Further ,  ab out 5o % 
of the nucleon ' s  momentum is carried by neutrals usually 

assoc iated with gluons . 

There are some problems with the const ituent model .  

S U ((> must b e  b adly broken in the consti tuent quark mode l ,  

at least in some kinematic regions . I t  i s  rather dramatic 

in deep ine last ic electron-nucleon sc attering where the 

ratio �p 
dat a .  W ith 

is extracted from proton and deuteron 

-symmetric wave functions a ratio 2 J 
is expe cted here . A better understanding of the conne ction 

b e tween const ituents and p artons is b adly ne eded . 

The relatively small weight of 1t -pairs indicates 

that vacuum polarizat ion via the gluon force f ield i s  

rather ineffect ive inside the nucleon . However , the gluon 
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f i e l d  c arr i e s  5o % of the nucle on ' s  momentum what we would 

naively as s o c i at e  with a strong gluon f i e l d  and s i z ab le 

vacuum p o l ar i z at ion . 

The que st ion is further sharp ened if we accept quark 

conf inement at l e ast as a temporary s o lution for the 

ab sence of free l i ght quarKs . The conf inement f orce is 

expe c t e d  to be strong enough to make vacuum p o l ar ization 

dramat i c . 

A part ial answer is offered in quark conf inement 

the orie s .  The fundamental "-uark-gluon int e ract i on i s  fairly 

we ak and the force act ing b e tween the constituent quarks 

ins ide me s ons and nuc l e ons is s imilar to the Coulomb force 

and gove rne d by the small fundament al c o up l ing constant . 

Vacuum p o l ar i z ation i s  w e aK then . When quarr�s b e c o me 

s eparate d  via l arge d i sturb anc e s  or exc i t at ions , a 

c onfinement p o t ent i al prop o r t i onal to the d i :i1 ta.'l.ce 

b e tween quarks appe ar s  and vacuum p o l ar i zation from the 

conf inement force i s  re sp on s ib l e  for part i c l e  product i o n .  

T h e  e xp l anation f o r  t h e  5 o  % momentum i s  s t i l l  m i s s ing ! 

3 .  THE NEW PARTI CLES 

Re cent l y , there has b e en a d e e p  wo rry ab out the cro s s  

s e ct ion ( �te-- hadrons . The ratio 

c;y _,, � 
�+e- --/� 

was l arge and r i s ing , t o t ally unexp e c t e d .  

A l s o  ther e  was an uneasy f e e l ing about the Lede rman 

experiment f-1- U -'>J-"Jk + . . .  where there was a famous 

shoul d e r  in the d ifferent i al cro s s  s e ction , an exce s s  o f  



+ -f-/ -pairs art,ound 3 GeV in invariant mass ove r 

parton mo d e l  predict ions . 

Further ,  a l arge rat i o  � > - 4  Ji' _  1 0  was ob s e rved in 

s ingle-arm experiments at large transverse momenta in 

strong inte raction c o l l is i ons . 

Then it came the tremendous d is c overy of the new 
+ -

part i c l e s  at 3 . 1  GeV and 3 . 7  GeV in the (3 e -channe l 

at SPEAR and in the reaction at 

Brookhaven . 

Our conference was the f irst one atJout the new 

p article s .  There were many exc i t ing exp e rimental t alks 

and interesting t he or e t ical discuss ions . Right after the 

d i scoveries four p o s s ib il i t i e s  were wide ly d is cussed by 

the orists 

weak b o s on 

c o l o r  

charm / onium/ 

some thing e l s e  

The p o s s ib i l ity of the weak b o s on i s  practically 

e l iminate d  b y  the angular d istrib ut i on me asurements .  

The photoproduction experiment from FNAL has confirmed 

that the "/' /3 . 1/ strongly inte racts with mat t e r .  That 

was the final b low against the W-b o son hyp o the sis . 

Han-Nambu co lor is a running mo d e l  with severe 

d ifficul t ie s .  

Charm with the fourth quark seems t o  b e  the mo s t  

attract ive interpret at i on .  T h e  new part i c l e s  are inte rpre t e d  

as C -quark C -quark b ound s t at e s . This hypothe s is 

c an be confirmed or ;dl l e d  in the near future . 

The mo st d ire ct evidence would b e  the direct product ion 

of charme d mes ons and b aryons . We have he ard many talks 
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about planning experiments on this l ine . Nonethele s s ,  

w e  alre ady have some dat a  in which some surprises may 

b e  hidden . 

The accumulating numb er of energe t ic dimuon events in 

high energy neutrino re act ions at FNAL may imply the 

production of charmed b aryons . 

There is then the famous bubble chamb er p icture from 

Brookhaven where a neutrino induced react ion with l:!i. S = - .1 Q  
i s  ob serve d .  

F inally , there i s  the large ratio 

hadron collisions . We have he ard here that it i s  very 

d ifficult to explain this large numb er of energe tic e lectrons 

even allowing for de cay s from parent 'f - particle s .  Some thing 

e l se may be produced there which decay s  into energetic 

leptons . 

If the charmonium hy pothe sis is corre ct then mono­

chromatic photons are expected from £1 trans it ions 

b e tween S -states and -P -state s .  It is a challenge for 

experiment alists t o  s e arch for monochroma.t ic photons and 

it would be a headache for the orists who believe in charm 

if they are no t found . It will be exciting to wait for 

answers to the s e  que stions in the ne ar future . 

F inally it is my mo st pleasant coIDfli s s ion to thank 

Profe ssor Tran Thanh Van and his staff in the name of all 

parti c ipants of this tremendously enjoyab le conference for 

the organi zat ion ,  hospital ity and pleasant stay at the 

Hotel Le Lac Bleu ,  
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