
Compte rendu de la 

ONZIEME RENCONTRE 

DE 1MORIOND 
Plaine - Haute-Savoie (France) 29 Fevrier - 12 Mars 1976 

VOL. II 

INTERACTIONS 
PHYSIQUE DES 

FAIBLES ET 
NEUTRINOS 

J. TRAN THANH VAN 

SOUS LE HAUT PATRONAGE DE 

/. an0 
e INSTITUT NATIONAL DE PHYSIQUE NUCLEAIRE � � 

ET DE PHYSIQUE DES PARTICULES � � • COMMISSARIAT A L'ENERGIE ATOMIQUE � Q • LABORATOIRE DE L'ACCELERATEUR LINEAIRE '(;) ...;; • LABORATOIRE DE PHYSIQUE THEORIQUE ET HAUTES ENERGIES Bl'O\; • LABORATOIRE DE PHYSIQUE THEORIQUE 
ET PARTICULES ELEMENTAIRES 

PUBLICATION SUBVENTIONNEE PAR LE C.N.R.S. 

3 



4 

La deuxieme session d� la Onzieme Rencontre de Moriond sur 
« Interactions foibles et Physique des neutrinos » 

etait organisee par 

J. Tran Thanh Van 
· R. Turlay 

et J. Iliopoulos 

Secretariat permanent : 
Rencontre de Moriond 
Laboratoire de Physique Theorique et Particules Elementaires 
Batiment 211 - Universite de Paris-Sud 
91405 ORSA Y (France) 
Tel. 941.73.72 - 941.73.66 



Proceedings of the 

ELEVENTH RENCONTRE DE MORIOND 

Plaine - Haute-Savoie (France) February 28 - March 12, 1976 

VOL. II 

WEAK INTERACTIONS AND 
NEUTRINO PHYSICS 

edited by 

J. TRAN THANH VAN 

SPONSORED BY 

• INSTITUT NATIONAL DE PHYSIQUE NUCLEAIRE 
ET DE PHYSIQUE DES PARTICULES 

• COMMISSARIAT A L'ENERGIE ATOMIQUE 
• LABORATOIRE DE L'ACCELERATEUR LINEAIRE 
• LABORATOIRE DE PHYSIQUE THEORIQUE ET HAUTES ENERGIES 
• LABORATOIRE DE PHYSIQUE THEORIQUE 

ET PARTICULES ELEMENTAIRES 

AND BY THE C.N.R.S. FOR PUBLICATION 

5 



6 

The Second Session or the Eleventh Rencontre de Moriond on 
Weak ,foteractions and Neutrino Physics 

was organized by 
J. Tran Thanh Viin 

R. Turlay 
and J. Iliopoulos 

Secretariat permanent : 

Rencontre de Moriond 

Laboratoire de Physique Theorique et Particules Elementaires 
Biitiment 21 I - Universite de Paris-Sud 
91405 ORSA Y (France). 
TeI. 941.73.72 - 941.73.66 



AVANT - PROPOS 

La Rencontre de Moriond qui s'est tenue du 29 f§vrier au 

12 mars 1976 a Flaine (Haute-Savoie), est la onzieme d'une serie 

cornmencee en 1966. 

La premiere Rencontre a eu lieu a Moriond clans des chalets 

savoyards oU les physiciens, experimentateurs et theoriciens, parta­

geaient non seulement leurs preoccupations scientifiques, mais aussi 

les taches culinaires et les travaux menagers. Elle regroupait prin­

cipalement les physiciens fran�ais travaillant clans les interactions 

electromagnetiques. Au cours des Rencontres suivantes, venait s'ajou­

ter a la session sur les interactions electromagnetiques, une session 

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 

experimentateurs et theoriciens dans le domaine des interactions 

electromagnetiques et des particules e1ementaires. Par ailleurs, la 

duree relativement longue de la Rencontre et le faible nombre des 

participants, doivent permettre � la fois une meilleure con�aissance 

humaine entre les participants et une discussion approfon<lie et 

detaillee des communications presentees. 

Ce souci de recherche et d'experirnentation de nouvelles 

formes de communication, de nouveaux terrains d'echange et de dialo­

gues, qui depuis l'origine anirne les Rencontres de Moriond, nous a 
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a menes, il y a SlX ans, a susciter la creation pour les biologistes 

de la premiere Rencontre de Meribel sur la Differenciation Cellulaire 

qui Se tient en meme temps et clans les memes locaux que ]a premiere 

session de la Rencontre de Moriond. Des seminaires communs ont ere 

organises afin d'etudier clans quelle mesure les methodes d'analyse 

urilisees en physique pouvaient etre appliquees a certains problemes 

qui se posent en biologie. Ces conferences ainsi qu'une table ronde 

sur les problemes actuels de la Biologie ont suscite de nombreuses 

discussions ''informelles'', anim§es et enrichissantes entre biologistes 

et physiciens. Ces §changes font esp§rer qu'un jour peut-etre, les 

problemes, pour le moment si complexes, poses en Biologie, donneront 

naissance a de IlOUVelleS methodes d'analyse OU a de nouveaux langageS 

mathematiques. 

La premiere session de la onzieme Rencontre de Moriond 

(29 f§vrier au 6 mars 1976), est consacr§e aux interactions hadroniques 

a hautes energies. G. KANE, L. MONTANET ainsi que B. et F. SCHREMPP 

m'ont aided l'§laboration du programme de la Rencontre. 

La seconde session (6 au 12 mars 1976) est consacree aux 

interactions faibles et a la physique des neutrinos, et la coordina­

tion est assuree par R. TURLAY et J. ILIOPOULOS. Une attention part�cu­

liere a port§ sur la recherche des particules charm§es. 

Mmes Genevieve BEUCHEY et Marie-Therese FILLET, et Mlle 

M. ROUSSELLE ont depense beaucoup de temps et d'efforts pour la reus­

site de cette Rencontre. 

Au nurn de taus les participants, nous les rernercions. 

J. TRAN THANH VAN 



FOREWORD 

The Rencontre de Moriond held at Flaine - Haute-Savoie 

(France) from February 29 to March 12, 1976, was the eleventh such 

Meeting. 

The first one was held in 1966 at Moriond in the French 

Alps. There, Physicists - experimentalists as well as theoricians -

not only shared their scientific preoccupations but also household 

chores. That Meeting grouped essentially French physicists interested 

in electromagnetic interactions. At following Meetings a session on 

high energy strong interactions was added to the electromagnetic one. 

The main purpose of these Meetings is to discuss recent 

developments of contemporary physics and to promote effective colla­

boration between experimentalists and theoricians in the field of 

electromagnetic interactions and elementary particles. Besides, the 

length of the Meeting coupled with the small number of participants 

favours better human relations as well as a more thorough and 

detailed <liscussion of the contributions. 

This concern for research and experimentation of new 

channels of communication and dialogue which from the start animated 

the Moriond M2etings, incited us, six years ago, to organize a simul­

taneous Meeting of biologists on Cellular Differentiation at Meribel­

lcs-Allues. Common seminars were organized to study to what extent 

analytical methods used in physics could be applied to some biologi­

cal problems. They led us to hope that biological problems, at present 
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so complex, may give birth in the future to new analyt ical methods or 

new mathematical languages . 

The first session of the eleventh Rencontre de Moriond 
(February 29 - March 6, 1976) is devoted to high energies hadronic 
interact ions . G. KANE, L. MONTANET, Barbara and F .  SCHREMPP have given 
me their help in setting the program of the Rencontre . 

The second sess ion (March 6 - 1 2 ,  1976) was devoted to Weak 
Interactions and Neutrino Physics and the coordination was assumed by 
R. TURLAY and J, ILIOPOULOS . 

Ms . G. BEUCHEY, M . T .  PILLET and M. ROUSSELLE devoted much 
of their t ime and energy to the success of this Meeting. 

On behal f  o f  the partic ipant s I thank them . 

J. TRAN THANH VAN 
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I .  INTRODUCTION . 

The idea to consider hadrons as bound states of pointlike consti­

tuents, partons, introduced by Feynman [1], and its application to lepton 

hadron scattering, initiated by Bj erken and Paschos [2] , proved to be enor­

mously successful .  The famous SLAC-MIT experiments on deep ine lastic e lec­

tron nucleon scattering and the neutrino experiments done at CERN with 

Gargamelle told us a lot about hadrons and strong interactions . A brief 

summary of what we think to have learnt would be as follows : 

(i) The experimental verification of (approximate) Bj erken scaling 

behaviour shows that strong interactions at short distances are weakened 

and that therefore the parton concept makes sense . 

(ii) Comparison of electron and neutrino scattering data reveals that 

partons which couple to the e lectromagnetic and weak currents have spin 1/2  

and carry fractional charges of  the Gel l-Mann Zwe ig quarks [3]. 
(iii) A fast moving nucleon looks like a jet  of fast quarks plus an 

infinite sea of slow quarks and antiquarks . Roughly half of the momentum of  

the nucleon is  carried by partons other than quarks, probab ly "gluons'' . 

In these talks which are addressed to experimentalists, I intend 

to discuss on an elementary level how this information is ob tained from the 

data. We will give a rapid survey of kinemat ics, the general parton model 

ideas, then we will discuss in more detail neutrino reactions via charged 

and neutral currents. 

II. KINEMATICS AND GENERAL PARTON CONCEPTS .  

We are interested in deep inelastic lepton-nucleon scat tering des­

cribed by the diagram of Figure 1. 

£(k) + N(p) + £'(k') + X(p') (2 .1) 
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Specifically ,  we will  treat the following reactions 

e + N _,_ e + x 
v + N µ + x µ + v + N µ _,_ µ + x 
v + N v + x µ \J 
\j + N -+ vµ + x \J 

The relevant kinematic variab les are listed in the Table .  

The lepton masses wil l  be neglected throughout these talks . 

The metric and y-matrix conventions fol low Bj orken and Drell .  

VARIABLE 

E 

E '  

pk 
"M 

.E.!s'... 
M 

q k - k '  

q2 

v 

y 

x 

-q2 

4 E 

pq = 
M 

v/E 

- 1 
w 

E '  sin2 

E - E '  

q2/2Mv 

MEANING 

Energy of� the initial lepton. 

Energy of the final lepton. 

Scattering angle of the leptons . 

Four momentum trans fer . 

Four momentum transfer squared . 
8 
2 

Energy transfer . 

Fractional energy transfer . 

Bj orken ' s  s calin>g_v�riab l e .  

( 2 . 2 )  

p Mv 
Q Momentum of the nucleon in the Breit frame . 

Kinematic variab les for lepton hadron scattering . 
Noncovariant variab les refer to the laboratory frame i f  not other­
wise s tated, 



The range of the kinematic variab les is as fol lows 

0 .:::: x � ( 2 . 3 )  

where we have assumed E >> M in the second l ine (see Figure 2) . 

We will  discuss the reaction eq . (2 . 1) only in the Bj orken limit 

v + 00, q2 00, x = Q2/2Mv fixed . It is then convenient to consider the Breit 

frame where the energies of the initial and final lepton are equal and the 

four momentum of the nucleon and the four momentum transfer are given by : 

pA = (/P2 + M2 , 0 ,  0 ,  P) 
A 

q ( 0 , 0 ,  o, -Q) 

p MV/Q ( 2 .  4) 

In the Bj orken l imit P + 00 , i . e .  we deal with a fast moving nucleon 

and hope to be ab le to apply parton ideas . 

The two basic  assumptions of the parton model are 

( i )  A fast moving nucleon looks like a box of free partons all travel-
ling in nearly the same direction as the nucleon and sharing its  momentum. 

( ii)  The cross section for deep inelastic lepton nucleon s cattering i s  

the incoherent sum o f  the cross sections of the partons weighted with the 

probability to find the partons inside the nucleon. In the scatterin·g the 

partons are to be considered as free , pointlike particle s ,  i . e .  we assume 

the validity of the impulse approximation. 

A deep inelastic lepton hadron scattering event in the parton pic­

ture i s  shown in Figure 3 .  

It is now easy to do calculations since the whole labour i s  reduc­

ed to computing cross sections for point particles .  Consider first  e lectron 

nucleon s cattering and assume that we have several parton species labelled 

21 
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by i which have charges ei ' distribution functions Ni (x) (*) and spin 0 or 

1/2 .  The cross section i s  then given by : 

a2o (eN + eX) axay 

1 I z-x 

spin 

e� N. ( x) 1 1 
1 /2 

87ra2 ---q+ ME 

[1 + ( 1-y)� + x I 2 N. (x) ( 1-y) } e . 1 1 
spin 0 

where a i s  the fine s tructure constant and we have again assumed E >> M .  

The sums run over spin 0 or spin 1/2 partons a s  indicated . 

( 2 . 5 )  

Turning next to  neutrino nucleon scattering we assume that we  can 

describe it by an effect ive current x current interaction : 

+ N where G is Fermi ' s  constant and J\ , JA are the weak hadronic charged and 

neutral current s .  If a quark pair q ,  q '  contributes a piece : 

( 2 . 6 )  

( 2 .  7) 

to any of these currents we will  obtain a contribution to the cross section 
a2o as follows : cross section : axay (v

µ
N + £'X) , contribution from q and q' : 

( 2 . 8 )  

cross  section 

(*) Ni (x) dx is the number of partons of species i with momentum ( in units  

of  the nucleon momentum) between x and x + dx. 
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contribution from q and q' 

+ N (x) (C - CA) 2] ( l-y) 2 

q' v 

+ N_ (x) (Cv + CA) 2] } 
q ' 

( 2 . 9) 

Note that the roles of the quark q and the antiquark q' are inter­
changed when going from neutrino to antineutrino s cattering. 

Thi s  is all we need as formulas and we can now turn to a discus­
s ion of the experimental results interpreted in terms of the parton model .  

III .  ELECTRON NUCLEON SCATTERING. 

The most important information ob tained from electron nucleon 
scattering is that the structure functions for both the proton and the neu­
tron scale to perhaps ± 15 % as predicted by the naive parton mode l  [4] , [s], 
[6] : 

F1 (x) =Le� N. (x) l l 
spin 1/2 

F2 (x) = x Le� N . (x) + x Le� N . (x) l l l l 
spin 1 /2  spin 0 

(3 .1) 

where the sums run over spin 0 and spin 1/2 partons as indicated .  Some expe­
rimental results are shown in Figures 4 and 5 .  

region 
The data of Figures 4 and 5 covers roughly the following kinematic 

6 . 75 GeV2 < M2 + 2Mv - Q2 'C < 25 GeV2 'C ( 3 . 2) 

The second important point which we learn from the data is that 
there are few if any charged spin 0 partons in the nucleon . If we neglected 
all non asymptotic terms , the experimental results would imply [6] 

Le� N. (x) /L e� N. (x) l l l l 
spin 0 spin 1/2 

0.17 ( 3.3 ) 
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But we surely mus t allow for non asymptotic terms at present ener­
gies and if we do so everything is quite compatib le with no spin 0 partons 
at al l ,  an alternative whi ch is much more appreciated by theoris t s .  

The third result which we can read out of  the experimental data 
concerns the number of partons in the nucleon . Let us as sume that there is 
a finite number of partons in the.nucleon , i . e .  that the distribution func­
tions sati sfy 

1 
l J 
i 0 

dx N .  (x) 1 finite (3 .4) 

This  clearly implies that Ni (x) cannot be as s ingular as l /x for 
x 7 0 (note that all Ni ' s  must  be pos itive) , and therefore we find from 
eq .  (3 . 1) : 

- 0 
x 7 0 

(3.5) 

Looking at Figure 4 we see that such a behaviour is clearly not 
indicated by the data which instead suggests for x 7 0 (w 7 oo) : 

canst # 0 (3 . 6) 

Such a behaviour i f  confirmed by further experiments would imply 
an infinite number of charged partons in the nucleon . 

IV . NEUTRINO NUCLEON SCATTERING INVOLVING CHARGED CURRENTS .  

To discuss neutrino nucleon s cattering we have to adopt a mode l  
which specifies how the weak current acts on the partons . The s implest mode l  
i s  the Gell-Mann Zweig quark mode l  [3] where the e lectromagnetic and weak 
charged currents are expressed in terms of the fundamental quark fields 
u ,  d ,  s (up , down , strange) as follows : 

J� 

(4 . 1) 
where we have neglected the Cabibbo angle . 



Insert ing in our formulae eqs . ( 2 . 8 )  and ( 2 . 9) , we find for the 

neutrino and antineutrino cros s sect ions per nucleon on a target consis­
t ing of an equal amount of protons and neutrons : 

� ( v N µ-X) G2ME { xN (x) + xN(x) ( l-y) 2 axay µ TI 

� (-; N -7 µ + X) G2ME { xN(x) ( l-y) 2 + xN(x) axay µ TI (4.2) 
where N (x) and N (x) are the distribution functions of quarks and antiquarks 
in the nucleon . More specifically : 

N (x) N_(x) + N (x) 
u d 

( 4 . 3 )  

where Nu (x) , Nd (x) . . .  are the distr ibution functions f o r  "up" , "down" , . . .  
quarks in the proton . (The d i s tr ibution functions of the neutron are obtain­
ed from those of the proton by a charge symmetry operation) . 

Now we discuss some important points concerning the y-distributions . 

( i )  Since the charged weak currents have a pure V-A structure quarks 
give a constant term in the neutrino and a ( l-y) 2 term in the antineutrino 
cross sect ion . For antiquarks the situat ion is reversed .  

( i i )  For y=O neutrino and antineutrino cross sections become equa l .  This  
equality for y=O nrust , in fact , hold whenever the charged weak currents are 
related by a charge symmetry operation in the usual way : 

-1 + p = -\ PI JA I 

PI 
iTII2 ( 4 . 4 )  e 

(remember that we have set the Cab ibbo angle to zero) . This  we can see from 
eqs .  ( 2 . 7 ) ,  ( 2 . 8 )  and ( 2 .9) . If the current J� contains a contr ibution 

(4.5) 
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from a quark pair q'• , q then e q .  ( 4 . 4 )  implies a contribution to \ of the 
form 

from the charge synnnetric pair qi , q1 

q '  I 

(4 . 6 ) 

( 4 . 7 )  

From eqs . (2.8) and ( 2 . 9 ) , we find then the fol lowing contribu­
t ions to the neutrino and antineutrino cross sections for y=O 

- G2ME r; 2 2 µ X) I 'V -- xt_N (x) + N_ (x)] (CV + CA) 
y=O TI q q I 

a2o - + 1 G2ME r; � 2 c2 ) axay (\! N-+ µ X) '" -- xt_N (x) + N_ (x) _J ( CV + A µ y=O TI qr qi 
(4 . 8 )  

But , our target consists  of  an equal amount of protons and neu­
trons , i . e .  it is charge symmetric and therefore we find an equal amount of 
quarks q and q1 and likewise q' and qi· Thi s  shows indeed that : 

a2o - a2o - + ( \) N -+µ X) I = ( \) N -+ µ X) I axay µ y=O axay µ y=O 
(4 . 9) 

if the weak current transforms under a charge symmetry operation as shown 
in e q .  (4.4) . We note that the argument remains true if we inc lude spin 0 
partons which couple to the weak current .  

( ii i )  If there are no antiquarks u and d in the nucleon , then the y-dis-
tributions for neutrino and antineutrino scattering have a s imp le behaviour 
as shown in Figure 6. 

The Gargamelle group has extracted the dis tribution functions N (x) 
and N (x) from the data [7]. (Figure 7 ) . 

If the whole p icture which we have developed so far i s  consi s tent 
and continues to hold for energies hi gher than those attainable with Garga­
me lle , we expect to see the simple y-d istributions shown in Figure 6 for 
neutrino and antineutrino events for fixed x ;:, 0. 2 .  For x .;: 0. 2 the Garga­
melle data implies a sizeable antiquark content in the nucleon with must 
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reflect itself in a change in the y-distr ibutions .  The type of y-distribu­
tion expected for x � 0.2 is shown in Figure 8 .  Even if we do not believe 

the Gargamelle data we can infer from our discussion of the e lectromagnetic 
structure functions in section III the following . Whenever : 

xN(x) canst . f 0 (4.10) 
x + 0 

there must be an infinite number of quarks and antiquarks in the nucleon 
and for x 7 0 the y-distributions for neutrino and antineutrino events must 
be of the type shown in Figure 8,  and for very small x they must  even become 
equal since eq .  (4.10) implies 

lim N ( x) /N (x) 
x+O 

1 
If the e lectromagnetic structure functions satisfy 

cans t .  # 0 
x + 0 

(4 .11) 

(4.12) 
we certainly would expect the neutrino structure function to satisfy e q .  
( 4  .10). 
IV . 2  The total cross sections ------------------------

Next we cons ider the total neutrino nucleon cross sections . Inte-
grating over x and y we ob tain from e q .  (4.2) 

a (v) (E) G2ME { <xN> 1 <xN> + -1T 3 

a (v) (E) G2ME 1 <xN> + <xN> 1T 3 (4 .13) 
1 

<xN> f dx xN (x) 
0 1 

<xN> f dx xN(x) (4.14) 
0 

Remember that x is the longitudinal momentum of the parton in 
units of the longitudinal momentum of the nucleon . Therefore <xN> and <xN> 
are the fraction of the total longitudinal momentum of the nucleon carried 
by quarks u, d and antiquarks "U", d. 

We observe that our parton theory predicts a linear r ise of the 
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total cross sections with the energy of the incident neutrino . Thi s  i s  
beautifully confirmed by experiment [8], [?] ( compare F igure 9) . 

Put t ing in the experimental numbers for the total cross sections, 
we can determine <xN> and <x'N> .  We find : 

<xN> 0 . 46 ± 0 . 02 

<xN> 0 . 03 ± 0 . 0 1  (4 . 15 )  

The data on electron nucleon scattering on the other hand al low 
us to estimate also the amount of momentum carried by s and s quarks since 

lead to 

1 
J dxx(F�p (x) + F�n ( x) )  = % <xN> + % <xN> + %- <x(Ns + N_) >  (4 . 16 )  
0 

The experimental values [4], [5] 

1 
f dxx F�p (x) 0 .  167 ± 0 . 008 
0 
1 

f en 0 . 126 0.006 dxx F 1 (x) ± (4 . 17) 
0 

<x(N s + N_) > 0 . 10 ± 0 . 06  ( 4 . 18 ) 

Adding up all the momentum carried by quarks we find that rough ly 
half of the momentum is s t i l l  missing and must be at tributed to other par­
tons . This could be either gluons or quarks whi ch are still  inoperative at 
low energies . D iscarding the latter alternative we find for the momentum 
carried by gluons : 

<xNG> = 0 . 4 1  ± 0 . 05 (4 . 19) 

We add a warning not to take these numbers too seriously s ince we 
have completely neglected the longitudinal contribut ion . Inclusion of such 
a contribution which can be shown to be small also in neutrino scattering 
would not effect <xN> and <xNG> much but could change the other numbers by 
a substantial amount .  



If we neglect the antiquark and strange quark contribut ions to 
the longitudinal momentum of the nucleon altogether , we find : 

o(v) (E) G2ME <xN> 11 

,/-;;-)(E) G2ME 1 <xN> 1T 3 
1 5 J dxx(F�p (x) + F�n (x) ) 9 <xN> ( 4!20) 

0 

The naive numbers 1/3 and 5/9 are quite c lose to the experimental 
values [4] , [5] , [s], [9] 

0 

0 . 38 ± 0 . 02 

ep en dxx(F1 (x) + F1 (x) )  
0 . 62 ± 0 . 04 (5/9 0 . 56 )  (4 . 2 1 )  

A ratio of 1/3 for the antineutrino to neutrino cross sections is 
characteristic of a target consisting of no antiquarks but only quarks inter­
act ing via a·v-A curren t .  The number 5/9 = (2/3) 2 + ( 1/3) 2 is characteristic 
of the fractional charges of the quarks . For integral charges we would expect 
5/9 to be replaced by 1 which would be in contradiction with experiment (eq . 
( 4 . 2 1) ) .  Can we therefore conclude that integral charges for quarks are 
excluded 

The correct answer to this question requires somewhat more subt le 
reasoning .  In writing down eq . ( 4 . 20) we have assumed that quarks have iso­
spin 1/2 and what we can therefore conclude from e q .  ( 4 . 2 1 )  is that the ex­
periments on deep inelastic e le ctron and neutrino nucleon scattering exclude 
quarks with integral charges and isospin 1/2 . This is even true if we allow 
for antiquark contributions [10] • 

In general ,  we have to argue roughly as follows . The neutrino 
cross section measures the value of the isospin raising operator of the par­
tons , the e lectron cross section the charge squared of the partons : 

(4 .22) 
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Experimentally one finds 

(4 . 23 )  

this means : e ither we insist  on isospin 1/2 for parton s , i . e .  l r
+ l 2 = 1, 

then we must have fract ional charges , or we ins i s t  on integral charges ,  
q2 = 1 ,  then we must allow for partons with isospin > 1/2 ,  e . g .  isospin 1 
which gives lr+l2 = 2 .  

Thi s  rough argument can b e  made comp letely rigorous [10] . Toge­
ther with H .  Kuhnelt I made a sys tematic investigation of parton models 
wi th integral charges [ 1 1] . It urned out that the data on deep inelastic 
scattering i s  compatib le with integrally charged partons . But if  we also 
insist that the theory produces the correct value for the amp litude of 
n °  + 2y decay we predict for electron positron annihilat ion into hadrons 

+ -o(e e 
(4 .24) 

This is far beyond the present experimental value and therefore 
we conclude that the deep ine lastic scattering data combined with the other 
experimental information mentioned requires unambiguously fractional char­
ges for the partons . These could be the true charges or only effective 
charges which govern the scatter ing be low some "color" threshold as would 
be the case in the Han-Nambu model  [12] , [13] . 

Charge , strangeness and baryon number conservation require the 
total number of u minus �' d minus d and s minus S quarks in the proton to 
be as in the naive three quark model 

1 
f dx(N (x) - N_(x) )  2 u 
0 u 
1 

I dx(Nd (x) - N (x) ) 1 
0 d 
1 

I dx(Ns(x) - N_(x) ) 0 (4 . 25 )  
0 

For the distribut ion functions N = Nu + Nd and N = N_ + N whi ch 
b · f · · 

u
h . � · can e obtained ram experiments on a charge synunetr1c target t is implies 

the Gross-Llewellyn Smith sum rule [14] : 



1 J dx(N(x) - N(x)) 3 (4 . 26) 
0 

This sum rule which is sensitive to the quark charges is wel l  
satisfied b y  the Gargamelle data which leads t o  a value 3 .0 ± 0 . 6  [7] for 
the integral in e q .  (4 . 26) . 

A second sum rule which follows from eq . (4 . 25 )  is Adler's neu­
trino sum rule [15]. To d iscuss this sum rule we integrate the neutrino 
and antineutrino cross sections e q .  (4.2) for fixed incident neutrino energy 
E and fixed Q2 over the allowed kinematic region in v (compare Figure 2 ) . 
We find easily 

da(v) 
( )  G2 J

l 
dx fN(v)(x) + N(v) (x) (1 - :!..x)� -;JQ2 v = z;;- t J 

d (-;:;-) 
-fqz- (v) 

v Q2/2ME 

G2 
2n 

v 

1 J 
v 

(4 . 27) 

where we have for the moment d istinguished the distribution func­
tions N, N appearing in the neutrino and antineutrino cross sections . For 
v + 0 ,  this leads to 

(4 . 28) 

For our charge symmetric target we have of course N(v) N(-;:;-), N(v) = N(-;:;), and since the sum rules e q .  (4 . 25) or alternatively the 
Pomeranchuk theorem require : 

we find 

l im v (N(v) - N(v) ) 
v+O 

0 (4 . 29) 

0 (4.30) 

in agreement with the Gargame l le data [7]. On an arbitrary mixture of protons 

35 



36 

and neutrons as target we would find : 

�cr(v) dcr(
v

) 

J G2 
lim --;JQ2 (v) - --;JQ2 (v) = - -:;;- 2 
v-+O 

(4 .31) 
where <I3> is the mean value of the third component of the isospin operator. 
We note that inclusion of a charmed quark in the conventional scheme (see 
section VI) would leave eq. (4.30) practically unchanged. 

V. NEUTRAL CURRENT INTERACTIONS. 

We will now turn to neutrino scattering involving neutral currents 

v + N 
µ v + x µ (5. 1) 

We will discuss these reactions in the framework of the Salam­
Ward-Weinberg model [16], extended to hadrons in the Glashow-Iliopoulos­
maiani scheme [17]. In this model, there are four quarks : u, d, s, c (c for 
charm) and the weak neutral current is written in terms of quark fields in 
the following way : 

where z 

JN 
\ cy\ 

+ uy\ 

+ dy_ A 

+ sy\ 

cl:. - i 2 3 
cl:. - i 2 3 
c-1 + 2 

2 3 
(-! + l. 

2 3 

1 z - z Y5)c 

z - ! y )u 2 5 

1 z + z Y5)d 

1 z + z Y5)s 

sin2 ew and ew is the Weinberg angle. 

(5.2) 

The cross sections for the reactions eq. (5.1) are now easily deriv­
ed from our formulae of section II. We will again consider a target with 
equal number of protons and neutrons. To simplify the discussion we will now 
neglect the antiquark, strange and charmed quark content of the nucleon 
altogether. As we have seen in section IV this should be a valid approxima­
tion for x z 0.2. The cross sections per nucleon are then 



.£.£. (v N + v X) G2ME x 
axay µ µ 11 z N(x) 

a2a (v N + v X) G2ME x 
2 N(x) axay µ µ 11 

{ (1-2 z + .!.Q z2 ) 9 + .!.Q z2 
9 

{ (1-2 z + .!.Q z2 )(1-y)2 
9 + 

(l-y)2 

10 z2 } 
9 

(5 .3) 

We note that for z 1 Uthe current (eq. (5.2)) is not of a pure 
V-A type, therefore, both neutrino and antineutrino cross sections contain 
a constant and a (l-y)2 term even in the approximation of neglecting anti­
quarks in the nucleon. 

find 
The total cross sections are easily derived from eq. (5.3). We 

a(v) (E) = G2ME <xN> (.!:_ - z + 3.2_ z2) 
11 2 27 

11 
1 <xN> c.!:. - z + 3.2. z2) 3 2 9 (5.4) 

Now, we consider the ratios of neutral current to charged current 
cross sections neglecting antiquarks also for the charged current cross sec­
tion. Eqs. (4.20) and (5.4) lead then immediately to : 

R (v) 
a( v N +  v X) 1 20 

2 - z + 27 z2 
a (v N + µ-X) 

µ 

R(v) a (v N + v X) .!:. - 20 z + z2 
a(v N + µ +X) 2 9 

µ 
0..:;: z � 1 (5.5) 

This shows that the ratios R (v) and R(v) are constrained to lie 
on a curve as shown in Figure 10. 

The experimental value [Ls], which should in fact be somewhat 
shifted due to certain cuts applied to the data, is quite consistent with 
the simple model discussed above and gives a Weinberg angle sin2 ew 0.4. 
The data also seems to exclude a pure V-A or V+A structure for the weak neu­
tral current but is quite compatible with pure V or pure A .  
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VI. NAIVE EXPECTATIONS FOR PRODUCTION OF CHARMED PARTICLES . 

In this last section we will discuss what one expects for the pro­

duction of charmed particles (assuming that they exist)  in the naive parton 

model . We work again within the framework of the Glashow-Iliopoulos-Maiani 

scheme [1 U, where the charged weak currents in eq . (2 . 6) are expressed in 

terms of quark fields as follows : 

( 6 . 1 )  

where 8C i s  the Cabibbo angle .  

Now we can once more use our general formulae of section II to 

get the cross sections for the 6C F 0 production of charmed particles by 

neutrinos and antineutrino s .  For a charge symmetric target we find : 

820 (v + N + µ + X{C=+l) ) axay µ 

{ xN(x) s in2 e + c 2xN (x) s cos2 

a2o <'V" + + X(C=-1) ) axay + N + µ µ 

1T 

2 ec + 2xN _ (x) (1-y) 
c 

G2ME 
1T 

2xNc (x) (l-y) 2 + xN(x) s in2 ec + 2xN_(x) cos2 ec } 
s 

Comparing with eq . ( 4 . 2) we note the following points 

(6.2) 

( 6 . 3) 

( i) We expect the distribution functions N (x) , N (x) , N (x) , N (x) c c s s 
to be s imilar in shape to N(x) ( see Figure 7 ).  Therefore 6C # 0 charmed par-

ticle production for x � 0 . 2  should occur only in neutrino scattering and 

at a rate of � sin2 ec 0 . 04 compared to normal neutrino events . There can 

of course always be associated production of charmed particles in either 

neutrino or antineutrino scattering via the conventional 6C = 0 currents . 

(ii)  For x � 0 . 2  6C F 0 production is expected to occur both in neutri-

no and antineutrino scattering . If we neglect the c and c quark content of 

the nucleon, the y-distribution of these 6C F 0 events will be constant for 

both neutrino and antineutrino scattering.  If the y-distributions for 6C = 0 

neutrino and antineutrino events had the s imple form of Figure 6 ,  i . e .  if 



"' <O 

100.0 

N 
E u 00 

60.0 
400 

20.0 ·-

� 4.0 
0 

E 2.0 E 
b 

1.0 

0_6 
0!'+ 

0.2 

0.11 2 

a�' 0.83 

ZI, if 

v 

�( .� 
ai; = 0.28 

o, • = Cern-Gorgomelle 
a, • =  Caltech-Fermi lob 

(this expt) 

4 6 10 20 40 60 100 200 
Neutrino Energy (GeV) 

Fig. 9 Total cross sections for neutrino an::i antineutrinc 

nucleon scattering via charged currents (from ref. 9) 

R(\il 

V+A 

1.5 

1.0 

V-A 

0.5 

.2 .3 .4 .5 R(vl 
Fig. 10 Plot of the ratios R(v) versus R(V), The line is the 

prediction of the simple model discussed in the text. 

The experimental point is f'rom ref'. 18) 



40 

N(x) = O, then an additional constant term in the y-distribution for anti­
neutrino events could be interpreted as evidence for �C # 0 production, 
But we know that N(x) # O (see Figure 7 )  and therefore it is difficult to 
disentangle the effects of conventional antiquarks from 6 C  # 0 production 
in the y-distributions. 

(iii) What about the equality of the neutrino and antineutrino cross 
sections at y = 0 ?° From eqs. (4.2), (6.2) and (6.3) we find above charm 
threshold 

a2o (v N + µ +X) N(x) + N(x) + 2(Nc(x) + N_(x)) dXdl µ s (6 . 4) a2o (v N + µ -X) N(x) + N(x) + 2(N_(x) + N (x)) hay µ y=O s c 

But we expect N (x) + N_(x) � N_(x) + Ns(x) ; therefore no large c s c 
deviation of this ratio from one is expected in the conventional charm model. 

(iv) The total 6C # 0 production cannot be more than 10 - 15 % of the 
6C 0 production if we assume scaling in the· latter case, since the neutri­
no and antineutrino cross sections show no apparent change in slope when 
going from low to high energies (see Figure 9). If dimuon events [19] arise 
from leptonic or semileptonic decays of charmed particles, the corresponding 
branching ratios must be rather big to account for the observed � 1 % dimuon 
events. 

With these remarks, I would like to close this introduction to the 
parton model. I hope that you are now as eager as myself to hear from expe­
rimentalists the latest news of where the simple picture which I have sket­
ched for you is confirmed by the data and where it needs possibly radical 
modification. 
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DEEP INELASTIC MUON SCATTERING 

W . S . C . Wi l liams , 
Department of Nuc lear Physics , 

University o f  Oxford. 

Abstract : Results from two experiments at the Fermil ab on 
deep muon-nucleon inelastic scattering are reviewed.  The 
measurements give the structure function vW2 in the range 
1 < w < 1000 and 0 . 2 < q2 < 50 (GeV/c) 2 .  There is evidence 
that at w < 6 the structure function decreases as q2 increases . 
At high w the evidence for an increase of v1V2 with q2 may 
indicate a scaling violation or a s lower turn-on of scaling 
as q2 increases from zero than has b een · found at SLAC . 

, , ,. Resume : Cet article passe en revue les resultats de deux 
""-T'eriences realisees au Fermi lab sur la diffusion inelastique 
profonde muon-nucleon .  Ces resultats donnent les valeurs de 
la fonction de structure vW2 dans les gammes 1 < w < 1000 et 
0 . 2 < q2 < 50 (GeV/c) 2 .  I l s  montrent que pour u> < 6 la 
fonction de structure diminue au fur et a mesure que q2 
augmente . Pour un w e leve , il est apparu qu ' i l  y a 
accroissement de vW2 en meme temps que de q2 . Ceci peut 
indiquer une violation de l ' invariance d'echel l e  ou , par 
rapport a cel le decouverte a SLAC , une emergence plus lente du 
"scaling" lorsque q2 augmente a partir de zero . 
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Two experimental programs to study deep inelastic muon-

nucleon scattering have been compl eted at the Fermil ab .  One i s  known 

as E . 26 and i s  a col l aboration between the Universi ties of Corne l l ,  

Michigan State , California a t  San Diego and the Lawrence Berkeley 

Laboratory. The other is known as E . 98 and is a col l aboration bet-

ween the Universi ties of Chicago , Harvard, I l l inois and Oxford. I am 

associated with E . 98 and in Fig .  1 I list  the names o f  the col l abor-

ators . Some results from E . 26 have been pub lished and the names o f  

the col l aborators may be obtained from these papers (l ,  2 •  3) 

Universi ty of Chicago 
H .  L .  Anderson 
R . M. Fine 
R .H .  Heisterberg 
H . S .  Matis 
L .W .  Mo 
L . C . Myrianthopoulos 
S . C .  Wright 
Universi ty of I l l inois 
W . R .  Francis 
R . G .  Hicks 
T . B . W. Kirk 

Harvard University 
B . A. Gordon 
W .A .  Loomis 
F . M. Pipkin 
S . H .  Pordes 
W. D. Shambroom 
L .  J .  Verhey 
R. Wi lson 
University of Oxford 
V. K. Bharadwaj 
N . E .  Booth 
G. I. Kirkbride 
T . W.  Quirk 
A. Skuj a 
M .  Staton 
W . S . C . Wi l l iams 

E . 98 Col laborators . 

Let me start by defining the kinematic quantities and the 

structure functions . A µ+ of energy-momentum E ,  p is incident on a 

nucleon of mass M, scatters ine l astically to energy-momentum E ' , p '  at 

angle e .  The kinematic quanti ties that I shall  use are : -

The energy transfer v = E - E '  

The four momentum transfer 4EE ' sin28 /2 

As far as the muon is concerned q2 and v completely define the 

col l i s ion . The differential cross-section for the process can be 

written 



E I {W 28 2W . 28 } 
if 2 cos 2 + 1 sin 2 ' 

where a is the fine structure constant .  w1 and w2 are structure 

functions characteristic of the nucleon and they are functions o f  the 

two independent variabl es q2 and v .  The Bj orken hypothesis  o f  scale 

invariance is  that in the l imits v + oo, q2 + 00 ,  vw2 and MW1 are no 

l onger functions of the two independent variab les q2 and v but only a 

function of the ratio v/q2 . In deep inelastic muon s cattering we 

have b ecome accustomed to thinking not about v /q2 but the dimensi onless 
2Mv/q2 = w (the neutrino researchers prefer x = 

1/w) . So Bj orken 

scaling is the statement 

Limit f(w) 

Strictly we cannot measure w1 and w2 separately w ithout making cross­

section measurements at two energies . However , the effect of w1 is 

smal l  as the data I shal l  discuss are at smal l angles . The effect of 

w1 is  included by making an assumption which connects w1 and w2 . 

Consider the ratio of w1 to w2 which can be expressed 

wl v 2 
W2 = (1 + q:{ ) ( 1  + R) 

where R = 0L/oT is the ratio of photoabsorption cross-sections for 

longitudinal and transverse photons (6) . The data are analysed to 

obtain values o f  w2 assuming R = 0 . 1 8 ,  the value obtained in experi­

ments at SLAC C7) . The results are not sensitive to any reasonable 

value of R assumed .  

Fig.  2A shows lines of constant w on the parts of the q2 , v 

plane whi ch are accessible  to experiments using the 150 GeV muon 

beam presently avail able  at the Fermilab .  
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Fig 2A F i g  28 Fig 2C 

Fig. 2 (AJ . Lines of  equal w on the q2-v plane . (BJ the E . 26 data 
region on the q2-v p l ane at 150 GeV. The region is defined by the 
e lastic limit (w � l J , the maximum and minimum angles and the 
requirement that the secondary muon energy is greater than one third 
the primary energy . (CJ Some contours of equal acceptance on the 
q2v plane for E . 9 8 .  

The ob jectives of  E . 26 were to test the Bjorken scaling 

hypothesis in muon-nucleon scattering at the energies avai l able  at 

the Fermilab using a heavy target in order to achieve the high 

luminosity necesary to reach l arge q2 . The experiment uses a 

thick iron target and the secondary muon momentum is measured in 

solid iron toroidal magnets . This arrangement immediately implies 

that the resolution on kinematic quantities is  l imited and that 

no information can be obtained about the secondary hadrons 

produced. The experiment was run under the fol lowing conditions : -

Beam Energy GeV 150 56 

Integrated Beam Muons 1 .  s x io9 4 x 109 

Target g cm-2 Fe 622  2 33  

Luminosity cm-2 5 . 6 x 103 5  5 . 6 x 10 3 5  



The apparatus accepted secondary muons scattered at angles 
1 b etween 1 1  and 65 mradians and with energies greater than 3 the 

incident energy. Scaling was tested by two methods : ( 1 )  A 

direct comparison of the data obtained at the two energies .  (2 ) A 

comparison of actual yields against yields calculat�d using a 

Monte Carlo mode l o f  the apparatus and the scaling function v w2 

determined at SLAC . 

The obj ectives of E .  98 were to measure the structure function 

vW2 for hydrogen and deuterium targets and to obtain information 

on the secondary hadrons produced in muon scattering, again at 

the Fermi lab energies .  The experiment used a l iquid hydrogen or  

deuterium target and the momentum of secondary particles was 

measured using a 7 . 5  Tes la-metre air magnet.  Secondary positive 

muons of energy greater than 15 GeV/c and charged hadrons of 

momentum greater than 6 GeV/c are detected. The experiment was 

run under the fol lowing condition s :  

Beam Energy GeV 1 4 7  147  

Integrated Beam Muons 1 .  84 x 10 1 0 2 . 10 x 101 0 

Target g cm-2 02 20 . 1 H2 8 . 4  

Luminosity cm-2 2 . 4  x 1035 1 . 1  x 10 3 5  

The total luminosity is  less than one third of that obtained with 

a solid target in E . 26 .  The scaling function vw2 was calculated 

from yields ,  acceptance , luminosity, etc . , and radiative corrections 

were made . 

Fig . 2B shows the E . 26 acceptance region on the same s cale 

as Fig .  2A and Fig.  2C shows some equal acceptance curves for 

E . 9 8 .  E . 26 has results inside 1 < q2 < 40 (GeV/c) and 1 < w < 50. 
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E . 9 8  has results inside 1 < q2 < 50(GeV/c) 2 and 1 < w < 1000 . 

Notice ,  however, that at any w ,  the actual range of q2 is l imited 

by kinematics and acceptance . 

The E . 26 results have b een pub lished ( l , 2) . Fig .  3 shows 

the data in b ins of w as a function of q2 . The vertical scale 

is such that it gives the ratio of the observed yield to the 

Monte Carlo predicted yield.  So the scale is the rate r =. vW2 

(E . 26)/vw2 (SLAC) with al l the effects of experimental resolution 

folded in .  Al l  results should b e  1 . 0  within error if  scal ing 

holds with the same value of vw2 as at SLAC energies . Note the 

w><32.B 
T 
(o� <w>< 5 9 (el ' 

', : '�,' �· � f:f , '!' ., ,, j�t+f-J r:l�1k1 
� l .2 � � �h) 
j 1 .0 I <w> <B.3 

<w:2�] 0 8  1 ! 
5 10 20 I 2 5 10 20 50 

q2(GeV/c)2 

Fig .  3 .  Ratio of observed 

yield  to monte carlo 

predicted yield for E . 26 .  

The ratio i s  p lotted versus 

q2 for eight bins of w .  

character o f  the scal ing violation indicated by this data : 

1 .  At w < 6 vw2 decreases as q2 increases . 

2 .  At w > 6 vw2 increases as q2 increases . 

These effects have b een parametrised as fol l ows . In each b in of 

w the data are fitted with 



2 
� n  r = cw + bw�n% 

Then the values of b have b een fitted with w 
b w 

This gives a = 0 . 099 ± 0 . 018  and w0 = 6 . 1 (+ 3 . 9 ,  - 2 . 4) with x2 /DF 6/4 . 

This means that the data can b e  represented by 

Systematic errors raise the uncertainty on a; a = 0 . 09.9 ± 0 . 040. 

The E . 9 8  results I shal l discuss are those for the deuterium 

target and the structure function is that for deuterium ·divided 

by two. Fig.  4 shows these values of vW2 per nucleon in bins o f  

w as a function of q2 . Note the fol lowing features : 

1 . < w < 3 :  vW2 decreases as q2 increases . 

2. 5 < w < 1 1 : consistent with a constant vW2 . 

3 .  1 1  < w < 60 : vW2 might be increasing wi th q2 . 

These features have the same character as those found in E . 26 

al though not so obvious . To test this  quanti tatively we fit the 

data wi th 

vW2 (q2 ,w)  = vW2 (q;;,w) [l + a 

This fi t i s  done only for data with 

2 rn (.'l 
2 l qo 

q2 < 2 

9.·n (".'. ) ] w . 
0 

and that 

(2 )  

means 

1 < w < 60 . We fix q02 = 3 (GeV/c) 2 and "'o 
E . 26 results . The fit requires two stages : -

6 as suggested by the 

1 .  vW2 (q02 , u 1 ) is found by fitting data in the range 

2 < q2 < 4 (GeV/c) 2 and 3 < "' < 60 with a polynomi al in 

1 -x where x = 
1 /u1 . 

5 n 
h=3 an ( 1 -x) 

2 .  Data i n  the ful l  range o f  q2 and "' i s  then fi tted to find the 

a of E q .  2 . [This form is not qui te the same as that used in 

E . 26  (Eq . l )  but is the same as far as the value of a is 

concerned . ]  The value obtained is a = 0 . 1 1  ± 0 . 04 .  
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F i g .  4 Values of vw2 per nucleon versus q2 in various w bins 

for deuterium at 147 GeV . E . 9 8  dat a .  
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This result should be compared with the E . 26 result a = 0 . 099±0 .0 1 8 .  

Thus the first conclusion from the E . 98 data is that the data 

do not disagree with the scaling vi o lation cl aimed by E . 26 .  

Notice in Fig .  4 that at large w our q2 ranges contract 

and decrease . Thus in the fit described has been restricted to 

data with w < 60 for whi ch q2 > 2 (GeV/c) 2 . 

Although there is some suggestion of scaling vio lations , 

the data are not inconsistent with a constant vW2 in every w bin . 

We therefore assume that the data is in the deep ine lastic region 

and the Bj orken scaling holds . We combine al l  the data in each 

0 . 4  

0.3 

I 
I I I J 

0 2  

0 1 

8 10 20 
w 

j j 

40 60 

j 

100 

\ 
j 

200 400 600 100 

Fig .  5 .  E . 9 8  data from deuierium at 150 GeV. The structure 

function vw2 per nucleon versus w .  

iv bin and p lot vW2 as a function o f  1v , Fig .  5 .  Notice that vW2 
is decreasing beyond w = 80 . But in these bins the average q2 is 

decreasing rapidly as w increases (see Figs . 2A ,  28 and 4) . To 

understand this  we must note that 
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1 .  vw2 must -+ 0 as q2 -+ 0 ,  so · vW2 must "turn-on" as q2 departs 

from zero . 

2 .  Stein e t  a l  C4) have investigated how v W2 turns on and have 

found, for SLAC energies 

T 

are the electric and magnetic e l astic scattering form 

factors . 1his means that at SLAC energies turn-on is comp lete 

within a few percent by q2 = 1 . 5  (GeV/c) 2 . 

Le t us take a c loser look at this turn-on , firstly in the 

E . 26 data. am indebted to Lou Hand and his col leagues for 

permission to show these results . Fig .  6 shows their values o f  r 

(F2 Cq 2) /0 . 662 on this  figure) for their data with w > 10 as a 

<w> 25 21 19 18 16 15 14 13 12.9 1 2.7 12.9 1 2.5  

1 2  

2 4 
o 2  

E26 High Omega Doto (w ' >IO) 

E26 Doto } Systematic 

0 µ.Fe, w > 10 Uncertainty ± 6% 

• SLAG eO, w = IO 

(Riordan Thesis) 

6 8 

Fig .  6 E . 26 results . �atio o f  yield observed to Monte Carlo 

12 

predicted yield using SLAC deuterium results versus q2 averaged over 

all  w > 10.  
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function of q2 . Above w > 10 vw2 could be constant as q2 -+ oo so 

p lotting all  the data in this way gives a handle on the q2  turn on . 

Fig.  6 shows evidence of a continued rise beyond q2 = 1 (GeV/c) 2 . 

This could mean 

1 .  Turn-on is  occurring more s lowly than at SLAC energies 

and only becomes constant at l arge q2 . 

or 

. 2 .  Turn-on is  the same as at SLAC energies but scale violation is 

v w20 
PER 

occurring as £nq2 . 

The sol id l ine in Fig .  6 is a function which scales ultimately : 

r 

0·4 

, where Si 
q2 S z = M 2 2 

Now we turn to the E . 9 8 results . We plot al l the data for 

I 

0 3  NUCLEON 

O·I 

0 0·2 0.4 0.5 O·B l·O 2 LINEl\R.�OG-o .SC.Al-&. 
10 15 

02 {GtV/c l2 

Fig .  7 E . 9 8 data. The structure function per nucleon for deuterium 

versus q2 for al l w > 1 0 .  

w > 1 0  a s  a function of q2  (Fig .  7) . This result could be inter-

preted as evidence that turn- on is not complete much before q2 = 3 

(GeV/c) 2 . We try to fit the data with a function 

30 
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where g (q2 + oo) = 1 .  Because our l arge w data has a strong 

correlation b etween q2 and w the fit must be don,e in two stages . We 

take al l  our data with q2 > 2 for which presumabl y  g (q2) = 1 and fit 

a function , 

f(w) = vW2 (q2 > 2 ,w) = �=3 an ( l  - x) n ,  x 1/w .  

Then al l the data are used to find g (q2) assuming 

with A . · -s_ + S \ 
\ 1 +s (i+i3)2 • 

Adjusting A2 and A to fit we find:  

A = 1 . 0248 ± 0 . 0164 , 

A2 0. 9407 ± 0 . 0708 (GeV/c) 2 ,  

x 2/DF 198/156 .  

We  now go back to  a l l  the data and refit 

_ i 5 n l \- S vW2 (<]2 , w) - �= 3  an ( 1 -x) _: L T+f 

This gives 

2 
x; .  

with 
62 l + ( 1 +6) 2 /  J 

f(w) - vW2 (q2 + oo ,w) = 0 . 3446 ( 1-x) 3 + l . 2 39 (1 -x) 4 - 1 . 252 ( 1-x) S ,  

with x�/DF = 250/149 . 

This fit gives vw2 (q2 + oo ,  w + 00) = 0 . 332 . But , of course ,  this  

must not be taken too serious ly .  The fit procedure is designed to 
> .... .  , j 

find a fit which wi l l  give scal ing in the l imit q2 + 00 •  However, 

the data are not inconsistent w ith scaling p lus a q2 turn-on . 
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W u  Ki  Tu ng f i t  t o  SLAG ep , w = 3. 3  
N orm t o  'stein ' f i t  a t  Q2 = 4  

Best fit l og l i ne , x 2  = 8. 8  / 1 6  
B = - . 2 3 ± .0 3 5  C 3 = . 1 3 ± .0 2 0  

Ratio usi ng ' ste i n '  F2 ( t.J l , a 2 = oo  

2 . 5  4.0 6 . 3  1 0  1 6  2 5  4 0  

Q 2 

63 

E .  26 data .  Ratio o f  yie l d  observed t o  monte carlo predi cted 

yi e l d  versus q 2 for l ow w ( measured w < 4) . B i s  the s l ope of the 

b e s t  s trai ght l i ne fi t ( l ogarithmic in q2. Dotted l ine . )  The solid  

l i ne is  an extrapo l ation o f  Wu-ki  Tung ' s  fit to SLAC data ( S) us ing 

asymp toti c freedom type formul a  in whi ch the s caling vio l ation is 

l ogari thmi c .  

Final l y ,  l e t  us go back and l ook a t  the low w data again . 

Fi g .  8 shows the results of a more recent analysis o f  the E . 26 

data .  Data w ith w < 4 is  p lotted so as  to  show the ratio  o f  yield  to  

predi cted yield  us ing the  Stein e t  al fi t C4l to  the  deuterium 

structure function . In this fi gure the average w varies from point 
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to point but p lottin g  the ratio ensures the variation with w i s  

removed and reveals  the dependence on q2 . Thi s  curve i s  further 

evidence for a l ow w s caling viol ation . To help convince you 

0 . 4  

0 3  

' 
t t '  • I t I T I t t t • 

0.2 w = 6. 67 

0. 1  S < W  < 1 1  

0 

v w2 0 .3  -

t t t � . • . • • • 
t per 

w = I. 
Nucleon 0.2 ,_ t t 

0 .1 -

0 

0 .3  -
w = 2 · 5  

0 2  - I I 
• 

0·1  w = 2 
' ' 

3 

• 
. 

I. 

I ' 
• • :t : t I I � 

6 
a 2 

8 10 

3 < W < S 

1 < W < 3  

t t 
20 40 60 

Fig .  9 E . 98 and MIT/SLAC data (5)  for the s tructure function v W2 

per nucleon for deuterium versus q 2. The open circ l e s  are E . 9 8  

data.  The closed circles are MIT/SLAC data. 

F i � .  9 shows the E . 98  data again p lotted with results on the 

deuterium s tructure function obtained at SLAC energies by Riordan 
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et al (S) . Their  results are in much finer w bins but the decrease 

with increasing q2 that they observed matches wel l with that found 

in E . 9 8 .  

What are the conclusions? 

1 .  There is  clear evidence for scaling violation a t  w less than 

6 .  The s tructure function vw2 decreases by about 50% in the 

bin 1 < w < 3 as q2 increases from 5 to 50 (GeV/c) 2 .  

2 .  At high w the situation i s  not s o  clear .  There i s  certainly 

a turn-on of vw2 with q2 but the data is  consistent either 

with turn-on by q2 � 1 . 5  (GeV/c) fol lowed by a very s low 

rise associated with a scal ing violation ,  or with a slower 

turn- on which is not complete until  about q2 = 3 (GeV/c) 2 .  

Obviously more data i s  required. Unfortunate ly at the energies 

presently avai l able  (up to 220 GeV) or within sight ( 300 GeV at 

the SPS or 700 GeV at FNAL with the "energy saver") the range of q2 

avai l able  at high w is l imited. For example to reach q2 = 2 (GeV/c) 2 

at w = 1000 wi l l  require incident muons of more than 1 . 1  TeV ! 

At the Fermi l ab E . 9 8  runs again as E . 39 8  and wi l l  take data 

this summer at 225 GeV . E . 26 returns as E . 3 19  with an improved 

apparatus . 
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HADRON PRODUCTION IN INELASTIC MUON 
SCATTERING AT 147 GeV . 

W. S . C . WILLIAMS 
Department of Nuclear Physics 

University of Oxford 

Abstract : Results are presented on inclusive hadron production 
spectra in inelastic scattering of muons by nucleons at 147 GeV . 

Resume : Presentation de resultats sur les spectra inclusifs de 
la product ion d ' hadron dans la diffusion inelastique de muons par 
des nucleons � 147  GeV . 



I wil l  present data from the E98 experiment at the Fermi lab.  The 

col l aborators .are given in Fig .  1 of my talk on deep ine lastic muon scatter-

ing at this meeting . 

The interest l ies now with the hadrons produced by the absorption of the 

virtual photon exchanged between the scattered muon and the target nucleon .  

This photon transfers four-momentum q2 and energy v . The total centre of 

mass energy squared of the photon-nucl eon system is  

S = M2 
+ 2Mv - q2 

= 2Mv . 

We refer the production of hadrons to the axis defined by the direction of 

the virtual photon (q) and we use (q2 , s) to represent the total photon­
� 

nucleon cross-section at the photon kinematic point defined by q2 and · s .  

The invariant differential cross-section for inclusive s ingle hadron prod­

uction is Ed3cr (q2 , s ) /d� . Then , assuming azimuthal isotropy 

where 

E --2-a (q , s )  
1 --
2
-

cr (q , s) 
E 

(p2 
max 

7f 

centre of mass quantities 

Pmax maximum possible momentum of any hadron in the centre of 
mas s .  

PT momentum of the hadron transverse to g_. 
PL momentum of the hadron along g_. 

x' a Feynman scaling variable ,  

(P2 
max - p2 1 T 

The invariant differential cross-section is sometimes factorised 

E 
a 

although it is not c lear that this is possib l e .  I t  fo l lows that we  integrate 

over PT to obtain a longitudinal structure function : 

F (x '  ,q2 , s )  = 
( 00 

er (q
2 , s )  

2 dp T E 
(P2 

- p2 
T)' max 
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The transverse momentum distribution in an x '  range is given by the function 

2 2 G (P T ' q  s) 
-2-o (q , s) 

Hydrogen data have been published ( l )  and Fig .  1 shows the results for 

F (x '  , q�s) as a function of x' for various regions of q2 and s .  

20<5< 100 S> IOO 

0 .2 .4 .6 .8 lO .2 .4 .6 .8 1.0 
x' x' 

Fig .  1 .  Longitudinal 
structure function for 
inc.lusive hadron prod­
uction for various 
regions of q2 and s .  

The statistics are limited but there i s  no obvious variation from region to 

region and the data is consistent with a universal curve of the form 

f (x ' )  = 0 . 35 exp ( - 3 . 25x ' )  

which i s  also a good representation o f  data obtained at lower energies , Dakin 

et al  (2) 

The deuterium data have now been analysed and this al lows a subtraction 

to obtain neutron target data .  Fig . 2 shows the N+/N- (positive to  negative 

hadron ratio) as a function of w for proton and neutron targets .  The solid 
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Yv-rp __,. hr·+ x 
0 THrS EX� 
..._ BEBE.K et ci..1 
X DAKIN etoJ Fig . 2 .  Rat ios of 

positiv e  to negat ive 
hadron numbers as a 
funct ion of w for proton 
and neutron targets in 
thi s and other experim­
ent s .  The s o l id l ines 
are the fits ment i oned 

0 ������������������ 

in the text . The x '  cuts 
are 0 . 4  < x '  < 0 . 85 for 
this experiment and for 
Dakin et a1 C2 ) , 

l 2. 5 10 20 50 100 coo 0 .  3 < X' <o. 7 for Bebek 
et al  (4) .  CJ 

l ine is a fit by Dakin and F e l dman C3l based on a s imp l e  quark model of the 

nuc l eons . 

A l l  other neutron and proton data are indistinguishabl e  and are combined 

to give resu l t s  for the average rn � l eon . 

F i g .  3 shows F ( x ' )  versus x '  for inelastic muon , neutrino and ant i -

neutrino scattering and for e +e - annihi l at ion . The resu l t s  are not ident ical 

but remarkabl y  s imi lar for the various processes . 

The data have been fitted with the fo l l owing form 

where 

E A (x ' )  exp [ . 
- 2b (x ' )  P� 1 ]  

l + [ l +P�/M2 ( x ' ) ) 2 0 

A ( x ' )  is the l ongitudinal x '  distributi0n at PT 0 ,  
2 b (x ' )  � l / < P  T> '  

M (x ' )  is to fix up the fact that the distribut ion is  
2 not a pure exponential in P T ' 
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ST R UCTURE FUN CTI O N S  

.1 

.01 

.o .i'.. .4 .6 .8 
x' 

l.O 

Fig . 3. The longitudinal 
structure for inclusive hadron 
production in this experiment 
(virtual photons , y* at 
s�zoo Gev2) and in other proc­
esses (e+e- annihilation at 
s=SO Gev2 and neutrino and 
anti-neutrino interactions at 
lO<s<lOO GeV2) 

2 Fig .  4 shows the results for A (x ' ) , b (x ' ) , <PT> and also a curve of G (P  T) 

in three bins of x ' . We have seen that the longitudinal distribution is 

similar to other reactions . The variation of <PT> is  typical of secondary 

hadron production in a l l  processes : an increasing <PT> as x '  increases . 

M (x ' )  does not vary rapidly with x '  and has a mean value of about 0 . 45 GeV . 

The data has been examined for the effects of anisotropy in the azimuth 

defined by the scattering plane of the muon . Such anisotropy wil l  occur 

generally as a result of the transverse component of the virtual photon 

polarization . However , in a spin � parton model such anisotropies do not 

occur . Within statistics our data are consistent with azimuthal isotropy . 

We conclude that 

(1) Photon induced inclusive hadron distributions consistent with a s imple  

spin l parton model of nucl eons . 
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Fig .  4 .  Results on the coefficients2A (x ' ) , b (x ' )  and on <pT> as a function 
of x ' . Also shown are curves of G (P Tl in three bins of x ' . 

(2 ) Independent of model productions , inclusive hadron distributions in 

muon ine lastic scattering have properties s imi lar to hadron-hadron 

interactions after removing leading particle effects .  
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Let me complete this  talk  by saying a l it t l e  about exc lusive rho -meson 

product ion . 

+ + µ __, µ + y* 

y* + p-O'> p o + p 

� + 1f + 1f 

We do not see the reco i l  proton so we select events by the fol l owing criteria : -

( 1 )  The final state contains a µ + , one posit ive and one negative hadron 

(2) the vertex is ins ide the target volume , 

(3) the missing energy is 0 ± 3 . 5  GeV . 

Then the spectrum of invariant mass of the h+h- system is calculated assuming 

F ig . 5 .  Mass spectrum of + ­
pairs assumed to be n+n - . 

• The peak at 280 MeV is due to 
i "  e+e - wrongly ident i fied . The 
� "' rho peak is c l earl y  visible  
! at 750  MeV . 

that the hadrons are pions . Fig . 5  shows an exampl e  of such a distribut ion . 

The rho peak is c l ear . The low + -energy peak is due to e e wrong l y  

iden t ified + -as n 1T • They are removed by requiring : -

(4) The h+h - opening ang l e  is greater than 5 mr . 

In addition events are s el ected by requiring : -

(5)  The four-momentum transfer squared (t )  to the proton i s  l ess than 

0 . 6  (GeV/c) 2 . 



This leaves 184 events in hydrogen . These are treated in the fol lowing way 

( 1 )  In each q2 , s  b i n  calculate 2 da (q , s )  
dmdt 

(2) Integrate over m by fitting a relat ivist ic p-wave Breit -Wigner so as 

to obtain da (q2 , s) 
dt 

These distributions are shown in F ig . 6 .  

(3) The da/dt distributions are fitted with e+bt and this g ives 

b = 6 . 6  ± 0 . 6  GeV- 2  for q2 < 1 .  

(4) Integrate over t to obtain a (q2 , s ) . The resul t  showing a as funct ion 

of q2 is shown in Fig . 7 .  

1.0 

0.5 

l:Yp (Q') 0. 1 
Up ( 0 )  

0.05 

0.01 

oo<Q'(o.1 1,o(a'1S.O 

RHO PROOUCT ION 
BY VIRTUAL PHOTONS 

x CORNELL ( S -- 9 GeV
2

) 

0 T H I S  E X PT I S - 200 Gev 2 ) { m/ }2 - m/ + 02 
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0
_'---

o
"'

.
�
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1.

L
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__ __j_1.5---2�.Lo_:_ __ 2.5 
02(GeV le 12 

do F ig . 6 .  Values of dt versus 
t for four ranges of q2 . 

Fig . 7 .  Values of a (q2 , s) 
as a funct ion of q2 for this 
experiment ( s  � 200 GeV2) 
and for data obtained at 
Corne l l  at s=9 Gev2 . 

65 



66 

(5) Extrapolate to q2 = 0 to obtain the total cross-section for real 

photons for the reactions y + p . .,.. p + p .  The result is shown in 

Fig . 8 .  The sol id curve is a prediction from a vector dominance 

40 

30 
"' 
"'-
a: 0Q.. 20 
b. 
b 
b 10 

0 I 2 

RHO PHOTOPRODUCTION 
TOTAL CROSS SECT ION 

02 � o 
DESY STREAMER 

1, SLAC SPECTROMETER 

o EXTRAPOLATED;  THIS EXPT 

10 20 
E ( G e V )  

5 0  100 200 

Fig. 8 .  Values of 
the total photo­
production cross­
section for rho­
mesons measured at 
DESY , SLAC and 
derived from the data 
of this experiment . 

model and which obtains the P0 -proton cross-section from pion-proton 

cross-sections using a simple  quark model .  

(6) The angular distribution of p0  decay gives RP = aL/aT where oL and oT 

are the rho production cross-sections by longitudinal and transverse 

( 1 )  

(2) 

(3) 

(4) 

virtual photons . In addition , it gives o the phase between the L and 

T amplitudes .  Results have large errors and are consistent with R
P 

being small  or zero and 6 = 90° ± 40° . 
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EXPERIMENTAL PROGRAM PLANNED AT S . P . S .  BY 
THE EUROPEAN MUON COLLABORATION 

G .  COIGNET 
Laboratoire d ' Annecy de Physique des Particules 

B . P .  909 - 7 40 1 9  Annecy-le-Vieux,  France . 

Abstract :  The properties o f  the CERN SPS muon beam , which 
is expected to come in operatiDn in early 1 9 7 8 ,  are given . 
The apparatus now being constructed is briefly described . 
The wide range of physics that can be investigated is then 
reviewed . 

Resume : Les caracteristiques du faisceau de muons du CERN 
SPS , qui doit entrer en operation au debut de 1 9 7 8 ,  sont 
presentees . L ' appareil lag e ,  actuellement en cons truc tion , 
est decr i t .  Le vaste programme de physique qui pourra 
etre investigue est ensuite passe en revue . 



The purpose of this contribution is to gi�e an idea 

on what is -going on in the preparation of the experimental pro­

gram prop0sed 1 )  by the European Muon Collaboration ( E . M . C . ) .  

THE CERN, SPS BEAM 

The layout of the proposed beam2 ) is presented in 

Fig . 1 .  It con s i s t  of four sections . 

The frortt end section accepts and selects a beam 

of parent TI 1 s  and K ' s  from a primary target on which a 400 GeV/c 

proton beam is directed . �arent TI ' S  and K ' s  are allowed to decay 

in a long FODO ( strong Focuss ing Defocus s ing ) ch�nnel which con­

tains , with . minimum losses , both parent TI ' s  and the wide momen­

tum band of decay µ ' s  (0 . 5 7 p0 ( TI )  � p ( µ )  � p0 ( TI ) ) .  This results 

in a large particle f lux . A beryll�um absorber attenuates the 

unwanted hadrons by a factor �10 ° . The des ired band of muon 
momenta , and also of muon helicities , is selected by a series 

of vertical bending magnets .  In thi s  back end part , the off 

momentum muons are def lected away laterally with the help of 

magnetic collimators . The addition of s c inti l lator hodoscope 

detectors in the focus sing spectrometer j us t  in front of the 

experimental are a ,  al lows the measurement of the momenta of in­

dividual muons to - ±0 . 5 % .  

The expected characteristics of the beam are :  

- wide energy range : 50 < E ( GeV) < 3 00 

- very high intensity : > 10 8 /burs t  at 200 GeV/ c , ( s ee Table 1 )  

- large area : radius < 5  cm for 9 9 %  containment , 

r .m . s .  radius = 1 . 5  cm with � e H  

� ev � 
p 

±0 . 2 5 mrad 

±0 . 4 5 mrad 

± 4 . 5 % � ±0 . 5 % 
with beam 
hodoscopes 

- low halo : few % level in 4 x 4 m 2  with R > 6 cm 

- good purity : TI/µ < 10- 6 

- high polari z ation : variable from +70 %  to - 70 % , with an inten-

sity drop of less than a f actor 3 .  
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THE EXPERIMENTAL SET-UP 

The forward spectrometer ( F i g . 2 ) ,  which w i l l  be 

u s ed for a l l  experiments , cons i s ts o f : 

- A Dipole Magnet of 4 Tes l a-metr e , with 1 m high x 2 m wide 

aperture .  

- Dri f t  Chambers before ( W 1  - W 2 ) and a f ter ( W 3  - W 7 ) the 

magne t .  They are o f  variable s i z e  and variab l e  r e s olution 

(0 . 3  mm to 1 mm) . Each chamber i s  made of 6 or 8 planes with 

d i f f erent orientation o f  the s e n s i tive wires . 

Mul t iwire proportional chambers in the magnet are u s ed to 

g ive easier matching o f  track s egments in the l ever arms 

before and after the 4 Tm magnet . 

The chambers are not sensitive in the beam region . 

A magnetised iron muon identif i er made of a 2 m thick iron 

b lock . This b lock i s  magnetised s o  as to bend vertically 

( i . e .  in the non bending plane of the d ipole magnet ) the 

muons whi ch cross i t , thus a l l owing an estimation o f  their 

momentum . 

- Tr igger s cintil lation hodoscope counters H 1  - H 4  equipped 

with coincidence matr i ces , are u s ed to define particles with : 

- an angle 8 > 8MIN 
to el iminate low q 2 events and prevent 

f looding the data acqu i s i t i on system ,  

- a momentum p > pMIN to reduce to a tolerable level the 

rr � µ decay background . 

A is a halo veto c ounter , required in anticoinc idence in the 

trigger . B 1 , B 2  are beam hodos copes , each cons i s ting of 3 

planes , incl ined at 6 0 ° , made of 60 e lements 2mm wide . Thes e  

a r e  equipped with TDC ' s and w i l l  be u s ed t o  h e l p  t h e  ver tex 

recons truc tion . For low intens ity ( < 10 7 / se c )  experiments they 

could be used to give a beam veto requirement in the trigger . 

With a typi c a l  target pos i tion ( 2 . 5  m from the upstream edge o f  

the magnet )  t h e  forward spectrometer accepts particles s cattered , 

with a momentum larger than 15 GeV/ c ,  in an angular range 

8MIN ( -o . 5 ° )  < 8 < 9 ° . The expected r e s o luti ons are then : 

68 = ±0 . 4 5 mrad and 6p = ± l0- 4 p 2 • 
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Two types of target w i l l  be u s ed ,  according to the 

experiments :  

- A 6 m long hydrogen target . 

- A heavy target of Sampling Total Absorption Counter type . 

A 1 m long longi tudinally polar i z ed protons target is under 

s tudy . 
� 

Two threshold Cerenkov counters , placed one in front 

of the magnet ,  the other after the magnet ,  w i l l  a l l ow TI - ( K-p ) 

separation between 7 to 2 5  GeV/c and TI - K - p s eparation from 

25 to 50 GeV/ c .  The H 2 hodoscope is of calorimeter type , 18 re­

diation lengths of Pb and 5 . 6  c o l l i s ion l engths of F e :  it w i l l  

h e lp t o  separate particles both neutr a l , ( n ,  K 0 )  from ( TI 0 , y ) , 
and charged , hadrons from µ .  

Two movable e lectron-photon detectors ( 1 . 2 x l . 3m 2 ) 

made of lead s c in t i l lator s andwiches ( 5  rad length) , mu ltiwire 

proportional chamber s ,  and lead g las s e s  (8 x 8 x 40 cm 2 ) w i l l  

a l s o  be u s ed f o r  spe c i f i c  s tudie s .  

DEEP INELASTIC SCATTERING 

with the k inematical variables 

µ ( E , p )  q 2 ( p-p ' ) 2 -Q 2 ; negative mas s 2 
of Yv ·  

v SL.!....1: E - E ' . Yv energy . M ' 
2Mv 1 w Q2 x 

w (M2 + 2Mv + q 2 ) � 
p (M , P )  X (W , Pn )  

and e the muon s c attering angle in 
the lab ,  

the d i f f erential cro s s - s ection i s  wri tten : 

A long series of e lectron and muon s c attering experi­

ments 3 )  have e s tablished the s c a l e  invar ianc e ,  namely that 

2MW 1 - F 1 ( w ) vW 2 - F 2 ( w )  



In 1 9 7 5 ,  both new SLAC e l e c tron r e s u l t s 4 )  and FNAL 

muon results 5 )  indicated a s c a l ing violati on at the 10% leve l .  

Many reasons have been s ugges ted to explain this feature and in 

any case , we need accurate measurements at much l arger q2 and v 

values . Fig . 3 shows the kinematical r ange that can be exp lored 

by this experiment . The expected r e s o l u t ions , depending on run­

ning time , can be found in r e f erence 1 .  

Due to lack of space I shall j u s t  ment ion what e l s e  

can b e  done when detecting t h e  s cattered muon under spec i f i c  

conditions : 

( H 2 targ e t ) , s ince 

d 2 a  ( J dq 2dv = f ( q 2 , v )  aT ( q 2 , v )  + E oL ( q 2 , v )  

i s  obtained a t  f ixed q 2  and v by varying the primary muon energy , 

i . e .  E ,  the r e lative long itudinal y v polar i s ation . 

Virtual compton s c atter ing and wide angle brem s s trahlung inter­

f erence measurement in order to obtain a new s tructure function6 )  

V (x )  wh ich i s  r e l a ted to the cube o f  the parton charge . This 

measurement can be achieved us ing µ+ and µ - beams , and the photon 
o ( µ + )  - o ( µ - ) . . detector s .  The asymmetry A = a ( µ+) + a ( µ - ) is proportional to the 

interf er ence between Bethe-Heitler and Compton terms . 

Neutra l  weak current and two photon e f f e t c s  can be looked at with 

a heavy target by us ing beams of d i s tinct charges and h e l i c i t i e s . 

Calculat i ons 7 )  based on the Weinberg-Salam mod e l  s how that the 

biggest effect i s  expec ted for the asymmetry 

O µ +L - Oµ -R 

O µ +L + O µ - R  
- 10- 4 Q 2  ( Q 2  in ( GeV/ c )  2 ) 

where L and R indicate the muon h e l i c i ty . Should a s ignif icant 

asymmetry be observed , further measurements could be made with 

muons of the same charge and oppos i te he lic ities to s eparate the 

neutral curr ent and the two photon effects . 
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Determination of _the s tructure function G 1  ( v ,q2 ) us ing the pola­

r i z ed beam and the longitudina l ly polar i z ed target to measure 

the asymmetry parameter 

( H )  
A 

( t + )  

( t t )  

( t t )  
8 ( E  + E ' cos 8 )  MG + 

2 tan 22 W 2 + 2W 1  tan 8 / 2  

where t + ( t t )  means that the beam and the target polar i z ation 

are para l l e l  ( antipara l l e l ) . The exper iment is d i f f icult s ince 

the actual measured asymmetry is typ i c a l ly O . l  x A due to the 

facts that beam and target are not 100% polar i zed and that the 

target is not free hydrogen : but it is the unique way to have 

informations on the spin dependent s tructure funct i on G 1 , G 2 
being expected to be sma l l .  For 300 hour s running time , the 

error on A is e s t imated to be in the ± 3 % , ± 5 %  range . 

HADRON PRODUCTION 

If the vio lation of s cal ing is interpreted as 

being due to a new thres hold ef f e c t , then i t  i s  of f ir s t  im­

por tance to look at as soc i ated hadronic produc tion both i n  

d e e p  ine l a s t � c  and mu l t imuon exper iments . 

Even if the expl anation is not corre c t , there i s  

a who le f ield of phy s i c s  t o  be studi ed , namely the g loba l  com­

par ison of vir tual photon induced reacti ons with photon and 

hadron induced ones . The high f lux of this virtual photon beam 

( 10 5 - 10 6 per bur s t  depending on v )  al lows this compar i son . 

Among the measurement s to be performed are : 

- Inclusive spectra of neutra l  and charged hadrons . 

- Par t i c l e  corre lations . 

- Vector me son production : p ,  w ,  ¢ ,  p '  and higher mas s e s  . • •  

The f orward spec trometer has a good acceptance for 

hadrons produced with x > O , not a too high pT , and W values 

less than 7 GeV . The expected res olutions in W and w ,  w i l l  be 

respectively 6W < 1 GeV and 6w < 0 . 5  GeV . 

The addition � f a vertex
,

detector
1 ) ins ide a d ipole 

magne t ,  will a l l ow the exten s i on of the a c c eptance for x < 0 
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and larger pT 
values , i . e .  extend the hadronic production s tudy 

into the target fragmentation region . (This part of the detec­

tor i s  not approved at the moment) . 

MULTIMUON PRODUCTION 

The production of a f i nal s tate containing two or 

three muons is of great interest s ince it a l lows the search for 

new parti c l e s : 

CHARM . I f  charm exi sts the s ingle or doub le s emi leptonic decay 

of pair of charmed particles w i l l  give a rather high contribu­

tion to the 2µ or 3µ trigger events . Us ing the gener a l is ed 

Vector Dominance Model 9 ) the 1 contr ibution can be e s t imated to 

� 1 %  o f  the yp total cros s section.  Tak ing this cons ervative 

value and assuming a s emi- leptonic branching ratiolO)  of 

charmed par ticles of 10% we obtain 

for a 2µ  trigger 

for a 3µ tr igger 

o ( µ p  � µDD + x 
I.µ+ • •  

o ( µp µ + any) 

o ( µp � µ DD + x � �µ+ • • • 
µ+ • • •  

o ( µp � µ + any ) 

corre sponding respectively to 10 events/burs t  and 0 . 5  event/ 

burs t  for 100% ac ceptance and 10 8 muons incoming on a 6 m H 2  

target . In  both cases the events inc lude hadrons and the mean 

m i s s ing energy carr i ed by the neutrinos must be smal l .  

� and other vector mesons . The cross s ections and expected 

rates can be e s t imated by us ing as in.put the measured photopro­

duction cros s section from FNAL
l l )  

at Ey � 100 GeV 

o ( yp ., ,, 20± 5 nbarns/nuc leus . Assuming that the pro-

cess i s  dominated by a V . D . M .  type graph where the virtual !Y 
is elastically scattered on the nucleus , a A dependence of the 

cross s ection and us ing the Wi l li ams-We i z saker approximation1 2 )  



to re late the photoproduction cross section and the corres­

ponding muo-production cross s ection by nearly real photons , 

we f i nd 

6 x lo- ' 5 cm 2; a ( µFe + � + X 
�µ+ µ -

The corresponding rates for 10 8 µ /bur s t  ( Eµ =200 GeV ) 

and 100 hours running time are : 6 300 with a 6 m H 2  target , 

1 . 2  x 10 5 with a 1 m Fe targe t .  

This high rate production will b e  very useful for 

calibration purpos es . The acceptance 1 3 )  for mas ses as large 

as 15 GeV/ c 2  is high ( 40 % ) .  The possibi l ity < of f inding new 

vector mesons is directly related to their leptonic decay 

branching ratios . 

HEAVY LEPTONS . The heavy lepton pair production can be com­

puted using Q . E . D .  graphs . The heavy l epton is assumed then 

to decay via L± + µ ± + v + v .  

The c a l cu l ations done by G .  Menes s ier and used by 

P .  Payre 1 3 )  for coherent and quasi elastic scatter ing , indi­

cate that the main contribution comes from the space- like 

photon graph . The cross sec tions and corresponding rates on 

hydrogen and iron targets are indicated in Table 2 .  The heavy 

lepton events w i l l  be characte r i z ed by a large miss ing neutr ino 

energy (E + E + E < Eb. ) and pratically no hadronic µ 1 µ 2 µ 3 · earn 
energy . 

ratio R 

The detection. of e lectrons w i l l  be useful s ince 
L evv 
L + µvv 

determines the heavy l epton type . 

the 

B 0 Heavy photon . B o , the hypotetical mas s ive spin 1 boso1• of 

electromagnetic interactions proposed by Lee and Wick1 4 ) , is 

mainly produced with a space- l ike leptonic propagator . From 

Linsker 1 5 )  c alculations , cross s ecti ons taking into account 

coherent , qua s i  elastic and inelastic production have been 

es timated1 3 )  : The cross �ections and expected r ates on hydro­

gen and iron targets are indicated in Tab l e  3 , for 

5 < M80 (GeV/ c 2 )  < 1 3 .  

n 
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PARENT 

ENERGY 

(GeV) 

300 

2 20 

1 4 0  

200 

TABLE 1 

INTENSITY AND HALO 

MUON MUON 

ENERGY S IGN 

(GeV) 

+ 
2 8 0  

-

+ 
200 

-

+ 
120 

-

+ 
120 

-

INTENSITY 

PER 1 0 1  2 

INT . PROT . * 

l . 4xl0 7 

2 . 8xl0 6 

l . 2xl08 

3 . 3xl0 7 

3 . lxl0 8 

l . 4xl0 8 

7 . l d07 

2 . 3 ic l0 7  

HALO LEVEL 

R> 6 cm 

% 

3 . 3 ± 0 . 5  

1 . 0± 0 .  2 

2 . 6 ±0 . 3  

3 . 3 ±0 . 8  

* 3xl0 1 2 protons incident on 50 cm of Be "' 10 1 2 inte1:acting 

protons . 



TABLE 2 - HEAVY LEPTON PRODUCTION CROSS SECTIONS AND RATES 

Lepton Mass 6 m H 2 1 m Fe 

M (GeV/ c 2 ) o ( cm 2 ) Rates o ( cm2 ) Rates 

. 5 8 5  • x 10- 3 6 8 900 

1 . 0  8 . 4xl0- 3 6  8 80 9 . 9xlo- 3 4 3 5000 

1 .  5 l . 8x10- 3 5  1 90 5 .  6xlo- 3 4 4 700 

2 . 0  4 . 8x10- 3 7 50 2 . 4x10- 3 5 8 40 

3 . o  4 . 5xlo- 3 8  4 . 7  1 .  5xlo- 3 6 5 1  

4 . 0 8 . lxlo- 3 8  3 

TABLE 3 - Bo PRODUCTION CROSS SECTIONS AND RATES 

Bo Mas s 6 m H 2 1 m Fe 

M (GeV/ c 2 ) o ( cm2 ) Rates o (cm 2 ) Rates 

5 7 2 .  x10- 3 6  7 600 2 8 . 10x10- 3 4  9 9 500 

7 1 6 .  x 10- 3 5 1700 4 . 6 7 x10- 3 4 1 6 500 

10 1 .  7xlo- 3 6 1 80 5 . 7  x10- 3 7 2020 

1 3  o . 1x10- 3 5  10 4 . 0  x10- 3 6 1 40 

The cross sections are g iven per nuc leus and the r ates are 

computed as suming 100% acceptance , 10 8 µ /bur s t  at 200 GeV , du­

ring 100 hours . The expected mas s resolutions are respectively 

± 1 6  MeV/ c 7  for the H 2 target and ± 1 50 MeV/ c 2  for the Fe target . 
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Electromagnetic tr idents g ive a negligible contr i­

bution to this µ-µ ma s s  range . However , low mas s  tridents repre­

sent a severe background at the trigger leve l .  They will be 

suppr e s s ed by requiring a minimum ang le and a minimum momentum 

for the two muons ( low p
T 

cut ) , the overall acceptance remaining 

quite good . 

CONCLUSIONS 

The aim of  the E . M . C .  in des igning the apparatus was 

to achieve extreme f lexibi lity to cover the wide s t  range of phy­

s i c s : this need for f lexibi l i ty s eems to be even mor e  important 

s ince the recent developments in the f i e ld of new particles . 

The apparatus now in construc t i on w i l l  off er many 

pos s ib i l ities ( d i f f erent targets , various tr igger s ,  particle 

ident i f i cation , hadronic and electromagnetic energy measure­

ments . . .  ) for doing exci ting physics in 1 9 7 8 . 

I gratefully acknowledge Drs . J . J .  Aubert , J . H .  

F i e ld , E .  Gabathuler and P .  Payre f or very useful discuss ions . 

I want to thank Dr . R .  Orr for reading the manuscr ipt , and Mr s .  

A .  Maz z ar i f or her quick and accur ate typing . 
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AN INTRODUCTION TO SCALING VIOLATIONS 

G. PARISI 
Laboratori Nazionali di Frascati 

Frase ati (Italy) 

Abstract : The theory of scaling violations in deep inelastic scatter­
ing is presented using the parton model language ; intuitive physical 
arguments are used as far as possible . In the comparison between 
theory and experiments particular attention is payed to the conse­
quences o f  the opening of  the threshold for charm production. 

Resume : On utilise ici le language du modele a partons pour expo ­
ser la theorie de la violation de la loi d'echelle dans la diffusion 
tres inelastique, en employant autant que possible des arguments 
intuitifs . On compare ensuite theorie et donnes experimentales en 
etudiant avec attention particuliere· les c onsequences de l 'overture 
du seuil pour produire du charm. 
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1. - INTRODUCTION(x) 

axo� /Ml.1fTJat <;; , -r:av-r:a 
(o )  �yro rr;eo-r: i1Mfw 

(H eracleitus )  

I think that deep inelastic scattering is one of the b est processes which 

can be used to test our theoretical understanding of strong interactions. The 

success of the Bjorken scaling law and the ability of the parton model to ex-
plain the experimental data are the main historical motivations for our pr_:: 

s ent belief in the quark model. 

It has now been realiz ed that the naive quark-parton model is inconsi 

stent and that small violations of the scaling law must b e  present : more 

accurate data seem to agree with this conclusion. The standard theoretical 

arguments which are used to study scaling violations are mainly based on 

sophisticated field theory techniques such as Wilson expansion at short di ­

stances dnd on the light cone, anomalous dimensions, bilocal operators . . . .  

All this theoretical ma.chinery has been ess ential to derive unambigous and 

correct results ,  however we have departed from the physically intuitiv e ap ­

proach which makes the standard parton model so appealing. 

In this introduction to the violations of the scaling law, we try to recci_ 

ver the physical interpretation of the theory ; to this end the language of the 

parton model will be used to deriv e and interpret the theoretical results . We 

hope that this paper will partially fill the gap between the conclusions of th« 

parton model (which are physically motivatl:d but incorrect) and the conclu ­

sions of a field theoretical analysis (which are corre_ct but whose intuitive 

interpretation has been lost som ewhere (+) . 

2 ,  - THE PARTON MODEL 

Let us briefly review the main ideas :ivhich are behind the parton mo ­

del ( G )  in order to1understand how they must
-�e

· 
modifi2d to account for the 

violations of the BJorken scaling law, 

(x) - Part of the results presented here hav e· been obtdined by the author in 
collaboration with G. Altarelli and R. Petronzio ( l - 3 ) . 
(o ) - The things of which there is s eeing and hearing and parc eption, these 
do I prefer. 
(+) - This point of view is not new : a similar approach has been advocated 
by Polyakov (4 )  and by K ogut and Susskind(5 ) .  



In a deep inelastic process an highly virtual photon of mas s Q2 inter ­

acts with the pointlike constituents (partons ) of the hadron. In the Breit fra-

me the photon carries no energy and the proton has a momentum P propor ­

tional to (Q2 ) 1 /2 . For high Q2 , P is large and the proton looks like a highly 

Lorentz contracted pancake ; the time (-r) of interaction is proportional to 

(Q2 ) - l /2 . For  small -r we can safely suppose that the photon scatters in-

coherently on each parton ; the cross s ection for deep inelastic scattering 

depends on the parton distribution seen when we look inside the hadron with 

a resolution time -r .  
The cross section for longitudinaly (aL ) and transverse (aT ) polarized 

photons can be written using two independent structure functions ( 7 ) : F1 (x , Q2 ) ,  
F2 ( x ,  Q2 ) ,  x being equal t o  2 M v /Q2 . 

(2 . 1 ) 
For spin 1 /2 partons : 

:Si· e2 x N . (x, -r )  · i i 

where Ni (x ,  -r )  is the number of partons of the i - th type,  having charge ei 
and carrying longitudinal momentum xP ; aL/aT is proportional to ( p:> /Q� 

( 2 . . where p .L )  is the mean squared value of the transverse momentum carried 

by the partons. 

This is quite general : we have only assumed that the electromagnetic 

current couples to point - like constituents and that the final state interaction 

does not change total cross sections at very high energies : after the inter­

action with the photon the system evolves in time with i ts own hamiltonian. 

(2 . 2 ) 

The Bjorken scaling law follows from the assumption that : 

lim N ( x , -r )  = N ( x) f 0 . 
'!: -'> 0 

In very short times partons cannot modify their distribution inside the had ­

ron : they move slowly and they can b e  considered free on a short time scale. 

Two main assumptions are thus involved in the derivation of the: BJor­

ken scaling law : 

a) The hadron interacts with an highly virtual photon via some point-like 

constituents (partons) .  F inal state interactions can be neglected. 

b )  The constituents cannot change their momentum too fast : their interac ­

:ions can b e  negle;cted in the limit -r � 0. 
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However what is the rationale for these assumptions? In any reasona­

ble quantum !'ield theory in 4 dimensional space-time the first one is valid, 

the second one is false (S - 9 ) . 

For example in quantum electrodynamics the validity of both assump­

tions would imply that the radiative corrections scale with the energy and 

are the same both for ee and µ,"[i scattering. Anyone working in high ener­

gy physics knows that this is not the case and that radiative corrections show 

a logaritmic dependence on E /m. 

If the first hypothesis is true, even in presence of scaling violations ·  

the parton model inequalities in  deep inelastic scattering (e. g. 1 / 4 :'.$ 
:::;, F�(x, Q

2
) /F� (x, Q2 ) ""  4) are unchanged. The failure of the second hypo­

thesis implies that the Bjorken scaling law is no more valid and that more 

complicated scaling laws are satisfied. These new scaling laws depend on 

the detailed dynamics  of the strong interactions and their verification would 

be quite important. 

Before discussing what happens in the strong interaction case, I want 

to clear up the situation in a more familiar casf', i. e. quantum electrody­

namics. This will be done in sections 3 and 4. In section 5 I will present 

the theoretical results based on a coloured gauge theory of strong interac ­

tions. In sections 6 and 7 I will compare the theoretical results with the ex 

perimental data on electron and neutrino scattering. 

3. - TH�: COSTIT UENTS OF THE ELECTRON 

sv 08 µ,ir;i s t  xr;iar:iovav :rrnr;iv:nJ.oµ,€vo i o  xvx). 0 1, 0 ,  xa! 

<f!{Nvs t  E l ,;  aU11).a xal av�sr:at iv µ,{r;is t  aro11,; 
(x) 

(Empedocles )  

Pure quantum electrodynamics is a good place to study the violations 

of the Bjorken scaling law. They show up in very simple and familiar for­

mulae : the equivalent number of photons in an electron on energy E (mome!?:. 

tum P � E) is : 

(3 .  1 )  

(x) - In turn they ( elements )  get the upper hand in the revolving cycle, and 
perish into one another and increase in the turn appointed by their fate. 



where x is the fraction of longitudinal momentum carried by the photon. If 
- I ( I 2 l 1 /2 . - h we interpret 1 P -' 1 Q as the resolut10n time T, we obtain that t e 

e quivalent number of photons in the electron is : 

( 3 .  2 )  a 4 2 N y (x, T ) = - - ln ( l /m 0 T )  + O (a ) , 2n: x ,_ 
r m  << 1 e 

This quantity goes to infinity when T -" 0 and the assumption b) ( eq. 2 .  2 )  
of the last section i s  violated. Moreover for each photon of momentum xP 
there must be an electron of momentum ( 1 -x)P ; the momentum distribution 

of the electrons inside the electron is : 

( 3 .  3 )  N (x, r )  = o (x- 1 ) + 2a [-14 - 2 C o (x - l )l ln ( l /m r )  e n - x  -l e 

The constant C is fixed by the condition that the total number of elec -

trans i s  not changed by the  interaction : 

( 3 .  4) 1 . 
Stricly speaking C is logaritmi cally divergent ( C  
divergences in eq. ( 3 .  4 )  cancel each other. 

1 2 j �� ) The two 
0 1 -x · 

However eqs. ( 3 .  1 )  and (3 .  3 )  cannot b e  used directly to study the limit 

T -+ 0 : the neglected higher order terms b ecome important when a ln T :e 1 . 
Let us first study the effect of  multiple photon emission ( s ee F ig. 1 ) . The 

key step is to  concentrate one ' s attention on the time derivative of  the nu!!!: 

ber of electrons ; the variable L = - 2 ln(me T )  is introduced for convenience. 

( 3 .  5 )  

From eq. ( 3 .  3 )  we find : 

2 d ln T 

fig.1 

a 2 2 n: 1 - x C o (x- 1 )  = � p (x) . 2n:  ee 

FIG. 1 -A typical diagram contributing to multiple photon emission. 
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Eq. (3 .  5 )  suggests that the transition probability for electron bremsstrahl-

ung is independent of L. However the electron distribution is L dependent : 

the change in time of the electron distribution must be the product of the 

transition probability p and the actual electron distrib ution at " time" L. 

One is led to the following "master " equation : 

(3. 6 )  
a 
2.:rr 

1 

J x 

__'..:_ [ C N  (x, L ) + 2.:rr L e 

dv I -"-- N (y, L ) p (x y) 
y e ee 

1 J Ne(y, L ) / (y-x) dyJ . 
x 

The first term arises from the decrease of Ne(x, L) due to the bremsstra� 

lung of ele�trons staying at the point x :  it is naturally proportional to Ne(x, L ) .  

The second term represents the increase in  the number of  electrons at the 

point x due to bremsstrablung of electrons carrying mom<entum y > x, the 

relative loss of electron momentum being x/y. 

Eq. ( 3 .  6 )  can be easily solved by computer ; qualitative statements can 

be made studying the L dependence of the moments : 
1 

( 3 .  7 ) J. dx xN N (x, L )  x e 
0 

Substituting eq. ( 3 .  6 )  in the derivative of eq. ( 3 .  7 ) we obtain : 

( :l .  8 )  dL 

1 
a r 
2 .:rr J 

0 

whose solution is : 

( 3 .  9 )  

a N N - M A 2.:rr e ee 

dx xN N (x, L )  x e y p (y) J _cl}: N 
y ee 

0 

AN > 0 (N > 1 )  , ee 

M 1 is the total number of electrons in the system and it is a constant, 

l\!1'2 is the-total momentum in P units carried by the electrons and it goes 

exponentially to z ero : the whole mon1entum :s transferred from the electron 

to the photon system. In creasing L, N e(x, L )  shifts towards x c 0 and 

asymptotically it is concentrated at this point. 



Eqs. (3 .  6 -3 .  9 )  are valid in the so called leading logaritm approxima­

tion (terms proportional to (aL )n are retained and terms proportional to 

a (aL )n are neglected). 

The transition probabilities  Pee contain higher orders in  a ; however 

these new terms are not L dependent and no qualitative conclusion is chang 

ed ; to neglect them is a good approximation for all values of L if a is not 

too large. 

A similar equation can be written for the photons : 

( 3 .  1 0 )  
a 
2n; 

The following relation holds : 

1 

J � N (y, L ) p (x/y) . y e )'e 
x 

( 3 .  1 1 )  p (x) � p ( 1 -x) ye  ee 

However the situation is not so simple : the photon its elf may split in 

a ee pair, each of the new born e or e may emit a photon and so on. The 

whole process is quite similar to the evolution of an electromagnetic show 

er in lead. A typical diagram is shown in F ig. 2 .  

fig. 2 
FIG. 2 - A  typical diagram contributing to the formation of the " show2r " .  

It  i s  clear that we must introduce i n  the game the distributions of the 

e, e and )' inside the electron ; using the same arguments as in the previous 

case a more complicated master equation can be derived : 

dN (x, L )  e a 
dL 23);  

dN-(x, L )  
( 3 .  1 2 )  e a 

dL 2n; 

1 

J 
x 

1 

� [N (y, L) p (x/y) + NJ' (y, L) p (x/v� , y e ee e )' · 

J � G-(y, L ) p __ (x/y) + N)' (y, L ) p_ (x/y)l y e ee e )' 
x 
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where : 

( 3. 1 3 ) 

1 
a 
2.it J .c; l N y (y, L )p

ry(x / y )  + 
x 

p ( 1 - y )  y e 

p (y) = p y ( l -y) e y e 

py y (y) = - C y cl (y - 1 ) , 

+ fN (y,  L) + N _ (y, L )l p ( x /y )  I , L e e J Ye \ 

1 [ 2 2 ] 
2 y + ( 1 -y) ' 

C y = � Jdy [P e y( y )  + P ; : ) Y l] 3 

T h e  m eaning of th e s e  equations is qui t e  c l ear. T h e  last equation impl i e s  that 

the numb er of photons which disappear a t  the point x it i s  equal to the num -

b e r  of new b o rn e e pairs carrying total mom en turn x. T h e  functions p e y 

and p y e a r e  r elated to the long1tudmal d1sl ribut10ns of b r e m s s trahlung 

photons and of Dalitz P'llr e l e c t rons (x) . 

It is int e r e s ting to note that t h e  d e rivativ e of the diff e r e n c e  of the num 

b e r  of electrons and p o s itrons does not depend on the y dis tribution : 

(3. 1 4 )  

dLI N ( x ,  L)  
dL  

1 
J � LI N (y, L) p (x/y) y e e  x 

T h e  L evolution of this diff e r e n c e  d e c ouples from l ha l  of the oth e r  f unc tions. 

A ls o  this coupled set of equa1 ions can b e  easily s o lv e d  with a c o mputer : the 

knowledge of the thr e e  functions N e ' N e and N y at a par I icular value o r  L 
in the r e gion 1 > x > xm allows us to compute them ctt any value of L, in the 

same x r e gion. 

It  is p o s s ib l e  lo study the behavio u r  of the moments of the distribution s ;  

i f  o n e  defines a thr e e  c omponent vector 

(x)  - T he p o s s i b ility of us ing th e s e  f o rm ulae lo compute high e r  o r d e r  p r o ­
c e s s e s  i n  quantum electrodynamics h a s  b e en s ugges t ed by Cabibbo. T(1is 
technique has b e en apflied lo the s tudy of l h e r ea c t ions e+e - , e+e - (l I O ) 

and e + e - - -> e + e - e + e - 1 1 ) . 
, 



M
N

(L )  
1 

xN N . (x, L )  (3 .  1 5 )  Jo 
dx 1 ._.._,. e 

l x 1 i = 2 ........ e 
3 �  l' 

one finds : 

dMN (L)  
� A

N M� (L )  ( 3 .  1 6 )  
1 

dL 2n iK 

where A is a three by three matrix. If we denote by .l. N 
and i!N the three a a 

eigenvalues and eigenvectors of AN, the solution of (3 .  1 6 )  can be written 

using the vectorial notations as : 

( 3 .  1 7 )  

N --> ',/  "'N 
The quantities Ma are fixed by the boundary condition M (L )k=Lo 

= M (L0 ) . 

F or N = 2 one of the eigenvalues is 0,  reflecting the conservation of 

the 1.otal momentum carried by the constituents. When L -+ oo the distribu 

tions of both electrons and photons shifts towards 0,  the ratio of the mome� 

tum carried by the electrons and the positrons goes to one and the total m� 

mentum carried by the "valence" electron goes to zero, while the momen­

tum carried by the s ea of e e pairs and by the photons goes to a constant. In 

the limit L ·� oo an equilibrium situation is reached : the momentum lost by 

the electrons via bremsstrahlung is equal to the momentum refilling due to 

the creation of Dalitz pairs. The mean value of the momentum carried by 

each constituent goes to z ero and this degradation of momentum is the ori­

gin of the progress ive conc entration of the functions N (x, L) near x = O. Up 

to now, we have considered only the distributions in longitudinal momentum_ 

The transverse momentum distribution can be studied using similar techni­

ques ; one finds ( l Z ) : 
2 aL <._P,_ ) 

0 ( a ) . '·' a 2 T p 

Unfortunately the situation is not so simple : we have neglected the 

pos sibility that an e e pair annihilate in a photon which subs equently splits 

in an e e pair and so on. A typical diagram is shown in F ig. 3. 

To stud:v this phenomPnum a new conc ept must be introduc ed : vacuum 

polarization. The effect of thes e new diagrams can be accounted for, by the 

introductiou of an effective L dependent coupling constant. 
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fig.3 
F IG. 3 -A typical diagram c ontributing to vacuum polariz ation. 

We p r ef er to dis cus s the cons equen c e s  of vacuum polarization and to 

write the final formula e in this s e c tion ; we p o stpone to the n ext s e ction the 

discussio n  on the rationale and on the physical meaning f o r  the introduction 

of an effective time dep endent c oupling c on s tant. The c o r r e c t  formula e a r e  

obtained b y  substituting a by a (L) in e q s .  3.  12 a n d  3 .  16. T h e  function a(L)  
satisfies t h e  diff er ential equation : 

( 3 .  1 8 )  -d a(L) 11 2 
r 3 ,1 

dL 
= p a (L) + 0 _a (L)J 

who s e  solution is : 

( 3 .  1 9 )  a (L) 

a )  

b )  

( 1 3 )  T wo differ ent p o s s ibilities a r e  o p en 

fl � 0 

fl ' 0 

L » 1 ,  

In c a s e  a )  the eff ectiv e c o upling inc r e a s e s  with L, also if we start 

from a small value of a,  inc r e asing L we a r e  projected in the st rong c ouf'_ 

ling r egime where we cannot jus tify our approximation of neglecting higher 

o r d e r  in a in the transition probabilities p.  What will finally happen in this 

c a s e  is still an o p en problem : no general consensus has b e en r eached on 

this point. 

C a s e  a) is reali z e d  in pure QED ; the en ere,,es al which the p erturba ­

tiv e expansion b e c o m e  u s e l e s s  a r e  gigantic : they a r e  of the order of the 

mass of the univ e r s e. 
' 

C a s e  b) is better understood : increasing L the eff e ctiv e c o upling 

constant d e c r eas es ; also if we start from a relative large value of a we 

finally end up with a small value of a (L)  ( a (L )  � - l /fl L  when L co). 
In t h i s  kind of theory t h e  la r g e  L limi t c a n  be c ontrolled us ing a p erturb'.':. 



tive es timate of the trans ition probabilitie s ,  whatever the value of the c o u  

pling cons tant i n  t h e  l o w  momentum r egion. 

T h e r e  is no p r oblem to solve the modified eq. ( 3 .  1 2 )  by computer. E q. 

( 3 .  1 6 )  b e c o m e s  now : 

( 3 .  2 0 )  
dMN ( L )  

l 

d L  

who s e  solution is : 

(3 . 2 1 )  ->N M ( L )  

_c:_(!:'.2_ A N MK
N ( L )  2 n; iK 

We now hav e in our hands the tools which a r e  n e e d e d  to study the viol� 

tions of the s caling law in d e e p  inelastic s catte ring. We a r e  able to compute 

how the distribution of the pointlike c onstituents depends o n  the r e s olution 

time. We have s e en that when the r e s olution time goes to z e ro (L .- oo) a 

c ontinuous p r o c e s s  of interchange of momen.tum among the bare constituents 

is p r e s ent, the laws which r e gulate this phenom enum can be summariz ed in 

the " ma s t e r " equation ( 3 .  1 2 )· 
4. - V A C UUM POLARJZA TION 

It i s  a common day experience that salt can be eas ily diss o lv e d  in w� 

t e r  but not in oil. This fact is due to the high value of the static dielectric 

cons tant B s = 80 ( B S = 1 in vaccum). T h e  fo r c e  b etween two charges is : 

(4. 1 )  F 

at large distanc e s .  However, at distan c e s  smaller than the radius of the 

water molecule ( a ) ,  one r ec ov e r s  the more familiar : 

(4. 2 )  r < <  d . 

It is p o s sible to define a function B ( r )  such that : 

(4 . 3 )  B ( 0 )  1 ' 

This eff e c t  aris es from I.h e ori entation of the water dipoles in p r e s en ­

c e  o f  a n  electric field. T h e  scale o f  the phenomenum i s  naturally given b y  d. 

E quivalently one would define an r dep endent effective charge and 

write : 
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( 4. 4)  F 

A typical plot of q ( r )  as function of L is shown in F ig. 4. 

L 
F IG .  4 - T h e  effective charge in wat e r  as function of L = - ln ( r/ d ) ,  r being 

th e di s tance and d b eing the radius of water molecules. 

T h e  polarization of water decreas e s  the force among Na+ and C l 

ions and allows the s olution of salt in water : charged ions in water a r e  nea£ 

ly asymptoti cally f r e e  at large distan c e s  while they have a strong int erac ­

tion at short distanc e s .  

A more drammatic eff e c t  c a n  b e  found in m etals : h e r e  Es = m and 

the effective charge g o e s  to z ero exponentially at large distanc e s : the char 

g e  is c omplet ely shielded. 

In quantum electrodynamics the role of water is played by the virtual 

e e pairs which fill the vacuum. The p r e s en c e  of a charge modifies their 

dis tribution and produces a polarization of the vacuum which alters the 

value of the effective charge s e en at large distan c e s .  The inv e r s e  of the 

ma s s  of the virtual pair c o r r e s ponds to the radius of water molecule s :  the 

shi elding eff e c t  r ea c h e s  a cons tant at distanc e s  la rger than 1 / 2  m 8 •  Howe -

v e r  there is no upper bound to the mass of a virtual pair so that the effecti 

ve charge chang e s  its value also at v ery short distan c e s .  At distanc e s  of 

o r d e r  1 0 - l O O  c m  the eff e c tive c oupling c onstant b e c o m e s  of order 1 and non 

linear phenomfona in the electric field a r e  quite important. It  is not clear 

what happens at s o  short distanc e s ,  however this problem is not r elevant 

here.  

We hope we have clarif i e d  why the effective c o upling cons tant in Qua� 

tum elec trodynamics depends on the distan c e  r and by r elativistic invaria� 

ce also on the r e s olution tim e -r; .  T h e  fact that the f o r c e  among diffe r ent 

( e qual) sign charges i s  attractiv e ( r epulsiv e )  implies that in all pos sible m!:': 

terials, vacuum i ncluded, E s > 1 and th e effective charge at large distan c e s  



is smaller than the bare charge : q ( co )  < q ( O ) .  W e  can conc eive a world in 

which the force among charges of the same sign is attractive and among 

charges of opposite sign is repulsive, We will call the matt er of which this 

world is made up " enantion " .  The static polarizabHity of the enantion is a l ­

w a y s  l e s s  than 1, A l s o  in t h i s  c a s e  w e  c an introduce a distanc e - dependent 

effective coupling cons tant : the effectiv e charge s e en at large distanc es is 

always greater that the bare one : 

(4. 5 )  q ( co ) > q ( O )  . 

L et us chose a particular kind of enantion in which E s = 0 and let us 

suppo s e  that th e radius of the molecules has a continous dis tribution which 

ranges from z e ro up to a maximum length d. In this c a s e  q ( co ) / q ( O )  = co, If 

the effective charge s e en at large distan c e  is finite, the effective charge at 

v ery s mall distan c e  must b e  equal to z ero ( s e e F ig. 5). Two ions in enantion 

behav e as f r e e  at short distan c e s  while the interaction remains strong at la_i::_ 

gre distan c e s ,  

W h y  are w e  interes ted in such a devious sy stem? T h e  reason is sim ­

ple : there are models of strong interactions in which the polariz ability 

properties of vacuum are j u s t  the same as tho s e  of enantion. T h e s e  model 

b elong to case b )  of s ection 3 and hav e a coupling constant which is asympt_£ 

tically z e ro at short distan c e .  I think that it is int eres ting to have a concrete 

example of a system in which the interaction among pointlike particles fades 

at short distanc e s ,  

�(L) 

L 

F IG. 5 - T h e  effective charge in en a 1tion as funct ion of L = -ln(r / d ) ,  r 

being the distance and d being the maximum radius of en a ition 

molecules, 
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5. - THE STRUCTURE OF STRONG INTERACTIONS 

daaa Qa YaQ n:av-r;ov Qi � wµ, a -r;a n-QwHv ZixovE (x) 
(Empedocles ) 

In the most popular model of strong interactions the hadrons are co� 
( 1 4) . posed of 4 quarks (p, n, ). and p ' )  ; the three different colours of quarks 

interact via the exchange of an octet of coloured gluons. Electromagnetic 

and week currents are colour singlets ; the theory is invariant under the 

group SU(3 ) colour. 
. ( 15 - 17 )  The effective coupling constant of the theory satisfies the equat10n : 

( 5 . 1 )  
da (L )  
dL 

whose solution is : 

( 5 .  2 )  a (L) 

2 5  2 3 
1 2n;  a (L )  + O (a ) ( L  0 ln Q2 ) , 

The situation is the same as in enantion. Although the coupling con­

stant of strong interactions is large at distances of order l /mn;, it is pos ­

sible that at rather shorter distances it becomes smaller and smaller and 

that a perturbative approach can be  used in the deep inelastic region. If 

this is the case, it is pos sible to obtain sharp predictions for the breaking 

of the Bjorken scaling law for very high Q2 . 

We denote by Nqi(x, L )  i 0 11 4, Nqi(x, L) i 0 51 8 and Ng(x, L) re­

spectively, the longitudinal momentum distributions of quarks, antiquarks 

and gluons inside an hadron. The L dependence of these distribution func ­

tions can be computed using the transition probabilities for the processes : 

q -7 q + g, g --? q + q and g ---. g + g. The first two are present also in 

quantum electrodynamics ,  while the third is peculiar to non abelian gauge 

theories. 

The following master equation holds : 

(5 . 3 ) 

(x ) - Hear first the four roots of all things. 



w h e r e  

(5 .  4) 

(5.  5 )  

( 5 ,  6 )  

dN (x, L )  

dL 4
a
n; j 

x 

8 
d [- l � p ( x /y ) N (y, L) + p ( x /y )  .I i Nq _ (y, L )  , y gg g gq 1 1 -

p ( y )  
qq 

p ( y )  
gq 

p ( y )  q g  

4 l- 4 - o ( y - 1 )  - 2 - 2 y] 3 { 1 -y ) + 

3 2 2 
-

J 16 � ( 1 - y )  + 2y ' 

- P ( y )  3 l __ 
4
_ + ± + 4y ( l -y )J - 2 o (y - 1 )  

gg U 1 -y )
+ 

y 

1 
( 1 - y)

+ 

J 
1 

x 

is a distribution defined by : 

1 

--- N ( y )  = ln ( l - x ) N (x )  + j 
( 1  - � )  x y + 

T h e  following c o n s i s t ency conditions a r e  satisfi e d : 

p (y) 
qq 

p ( y )  q g  

p ( 1 -y )  gq 

p ( 1 - y )  qg 

p (v)  = p ( 1 - y) . gg 0 gg 

1 r- l 
1 

_ � � ( y )  - N ( x� 
y 

E q s .  ( 5 .  3 - 5 , 5 )  can be dire ctly d e rived f r om the s tandard r e sults of ref. ( 1 8 -

- 2 0 )  u s ing the te chnique employed i n  ref. ( 2 1 ) , 

High e r  o r d e r s  in a hav e b e en n e glect ed, a 1  , Ja T is of o r d e r  a and is 

t h e r efo re asymptotically z e ro. 

L et us try t o  use t h e s e  fo rmulae to compute the violations of the s e a_! 

ing law in d e ep inela s ti c  s c att ering on nucleons, 

E lectron and n eutrino d e ep in elastic s c at t e ring giv es us v e ry good in ­

formation on the x d i s tribution of quarks inside the nucleon, however no in 
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formation is available on the gluon distribution ; we only know that gluons 

must be present in the nucleon : they carry about O. 48 of the total mom en-

tum. Un fortunately the theoretical predictions for scaling violations dep­

end on the form of the gluon distribution. Two phenomena contribute to the 

scaling violations : firstly the shift of the quark and antiquark distributions 

due to gluon bremsstrahlung, s econdly the creation of quark-antiquark pairs. 

Only the s econd process depends on the distribution of gluons. However it is 

quite reasonable that the s ea will be negligible for x near to one (x > 0. 5). 

Model independent conclusions can be reached only in this region. 

If we want to be more quantitative we can try to put upper and lower 

bounds on the scaling violations using two extreme models of gluon distrib.1:!c 

tions. 

The first unreasonable possibility is that the gluons are concentrated 

at x = 0 ;  Ng(x, L )  = O.  48 <5 (x ) /x. 

In this case the L derivative of the structure function is (2 l ) : 

( 5 .  7 )  

2 dF 2 (x, Q ) 

2 d ln q 
i-3 + 4 ln( l -x)l F2 (x, Q2 ) + 
I_ J 

+ x J dy � -2 ( 1 + �) + l � � )  F 2 (y, Q2 ) -
x l y 

The value of the effective coupling constant a (Q2 ) appears as a factor. 
. t (22 )  Using as mpu 

(5. 8 )  F� (x) ( l -x)
3 [i . 2 74 + 0. 5 9 8 9 ( 1 -x) - 1. 6 7 5 ( 1 -x)2 J 

we obtain curve I of F ig. 6 for a (Q2 ) = 0. 4. Notice that for such an high 

value of a corrections coming from the higher order terms may not be 

completely negligible. In this case we have neglected the gluon contribution 

which is positive : curve I is a lower bound on the derivative. 

A physical motivated upper bound can be obtained supposing that the 

gluon distribution is proportional to the quark dis tribution in the region x 

near to one : for example we can assume that the x dis tribution is exactly 

1. 92 ( 1 -x)3 /x. In this case one obtains the curve III of F ig. 6. In the region 



FIG, 6 - Curve I, II and III are respectively th<C predictions for 

- a 1n F� (x, Q2 ) / a(ln Q2 ) assuming respectively, I the concentration 

of all gluons at x = 0, II an educated guess for the gluon distribu­

tion, and III a distribution ( 1 -x )3 for the gluons ; the same pre­

dictions are obtained for the neutron with an accuracy of 0, 02 ; 

a = 0, 4 has been assumed, ( • ) and ( • ) are respectively the 

experimental points for proton �nd deuter�um(Z ? ) ; ( + ) are the 

experimental points for iron(Z S ). 

x 

N 
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of large x there is no s ignificant difference between the two curves for the 

two extreme choices of the gluon distribution, The difference is concentra­

ted in the region of low x and it is due to the increase of the sea, 

An educated gues s  for the gluon distribution can be obtained as follows: 

suppos e that at a low value of L only p and n quarks are present in the 

proton, Using the master equation ( 5 .  3) one can compute the quark, anti­

quark and gluon distributions for all values of L, If we impose the constr� 

int that, at a particular value of L, the structure functions coincide with 

eq. (5, 8) we are able to fix the quark and gluon distributions at that partic.':!c 

lar L. Without entering into the details of how it can be done, we show di­

rectly the results : the predictions for the derivative of the structure func ­

tions are represented by curve II of F ig, 6 ,  

A consistency check(Z ) o f  this model can be done comparing the pre-

dieted quark and antiquark distributions with the experimental data coming 

from neutrino and antineutrino scattering at Gargamelle. The agreement is 

not bad (see F ig, 7 ) : notice that we have no free parameter and that we have 

used as input only data coming from deep inelastic electron scattering. 

It seems to me that the predicted antiquark distribution is too conce­

trated near x � 0 (better data are needed to prove this conclusion) ; it is 

reasonable to suppose that the predicted gluon distribution has the same 

defect and that we are understimating the number of gluons in the large x 

region. My personal conclusion is that the correct prediction is between 

curve II and III, The ambiguity due to our ignorance of the gluon distribu­

tion is not large and sharp predictions can be made in the real asymptotic 

region. 

Similar results can be obtained for the neutron structure functions. 

The difference among curves I ,  II and III for the neutron and the proton 

would hardly be observable in F ig, 6. It is always less than 0. 0 2 ,  

and 

Thes e predictions are done in the region of very high Q2 where a (Q2 ) 
2 2 

M / Q  are small numbers. I n  the next section we shall s e e  that i n  the 
? 

intermrediate Q� region where actual experirr1ents are done, extra ambigu!: 

ties are present which make the comparison between theory and experiments 

less straightforward. 



6. - THE COMPARISON WITH EXPERIMENTS 

&.µar rd'T/S a lr: tri � &µa1>tri r:ov xe i'a a o v o ,;- (x )  

(Democritus ) 

When precise data on deep inelastic e-p scattering appeared in 1 9 7 0  

i t  was clear that violations of the Bjorken scaling were present(24 ). These 

violations disappeared when the variable x '  was used(2 5 ); x and x '  are 

asymptotically equal ; the difference is only relevant at " low" values of Q2 • 

The amount and the very existence of scaling violations depends on the 

choice of the " correct" variable. 

Up to now no strong theoretical argument has been found which allows 

a choice between x or x' or any other similar variable. However the choi 

ce of the "best" variable can be done using the experimental data plus a 

theoretical criterion of what we mean by the "best" variable. 

In 1 9 70 an experimental proof of Bjorken scaling was strongly desir 

able and the "best" variable was the one for which Bjorken scaling was be_! 

ter satisfied. In 1 9 7 5  it was discovered that it is impossible to find a vari­

able for which the Bjorken scaling law is satisfied both for proton and ne!:!_ 

tron deep inelastic scattering(26 ) . The experi.rnental obs ervation of scaling 

violations in the proton at fixed x ' (O. 5 .:: x' < O.  7) ( see F ig. 8) suggests the 

use of a variable different from x ' ,  on the contrary the lack of scaling viol� 

tions in the neutron at fixed x' would imply that x' is the "best" variable 

(see Fig. 9 ) .  

It is possible to use a new scaling variable x1 9 7 5  for the proton and 

the old x' for the neutron, and this may be a simple phenomenological way 

to summariz e the data. I think that it would be quite hard to find a theoreti -

cal justification in the framework of the parton model for the use of two 

different scaling variables :  the criterion that the "best" variable mtrnt mt� 

miz e the violations of Bjorken scaling, has led us to a dead end. 

A new criterion is needed : we propose that the best variable should be 

such that scaling violations are the same for the neutron and the proton, at 

1 . h 1 . If h . 
1 d (Z 7 '  2 S )  east m t e arge x region. we use t e experimenta ata to com-

(x) - The cause of errors is ignorance of better. 
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FIG. 8 - The experimc:ntal data for the nH'all value ol .F� m the interval 

0. 5 -:: x' ::' 0. 7 plotted against Q2, 
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FIG. 9 - The experimental'data for the mean value of F� in the interval 
0. 5 � x 1 � 0, 7 plotted against Q2. 



pute the logaritmic d�rivative of the proton and of _ the  neutron s tructure 

functions at fixed x, we find that they are roughly equal ( see  F ig. 6 ). 

How is it possible that the two logaritmic .derivatives at fixed x are 

equal and thos e at fixed x ' are different? The answer can be easily found 

using the identity : 

( 6 .  1 )  a 1n� I a Q x '  I a 1n F  + --­
a x x 

In the x region we are interested in, one find that : 

(6 .  2 )  

n a lnF  
2 

a x  

a ln FP 
. 2 1 .  2 __ a_x __ 

Any change of variable modifies the Q
2 derivative of the neutron data more 

s trongly than the proton data. 

The variable x (and not x ' )  satisfies the new criterion we have propo!: 

ed, and we are going to use it in the rest of the paper ( s ee Fig, 6 ) . We stress 

that, if our intuition is wrong and U:-the predicted s caling violations must be 

compared with the derivative of  the  experimental data a t  fixed x ' ,  the  pres -

ent experimtental evidence excludes that the observed scaling violations come 

from the meci1anism described in this paper, However the data are not ac ­

curate enough to fix unambigously which is the best variable : any variable 

not too far from x would also satisfy our criterion within the experimental 

errors, The problem of the best variable aris es from the existence of scal­

ing violations due to the finite mas s of the nucleons and of the quarks ; thes.f 

violations disappear asymptotically, however in the low Q
2 region it is i� 

pos sible to dis entangle the scaling violations which die as Q
2 is increased, 

from those which survive in the limit Q
2 · >  CD, The theory of thes e mass 

dependent scaling violations is practically lacking : the situation can be cla ­

ritied in the framework of the so called covariant parton model of Lands -
. ( 2 9 )  hoff and Polkrngorne , unfortunately the analy' .is has not been carried 

out in detail. 

Another problem is pres ent : our asymptotic predictions do not distin­

guish among F 1 and F 2 ( aL is a·symptotically zero), however at pres ent 

energies the logaritmic derivative of F 1 is systematically larger than that 
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of F 2 
(2 7

' 
3 O) .  Now it is not clear which function should be compared with 

the theoretical predictions : the chosen function must satisfy the require-

ment of  minimizing the s caling violations due to  finite mass effects. 

The observed Q2 dependence of the function F 2 can be well fitted 

using a �  0, 4 (see F ig, 6 ) ; a simi.lar agreement between theory and expe­

rim <mt would be obtained using F 1 instead of  F 2 : in  this case we would 

get a � 0, 5 ,  

I would like to conclude that the obs erved scaling violations can be 

accounted for by interactions among partons with a coupling constant of 

order 0, 4 - 0, 5 in the few GeV2 range. However there is still another ef_ 

feet which increases the error on the value of a :  the large value of the 

coupling constant changes rather drastically with Q2 . The data in the ce� 
2 2 tral x region have < Q > 3 -6 GeV , while the data at x near to 1 have 

<. Q2> 8 - 1 2  GeV2 . 
2 In principle changing Q , we should also change the value of the effe.<::_ 

tive coupling constant ; in this particular instance this is not true becaus e 

we are changing both Q2 and x togeth�r. The effect we are talking about, 

is of the same order of magnitude as the neglected terms proportional to 
a 2 in the transition probabilities p (eq, ( 5 .  4 ) ) .  We must realiz e that eq, ( 5 ,  3 )  

2 ? is asymptotically correct also if we substitute a (Q ) by a (Q� / ( 1 -x ) ) ; eq. 

( 5 .  1 )  implies : 

(6. 3 )  

The difference i s  of order a 
2 . Notic e that < ( 1 -x) Q2 > i s  roughly constant 

in a wide x region in the SLAC sample, 

The effect of the neglected s econd order terms has not been computed 

at the present moment ; it can be easily be of order of 3 0%, expecially in 

the region x � 1 where higher order contributions are expected to be enha� 
. 2 . . ced. Terms proportional to a are not negligible becaus e our preferred 

value for the coupling constant is not small ; they will distort the theoreti ­

cal predictions in the region x .� 1 and they will also change the Q
2 depe� 

dence of the moments of the structure function for N very large. 

In our theoretical predictions we have also neglected the effect of the 
? 

Q� dependence of the r, h. s. of eq, (5 ,  7 ) ; the error we have introduced is 



rather small and can be easily corrected using the data themselves and not 

their scaling fit (5. 8 )  in the r. h. s. of eq. (5. 7 ). 
If I take care of all these ambiguities, I would estimate : 

(6 .  4) 0. 2 5  ,S: a (6 GeV2
) s 0. 5 .  

Correspondly : 

(6 . 5 )  2 O. 4 :::_ a ( 1 GeV ) ::: 1 .  2 . 

The determination of the value of a is based mainly on the SLAC data. 

If high quality data coming from an high energy µ beam becomes available 

in the future for a large interval of Q2 , the determination of a can be i� 

proved. I hope that at that time the theoretical ambiguities will be solved : 
2 the transition probabilities will be computed at order a and the scaling 

violations due to the finite mass of the proton will be understood. 

7.  - SCALING VIOLATIONS AND THE SEARCH FOR CHARM 

The parton model gives rather interesting predictions when it is ap -

plied to neutrino and antineutrino induced reactions. In this paper we con­

centrate our analysis on the charged current processes ; a similar analysis 

can be done for the case of neutral currents. If only V -A currents are pre­

s ent, we find : 

( 7 .  1 )  a = 'll i-Mv + _l M� l I_ q 3 q _ 
a - = 'll 

2 2G MEv r: v l v 
J __ 1' ___ LMq: + 3M q 

\!I
v 
+ 6M� 

1 
q q 

<'.. Y > - = - ----=­
v 4 vrv + 3M� q q 

where a denotes total cross section and y is the ratio between the neutrino 

(the antineutrino) energy and
_
the ener:_gy given to the hadron system Eh : 

, I v v v v v . . y = Eh E . M and M- (M and M-)  are respectively the effective momen 
q q q q -

tum carried by the quarks and the antiquarks which interact with the neutrino 

(with the antineutrino ) . 

In the 4 quark model different results hold below and above the thre­

shold for creation or  charmed particles in  the final state ; below threshold 
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we find : 

(7 .  2 )  

'V 2 M- = M-
q p 

Above threshold, transitions involving the p '  quark are switched on : 

( 7 .  3 ) 

v 2 2 M- = M- + M-:; 
q n ,. 

2 2 M + M  p p ' 

v ') ') 
M- = M'.: + M'.'.. 

q p p ' 

it is commonly assumed that the quark distributions inside the nuc­

leon can be divided into a valence contribution, an SU(3 ) symmetric s ea of 

quarks and antiquarks and a charmed sea. If the target has isospin zero 

we get : 

( 7 .  4 )  
2 

M2 �
+ s2 

p 2 

� 2 M- = S p 

M 2 2 

� + s
2 

n 2 

2 2 M- = S  n 

., 

= 

s2 , Ml 
2 2 M):" = S 

2 c2 , M p ' 

., 
c2 M:: 

p ' 

If we neglect the sea, no antiquarks are present in the nucleon : the 

antineutrino over neutrino total cross s ection ratio is below threshold : 

( 7 .  5 )  1 / 3 cos2 G � O .  3 5 . c 

At Gargamelle energies R = 0. 3 9 (2 3 ) ; only a small contamination of 

antiquarks is present in the nucleon at low energy. The x distributions ot 

quarks and antiquarks are shown in Fig. 7 :  the mean value of x of antiquarks 

( <xs .> ) is much smaller than that of the valence quarks ( < xv) ) . The data 
2 2 2 ' suggests that at Q = 1 GeV (the mean value of Q m the Gargamelle ex-

periment is about 1 GeV2 ) the following relations hold : 

( 7. 6 ) 2 v = o. 46 , s2 = o. o 1 , c2 = o G2 = 0. 48 

Obviously the data give no information about the amount of charmed 

quarks present in the proton ; for simplicity I have assumed that the charmed 



2 
component of the proton can be neglected in the low Q region. The conser 

vation of the total momentum implies the sum rule 

(7 .  7 ) 
2 2 2 2 

V + 6 S + 2 C + G = l  

which has been used to fix the momentum carried by the gluons (G
2
). 

Violations of the Bjorken scaling law are due to the presence of a 

threshold for charm production and to the Q
2 

dependence of the quark distrj_ 

butions. The first effect is characteristic of neutrino s cattering. It will be 

shown here that both effects are needed to  explain the observed violations of 

the scaling law in neutrino deep inelastic scattering : in the framework of the 
. . Q

2 
4 quark model it is not simple to fit the experimental data neglectmg the 

dependence of the parton distributions. 

The Q
2 

dependence of the momentum carried by each component of the 

proton can be easily computed : proceeding as in s ection 3 we can derive from 

eqs. (5. 3 -4 )  an equation having the same form as eq. ( 3 . 2 0 ) ; its solution is ( 3 ) : 

( 7 .  S )  

where 

( 7. 9 ) 

V
2
(Q

2
) = BS 

0 -32 / 7 5 
' 

S
2
(Q

2
) = 

2 +
_.l_

B 0-56 / 75
+ (

__!_
B _ l B )  0 -32 / 75 

56 1 4  0 2 4 1 5 6 s ' 

2
(Q

2
) = _l_ + __!_ B 0-56 / 75 

_ l B 0-32 / 7 5 
c 56 1 4  0 s 1 5 ' 

! B 0-56 / 7 5 
7 0 

1 + 
2 5 

( 
2 

l 1 Q
2 I 2 

1 2 :rt a µ, n µ, • 

The constants B0, BS and B 1 5 can be fixed by requiring that eq. (7 .  6 )  

b e  satisfied a t  Q
2 

= 1 GeV
2
. 

In F ig. 1 0  the results have been plotted for a ( l )  = O. 5 , as functions of 

Q
2
• Since G is a s lowly varying function of Q

2 
we can compute G from an 

effective Q
2 

value 

(7 .  1 0 )  
2 

QEff = 2 M E < x y) 

where < x y >  is the average value of xy, which is different for neutrino 

and antineutrino. At fixed energy E neutrino data involve larger value of 
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Q2 . . d Eff than antmeutrmo ata. 

Our predictions for the momentum carried by the charmed quarks 

must be taken cum grano salis : the effects of the large mass of the char-

med quarks has not been taken into account. A more precise analysis would 

be needed to study effects that depend crucially on the amount of charmed 

quarks in the proton. 

The cross sections and the y distribution below and much above the 

threshold for charm production can be easily computed. 

The effects of the threshold may be simulated by a simple Q function 

in the mass W of the produced hadronic system : 

( 7 .  1 1 ) 

where aB is the cross section below the threshold for charm production, 

aC is the asymptotic cross section for producing a charmed final state and 

WT is an effective threshold mass. Simple kinematical arguments , due to 

Barnett, suggest that : 

( 7 .  1 2 )  2 2 I W = m , < x) T p 

where m , is the mass of the charmed quark and <x) is the mean value p 
x of the quarks from which the p ' is produced. Charm is produced by neu-

trinos mainly out of valence quarks, by antineutrinos out of sea quarks. 

Using mp ' = 2 GeV, ( x,/> = O. 25 and < x8 ) = O. 13 we estimate : 

( 7 .  1 3 )  W v '-"' 4 GeV , T w; -:::: 5. 5 GeV . 

The higher value of the effective threshold for antineutrino is caused 

by the exoticity of the hadronic final state (B = l, C = - 1 ). 

In Figs. 1 1  and 12 we show our predictions for <'. y'>
v 

and R respec ­

tively for various values of WT and a .  The data for < y):V come from the 

HPWF collaboration. For simplicity the same threshold has been used for 

neutrino and antineutrino. 

When a =  0 the scaling violations due to the strong interactions are 

absent and when WT = oo the charm threshold never opens. It is apparent 

that both a i 0 and WT <. oo are needed to fit the data for < Y\; ; in this 



case R is predicted to rise with E. If the momentum carried by each quark 

were Q
2 

independent, R would stay almost constant and b e  insensitive to the 

charm threshold ; in fact the increased proportion of momentum carried by 

the sea makes R to behave as in F ig. 1 2 . While this prediction is not sup-
( 32 ) ported by the published data of the Caltech group (although not excluded 

within quoted errors )  a sharp rise of R has been reported by the HPWF 
( 3 3, 3 4 )  group 

In the infinite energy limit very simple predictions are obtained : 

( 7. 1 4 )  a ­v < y) 
v 

If scaling violations were absent, eq. ( 7. 6 ) implies that the fraction 

Ll a/a of charmed final states would not exc eed 1 0% even at infinite energy. 

The predictions with scaling violations included are shown in F ig. 1 3 . If 

charmed particle have an average branching ratio into muons of the order 

of 5% to 1 0%, the observed yield of events with muons of opposite charge 

is obtained(3 5 ,  36 ) · 
( 3 5 )  . Dimuons with equal charge may come from the production of a 

charmed quark-antiquark pair in an event with LlC � 0. A very rough esti­

mate of the order of magnitude of the cross section for the creation of two 

charmed particles is : 

(7 . 1 5 )  a -
cc 

A careful study of  the effects due to  the high p ' mass would be needed 

to understand if this mechanism may explain the observed yield of equal 

sign dimuons. It is also possible that the equal sign dimLwns come from the 
. (3 7 )  decay o f  a massive b quark produced out of a p ' quark. 

A distinctive feature of the scaling violations due to the strong inter ­

action is that the x distributions of quarks and antiquarks shift toward zero 
9 

with increasing Q�. This effect has been observed in electroproduction and 

should also be obs erved in neutrino production. Predictions for the behavi­

our of the structure functions at fixed x can be made using the same techni­

ques as in section 5. However it may be convenient to concentrate on global 

quantities such as < x > . 
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F IG. 1 0 - Momenta carried by the gluons, the valence quarks ,  the SU( 3 )  
sym1netric s ea and the charmed sea, The arrows indicate the 

asymptotic values, G + 2V + 6G + 2C = 1 is identically satisfied. 

The curves have been computed using a ( l  GeV2 ) = a = 0, 5. 
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F IG, 1 1  - Average value of Y;v for different values of a and WT , the 
effective invariant mass for charm threshold. a = 0 corresponds 
to Q2 independent parton distributions. WT - en corresponds to 
neglecting effects for charm production. Both effects s eem ':o be 
needed to reproduce the data. a is the coupling constant at Q2 

2 
1 GeV . The experimental points are taken from ref, ( 3 1 ). 



FIG. 12 - TJ::e ratio o v /o 11 for different values of a ( 1  GeV
2 ) and WT, 

the effective invariant mass for charm threshold. 
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FIG. 1 3  - The prediction for the fraction / J<J  /o of charmed final states 

for neutrino and antineutrino. The dashed line is obtained with Q2 

independent parton distributions, the full lines are obtained as ­

suming a = O. 5 at Q2 = 1 GeV
2

; WT is the effective invariant 

mass for charm production. 
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Evolution equations like eq. ( 7 .  8) can be written also in this case(3 J
. 

This problem will not be studied here : the interested reader can find a 

careful treatment of this and of many other phenomena concerning scaling 

violations in neutrino scattering in the paper of Altarelli presented at this 
. (3 8 )  R encontre d e  Mor10nd . 

8. - CONCLUSIONS 

In this paper we have shown that in relativistic quantum field theory 

the breaking of the Bjorken scaling law can be understood in terms of suc ­

cessive fragmentations of the partons. The parton model relations among 

electron, neutrino and antineutrino scattering are preserved, provided we 

use Q2 dependent parton distributions. 

The scaling violations observed in deep inelastic electron scattering 

can be understood using a strong interaction coupling constant of the order 

O.  4 in the f ew GeV range. Using this value for the strong interaction cou-

pling constant we compute the scaling violations in neutrino and antineutrino 

scattering. The most interesting prediction is a large increase in the mo ­

mentum carried by the sea of antiquarks with increasing energy. The mean 

value of y in antineutrino scattering and the ratio of the total antineutrino 

and neutrino cross sections are consequently affected. Without this effect it 

is hard to understand the present experimental data in the framework of the 

4 quark model. It appears that a correct treatment of the violations of the 

Bjorken scaling law is a necessary ingredient in any successfully analysis 

of neutrino scattering at present energies. 

The author is really grateful to R. K. Ellis for a critical reading of 

the manuscript. 
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CHARMED PARTICLE SEARCH IN THE GARGAMELLE 

NEUTRINO EXPERIMENT 

M .  JAFFRE 

Laboratoire de l ' Accelerateur Lineaire 
Universite de PARIS -SUD , Batiment 200 
9 1405 Orsay (Franc e )  

Abstract : A total of 18000 neutrino interactions between 
1 and 12 GeV have been analysed for search of semi-leptonic 
decays of charmed particles . 2 events ( µ

-
e+v0 + . . .  ) have 

been found . The probabi l ity that they can be due to back­
ground is less than lo- 3 . 

Resume : 18000 interactions de neutrino d ' energie compr ise 
entre 1 et 1 2  GeV ont et6 analysees pour la recherche de 
de sintegrations semi- leptoniques de particules c harmees . 
2 evenements ( µ -e+v0 + . . .  ) ont ete trouve s .  La probabi l ite 
qu ' il s  soient du bruit de fond est inferieure a lo-3 . 
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Recently the existence of neutra l  currents has been 
evidenceiby several experiments ( 1 ) . However , the weak neu­
tral currents seem to conserve strangenes s ,  unl ike charged 
currents . 

This fact cannot be expla ined without add ition of new 
quantum number s .  The s implest way is to extend the symmetry 

su3 to su4 . The new quantum number is c a l l ed charm ( C )  ( 2 ) . 

In the quark parton model ,  we can wr ite the weak char­

ged current as : 

J = py
JJ

(l+y5 ) (n cos8 + A  sin8 )+ p'y (1 + Y s )  (A cos8 - n sin8c) jJ c c jJ c 
C harmed particles can be produced in neutrino inte­

ractions : 
on valence quark the reaction i s  

v n  -+ µ - p '  factor s i n 2 8  c f inal state C 1 
s 0 

on sea-quarks the reactions are 

VA -+ ]J
-

p '  factor c o s 2 8  c x aA final state c = 1 
(\) (\ )  s = + l  

vp ' µ \ factor co s 2 8  x a p '  final state c c 
( p ' ) ( p ' ) s 

a A , ap ' are the fractions of the momentum carr ied by A and 
p ' quarks .  

Charmed partic l e s  can decay semi- l eptonical l y  ( l ike 

kaons )  as : 

1 

1 

+ p '  -+ A + £ + v £ f inal state S = - 1  
c = 0 

I n  the f inal state , we expect two l eptons of opposite 

charge and one ( S  = - 1 )  or two (S = 1, S = - 1 )  strange par­
ticles . 

I - SEARCH FOR CHARMED PARTICLES IN GARGAMELLE 

E lectrons are unambiguously recogni sed among the other 
+ 

tracks in Gargamel l e .  But , the detection e f f ic i,12nc ies for K- , 
E ± and E 0 are sma l l ,  so the selection has been performed 
only for reactions involving K� and A0 , and only for the 
charged decay modes : 

+ -



Finally we have searched events of the type µ -e+V0 + X 

in Gargamelle f i lled with heavy freon . 

Data col lection - - - - - - - - - - -----
About 400 000 picture s  taken in v-beam in 1 9 7 1  and 

1 9 7 2  have been scanned for the topology above , and 300 000 
new pictures have been taken during last year with a v f l ux 
increased by a f actor 3 ,  due to the CERN PS boo ster . 

The analysis is performed by 7 Laborator ies : Aachen­

Bruxelles-CERN-Ecol e  Po lytechnique ( P ar i s ) -Milan-Orsay and 
U . C .  London 

Until now only 50 % o f  the whole sample has been ana­

lysed for the pecul iar topology (µ e + V0 + . . .  ) 

Cuts 

We have applied the following cuts to events we are 

looking for : 

- f iduc ial volume of 3 m3 

- po sitron energy Ee+ > 200 MeV 

Results -------
We have found 2 events sati sfying the above criteria 

( 3 ) . These 2 events correspond to 18 000 observed v - inte­
ractions with vi sible depo sited energy greater than 1 GeV , 
in the same f iduc ial volume . 

One new event has been found in the last sample of data . 

However our background calculations wi l l  corre spond to the 
first 2 events .  

We have reported the principal caracteristics o f  the 

3 events in the Table I .  

TABLE I )1 e+ V0 

Pµ- GeV/c Pe+ GeV/c Evis GeV w PT x vis y vis 
. 150 ± . OJ2 . 250 ± . 050 3 . 15 2 . 1  . 55 . 04 . 94 

1 . 060 ± . 150 . 895 ± . 250 3 . 4 1 . 9  1 . 1  . 46 . 6 9  
. 920 ± . 080 . 750 ± . 20J 5 . 1  2 . 7  . 8  . 42 .82 
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II - WHAT ARE THE PRINCIPAL SOURCES OF BACKGROUND ? 

1 - v interactions : e 
Due to the contamination of \) beam ,  v interactions e 

can be a source of background if a 1T i s  produced at the 
vertex and is not recognized , s imulating a µ candidate . 

This background is obtained by multiplying the expected 

number o f  ve events by the �robabil ity o f  observing a µ 
candidate and a V0 in the f inal state . 

In order to calcu late this probabil ity we u sed the 
events ( obtained in antineutrino beam) which gave a s imilar 
conf iguration : 

V N + µ
+1T-V0 + X 

µ l_.. not recogni zed 
- + We found 4 events in a sample of 2 4 30 events v

µ
N + µ X. 

We corrected for the d i fferent shapes o f  the f luxes o f  v e 
and v . 

µ 
The v e f lux in a neutrino beam is very low ; the rate 

o f  the ve event s ,  us ing the v /v cross section ratio is 
µ µ 

7 10-5 

F inally , the background o f  v e interactions i s  (2 . 5  ± 1.5)  
io- 3  event . 

2 - Asymmetric Dalitz oair and close gamma rays : 

An asymmetric Dalitz pair or an attached y ray can s i ­
mulate an e+ at t h e  ver tex . 

We defined a total asymmetry when the l ength of one 
o f  the electrons is less than 5 mm . 

Theoretical calculations and experimental study of a 
sample o f  2 6 0  y ' s of energy greater than 200 MeV gave a pro­

bab i l i ty P = ( 1 . 1 ± 0 . 7 )  % to observe only the e+ o f  the 

pair . From the distr ibution of length o f  the y-�-s� or theo­
retical calculations the probability o f  materiali zation at 
the ver tex (d < 5 mm) has ' been found to b e  ( 4 . 2  ± 1 . 3 )  % .  

On a sample o f  6 1 2 9  v events , 2 5  y o f  energy greater 
µ -than 200 MeV correlated to 5 3  µ V0 candidates were observed 

this yields a background of ( 3 . 3  ± 2 . 4 ) lo-2 event . 

3 - S emi-leotonic decays of hadrons 
The pos itron at the vertex could be due to decays of 

K and 1T ·  



- K0 + TI -e+v 
_!o _ _ _ _ _ _ _ _  § 

The detection e f f iciency for K 0  is 0 . 2 6  ± 0 . 03 .  We have 

observed 1 event with an as sociated production K0V0 · over 
6 1 2 9  vµ events . Over the total sample ,  we then expect 2 . 3  
K 0  decays a s sociated to a V0 • Le3 

ween 
Ko L 

Us ing the K� spectrum, which is roughly constant bet-
0. 3 and 2 GeV we have found that the probabi l ity for a 

to decay at less than 1 cm from the vertex is 4 10- 4 . 
The background aris ing from this decay is 8 10-4 event 

- K+ 
+ e+n ° v  

_ _ _ _ _ _ _ _ _ _  § 
K+ decay in f l ight may s imulate an e+ emitting brems­

strahlung y rays . 
The detection e f f ic iency for K+ is 0 . 30 ± 0 . 09 .  We 

have observed 11 events with an as soc iated production K+V0 
over 6 1 2 9  v events .  

µ 
The probabi lity of the conf iguration has been calcu-

lated by a Monte Carlo method , taking into account the K+ 

spectrum and the following cuts which are very conservative : 
- angle K+e+ < 2 0 °  

- both ang l e s  e+y ( n ° )  < 20° 

- K+ decay length < 30 cm 
F inal l y ,  we have estimated this background to be l e s s  

than 5 lo- 3  event . 

I I I  - CORRELATION BETWEEN e+ AND V0 

Other observations contribute to bel i eve our background 
calculations , and prove a strong correlation between e+ and 
v o . 

l . � 
The asymmetry (y + e - )  is bigger than the asymmetry 

(y + e+ ) because of Compton effect and e+ annihilation . 
From observed y rays it was measured : ( 4 . 2  ± 1 . 3 )  % instead 

o f  ( 1 . 1 ± 0 . 7 )  % .  

I f  the 2 events were due to background we should expect 
8 events o f  the type 

µ e V0 
None has been observed this is in agreement with the 

expected background from ve interact ions and a symmetric 

l l9 
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attached y rays , which amounts to 0 . 2  event . 

2 .  µ e+ ( without V0 ) 
The rate of production of observed V0 in neutrino inte­

ractions is ( . 9  ± . 1 ) % .  
On a sma l l er sample (�  50 % o f  the statistic s )  we have 

found 4 events ( µ - e+ . . .  ) ,  if the po sitron and the V0 were 
uncorrelated we should expect 7 10- 2 ( µ - e+ V0 ) in the - whol e  
sample .  The probabi l ity that the 2 ( µ -e+V0 ) observed are 
compatible with that expected number i s  less than 5 lo- 3 . 

This indicates a great correlation between the postitron 

and the v • . 
The 4 events ( µ -e+ . . .  ) can be explained by : 

µ e+ v• events in which the V0 is not detec ted 
1 . 5  event 
expected background ( a sym. attached y ,  ve ) 
2 events 

There caracteristics are l i s ted i n  Table I I . 

p -µ GeV/c 
2 . 650 ± . 260 ' 

4 . 2  ± . 32 
2 . 35 
1 . 985 ± . 194 

IV - CONCLUSI ON 

TABLE I I  : µ e+ without v •  

p + GeV/c E \'] x - e  vis vis 

2 . 6  ± . 9  � 15 4 . 7  .09 

1 . 89 ± . 8  � 7 
. 888 3 . 3  1 . 4  . 32 
. 473 3 . 1  1 . 5  . 33 

Yvis 
.82 

. 29 

. 39 

We have observed 2 events µ e+ v • . A l l  the po s s ible 
source s  of background have been taken into account . Our cal­
culations lead to a total background o f  (4  ± 2 1 10-2 event . 
Other observations conf irm our conf idence in the background 
calculations . We did not obs erve any µ e v •  event , and 
the number of µ e+ events is low , as expected if the e+ 

and the V0 are correlated . 
The interpretation of the 2 events as semi-leptonic 

decay o f  charmed particles i s  very attractive . 

Due to the n+/p ambiguity , the V 0 ' s  are ambiguous A and 
K 0 • As syming the V0 to be a A ( K 0 ) the mass of the Ae+ ( K 0 e+ ) 
system in GeV/c is 1 . 2 4 ± 0 . 02 ( 0 . 6 5 ± 0 . 0 3 ) for the f irst 

event and 1 . 9 1 ± 0 . 1 7 ( 1 . 5 7 ± 0 . 20 )  for the second . These 

numbers are lower l imits for the masses o f  the Ae+ v ( K 0 e+ v )  

system . 
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- + THE PRODUCTION OF µ e EVENTS 

IN HIGH ENERGY NEUTRINO INTERACTIONS 

Berkeley-CERN-Hawaii-Wisconsin EZ8 Col laboration 

D . C .  Cundy 
CERN, Geneva , Switzerland 

Abstract : Using a Ne-Hz mixture in the FNAL bubble chamber , 
exposed to the wide band neutrino beam, a search has been made 
for events containing both a muon and an electron. To date 
10  events of this type have been found and the characteristics 
and implications of these events are discussed. 

Resume : Des interactions ayant en meme temps un muon et un 
electron dans l ' etat fina l ,  ant ete recherches dans la chambre 
a bulles de FNAL remplie d ' un melange Ne-Hz et expose au faisceau 
neutrino a bande large . A ce j our , 10 evenements de ce type ant 
ete trouves , leurs caracteristiques et leurs implications sont 
decrites . 
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The E28 experiment consists of 100, 000 pictures taken in the 1 5 '  

FNAL bubble chamber using a filling o f  20% N e  i n  hydrogen. The density 

was � 0 . 3  gm/cm3 and the radiation length � 100 cm. The exposure took 

place in the wide band neutrino beam, and the event rate for charged­

current events was found to be � 1 event/ 8 picture s .  

The aim of the experiment was to look for di-lepton events of the 

type µe ,  as a direct comparison to the recently observed di-muon events .  

The bubble chamber was complemented by an external muon identifier 

(E .M . I . ) .  The punch through probability for a pion was a few percent 

and hence it is very difficult to detect dimuon events at � 1% rate . 

However it does allow good muon identification for s ingle muon events .  

The electron, positron tracks are identified either by seen brems­

strahlung, trident production or sudden energy loss . The only way to 

obtain the electron detection efficiency is to use the electron-pairs 

produced along with the neutrino interact ions . Preliminary results 

indicate that it is � 25 - 50%.  

A summary of the 1 0  µ-e+ events found so far is shown in table 1 .  One 

notices that some information is lacking on some events ,  however this can be 

excused if one considers the vast distance that this collaboration covers . 

These 10 events come from the scanning of � 30 , 000 pictures . Thus 

giving a corrected rate of � 1 . 4% .  The error on this rate is probably 

a factor of 2 due to the problem of the electron detection efficiency . 

1 .  BACKGROUNDS 

There are two main sources o f  background (a) Asymmetric Dalitz pairs 

and very close converted y-rays , (b) V events giving rise to e+ . e 

(a) Asymmetric Dalitz Pairs The mean charge mul tiplicity of these 

events is � 5, implying � 2 - 3 n° ' s /event .  Hence, one expects 

� 0 . 03 Dalitz pairs /event ( experimentally find 0 . 04 ± 0 . 01 ) . 

Assuming that an electron of 5 MeV can be recognized in these 

pictures ,  then the probabil ity that e+e- pair will appear only 

as an e+ is � 0 . 00 3 .  Therefore, one concludes that the asymmetric 

Dal itz background rate is � 1 0-4 /event . The rate for very close 

asymmetric converted y-rays is expected to be the same . 



(b) v events : The ratio of v Iv f lux is � 10-3 • The cross section e e µ + ratio ov/av � 0 . 3 . Hence ,  the global e production from this source 

is 4 x 10-3 . However, when one takes into account the fact that 

the maj ority of these events wil l  have fast e+ ' s  ( i . e .  (l-y) 2 

distribution) then a background rate of � 10-3 is estimated .  

Other backgrounds due to K+ , K0 leptonic decays are in the 10-5 

region . Hence ,  the conclusion is that the observation of events 

with µ-e+ is a real effect and that the background levels are only 

about 10% of the observed signal . 

2 . EXCESSIVE K0 PRODUCTION 

One immediately remarks from table 1 that 9 out of the 10 events 

have a K0 . This would lead to the conclusion that on average � 2 . 5 K0 ' s s 
are produced in these interactions . 

One obvious explanations of these events is that they are due to 

l eptonic decays of a new particle 

0 + D � K e V 

The range of the masses 1\ce would imply a mass MD � 2 - 3 GeV . 

It is also interesting to speculate if these events are due to the 

same process as the dimuon events .  

I f  we assume that they are , then as the dimuon events had pµ+ 
> 5 GeV , 

- + and the µ e events have Pe+ < 5 GeV , the total production rate of 

dilepton events is 4% of the charged-current rate , and the maj ority of these 

would seem to have a visible K0 . s 

It is interesting to remark the neutrino experiment in hydrogen E45 
observed a visible K0 rate o f  3% s 
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wl w2 
1 2 

E vis GeV 34 1 1  

µ- identified EMI 
p /GeV/c 14 3 

e+
identified B-C B-T 

p/GeV/c 2 1 . 1  
' 

Strange Ko Ko 

Particle s s 

p /GeV/c 6 . 3  3 . 1  

rryoe+ GeV 1 .  3 . 9  

y vis . 6  . 7 

x vis . 003 . 1  

w min (GeV) 6 4 

Topology 

1 )  µ-e+K02n-3n+no 4pn 

2) µ-e+K02n-TI+Tiop 

3) µ-e+Ko 

4) ]J-e+KoTI-TI+Trop 

Electron recognition : 
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w3 Bl cl c2 c3 
3 4 5 6 7 

26 28 100 21 32  

EMI EMI EMI 
22 9 9 14 12  
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Ko Ko 0 0 Ko 
s 
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1 .  8 5 . 6  38 . 0  . 4  1 . 05 

1 . 1  . 7  2 . 1  1 . 04 2 . 1  

. 2  . 6  . 9  . 3 . 6 

. 9  . 2  . OS . 02 . 2 
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- + 0 0 ± 0 5 )  µ e K �PTI 3TI n 
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7 )  µ-e+K0n s 

B - bremss trahlung 

C curling 

T - trident 
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8 9 10 
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A STUDY OF INCLUSIVE STRANGE PARTICLE PRODUCTION 

BY NEUTRINOS INTERACTING IN HYDROGEN AT FNAL 

FNAL-Hawaii-Berkeley-Michigan E45 Collaboration 

Abs trac t :  
above 1 0  
6 S  = -6Q 
ticle s .  

D . C . Cundy 
CERN, Geneva, Switzerland 

About 500 charged-current events produced by neutrinos 
GeV were used to study strange particle production, 
interactions and the possible existence of charmed par-

Resume : Environ 500 evenements de type courant charge produits 
par des neutrinos d ' energie sup§rieure a 10 GeV ont ete analyses 
en vue de l ' etude de la production de particules etranges ,  des 
interactions avec 6S = -6Q et de l ' existence eventuel le  de part i­
cules charmees . 
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This report deals with analysis  of 7 6 , 000 photographs using the 

300 GeV wide band beam at FNAL . The average proton intensity was 

7 x 1012 protons /pulse .  3000 events of possible neutral origin were 

picked up at the scanning stage . However ,  a large number of these 

events are due to low energy hadronic debris from neutrino events occuring 

upstream of the bubble chamber . Hence ,  only the 650 events in which the 

visible  momentum (Px) along the v beam direction was greater than 10 GeV/c 

were retained. From a s tudy of the neutron induced background it was 

estimated that this reduced sample  contained only a few percent of non-

neutrino induced events . As the external muon identifier was essentially 

not used in this experiment , one has to resort to an algorithm for the 

definition of charged-current events and the selection of the muon . 

The muon is choosen as the negative l eaving track which has the 

highest transverse momentum with respect to tile neutrino direction. 

In order to be classed as a charged-current event the momentum of the 
11muon11 mus t  be on the opposite s ide of the neutrino direction than the 

remaining hadron momentum vector . 

This algorithm, together with a 10 GeV/c Px cut , was estimated to 

obtain a charged-current neutrino sample that contained only a few oercent 

of neutral currents .  

In this experiment essentially all  the neutral energy in the event 

is missed , but it is still  possible to obtain a good estimation of the 

neutrino energy . If one makes the approximation that the project ion of 

the charged hadron momentum vector unto the v-µ plane represents the 

true hadron momentum vector , it is then pos s ibl e ,  using momentum balance 

with the muon, to obtain the neutrino energy . 

The error in the neutrino energy is obviously a function of the 

neutrino energy and the kinematic confip,uration The error formula i s :  

oE 
T f\J  [,,,:7) l l 2 

where PT is the mis s ing momentum out o f  the vµ plane , E is the neutrino 
= L  v energy, x Zmv

' y = E ( i . e .  the Bj orken scaling variables ) .  

Of "v 7 % .  E 

1 decreases as � and has an asymptot ic value Note that oE 

Note also the pathological behaviour at x 0 and y 1 .  



Using this energy estimation it is possible t o  evaluate total cros s sec­

tions , x distributions and y distributions . These are certainly compatible 

with scaling, but the corrections due to the energy estimation are so 

large that the statistics must be increased by an order of  magnitude 

- before any detailed comparison can be attempted . 

The behaviour of the hadron vertex was found to be as expected from 

strong interaction s .  As this data has now been pub lished (Phys . Rev . 
Letters 36 ( 1976 )  639) it will  not be discussed in this written report . 

1 .  INCLUSIVE STRANGE PARTICLE PP.ODUCTION 

This experiment is es sentially bl ind to the identificat ion of charged 

kaons , and can only be cons idered to give informat ion on the reaction 

v + p o '  ++ \J + v s + x 

In a sample of 530 events with Px > 10 GeV/c , and classed as charged 

current events ,  the following v0 events were found : 

Type Number of events > 10 GeV/c 
Ko 
s 16  

110 o:o ) 1 6  + 1 o:
o ) 

AOKO 3 s 
A 

p x 

The global characteristics of these events , such as the energy distri­
bution, x ,  Y dis tributions show no marked differences within the l imited 
statistics, with respect to the normal charged-current events .  Fig .  
shows the observed v0 cross section relative to the charged-current 

cross section as a function of W (ie the mass of hadronic system) . As 

expected it rises slowly with energy and does not seem to show any marked 

difference' from that observed in electromagnetic interactions . 

2. LIMITS OF 6S = - 6Q RF.ACTIONS 

In these events it is possible to search for 6S 

of the type 

- 0 ++ Vp + µ f\ X 

with no other strange particle produced . 

- 6Q interactions 
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In order to do this , one has of course to subtract the background 

from the associated production events 

3 associated production events of the type K0A0 were observed . s 

Taking account of the detection efficiency of K0 and assuming s 
then the expected number of s ingle A0 events from associated 

product ion is 15 compared with the 1 7  observed . To get an 

upper l imit for 6S = - 6Q reactions in this channel one considers that 

the 3 K0A0 events are a 90% upward fluctuation from 0 . 82 K0A0 events .  

In this way one obtains : 

65 = - Ml 
total < 3 . 6% 

E > 10 GeV v 

, o ' Note that this is for channels  involving· l\ s only, and therefore cannot 

exclude large violations involving only K0 ' s  etc . However , it is certainly 

a high upper l imit because there are indications from the Gargamelle 

experiment that A°K+ 
> l .  

l\OKO 

3 .  SEARCH FOR CHARMED PARTICLES 

Charmed particles , if they exi s t ,  are expected to be produced in 

the following reactions : 

1 )  Vp � " E  A + rr '  s Charmed 

Kop + TT1 S Baryons 

vp � µ [ Ko 
+ TT 1 S Charmed 

2 )  

Mesons 



All  possible particle combinations and charge states were investigated and 

no possible signal greater than 7 events above background were observed . 

Preliminary results  give l imits :  

a Bc 
x B . R. (ATI ' s )  ( 2% 

(pKOTI ' s )  ( 4% 

a Mc x B . R. (K0TI ' s ) ( 4% 

Note no 3 C event of  the type µ-ATI+TI+TI+TI- claimed by B . N . L .  has been 

observed . In the same sample of f ilm 28 6++ were produced by neutrinos 

above 5 GeV. Thus the l imits on charmed baryon production is about 

sin28c a6++ and therefore still leaves the pos s ibility of the discovery 

of these states open . 
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Rec ent Results on v-p- and v- ( H2-Ne ) Interactions in 

the Fermilab 15 ' Bubble Chamber 

R .  N .  Diamond 
Physic s  Depar tment 

University of Michigan 
Ann Arbor, Michigan 48109 

The ratio of neutral to charged current events in v-p 
interactions in the Fermilab 15 ' bubble chamber is obtained 
with the aid of an external muon identifier . The three­
c onstraint reaction vp -+ µ.-7T+P is inves tigated for l\++ ( 1236 ) 
production and momentum transfer and angular dis tributions 
are presented .  Preliminary results from D interactions in a 
21% N -H mixture are also presented .  Within the limited 
stati�ti6s the y distribution for s mall x shows a flattening 
at high energies .  

Resum-e 

Le rappor t de c ourants neutres sur courants charges,  
observe dans la chambre-a-bulles � quinze pieds au Fermilab , 
est obtenu avec l ' aide d 1 un "External Muon Identifier" 
( appareil autour de la chambre pour l ' identification elec t­
ronique des muons ) .  La reaction vp -+ µ.-"+P est examinee pour 
chercher la production du l\++ ( 1236 ) et les distributions 
angulaires et distributions t sont montrees . Resultats 
preliminaires provenant des reactions D dans un melange 
Ne-H2 ( 2 1% )  s ont egalement donnes .  En tenant c ompte de 
statistique limi te, la distribution y a petit x montre un 
aplatissment a haute energie .  
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I would like to present some r esults from the Fermilab 15 1 

bubble chamber on vp interactions and v interactions in a 21% 

atomic mixture of H2 and Ne . The v-p data comes from a 62 K 

frame exposure out of an approved 300 K and has become a 4-way 

collaboration . Groups from the University of Michigan and Fer­

milab have b een joined by groups from Lawrenc e Berkeley Labora­

tory and the University of Hawaii, who built and operated the 

external muon identifier ( EMI ) . 

The neutral current results presented below are preliminary 

in nature since we are only beginning to incorporate EMI informa­

tion with bare bubble chamber results . A full understanding of the 

EMI and its geometric and kinematic acceptanc e is s till lacking . 

When this understanding is obtained we hope to present the inclu­

s ive distributions which will tell us about the spac e-time s truc­

ture of the weak neutral current interaction.  

For the present statistical analysis we us e both the EMI 

and the kinema tic event rec onstruc tion method described in Ref . l .  

We look for event� with 3 or more prongs and consider the reac ­

tion vp -+ µ-x++ Acc ording to this method the highest trans -

verse momentum negative is chosen as the muon and events are 

class ified as opposite-side ( OS )  or same-side ( SS ) ,  depending 

on whether the total hadron vector lies on the opposite ( same ) 

side of the as sumed neutrino direction as does the muon. We 

estimate on the basis of Monte Carlo calculations that 95% of  

the charged current events are  OS, muon correctly chosen, while 

only - 4o% of neutral current and neutral hadron events are 

classified as OS events . The SS  events therefore, constitute 

an enriched sample of neutral current events . The EMI is used 

to es timate the fraction of SS events which . are 

charged current events and which becaus e of measuring inaccur­

acy or b ecause of a neutral hadron component with relatively 



large transverse momentum happen to populate the same-side data 

sample . 

The EMI is a single-plane of lm x lm multiwir e proportional 

chambers mounted behind the 15 ' bubble chamber . The total area 

is 23 m2 • Between the EMI chambers are � 4-5 pion interaction 

lengths of zinc and c opper . Tracks are extrapolated from the 

bubble chamber into the EMI and hits  in the proj ected EMI chamber 

are examined for the b est match . The following is an over sim­

plication ( 2 ) , but in essenc e two numb ers are c alculated for each 

track : one, the probability Pµ, that because of mul tiple C oulomb 

scattering a muon would have a hit in the EMI farther from the 

extrapolation point than the hit actually obtained; and two, 

the 

the 

that 

probability Ph that a hadron would give a c loser hit than 

one 

pµ, 
We 

obtained .  For this neutral current analysis 

be greater than 10% and that Pn be les s than 

define the ratio R '  to b e  

R ' - (#NC) 
10 #CC EPx (hadrons ) > 10 GeV/c 

we require 

10% . 

The number of neutral current ( NC )  events in the data sample is 

where 

The numb er 

where 

#NC = ( NO µ, ' s  - background ) / e , 

background 

number of events wi th no muon candidate 

( because of decay or interaction) + number 

of SS events which have no muon fit · in the 

EMI, 

events due to neutral hadrons , and anti-

neutrinos ,  and 

e fraction of all NC events which appear in 

of charged 

#CC = f 

ccos + 

the same side sample . 

current (cc ) 
(cc os + ccss l 
CCSS = number 

events in 

- CCNC 

of charged 

the data sample is 

current events in 
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f 

b o th the OS and SS data samp le s  as determined 

by the EMI, 

frac tion of C C  events wi th hadron momentum grea t-

er than the LPx cut,  and 

the number of neu tral current events ( SS+OS ) 

which becaus e of hadronic punch through in the 

EMI give Pµ> . 10 and which have LPx for the 

remaining hadrons greater than the cut . ( A neg­

ligible numb er ) . 

In order to ob tain (cc0s+ ccss l one mus t  correc t the number of  

events found by  the  EMI efficienc y .  This efficiency i s  de ter-

mined by : geome tric acc ep tanc e ( EPx> 5 GeV) 87% 
chamb ers not on 99% 
P cut µ 90% 

77 . 5% 
The frac tion f is determined from the da ta and for EPx> 5 GeV/c 

is � 70% .  
The background in the S S  sample due to antineutrinos has 

been es timated by Monte C arlo calculations , the charged current 

antineutrino ra te b eing c onsis tant with thes e calculations . The 

neu tral hadron rate has b e en e s tima ted to b e  1 . 4  ± 1 . 0% of the 

OS sample for inc ident neutrons and less  than 1 . 2  ± 1 . 2% for 

incident Kl, ' s .  Figure 1 shows how the neutron rate was ob tained .  

The b eam mas s  was calcula ted as suming the final s tate  pprr- . For 

those  events  with . 8  < Mb
2 

< . 95 ( GeV/c 2
) the momentum dis tri-eam 

bution was p lot ted . Scaling by the ratio of to tal neutron cross 

s ec tion to the c ros s s ec tion for np -> pprr- the his togram labelled 

"predic ted neutron ra te"  is ob tained . This dis tribution is ex-

trapolat ed to large neutron momentum and the numb er of neutron 

events which mimic neutrino events and satisfy the various cuts 

impos ed on the neutrino data is estimated by Monte Carlo . The 



KL c ontamination is es timated by 

OOo a s imilar extrapolation proc edure 
"' a;.c11pJ 

as suming the same momentum dis -
lO 

" "  1000 tribution for KL as for K08 
.! b • 000 

.. 

200 
100 � 
!iO N 

� 20 � 
to w  

produc e d  in vp interac tions , and 

as suming that all events with a 

V0 with 4< �Px< 8 GeV/c c ome 

from KL interactions . This ex­

trapolation gives an upper limit 

of 1 . 2  ± 1 . 2% of the to tal OS 

samp le . 

We have only to evaluate  € , 

� the frac tion of neutral current 
NEUTRON MOMENTUM (GeV/c;) 

events whic h appear in the same 

Figure 1 s ide and then sub s ti tute into our 

expres s ion for R '  to obtain the neutral current ratios for events 

with hadron momentum greater than same cutoff . Now 

where 

e = € 1  + P ( l- € 1 ) 

€ 1 fraction of NC events with no muon c andida te 

P = · fraction of NC events  wi th a muon candida te 

which app ear in the same s ide sample . 

The same s i de sample also c ontains some CC events . Let a b e  the 

frac tion of CC events in the SS sample and #SS  be the number o f  

events in the SS  sample . It turns out that 20% of the SS events 

have no muon c andidate ,  i . e .  

€ I (#NC ) = . 2 (#SS ) 

and Monte Carlo c alcula tions show that P � 0 . 6  and a � 0 . 05 .  

Therefore 

As suming 

(#SS ) = € ' (#NC ) = € ' (#NC ) + P ( l- 8 ' ) (#NC ) +a(#NC ) 

R '  = 0 . 3  

. 2  R '  
we have 

€ 1  = 0 . 16 7  and € = . 667 . 
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The data sample for which the EMI was working reliably has 

160 CC events with hadron momentum great er than 10 GeV/c . The 

c orresponding number of 

no µ events 40 ± 6 ,  

neutron induc ed events= 4 . 9  ± 3 . 2 ,  

KL induc ed events  

antineutrino induc e d  events 

4 . o  ± 4 . o , and 

3 . 0  ± 3 . 0  

This yields 

If we do the same analysis for events with Phadron> 5 GeV/c , 

we g e t  R� = 0 . 30 ± 0 . 13 

One c an use the Weinberg Salam Model ( 3 )  to estimate the neutral 

current ra tio for the entire broad band neutrino b eam . In do -

ing this we assume that the multiplici ty distributions are the 

s ame in neu tral current and charged current events . The ratios 

one ob tains by these  correc tions are 

and 

R 0 . 29 ± 0 . 11 for ZPx > 10 GeV/c 

R 0 . 34 ± 0 . 15 for ZPx > 5 GeV/c . 

The errors are purely statis tical; they do not reflec t the un-

c er tainties in the models which have been as sumed .  

W e  turn now t o  the 6++ produc tion in the neu trino film and 

use kinematic fi tting to isolate the three c ons traint reac tion 

vp -> µ-1/p .  Out of 78, 000 pic tures  and - 550 CC events abo:1e 10 

GeV - 45 3-c fits to this reac tion are ob taine d .  The fits are 

generally no t ambiguous with np -> rr-pp or vp -> µ-k+p ,  though 

there may be a small number of antineutrino events Zip -> µ+rr-p .  

These  will not affec t the 6++ results sinc e the ' rr+p ,  mass  will 

be large . The rr+p mas s  dis tribution is shown in figure 2 .  I t  

is dominated by a p eak a t  - 1 . 25 GeV/c 2 , b u t  there are c learly 

events at high mas s .  We c onsider events wi th rr+p mass  less than 

1 . 4  GeV/c2 to b e  6++ , s .  



� 
z 
> .  

NU P · Mt.r P P l • 
All E. 

Figure 2 

The neutrino energy dis tri­

bution for the LI++ events is 

shown in figure 3, and should b e  

compared t o  the distribution in 

figure 4, which is the total 

charged current energy distri-

bution divided by the energy . 

If the cross  s ec tion is propor-

tional to neutrino energy the 

dis tribution in f igure 4 should 

be the neutrino f lux shape ,  and 

if LI++ production is independent 

of energy ( therefore a constant 

fraction of the flux ) , the distributions in figures 3 and 4 

should b e  the same . While the two distributions are c ons i s t ent, 

the evidenc e is not comp elling . 

Figure 3 
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Figure 4 

In figure 5 we show the Q2 distribution for the LI++ events . 

We note that there are a number of events at high Q2 , bu t figure 

6 which i s  a s c a t ter plo t of Q2 vs . Ev , indic ates  that these 

high Q2 
event s are not a p articularly high energy phenomenon . 
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Curve 1 in figure 5 is a predic tion for 20 GeV neutrinos due to 

Adler (4 J . It is bas e d  on a fit  to the Argonne neutrino data and 

uses the value MA= 0 . 96 for the mas s  parame ter in the axial vec tor 

form fac tor . Curve 1 is an attemp t at an absolute normalization 

while curve 2 is curve 1 multiplied by an arbi trary fac tor o f  2 

to allow for our unc ertainty in the normalization . The Q2 dis -

tribution thus appears to b e  c onsis tent with the Adler predic tion . 

. .. 

. . . . . 

. . . 
. . . 

. . 

o . oo 1 . 00  2.00 Q SQUARED 
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Figure 5 
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Figure 6 
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Lastly we show the Gottfried-Jackson angular distributions 

for diagram 7 .  In the rr+p c enter of mas s  system e is defined to 

b e  the angle between the pro ton and the w+ direc tion and � the 

angle be tween the normals to the µ - v  plane and rr+p plane . The 

8 - �  scatter plot in figure 8 also contains the proj ec tions . We 

note the flat cos e dis tribution which we c onsider an indica tion 

of resonanc e produc tion . A non-resonant angular dis tribution 

might have a strong forward-backward p eaking . The @ dis tribution 

seems to p eak at 0° , indicating that the rr+p plane and µ-v planes 
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tend to b e  aligned and tha t the particular orientation of figure 

7a with the ,,+ in the muon direction is preferred .  W e  do not 

understand the effec t .  

C learly more s tatistic s are needed in order t o  give more 

de tailed quanti ta tive results . We have on hand approxima tely 

lOOK pic tures of neutrinos produc ed by 400 GeV/c pro tons and 

using a two-horn broad band b eam . We hop e to have four t imes 

the number of events  and to be able to report on the s e  data 

before the end of the year . The experiment has b e en approved 

for 300K pictures .  

The antineutrino experiment which the Michigan bubble cham-

ber group is par tic ipating in is a collaboration with Fermilab 

and two Sovi e t  groups ,  ITEP in Moscow and S erpukhov . The col-

labora tion is quite  spread out but c ommunica tion has b een fairly 

good with weekly exchange of t elex mes s ages and quar terly group 

meetings . Mos t  of the 50K pic tures exposure of the 15 ' bubble 

c hamber has b een scanned and measured,  but there  i s  s till a care-

ful scrutiny of some exo tic looking events and a systema tic 
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s earch for dilep ton events to be done . 

The chamber was filled with a 21% atomic mixture of Ne in 

H2 giving a radiation length of � 1 . 2  m, the mean y ray con­

version probability being � 5 0% .  All events with two or more 

prongs were scanned for and at some of the lab s one prong events 

were also found . The efficiency for the one prongs is qui te low, 

however . The EMI was opera ting well during the exposure and has 

been relied on for muon i dentification . The muon is taken to be 

the highest momentum posi tive track which gives an acc ep table 

fit  in the EMI ( muon p robabili ty > 0 . 04, hadron probabili ty < 0 . 1 ) . 

We have only b egun the analysis o f  the ii data and have no t 

for examp le s e ttled on a kinematic reconstruction me thod . The 

proc edure of transverse  momentum balanc e used in the vp data may 

work well, but Fermi motion in Ne may make for unacc ep table errors . 

We have to s tudy this and o ther proc edu'res to de termine what works 

well . The method which we have temporarily adopted is c orrec t 

on the average , but we might,  by another me thod, be able to re-

duc e the errors . 

/ 
, / 

Figure 9 

/ / 
/ 

/ / / 

In figure 9 we plot the mean 

transvers e momentum of the hadrons , 

charged s ec ondaries plus neutral 

c onversions , relative to the ii 

agains t the muon transverse momen-

tum. S inc e there are mis s ing 

neutral hadrons we ob tain a curve 

which lies b elow the 45 ° line of 

transverse momentum balanc e .  We 

find tha t transverse momentum c an 

. total be  balanc ed if we s et ( PT ) , 
had 

the total hadron momentum trans -

vers e to the ii, equal to  



( P  ) total � 1 . 3  <PT> 
vis 

T had had 

PT 
vis 

< > is the mean 
had 

vis ib le hadron transverse where 

momentum. For each event we c an s cale the hadron longitudinal 

momentum by this factor and add the muon longitudinal momentum 

in order to ge t Ep . Emp irically, however , it is found that a 

larger frac tion of the total hadron momentum is miss ing for events 

with relatively low visible hadron momentum than for events with 

high hadron momentum . The expres sion ac tually used  to compute 

E- is 1) 
Ev =  1 . 25 x j P�ad + 0 . 5  GeV/c l + P� 

where Pµ and Phad are respectively the visible longitudinal x x 

muon and hadron momentum . 

We us e the expre s s ion above to calculate the scaling vari-

able y = v/Ev = ( Ev - E
µ

) /Ev = ( Ehad- Mp ) /Ev , the frac tion of 

antineutrino energy trans ferred to the hadrons . There has b een 

c onsiderabl e  interest generated in the antineutrino y dis tribu-

tions , b ecause  of a r eporte d  f lattening of the dis tribution a t  

high energy f o r  low values  o f  the x scaling variable b y  the 

HPWF ( 5 )  c ollaboration . At this time we c hoos e  no t to show the 

x dis tributions as potentially dis tor ting effects of the kine -

matic recons truc tion method are larger here than for the y dis -

tributions . 

The following cut s  were impos e d  on the data : 

1 .  E
µ

, the muon energy b e  greater than 3 GeV in order to avoi d  

EMI effic iency, 

2 . v , the energy transf er to the hadron system, b e  greater 

than 1 GeV in order to remove events which might b e  s ensi-

tive to the recons truc tion me tho d .  

3 .  E v  , the rec �ns truc ted ant ineutrino energy b e  greater than 

10 GeV in order to as sure good EMI acc eptanc e and to reduc e 
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hadronic background event s . 

Approximately 650 events survive the cuts . Cut 1 r emoves 

events  at high y for low Ev and cut 2 removes events  at low y 

for low Ev . The geome tric acc eptanc e of the EMI for posi tive 

muons generated wi thin the bubble c hamber fiducial volume has 

b e en compute d  by Monte Carlo as a functiop of x and y at f ixed 

neutrino energy . The y distributions have b een c orrec ted for 

this acc ep tanc e .  C ertain data points have no t b e en plotted in 

the y distributions if the data cuts and EMI acceptanc e imply 

a correction fac tor for the raw data in exc e s s  of 5 0% .  

Figures 10-13 show the c orrected  y distributions for b o th 

low Ev and high Ev for all x and for x less  than 0 . 1 .  There 

is an indication o f  a flattening o f  the y dis tribution a t  high 

Ev and low x, but with low sta tis tical significanc e .  The HPWF 

data r eported at the 1975 Palermo conferenc e i s  plotted for com-
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paris on . Also plotted are curves of the form 

[ ( l-y+y2/2 ) - B (y ) ( l-y/2 ) ]  dN 
dy 

which as sume the validi ty of the Callan-Gros s  relation ( 6 ) . 

E • 30- 200 GeV 
X < O.I 

The 

12 - B = 0.46 (normalised forX>OJ) 
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parameter B in the quark parton model is defined by the rela tion 

1-B Q/ ( Q+Q ) 
-2-

where Q and Q represent the f raction of nuc leon momentum carried 

by the quark and antiquark respec tively . 

Tab le I shows the values of B ob tained from fits to the y 

distributions for different x b ins and different  energies . There 

is a weak tendency for the B values to inc rease as x �  1 indica-

ting that the antiquarks are no t likely to b e  found at high x .  

A f i t  t o  the to tal v data sample gives B = 0 . 80±0 . 05 which is 

consis tent with previous measurements ( 5 , 7 , S ) . 
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( 1 )  

( 2 )  

( 3 )  

( 4 )  

( 5 )  

TABLE OF FITTED B -VALUES 

E=I0-30 E=30-200 E=I0 -200 

+0 06 
0 69+0.09 074+0.06 AU. X o.78 _0:00 . -0. 1 1  . -0.06 

0 46 + O. l9 
-o 55+0.60 +0.21 X=0-0.1 . - 0.27 

. -1 . 14 
0.19 - 0.29 

X=0.1 -0.2 0.78 +o.13 
- 0. 1 8  

0.73+0.19 
-0.28 

0.76+ 0.ll 
-0. 14 

X•0.2- 0.4 + 0. 12 0.75 - 0. 15 
+ 0.09 

0.84_ 0. 1 6  
+0.08 

0.79 -Q I  I 
-

X • 0.4- +0.05 0.95 _ 0.09 
+oo 1 .00_0:04 

+oo l .00_0:01 
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ASPECTS OF CHARM 
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Abstract : By way of introduction the theoretical and phenomenological 
motivations for the Weinberg-Salam-GIM model are recal led . We then dis­
cuss in some deta i l  the characteristics of charmed partic!e production 
in neutrino interactions . 

Resume : En guise d ' introduction , nous rappelons les bases theoriques 
et phenomenologiques sur lesquelles repose le modele Weinberg-Salam­
GIM. Ensuite , nous examinons les effets prevus de la production du 
charme clans les experiences neutr ino 
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I wish to discuss in some detail the expected signatures for charmed 

particles in neutrino interactions , with respect to both inclusive experiments 

( the characteristics of dimuon events and threshold effects in X and Y distri­
butions) and exclusive experiments where hadrons are identified in the final 

state.  But first I must define what I mean by charm, and I would also l ike 

to convey the reasons for which so many theorists believe in it . 

WHAT IS CHARM 

As far as s trong interactions are concerned , charm is a new, conserv­

ed quantum number associated with the introduction of a fourth quark : 

( u ,  d ,  s) + (u ,  d ,  s ,  c )  ( 1 . 1 )  

where u ,  d and s are the ordinary Gell-Mann-Zweig quarks : 

( I = 1 / 2 ,  S = 0 ,  13 = + 1/2 , - 1/2 ) , and "strange" ( I  = O ,  S = -1) . The impli­
cit implication is that charmed quarks will  bind with each other and with 

ordinary quarks , so that a spectroscopy of new hadrons emerges [l] 

SU (3 )  + SU ( 4 )  ( 1 . 2 ) 

However , the compel ling arguments for charm appear within the con­

text of weak interactions [2], where the charmed quark serves to complete a 

"weak i sodoublet" , and to achieve lepton-quark symmetry : chatged currents are 
built from two left-handed lepton doublets (v \ 

M = � I  µ ) L 
( 1 . 3 )  

and two left-handed quark doublets 

( 1 . 4 )  
> · - - - · ' 

where d and s are the Cabibbo rotated d and s quarks c c 

d = d cos e + s s in e c c c 
( 1 . 5 )  

s s cos e - d sin e c c c 



2 WHY CHARM 

Charm was introduced in 1964 by a variety of authors [3] for a 
variety of reasons , but the important point was made by [2] Glas how , Ilopoulos 
and Maiani (GIM) who noted that the introduction of the charmed quark suppres­
ses the amplitudes for strangeness changing processes induced by higher order 
weak interactions . The coupl ing of quarks to the charged intermediate boson 
is given by 

';( + -
) + h . c .  ± w (uL Yµ d + C

L yµ s 
w 

C
L 

C
L 

( 2 . 1 . a) 

which can be written equivalently as 

+ - dL + SL) + W (u Y µ c y + h . c .  
w- C

L 
C

L 
µ 

( 2 . 1 .b) 

with 

u u cos - c sin c c c 
( 2 . 2) 

c c cos + u sin c c c 

Then we see that by successive emission of W-bosons (Figure 1) ' we 

can have : s -7 c -7 c 

s (d)  c, (u,) .. l 
w· 

s or d -7 

s(d) .. 

u c -7 d 

FIG. 1 : Successive weak boson emission 
� quark line : the orthogonality 
of  the Cabibbo-GIM quarks ensures that 
6S = 0 if 6Q = 0 .  

but there i s  no way t o  induce s +'- d ,  because s and d couple t o  orthogonal 
states . This statement is of course only true in the l imit of ( u ,  c) mass 
degeneracy . For a f inite mass difference the combination .of u and c emitted 
at the s vertex does not remain coherent , and the s +-* d amplitude is non­
zero . However , the potential difficulty arises · only when the W-loop is c losed 
(Figure 2) ; then the amplitude resul ting from Feymann integration gives a 
contribution which is a pri'ori larger than permitted by experimental observa­
tion . As the leading ( i . e . , too large) contribution is independent of the mass 
of the intermediary quark, the GIM mechanism sufficiently suppresses the 
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s d s d 
• 

!w 
• 

F 
quark or lepton 

FIG. 2 : Diagrams which induce large amplitudes for 6S  # 0 ,  6Q 
if only one quark i s  exchanged . 

0 transitions 

ampl itude even in the presence of mass splitting . 
No one took the GIM model too s er iously at the t ime it was propos ed .  

For one thing the theory was unrenorrnalizable ; one was arguing about cancel­
lations in infinite integrals .  Secondly ,  i t  was perhaps not obvious at the 
time that arguments based on free quark amp l itudes were relevant to hadron 
phys ics . Now that the pos s ibility of a renormalizable theory of weak inte­
ractions has become a real ity , and deep inelastic scattering experiments 
have taught us that free quark amplitudes probably are relevant , the charm 
hypothesis becomes much more compelling . 

Rather than re-review the theory in logically ordered detail , I 
would s imply l ike to impress upon you the way in which the requirements of 
renormalizabil i ty on the one hand , and the facts  of observed phenomenology 
on the anther ha�d , form a closed , self-consistant picture in the context of 
the Weinberg-Salam-GIM model . This is i l lus trated diagrammatically in Figure 

3 . Let me underl ine the salient features . 

a) The tr iangle anomaly [4] i s  a rather obscure theoretical point , 
but it cannot be ignored if the theory is to be renormalized . There i s  an 

infinity which arises in the calculation of a triangle diagram (Figure 4)  

v 

FIG. 4 : Diagram g1v1ng rise to 
the "tr i angle anomaly" . 

involving a closed fermion loop with one 
axial and two vector coupl ings . In a V-A 
theory this can be removed only if the cou­
plings are such that the sum over all  fer­
mion types vanishes (up to mass-dependent 
terms ) . In the SU (2) Left x u 1  model of 
Weinberg and Salam [s] , this condition re­
quires that the left-handed fermion charges 

* sum to zero . 

::!: The l epton-quark symmetry thus impos ed is not required in vector-l ike the­
ories [7] . 



Lepton-quark 

charge 
symmetry 

hadron 
spectroscopy 

n° - vv -----� 
partons :<Q> : 1/3 

No 16,� in Q (a) 

FIG.  3 : Diagrammatical representation of the consis tancy between the requirements 
of renormalizability (circles) and observed phenomenology (rectangles) in the 
Weinberg-Salam-GIM model . 
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If quarks have a n  (average) charge which is fractional - as re quir­

e d  by the dee p  inelastic data discusse d by Nachtmann [6] - one finds that 

color must be introduced to insure the cancellation of anomalies. But color 

was already needed to make the simple quark model for ha dron spectroscopy 

compatible with Fermi statistics [s] , and, for example, to understand the 

n °  � yy de cay rate [9] (in the context of a pproxiamte chiral symme try) . 

b) The general requirement of renormalizability is that all interac-

tions be invariant with re spect to the weak interaction gauge group - assum­

e d  here to ba SU (2 )
L 

x u1 . Together with the observed strong interaction 

symmetries - parity and ordinary isotopic spin - this requirement implies 

that strong interactions must be invariant under chiral SU ( 4 ) Q0 su ( 4 )  : 

c) 

SU ( 4 )  because the weak invariance is 

u +-+ d  
c 

c +-+s 
c 

while the strong invariance is 

u - ( d  cos e d - sin e s ) 
c c c c 

so a ny quark mixing must leave the strong interactions invariant. 

Chiral
* SU (4 )  because the weak interaction symmetry mixes only 

left-ha nde d components, so a se parate invariance under right and 

left transforma tions is nee de d. 

It has been shown [10] that the phe nome nological requirement that 

parity and strange ness violations be absent from hadronic interactions in 

order a can be insure d if the strong interactions are me diate d b y  gauge bo­

sons which are neutral with re spect to the ele ctroma gne tic and weak charges. 

One of the very restricte d class of interactions which satisfies 

both b) and c) , and one which is natural in a color quark theory, is one 

where strong interactions are mediated by a color-octet of e l ectrically neu­

tral vector gluons. If the gluon couplings are invariant under color gauge 

x Vector-like theories [7] require only invariance under ordinary SU (4 )  - or 

rather SU ( n) . 



transformations (Yang-Mills coupl ings) , the theory i s  asymptotically free 

[11] , giving the only known field theoretical basis for approximate scaling 
in deep inelastic lepton-hadron scattering . Furthermore , in my understanding , 
the proof of c) is rigorous only in an asymptotically free theory . 

d) The physical quark mas ses are induced by the Higgs coupling which 
in fact induces a quark mass matrix, mixing fermion states of equal charge , 
thus giving rise to the Cabibbo angle via the s ,  d (or equivalently c ,  u) 
mixing . On the other hand , the fact that states degenerate in charge are also 
degenerate with respect to the third component of "weak isospin" (see Eqs . 
( 1 . 3 ) and ( 1 . 4 ) )  insures that the neutral currents remain diagonal in fermion 
fields after diagonalization of the mass matrix : the primary neutral cur-
rents corresponding to "weak isospin" : 

w 13 
"' d d - (-;:;-u + cc) - (dd + ss ) J uu - + cc s s c c c c ( 2 . 3 . a) 

and to "weak hypercharge" 

Yw 
"' d d (-;:;-u + cc ) (dd ss ) J uu + + cc + s s + + 

c c c c ( 2 . 3 . b )  

are invariant under the Cabibbo rotation . So 6S 0 if 6Q O ,  as required 

by phenomenology . 

e) Expl icit calculations [12] of  the free quark diagrams discussed 
above (Figures 1 and 2 ) yield compatibility with the phenomenology of rare 
K-decays and the neutral kaon mass difference only if the "up" quark is l ight 
on a hadronic scale - which together with the chiral invariance imposed by 
renormalizability on the strong coupl ings , gives a theoret ical basis for appro-
ximate chiral SU (2 )  and the success of soft pion theorems* - and if the charmed 

quark is much heavier (but with me
<< mW) .  The latter is certainly in agree­

ment with phenomenology , s ince the persistant invisibi l i ty of charmed hadrons 
is the best indication that SU ( 4 )  is badly broken ! 

We have sketched how the Weinberg-Salam-GIM theory is not only con­
sistant** with the phenomenology of normal hadrons - but almost requires such 

X A recent example being the determination of gA via pion photoproduction 
reported here [13] . 

** None of the above arguments is effected by a prol iferation of fermion dou­
blets , as discus sed by Nanopoulos [l� , as long as Nleptons Nquark flavors 
in accordance with a) . 
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features as approximate scaling and chiral symmetry . What about new phenomena 

The calculation [12] of the � ,  KS mass difference yielded an 

estimate for the charmed quark mass : 

m c 1 .  5 GeV ( 2 . 4 )  

No one dared take this 0result too l iterally,  and the effects of 

strong interactions on the free quark calculation are still  under di spute 

Q.s] , but the fact is that the observed � /J spectroscopy [1 6] , cons istant 

with that of a non-relativistic fermion-anti-fermion bound state sys tem , 

indeed suggests a mass in the neighbourhood of ( 2 . 4 ) . Furthermore , us ing the 

s imple form of SU (4)  symmetry breaking - i . e . ,  via quark masses alone - one 

may narvely extrapolate the Gel l-Mann-Okubo mass formulae to predict from 

the J/� mass of 3 GeV a charmed hadron ground s tate (0-meson) at about 2 GeV . 
This coinc ides remarkably with the rise in the ratio : 

R ( e+e- � hadrons) 
+ - + -o ( e  e ->- µ µ ) 

( 2 . 5) 

observed [1 6] at a center of mass  energy IS � 4 GeV . These numerical coinci­

dences between observed phenomena and nalve theoretical predictions may be 
a practicle joke of nature ,  but they are certainly suggestive . 

3 NEUTRINO PRODUCTION OF CHARM ELEMENTARY EXPECTATIONS 

In this section we shall  summarize the s imple parton model predic­

tions for charm discussed by Nachtmann [6] , and connnent on the effects of 

thresholds and on the expected semi-leptonic branching ratio , which deter­

mines the expected di-lepton yield . In subsequent sections we shall take up 

more specific issues relevant to the experimental data presented at this 

meeting . 

3-1 The parton model 

As di scussed by Nachtmann [6] , the content of the physical nucleon 
in terms of ordinary quark and anti-quark partons may be extracted from low 

energy electroproduction and neutrino data . If Pi (x) is the probabil ity for 

f inding a parton of type with momentum fraction x in the proton , we define 

u (x) 
1 

x Pu (x) , J dx u (x) _ u ,  etc . . .  
0 

(3 . 1 ) 



and 

r = (u + d) / (u + d) ( 3 . 2 )  

is  the relative anti-parton content of the nucleon. The analysis o f  data 

from Gargamelle [17] suggests  that : 

r = 0 . 1  ( 3  . 3 )  

with anti-partons confined t o  the small  x region 

u(x) , d(x) + 0, x � (0 . 1  - 0 . 2) (3 . 4 )  

a result which is  in  accord with theoretical prejudice [)_s] . A similar ana­

lys is  is made for electroproduction , where the e-parton cross section is  

proportional to the parton squared charge 

e Z( I=O ) 
a 5 r: -- L.:1 + u + 

9 
d + dJ + 2 (s + s) 

9 ( 3 . 5 )  

By comparing the experimental values for (3 . 5 )  with v and v cross 

sections , one can in principle extract the relative s + S content of the 

nucleon . The data [17] , [19] are compatible with s + s = 0 ,  but a 20 % 

strange parton content is not ruled out . Intuitively one expects that : 

s ,  s � u, d (3 . 6) 

and that the s ,  s distribution will also be confined to small  x .  

Now let  us naively extend these ideas to charmed particle produc­

tion. The important elementary scattering processes are : 

vµ + d + µ + c ,  a rv sin2 8 � (x) + s (x)] (a) 

v + s + µ + c ,  a 'V 2 cos 2 8 s (x) } (b)  (3 .  7 )  µ c 
70 ,  x > 0 . 1  � 

vµ + s + µ + c ,  a � 2 cos 2 s(x) (c)  c 

where we have assumed an I=O nuclear targe t .  From the above discuss ion we 

see that these two contributions may be comparable  : 

2 s 
u+d 

2 s 

il+<l 
10 % ,  sin 5 % (3 . 8 )  c 
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The vd cross sect ion is suppressed by both the Cabibbo angle and 
the sea factor and i s  negl igib l e .  If the nucleon has any charm content i t  
must be considerably l e s s  that the s-content ( t o  be compatible with the 
s trong Zweig suppression of the �/J relative to the ¢ ) , and the processes 

v + c � µ + s, d 
µ 

+ v + c � µ + s ,  d µ 

( 3 .  9) 

are further suppressed by a ( 1  - y) 2 factor relative to ( 3 . 7  b . , c . )  ; we 
sha l l  neglect this contribution .  Then we expect that (sufficiently above 
thresho ld) , charm product ion wi l l  be characterized by [20] 

a) A flat y-distr ibution . 

b) A ,component with a val ence x-dis tribution for v ' s ,  contributing 
roughly 5 % to the total v cross  sect ion . 

c) A pos s ibly comparabl e  component confined to smal l  x and which con-
tributes equal ly to v and v cross sections , and is thus relatively enhanced 
by the factor � 3 in V reactions . 

These expectations are i l l us trated [21] in Figure 5 where the y­
distribution has been cut-off at a threshold value (see next section) . 
However ,  before confronting these predictions with the data, we should com­
ment on their domain of val idity .  

W � m  0 

3-2 Thresho ld effects 

In order to produce a system of invariant mass 
this implies 

E � m2 /2m, y � ffi2 /2mE , x � 1 - m2/2mE 0 0 0 y 

m ' 0 we must have 

(3 . 10) 

As a new mass threshold i s  pas sed , i t s  presence will first appear 
in the high y, low x region, thus dis torting the distr ibutions described 

above . Furthermore , we hardly expect the parton picture to be a reasonabl e  
descript ion in the baryon resonance region for W ; the results d iscussed 
above are relevant for W � 2 GeV .  For charmed particle produc t ion, the lowes t  
baryon state may have a mass of about 2 . 5  GeV .  Then the threshold energy i s  : 

(3 . 1 1 )  



dN 
dx 

dN 
dy I 

I 
I 
I 
I I 

ll 

small x component 
(charmed and ,strange 

I 

final state) , 

valence component 
( charmed final state) 

0.5 I x 

0.5 I y 

Ythreshold 

dN 
dx 

dN 
dy 

ll 

small x component 
( charmed and strange 

final state) 

0,5 I x 

I I I I 
0.5 I y 

Ythreshold 

FIG .  5 : E',iPected x and y dis tributions for neutrino production of charmed 
particles L2 1] . 

However ,  the charm "resonance region11 may extent to 3 or 4 GeV . 
Thus if we want to cover a reasonable  region of the x ,  y p lane in the seal-
ing region , say > y > 0 . 5 ,  0 < x < 0 . 5  for w2 > ( 1 0-15) GeV we require 

E ( sc . )  
c (20-30) GeV (3 . 12 ) 

i . e .  a considerably higher threshold is required for effective scal ing . One 
then has to guess  as to how the scal ing threshold might be approached . What 
has been done by most authors i s  s imply to mul tiply the parton distributions 
by a 8-funct ion : 

where W c 

do + do 8 (W - W ) c (3 . 13 )  

a few GeV i s  the anticipated effective scal ing thresho ld in W .  
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Another related problem i s  that in the parton model described 
above , the quarks were treated as massles s .  It is generally believed that 
ord inary quarks are (effectively) light on the scale of ordinary hadron mas ­
ses ; mu , d , s  � a few hundred MeV. However , the charmed quark apparently has 
an effective mass of 1 . 5-2 GeV (c. f. eq. (2. 4) and above d i scu s s ion) . There 
has recently emerged some f i eld theoretical j ustif ication [22] for an 
approach [23] which s i mply takes the parton model l i terally for ma s s ive 
quarks. This alters the kinematics in such a way that the scaling variable 
x is redefined by : 

x -+ x '  ( 3. 14) 

if all but the charmed quark ma s s  are neglected , It happens moreover that 
the charmed quark mas s  is on a scale s i milar to the expected mas ses of the 
charmed hadrons. We saw in section 2 that the presumed mas s of the 0 ground 
state is about 2 GeV , and bubble chamber data , to be d i scus s ed later , sug­
gest for the lowest baryon state 

(2. 2-3) GeV , (3 . 15) 

If me is replaced by We in eq. ( 3 , 14) , one obtains a smooth extra­
polation [24] to the scaling region with the condition x '  < 1 ensuring the 
correct threshold cut off , 

3-3 Leptonic branching ratio for charmed parti cle decay 

In order to estimate dilepton yield due to charm production by 
neutrino s ,  an estimate of the leptonic branching ratio i s  neces s ary. In 
terms o f  quarks , the dominant decay proces ses are expected to be : 

Non-leptonic c -+ s u d ( 3. 1 6) 

Leptonic + c -+ s .Q, \) Ampl. ( 3 . 1 7 )  

These are a priori comparable in magnitude. However from our expe­
rience with strange particle decays we expect that the non-leptonic amplitude 
may be effectively enhanced by the strong interactions , i . e. by gluon ex­
change. This can be qualitatively understood a s  follows. For the lepton decay 
(Figure 6. a) , the momentum transfer carried by : 



FIG . 6 . a  : Strong interaction 
corrections to semi-leptonic 
quark decay . 

FIG. 6 . b  : Strong interaction 
corrections to non-leptonic 
quark decay . 

the intermediate boson is always the invariant mass of the lepton pair 

q2 ( ) 2 << 2 p� + Pv � 

so the effective coupling is always weak 

However , for the non-leptonic case the gluon exchange diagram of 

Figure 6.b allows for contributions from W ' s  carrying high momentum, which 

might attenuate to some extent the mass suppression factor in the W-propa­

gator . The effect can b: calculated in an asymptotically free field theory 

where colored quarks are assumed to couple s trongly though the exchange of 

an octet of  colored gluons . One f inds [}s] that the effective fermi coupling 

constant is modified by a logarithmic factor 

( 3  . 18 )  

where µ i s  a normalization mass and i t  turns out that 

{1 / 2  
for the III = 

3 / 2  
( 3 . 1 9 )  

part of the non-leptonic current-current operator . In  the GIM model the 

magnitude of this effect is not suffic ient to account for the accuracy of 

the observed III = 1 / 2  rule . However there are various arguments leading one 

to expect a further enhancement of the ( 1 / 2 ) / ( 3 / 2 )  amplitude ratio in the 
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matrix element s  of the current-current operator� ( If there are more than 

four quarks , the effect in ( 1 . 40) is somewhat increased) . The same analy­
si s  holds for the 6C = 1 current-current operator responsable for charmed 
particle decay , with 61 = 1 / 2 ( 3/2) replaced by 6V = 0 ( 1 ) , V-spin being 
the u +-+ s symmetry group . However ,  the effect may be weakened in this 
case [26] . The only change in eq . ( 3 . 18 ) in going from s trangeness to charm 
decay is in the choice of the renormalization mas s µ ,  which should be cha­
racterized by : 

a) The effec tive masses of the external quarks in the hadron wave 
function, and 

b) The onset of scal ing for processes involving the appropriate quan-
tum numbers . 

Both criteria suggest µ�c > µ�s , thus decreasing the factor in 
brackets in ( 3 . 18 )  for the charm cas e .  

For s trangeness changing decays leptonic branching ratios are typi-
cally 

This  i s  due to a phase space suppress ion of 3-body-final states as 
well  as to the effective enhancement of non-leptonic rates which i s  empiri­
cally of order 

A s 
-2 

s in e c 20 

For the decays of massive charmed particles , 3-body phase space i s  
irrelevant , so we expect 

BC BC ( 2  + A ) -1 ( 3  . 20) 
µ e c 

and from the above d iscus sion we expect 

A < A 20 c s (3 . 2 1 ) 

X It i s  relevant to the conclusions below that analogous arguments fail [26] for the case of charm decay ,  



whi le the minimum non-leptonic ratio expected is that for a freely decay{ng 

quark, i . e .  no enhancement . Since the (ud) quark pair in Figure 6 . b  can car­
ry three colours we obtain : 

A > A c free 3 
Thus we obtain 

5 % � B 
µ 

( 3 . 2 2) 

( 3 . 23 )  
as the theoretically reasonable range for the leptonic branching ratio . 

Now we turn to a discussion of the specific experimental issues . 

4 DILEPTON EVENTS AT HIGH ENERGIES 

Dilepton events have been observed by several groups [27] , [28] , 
[2 9] at Fermilab . In particular , the HPWF Collaboration [27] has observed 
a dimuon signal with an apparent hadronic invariant mass threshold : 

W iC 4 GeV 

and with relative cross sections for E > 40 GeV 
+ -- + a (µ µ ) av (µ µ ) -2 v (4 . 1 )  - 1 0  0 . 8  ± 0 . 6  - + 

a)µ ) av (µ µ ) 

a (µ µ ) av ( 3µ ) 1 \) 'C 0 . 1  
a ( 2µ) � SO ( 4 . 2 ) - + 

av (µ µ ) \) 

As the semi-leptonic charm changing interactions def ined by the 
quark current ( 2 . 1 )  respects a 6C = 6Q rul e ,  completely analogous to the 
famil iar 6Q = 6S rule ,  the production and semi-leptonic decay of a charmed 
particle will necessarily lead to a (µ-µ+) state . Let us first consider the 
11oppos i te s ign" dimuon events . Their spread in invariant mass rules out 
their interpretation in terms of a decay X -+  µ

+
µ- ,  and sources such as a 

heavy lepton or an intermediate boson appear unl ikely , particularly because 
of the observed l arge energy asymmetry [30] in favor of the µ 

-
(µ +) for 

v (v) induced events .  So we sha l l  compare the data with the naive parton 
model predictions for charm as d iscussed previously . For future reference 
let us remark that in processes invo lving high momentum transfers characteris-
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tic of the deep inelastic scaling region , one expects that the scattered 
charmed quark is more apt to combine with a single anti-quark to form a 
charmed meson than with two other quarks to form a charmed baryon . Charmed 
mesons will cascade to the meson ground state (assumed to be 0- as for ordi­
nary mesons ) which wil l  then decay weakly .  Thus we expect �C # 0 neutrino 

interactions to produce most  abundantly : 

Do  

and probably to  a lesser extent , when the charmed quark picks up a strange 
anti-quark : 

4-1 Opposite sign dimuons 

The predictions are 

B (o + a ) µ v s 

B a µ s 

(4 . 3 )  

where Bµ is the muonic branching ratio and av and 0 8  are the valence and sea 
quark contributions , respectively, with : 

and 

< 2 a cc a v ' s 

The ref ore 

(µ + -) a µ -
v 

- + o)µ µ ) 

B a µ v 

a v 
---:rm 
a v 

we predict 

2 
( 3 

sin2 8 c 0 . 05 ,  

(0 . 003 t o  0 . 01 )  

B µ (5-20) % 

( 4 . 4 )  

( 4 . 5 )  

These expectations are i n  agreement with the data , eq , ( 4 . 1) , which 
are compatible with parameters in the range (assuming always rs � 10 % )  

( 10  % , 7 % ) to  ( 1 % , 1 6  % ) ( 4 .  6) 



rs is the relative strange quark content of the nucleon 

r s 2s / (u+d) 28; (u+d) ( 4 . 7 )  

I f  this interpretation is  correct ,  we expect the v distribution 
to be confined to small x,  while the v distribution will contain a component 

characteristic of the valence quark distribution (< x > � 0 . 2) . However if 

threshold effec ts are important at Fermilab energies , these distributions 

can be distorted towards the high Y •  low x region (see Eqs . (3 . 10) ) .  

The data are displayed in Figure 7 ,  where the rudimentary theore­

tical curves have been superimposed� 

10 

5 

0 

v 

v 

0.5 
yobs 

1.0 

10 

0 

4 

2 

0 

0.5 
xobs 

0.5 
y• 

1.0 

1.0 

FIG. 7 : The observed x and y distributions for/ the HPWF dilepton data [27] , 
and the naive parton model predictions (Fig .  5 ) . 

� The theoretical curves are plotted against the true x ,  y variables , which 
are no� actually measured because the incident neutrino energy is unknown , 
and there is a presumed decay neutrino contributing to the total f inal 
state "hadronic" energy . The data are plotted agaigst quantities derived 
from the observed energy and satisfy yobs < y, x0 s > x .  
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Compari sons have also been made incorporating threshold corrections 
in the form [31] of a 8-function , Eq , 3 . 13 ,  or the smoother Lz3] correction 
of E q .  3 . 1 4 ,  but at the present level of the data the comparison i s  not signi­
f icantly different , and there is no apparent discrepancy** with the predic­

tions . In particular , the x-distribution for antineutrinos is indeed confined 
to small x .  

One may also attempt so incl ude the decay distributions of the 
second muon [24] , [32] . Results are again in quali ta ti ve agreement with the 

GIM model .  In particular the E_/E+ asymmetry is wel l  described [32] , as opposed 

to the case for a heavy lepton or W hypothesis . Another interes t ing compa­

rison is shown in Figure 8 ,  where kl is the component of the µ+ momentum 
relative to the (v , µ-) plane . The theoretical curves are for V±A induced 
decays : 

+ charm -+ hadrons + µ v (n-body) ( 4 . 8 )  

and 

p c 
+ µ v ( 2-body) ( 4 .  9) 

15 

k..L (GeV/c) 

FIG. 8 : Predicted and experimental dis­
tributions [32] of µ+ transverse momen­
tum in v dilep ton events .  L and R are 
for V-A and V+A coupling respec tively . 

where P i s  a charmed pseudoscalar . c 
The d is tribution for the general 
case , Eq . ( 4 . 8 ) , is derived from 
the free quark decay distribution 
for 

c -+ s .Q, v  

(or equivalently the muon decay dis­
tribut ion) . The decay (4 . 8 )  i s  "al­
lowed" ,  while in a V±A theory ( 4 . 9 ) 

is forbidden by helicity conserva­
t ion . The ratio of allowed to for­
bidden decays scales as the fourth 
power of the parent mass .  From the 
measured ratio of Ki to Ki one 

2 3 

** It is pointed out in refs . [23] and [31] that the fit to the neutrino y dis­
tribution is somewhat improved if there i s  a (l-y)2 component as ant icipated 

in vector-like theories [7] . 



expects [1] for � = 2 GeV 

r (F + £v ) /f (F + £ + all )  < 1 . 5  % (4 . 10) 
The D + £v decay i s  further suppressed by the Cabibbo angle and 

should be negligible . 

4-2 Same sign dimuons 

The 6C = 6Q rule led us to predict only opposite s ign dimuons in 
charm decay . However , in spite of  the analogous 6S = 6Q rule for s trangeness 
changing processes , the react ion 

+ 
v + N + µ + K + X  

4 µ +  + X '  

can occur because a decaying neutral kaon loses the memory of its s trange­
ness via K0 +-+ � mixing . 

In the GIM model ,  the analogous D0 +-+ � mixing is expected to be 
negl igible because [33] : 

a) The 6C = 6S rule for Cabibbo favored transit ions implies that mix-

ing can occur through strangeness  zero intermediate states 

D0 7 (hadrons) S=O 7 � Ampl . "' sin2 ec 

b) Just as the GIM mechanism insures that the K0 +-+ K"" transi tion 
vanishes in the l imit of  u, c mass degeneracy the D 0 +-+ � transi t ion vanishes 

for d ,  s degeneracy, which is a much better approximation. 

c )  Because of the many channel s  available we expect 

r > >  6f,6m 

for the two combinations of D0 and � which are decay eigenstates . Put ting 
these factors together , one obtains an estimate [3Li:J of about 10-4 for !'wrong 
sign" dimuons in semi-leptonic decays . 

Then the only mechanism available for the µ µ events in the GIM 
model is associated product ion of charm via a charm conserving react ion : 
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v + N + µ + c + c + x 

L
4µ- + v + hadrons (4 . 1 1 )  
hadrons 

Sinc e  the events occur at a l evel of about 10-3 this requires 

a (vN + CC + X) /a TOT � v 
- 3  

10 /B µ 

Is this l evel unreasonably high 

( 0 . 6-1 . 5 )  • 10-2 ( 4 . 1 2) 

The extrapolation of fits to 
ordinary hadron product ion leads to an estimate of DD production at ISR -
where much more energy is availab le - of the order [ls] 

o (pp + DD +  X) /o (pp) TOT � 5 . 10-4 (4 . 13 ) 

However , much of the cross section and much of the available 
energy in pp col l isions go into leading particle effects which have no ana­
logue in deep inelastic vp reactions . The large pJ_ sector in pp scattering 
might provide a better means of comparison and the relative D production is 
expected to increase significantly with p .l ; for exampl e  [35] 

(D/rr) > 1 GeV p .l 
- 3  3 • 10 (4 . 1 4) 

In any case the associated production interpretation may be tested , 
as i t  implies two unambiguous predictions : 

a) 

b) 

Trimuon events should occur at a level 

a (3µ) v 

The l imit in (4 . 2 ) is not yet sensitive to this prediction . 

Dimuon events in leptoproduction 

£+N + £+C + C + X 

L4
£
v 
+ 

hadrons 
hadrons 

should occur at a level of roughly 

( 4 . 15 

( 4 . 1 6) 



with 

4-3 High energy (µ e Ks) events 

The data on neutrino induced µ e events at the Fermilab 15  foo t 

bubble chamber will be discussed by Cundy [29] . The observed rate corresponds 
to a relative cross section of about a per cent . In Figure 9 is a John Ellis 
plot* of the x and y distributions , again with the curves of Figure 5 super­
imposed , as wel l  as the shape of the HPWF data [27] (dashed histogram) for 
comparison . 

- + 
FIG .  9 : John El l is plot of the observed x and y distributions for the µ e 
events observed in the 15 foot bubble chamber [29] , together with the parton 
model dis tributions (Fig .  5) and the HPWF data (dashed l ines ,  see Fig . 7 ) • 

The remarkable feature of these events is that all but one has an 
identif ied K8 • If one assumes that the dominant mechanism, ( in accordance 
with the 6C = 6S rule derived from the Cabibbo favored part of the coupl ing 
( 2 . 1 ) )  responsible for the observed s ignature is : 

+ 
v + N -+ -µ  + D + X 
µ �e+ v + K e (4 . 17 )  

+ + one may try to guess the mass of the D from the observed e Ks d i stribution . 
A statist ical assumpt ion that on the average the decay products share the 
parent momentum equally gives 

X This nomenclature is intended to absolve the experimenters of responsibi­
l ity for the plot of  Figure 9 .  
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/2 < m > 2 . 3  ( 4 . 18) 
Ke 

for the value < mKe > � 1 . 3  corresponding to 7 of the events plo tted in 
Figure 9 for which there i s  an invariant mass measurement . Barger and 
Phil l ips [3� have calculated the relation between < �e > and the parent 
mass for a V-A decay matrix element . Their resu l t  considerably lowers the 
estimate ( 4 . 18) . However they have neglected form factor effects which are 
expected to be considerably more important for charmed pseudoscalar decays 
than for K decay . The reason is that the physical region for the squared e3 momentum transfer 

(4 . 19) 

extends to values no t very far from the expected position of a pole in the 
form factor . Assuming F*-dominance : 

in analogy with K* dominance which describes well  the form factor in K 
decay , the V-A matrix element acquires a correction factor 

f (t ) (1 - t /m2 ) -l 
F* 

e3 

( 4 .  20) 

I t  is expected that the lowes t lying charmed vector and pseudosca­
lar mesons , D, F, n* , F* , will be nearly degenerate in mas s ,  separated at 
most by a few hundred MeV . Then the factor (4 . 20) can become quite large , 
enhancing the high t region of phase space .  A point-l ike V-A interaction 
favors the configuration (helicity al lowed) of Fig . 10 . a ,  with 

t /m2 - 2 E m � � D v D /2 (4 . 21 ) 

while the maximum t configuration is that (hel icity forbidden) of Figure 
1 0 . b  with the kaon at rest and 

( 4 .  22) 
so the presence of the form factor , which enhances high t configurations , 
serves to lower the mean value of m Ke 



[37] 

also 

e• K 
v 

(a) 

e• 

K 
(b) 

v 

FIG .  10 : Final state configurations for D + K£v corresponding to 
�(a) and t = tmax (b) , 

In Figure 1 1 ,  w e  show the mass dis tr ibution calculated by Buras 

assuming a D mass of 2 GeV and an F* mass of 2 . 3  GeV . The events are 

plotted, two of them lying outside the kinematically allowed region . 

m0 = 2 .0 GeV 

mf* = 2.3 GeV 

0.8 

m •• 

1 .6 2.0 

FIG. 11 : Predi cted K Se
+ mass distribution [37] for the decay �+v for � = 2 GeV and assuming F* dominance with 

m = 2 . 3  GeV . 
F* 

However , even if the 3-body decay were the dominant semi-leptonic 
mode , which it may not be* , the paring of the electron with a Ks is rather 
arbi trary since several of the events contain more than one identified kaon , 
and others show a high mul tiplic i ty of unidentif iable charged prongs which 
could include a K from the decay D 0 + K e+ v .  This is as it should be ; for 
charm production from the sea , there is an s left behind which will 
manifest itself by the appearance of an additional strange particle ( see 
Figure 5 ) . (Note however that the event with large x (xobs 

= 0 . 9) plotted 
+ in Figure 9 has only µ e Ks as visible particles in the final state , and 

is thus compatible with valence production) . 

* Est imates [3� of the D + i<'iv rate sugges t  it may be equally impor tant . 
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+ 
What is in fact puzzl ing in these events is the rarity of µ e 

events without an identified K , If the v is scattered from a valence quark s 
one expects K"" and K to occur in roughly equal ratio s .  Since only half of 
the K"" are Ks ' and only 2 /3 of these have visible decays , we expect that on 
the average 1/6 of the events will contain an identified Ks . For charm pro­
duction from a sea quark , there wil l  be an additional kaon (K+ or K0) at the 
production, and one estimates that about a third of the events wil l  contain 
a Ks . Al lowing for 15 % associated production of kaons in the recoil ing 
hadron sys tem sti l l  only gives : 

o (K ) /o (charm) s (27-29)  % for r s 0 . 05-0 . 1  (4 . 23 )  

Hopeful ly the present data is sub j ect  to a statistical or scan­
ning fluke ; otherwise they present a puzzle for any interpretation . 

5 ANOMOLOUS x AND y DISTRIBUTIONS 

- + If we are correct in attributing the (µ µ ) signal to the produc-
tion and decay of charmed particles which have predominantly non-leptonic 
decays , we expect accordingly an increment in the total single muon event 
rate : a v 

c 
0 + 0 v v 

(4 to 13) % (5 . 1 )  

for B 
µ 

( 16  to 7 )  % where Bh is the non-leptonic branching ratio . Recall ing 
that the uncertainty in the presumed value of B 

µ 
certainty in : 

+ - - + o_(µ µ ) /ov (µ µ ) ( 1 /  5 to 2/3) 

and that 

v 

0
TOT/0

TOT l / 3  - v v 

we f ind accordingly 

o.'.'._(/) /o�(/J 
v v 

( 2 . 5 -25 )  % 

is correlated with the un-

( 5 . 2 )  

For v-production, the charm contribution will not g ive distributions 



which are strikingly differ ent from the domi.nant contribution , except for a 

possible enhancement at small x if the sea contribution is important . 
Note that the sea contribution to Eq . (5 . 1 ) is Z 8 % of  oTOT 

v 
however the small x enhancement could be increased by a threshold distortion 
of  the valence contribution, giving still � 13 % .  In the y distributions no 
significant effect is expected . 

Effects of charm production by anti-neutrinos can be much more 
dramatic ; what we expect is a flattening of the y-distribution at low x ,  
and this indeed i s  what i s  observed i n  the data presented here [3'D ,  [46] . 
Rather than show you data curves which you have seen already , let me as an 
example , assume a simple parton picture for the estimation of the parameter 

B q-q 
q+q 

(5 . 3 ) 
which is used by the experimenters in interpreting their dat a .  Specifically 
we assume : 

a) (30 ± 3) % of the u+d dis tribution l ies below x 0 . 15 ( recal l 
that <x> � 0 . 2 for v-product ion) . 

b) The u+d content is  (u+d) / (u+d) = (10±1) % ,  and l ies entirely below 
x = 0 . 15 . 
c) For charm product ion we take two simple hypotheses consis tent with 
the dilep ton data (see Eqs . (4 . 6) and ( 4 . 7 ) ) .  

i .  ( 0 . 1 , 0 . 86) , and 

i i .  (0 . 005, 0 .80) 
Since the antineutrino sees only the S-quark ,  while the neutrino 

sees the s-quark , the effective values of B above charm threshold will be dif­
ferent (unless the charm sea is as important as the strange sea) . Specifically 
we obtain : {0 . 80-0 . 83 0 . 42-0 . 5 7 
below charm threshold , and 

(all x) 

(x Z 0 . 15) 
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(i) (ii ) t · "-0 . 8' 
v B 

0 . 64-0 . 53 

0 . 8 1-0 . 84 (all x) 

0 . 61-0 . 48 (x � 0 . 15 )  

{ 0 . 6'-0 . 7 0  
v B 

0 . 1 6-0 . 30 

0 . 74-0 . 70 (all x) 

0 . 29-0 . 43 (x ,jO 0 . 1 5 )  

above charm thresho ld . As  threshold effects raise the average value of y ,  
their effec t is to raise Bv and lower B

V 
; inclusion of  a charm sea has the 

opposite effec t .  
The above est imates for B appear compatible with the data presented 

by Diamond [39] , but are perhaps harder to reconcile w'i th that presented by 
Rubbia [40] . Aside from threshold effects we have ignored all possible scal­
ing violations . We heard from Parisi [41] the type of effect expected in 
an asymptotically free theory . I would l ike to ment ion one other effect 
which might be important for relatively low momentum transfer : Q2 ,jO 10 GeV , 
namely the diffractive process depicted in Figure 1 2 .  

v 

V :p, F·. · · · } ) wv 
A - A1 ,  • • .  

-----<:F;.._- l WN 

FIG .  12 : Diffract ive mechanism for 
neutrino scattering . 

The point is that no one has considered applying the parton model 
to ordinary hadron production for q2 � 1 GeV where the p contribution is 
importan t .  More general ly ,  the contri�ution from any vector (or axial) meson 
exchange peaks broadly at q2 = m2 and falls off for q2 � 2 m2 , For an F* of  v v 
mass about 2 GeV ,  this corresponds to rather high values of q2 , The differen-
tial cross section corresponding to the contribution of a given vector meson 
is of the form [42] 
dodiffr . 

dt dx dy rv 

x(l-x) t doT +
(doT + 

do1) (1-y_;. xy/2E�} 
y r d t  d t  d t  1+2m x/2E y 

µ v ( 5 .  4) 



_ where oT (o1) is the cross section for scattering of a transversely ( longi­
tudinally) polar ized vector meson from a nucleon . This express ion does not 
have the simple x ,  y dependence characteristic of the parton model . For high 
energies where Pomeron exchange at the hadronic vertex is expected to be 
dominant ,  one expects the V-N cross section to peak at low t : 

bt OT ,L  'V e 

Through kinematics [43] this is reflected by a distortion of the 

x, y distribution toward the high y, low x region ; the expected x and y 
distributions [21] are shown in Figure 13 . 

F IG .  13 : (x, y) distribution for 
diffractive production of charmed 
particles [21] . 

5 1.0 
-Y 

R=O 
Ev=50 GeV 
µ(F")2=5GeV2 

The qualitative features of  the diffractive contributions are in 
many ways characteristic of the parton "sea" contributions : 

a) Neglecting V ,A  interference , they contribute equally to v and v 
scattering and therefore are relatively enhanced by a factor of about 3 in 
V interactions . 

b) They are important in the low x ,  high y region . Since in practice 

the "sea" is observed as a f lattening of  the ( l-y) 2 distribution as y + 1 in 

the low x region of  v-scattering : 

dov (x ,  y) # 0 for y + 1 if x � 0 . 1  

the effect i s  s imilar t o  that of  a vector meson contribution i f  Q2 i s  in the 
appropriate range . The difference with the "sea" contribution is that the dia­
grams of  Figure 12 do not scale : as Ev increases Q2 increases for fixed x ,  y ,  
and the effec t will  disappear unless higher mass resonances become important . 
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It may be that the transition from the "diffract ive" region , 
to the "scaling" region , Q2 >> rn2 , is so smooth that they need no t v 

considered as separate phenomena ( indeed we do not advocate adding 
the two contributions) ,  but this is not necessarily the cas e .  A detailed 

s tudy of expec ted distributions , taking into account the experimental energy 
spectra , would be a useful complement to the expected s cal ing distributions 
already in the l i terature .  

The total expected contribution to charm production from diffrac­
tive F* scattering can be fairly rel iably estimated . The neces sary parame­

ters are the s trength of the F* coupl ing to the 6S = 6C = ±1 hadronic cur­
rent and the total F*N scattering cross section. The analogous parameters 
are known for p ,  w ,  ¢ and the J/� (we assume J/� = { Cic) , 1-} ) , from e+e­

annihilation and photoproduction data ; the F* parameters may be estimated 
from these using the addit ive quark mode'l and mass interpolations where ne­
cessary . The relative contribution of elastic F* production (F*N + F*N) is 
shown* in Figure 14 as a function of energy . This is related to the total 
production cross  sec t ion by the optical theorem : 

e£ 
0 
0TOT 

oTOT (mb) 
2 . 5 2 � 0 . 07 

1611b (GeV- ) 

if oTOT(F*N) = 5.5 mb (addit ive quark model) and b � 4 GeV-2 (from 
- 1 F* - 1  photoproduct ion data [45] b 8 GeV , b I � 2 GeV ) . Then from the curve 

p J � * of Figure 14 we expect a total contribution from F production of charm of 
about 7 % in neutrino interactions and 20 % for ant ineutrinos , for neutrino 
energies above 10 GeV . 

6 DILEPTON SIGNATURES NEAR CHARM THRESHOLD 

The last topic I wish to discuss concerns the anticipated charac­
teristics of charm production for energies not far above charm threshold , 
which are relevant to the dilepton s ignals observed at Gargamelle [46] and 
in other CERN PS [47] and Brookhaven experiments [48] . 

* We saw in the talk by Will iams (this volume) that the analogous case of 
elastic lep toproduct ion of the p i s  in agreement with theoretical predic­
tions based on vector meson dominance . 



__:i:"_ j 10- 3s c m ' 
0"101 

p' 

Charged Currents 
( incoherent ) 

Ev = m 2 Vb z 

10-5 �-�------�------�-----�-
10 10' 

FIG.  1 4  : Relative v cross sections for elastic diffractive product ion of 
�mesons . The contribution to the total diffractive cross section 
for each vector meson is given by : 

diffr . 1 
d iffr . , 0 . 4  nbmb 2 

aTOT ae£ GeV /aTOT (VN) 

(Gail lard et al . [42] ) .  

Provided the charmed baryons are not excessively heavy as compared 
with charmed mesons , one expects that at low energies the dominant charm 

changing process should be elastic baryon production .  This involves the con­
version of one valence quark in the target nucleon into a charmed quark . 
Thus the allowed processes are 

v + n(ddu) -7 µ + 
+ C (cdu) ( 6 . 1) 

( 6 . 2 ) 
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+ The state C (cdu) may be in an isotopic spin configuration I = 0 
or 1 .  The mass splitting i s  related by SU(4) to the E ( I = 1 )  - A ( I  = 0) mass 
splitting, and one expects [l] , in complete analogy to the E -A case : 

( 6 . 3 )  

For equal baryon masses the production of the I 
is favoured ; the produc tion ratios are roughly [49] 

o ,  1 / 2+ state c� 

0 . 2 0 . 4  0 . 35 0 . 7  

( 6 . 4 )  

where O ,  1 i s  the total isospin and the asterisk denotes a 3/ 2+ state . More­
+ . over , as the c0 is expected to be the l ightes t state , this will further en-

hance i t s  relative production rate near threshold . Semi-leptonic decays wi th 
LIS = llC ±1 satisfy the isospin sel ection rule 61 = O ,  so the decay of the 

+ c0 mus t  be to an I = 0 hadronic state : 

which has 

+ l v + ( 6 . 5 )  

The lowest available state i s  s ignificantly favored by phase space 
5 an (mC - rryl dependence ; for mC o 2 . 5  GeV we f ind : 

0 0 
5 5 (me - mA) / (me - rryol  

1 

There i s  no re l iable way 

3 

to estimate 

( 6 .  6) 

the Y� coupling , but in the 
static SU (S) ( = spin and SU (4 ) ) l imi t ,  all coupl ings vanish for transi t ions 
to states o ther than the ground state 1 / 2+ 3 / 2  + and baryons . As the A '  i s  
the only I = 0 member of the 56-ple t ,  a preponderance of A 0 ' s  in the f inal 
state for charm produc tion near threshold would not be surprising . On the 
other hand , the (llm) 5 phase space factor enhances the otherwise Cabibbo sup­
pres sed 6S = 0 decay ; one es timates [so] (see Figure 15 ) : 

+ nlv) / r (c0 + Alv) 1/4 (6 .  7 )  

Since in the present instance there is some reason to believe that 
the decay C+ 

+ A ev may be dominant , invariant mas s  distributions for the Ae 
system may be more relevant than those for the high energy µ e Ks data discus -
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sed above , In F igure 1 6 ,  we show the expected mass distribution [so] for a 
parent mass of 2 . S  GeV , where a dipole form factor with m

F* 
= 2 . 2  GeV has 

been assumed . 
The invariant masses of the Gargamelle events [46] , determined 

under the assumption that the observed V0 is a A 0 ,  are also indicated in 
Figure 1 7 .  Their average value : 

< mAe 
> 

1 .  7 

Suggests a parent mass 

2 . 3S GeV ( 6 . 8 )  

1 7 7  



1 78 

REFERENCES 

[1] For the anticipated properties of charmed hadrons see M .K .  GAILLARD , 
B . W .  LEE and J . L .  ROSNER , Rev . Mod .  Physics !:}_, 27 7  ( 1975 ) . 

[z] S . L .  GLASHOW, J ,  ILIOPOULOS and L .  MAIANI ,  Phys . Rev . D Z ,  1285 
( 19 70) . 

[3] Y .  HARA , Phys . Rev . �' B701 ( 1964 ) . 
D .  AMATI ,  H .  BACRY , J ,  NUYTS and J ,  PRENTKI , Phys . Letters .!.!_, 1 90 
( 1 964) . 
B . J .  BJ¢RKEN and S . L .  GLASHOW, Phys . Letters .!.!_, 255 (1964) , 
Z .  MAKI and Y .  OHNUKI , Progr . Theor .  Phys . (Kyoto) �' 144 ( 1964 ) . 

[4] J .  STEINBERGER, Phys . Rev . �' 1180 ( 1 949) . 

J . S .  BELL and R .  JACKIW , Nuovo Cimento �' 47 ( 1 969) . 
S . L .  ADLER, Phy s .  Rev . .!22_, 2426 ( 1 969) . 
C .  BOUCHIAT , J .  ILIOPOULOS and Ph . MEYER , Phy s .  Letters 38B, 519 
( 1972 ) . 

[5] S .  WEINBERG , Phys . Rev . Letters .:!:2_, 1264 ( 1 967 ) . 
A .  SALAM, Proceedings of the 8th Nobel Symposium, S tockholm 1968 , 
ed . by N . Svartholm, p .  367 (ALMQUIST and WIKSELL S ,  Stockholm, 
1 968 ) . 

[6] See the lectures by O .  NACHTMANN in this volume . 

[7] See the lectures by F .  HAYOT , K. KANG and R .  KINGSLEY in this volume . 

[s] O .W . GREENBERG , Phys . Rev . Let ters .!2_, 598 ( 1 964) . 
M .  GELL-MANN , public communication . 

[9] S .  ADLER [4] , appendix, and published or unpubl ished remarks by 
many people . 

[j_o] S .  WEINBERG, Phys . Rev . D8 , 605 ( 1973 )  and Rev . Mod . Phys . �. 255 
( 1 974) . 
D . V .  NANOPOULOS ,  Nuovo Cimento Let ters 5!_, 873  ( 1 973 ) . 



[1 1] G .  ' t  HOOFT, unpublished . 
D .  GROSS and F .  WILCZECK, Phys . Rev . D8 , 3633 ( 1 973 ) . 
H . D .  POLITZER , Phys . Rev . Letters 3 0 ,  1346 ( 1 973) . 
M. GELL-MANN and H. LEUTWYLER , Cal tech preprint CALT-68-409 ( 1 973 ) . 

[12] H . I .  VAINSHTEIN and I . E .  KHRIPLOVECH , Zh . Eksp . Teor . Fiz . , Pes ' ma 
Red . 1£, 141 (1973) . 
E .  MA , Phys . Rev . D 9 ,  3 103 (1974) . 
M .K .  GAILLARD and E . W .  LEE , Phys . Rev . DlO ,  897 ( 1 974 ) . 
V . V .  FLAMBAUM, Novosibirsk preprint 75-24 ( 1 97 5 ) . 

[13] See lecture by A .  GIAZOTTO in this  volume . 

[14] See lecture by D . V .  NANOPOULOS in this volume . 

[15] D . V .  NANOPOULOS and G . G .  ROSS , Phys . Letters 56B , 279 ( 1 975) . 
E . B .  BOGOMOLNY , V . A .  NOVIKOV and M .A .  SHIFMAN , Moscow preprint 
ITEP-42 ( 1975) . 
A. I .  VAINSHTEIN , V . I .  ZAKHAROV, V . A .  NOVIKOV and M .A .  SHIFMAN , Phys . 
Letters , 60B , 7 1  ( 1 975) . 

M .K .  GAILLARD , B . W .  LEE and R . E .  SHROCK, CERN preprint TH-2066 

( 1 975) . 

[16] J . J .  AUBERT et al . ,  Phys . Rev . Letters �. 1404 ( 1 974) . 
J . - E .  AUGUSTIN et al . ,  Phys . Rev . Letters 3 3 ,  1406 ( 1 974 ) . 
G . S .  ABRAMS et al . ,  Phys . Rev . Letters 3 3 ,  1453 ( 1 974 ) . 

[1 7] Gargamelle Col laboration : see D . C .  CUNDY , Proc . XVII Int ' l  Conf . 
on High Energy Physics , p .  IV-131 (London , 1974) . 

[18] For a review, see C .H .  LLEWELLYN SMITH , Phys . Reports .:?.£, 2 61 
( 1 972 )  . 

[19] G .  MILLER et al . ,  Phys . Rev . D5 , 528 ( 1972 ) . 
J . S .  POUCHER et al . ,  Phys . Rev . Letters �' 1 18  ( 1 974 ) . 

[20] A .  De RUJULA , H .  GEORGI ,  S . L .  GLASHOW and R . R .  QUINN , Revs . Modern 
Phys . 4 6 ,  391 ( 1 974) . 
G .  ALTARELLI ,  N .  CABIBBO and L .  MAIANI ,  Phys . Letters 48B , 435 
( 1 974) . 

. . .  / . . .  

1 79 



180 

M .K. GAILLARD , B . W .  LEE and J . L .  ROSNER, ref . [l] . 

V .  BARGER ,  T .  WEILER and R . J . N .  PHILLIPS , "Charm production by 
partons in neutrino scattering " ,  Univers ity of Wisconsin-Madison 
report C00-441 ( 1 975 ) . 

[21] B . W .  LEE ,  "Dimuon events" ,  Fermilab-Conf-75/78-THY ( 1 975 ) . 

[n] H .  GEORGI and H . D .  POLITZER, "Freedom at moderate energies 
in color dynamics " ,  Harvard preprint , January 1 9 7 6 .  

masses 

[23] R .M .  BARNETT, "Evidence in neutrino scattering for right-handed 
currents associated with heavy quarks" ,  Harvard preprint ,  January 
1 97 6 .  

[2� E .  DERMIN , "Dimuon distributions due to deep inelastic neutrino pro­
duc tion of new hadrons" ,  Oxford preprint (1976 ) . 

[25] M .K .  GAILLARD and B . W .  LEE , Phys . Rev . Letters .:!1_, 108 ( 1 974) . 

G .  ALTARELLI and L .  MAIANI ,  Phys . Letters -23_, 351 ( 1 974 ) . 

[26] J .  ELLIS, M .K .  GAILLARD and D .V .  NANOPOULOS ,  Nuclear Phys . BlOO ,  
313 ( 1975) . 

[27] A .  BENVENUTI et al . ,  Phys . Rev . Letters l::• 419  ( 1 975) 
1 1 9 9 ,  1 203 and 1249 ( 1975 ) . 

ibid 3 5 ,  

[28] B . C .  BARISH, Proc . la physique du neutrino a haute energie , 18-20 
March 1 9 7 5 ,  Eco le  Polytechnique , Paris . (Cal-Tech-Fermilab Col la­
boration) . 

[29] See lecture by D .  CUNDY 'in this volume . 

[30) A .  PAIS and S . B .  TREIMAN, Phys . Rev . Letters E_, 1206 ( 1 975) . 

[31] V .  BARGER, R . J . N .  PHILLIPS and T .  WEILER, "Dimuon production by 
neutrinos : test of weak current mode l s " ,  SLAC-PUB-1688 ( 1 976) . 

[32] L .M .  SEHGAL and P .M. ZERWAS ,  Phys . Rev . Letters �' 399 ( 1 976) . 

[33] R . L .  KINGSLEY, S . B .  TREIMAN , F .  WILCZECK and A .  ZEE , Phys . Rev . 
Dl l ,  1 9 19  (1975) . 



[34] J .  ELLIS ,  M .K .  GAILLARD and D . V .  NANOPOULOS , Ref .  TH . 21 16-CERN 
( 1976) , to be published in Nuclear Physics . 

[35] M. BOURQUIN and J .-M. GAILLARD , "A simple Phenomenological Descrip­

tion of Hadron Production" , CERN preprint , submitted to Nucl . Phys . 

and private communication. 

[3� V .  BARGER and R . J . N .  PHILLIPS , "Weak Semi-Leptonic Decay Distribu­

tions for New Particles" ,  Wisconsin preprint C00-504 ( 1 976) . 

[37] A. BURAS , private communication . We thank him for providing us with 

the distribution of Fig . 1 1 .  

[38] I .  HINCHLIFF and C .H .  LLEWELLYN SMITH, "Can Charm Account for Prompt 

Lepton Production ? " .  Oxford preprint Ref . 9/76 ( 1976 ) . 

[39] See lecture by R .  DIAMOND in this volume . 

[40] See lecture by C .  RUBBIA in this volume . 

[41] See lecture by G .  PARISI in this volume . 

[42] C . -A .  PIKETTY and L .  STODOLSKY , Nuclear Phys . Bl5 , 5 7 1  ( 1 970) . 

T .  INAMI , Phys . Letters 56B ,  291 ( 1975 ) . 

B .A .  ARBUZOV , S . S .  GERSHTEIN and V .N .  FOLOMESHKIN , preprint IHEP ' 

75-11 Serpukhov (1975 ) . 

B .A .  ARBUZOV , SS . GERSHTEIN , V . V .  LAPIN and V . N .  FOLOMESHKIN , pre­

print IHEP 75-25 , Serpukhov ( 1975) . 

J .  PUMPLIN and W. REPKO , Phys . Rev . �. 1 3 76  ( 1 975 ) . 

V .  BARGER , T .  WEILER and R . J . N .  PHILLIPS , "Vector meson dominance 

calculations for the V anomaly and dimuon production'� Wisconsin 

preprint C00-456 ( 1975 )  ; and Phys . Rev . (to be published) . 

M .K. GAILLARD , S .A .  JACKSON and D .V .  NANOPOULOS ,  Nuclear Phys . 

Bl02 , 326 ( 1976 ) . 

M . B .  EINHORN and B .W .  LEE , "Contributions of vector-meson dominance 

to charmed meson production in inelastic neutrino and antineutrino 

interactions" ,  FERMILAB-PUB-75/7 6-THY ( 1 975 ) . 

[43] For a quantitative discussion of tmin effects , see the Schladming 

lectures ( 1 976)  by the present author . 

[44] B . W. LEE , private remarks . 

18 1  



·� 

[45] K. BERKELMAN , Pro c .  1 97 1  Int ' l  Symp . on elec tron and photon interac­

tions at high energies , Cornell  Univers i ty ,  Ithaca , Ed . N . B .  Misty,  

p .  263 ( 1 97 1 ) . 

B .  KNAPP et al . ,  Phys . Rev . Letters �. 1 040 ( 1975) , 

[4� See lecture by M. JAFFRE in this volume . 

[47] H .  FAISSNER, Schladming lec tures ( 1 976 ) . 

[48]- See lec ture by D .  GOULIANOS in this volume . 

�9] R . E . SHROCK and B . W. LEE , Fermilab-PUB-75/80-THY ( 1 975)  ; see also 

J. FINJORD and F. RAVNDAL , Phys . Letters 56B, 61 ( 1 975 ) . 

[so] A . J .  BURAS , CERN preprint TH . 2142-CERN ( 1976) . 



HOW TO INVESTIGATE FUTURE ENERGY DOMAINS OF PARTICLE 

PHYSICS WITH PRESENT ACCELERATORS ? 

Y .  AFEK, G .  BERLAD and G .  EILAM 

Department of Physics 
Technion-Israel Institute of Technology, Haifa ,  Israel 

Laboratoire de Physique Theorique et Particules Elementaires 
Universite de Paris-Sud , 91405 Orsay, FRANCE 

Abstract : We summarize evidence which indicates that high energy 
collisions between particles and nuclei and between heavy ions and 
target nuclei can be used to investigate future energy domains of 
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INTRODUCTION . 

When a high energy particle with laboratory momentum plab collides 

with a target nucleon at res t ,  the center of  mass energy squared is given 

approximately by : 

"' s = 2mplab ( 1 )  

where m is the nucleon mas s .  When the target particle is a nucleus of atomic 

weight A the center of mass energy squared for coherent reactions is A t imes 
larger 

"' As (2 )  

What is the center of mass energy squared for incoherent reactions 

in 

a) particle-nucleus collisions at high energies 

b)  nucleus-nucleus col lisions at high energies 

Below we wil l  show evidence that for particle-nucleus col lis ions 

at high energies the average center of mass energy squared available for the 

production of particles is approximately given by 

(3)  

while for high energy nucleus-nucleus col lisions it is approximately given 

Ex : 

seff 
"' Al / 3  

1 A 1/3 s 2 

where A1 and A2 are the atomic weights of the col liding nuclei .  

(4)  

In order to extract this evidence from present available experi­

mental data on high energy particle-nucleus collisions , let us cons ider the 

following "coherent Tube Model"  for high energy particle nucleus collisions [l] 

The model is based on two s imple assumptions 



ASSUMPTION (1 )  

The interaction of a high energy particle with . a  target nucleus 
results from its simultaneous collision with all the nucleons that lie 
within a tube of cross section o along its path in the target nucleus . In 
particular , if there are i nucleons within this tube then the center of mass 
energy squared for the particle-tube collision is given by : 

Assumption (1 )  can be tested for instance by looking for the pro­
duction of heavy particles in particle-nucleus collisions at incident ener­
gies well below the threshold for their production in particle-nucleon col­
lisions . However , in order to increase the predictive power of assumption (1)  
we will introduce a second assumption. 

ASSUMPTION ( 2 )  

In the center o f  mass systems , the particle-tube collision resem­
b les a particle-nucleon collision at the same center of mass energy . (Assump­
tion (2) is motivated by the observation that various quantities which cha­
racterize multi-particle production, like the average charge multiplicity, 
the multiplicity distribution, and the particle spectra and their momentum 
dis tributions , are independent of the quantum members of the colliding par­
ticles ) .  

Assumptions (1)  and (2) can be used to calculate particle-nucleus 
collisions directly from particle-particle collisions provided one knows 
the probability p (i ,  A) that the incident particle encounters exactly i nu­
cleons in an inelastic particle-nucleus collisions . However ,  p ( i ,  A) can be 
easily calculated from low energy nuclear models .  For instance , from an in-
dependent particle model for the target 

p ( i ,  A) 
J d2b (�) (:TJ 6 

pA 0in 

nucleus one obtains : )A-i oT 
- p:  ( 5 )  

where the total inelastic particle-nucleus cross section is approximately 
given by : 

pA a .  in ( 6) 
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T (b )  is the nuclear thickness at impact parameter b and is given by 

T (b )  dz p (b , z )  (7) 

where p is the nuclear density function normalized such that f p { r ) d 3r A .  

a is the total inelastic particle-nucleon cross section. 

With the aid of as sumptions (1) and (2 )  one can easily derive the 

fol lowing results : 

a) Inclusive cross sections for p + A + c + anything [1-b] 

d30PA PA a .  A d 30PP 
c E + p

ll
, Pi? 

in I p ( i ,  c E dp3 (s , A) E dp3 
a�p i=l in 

( i s , i 1/2  (E  + Pl! ) , P_i) (8) 

where E is the energy of particle c and p is its momentum in the lab system 

with longitudinal and transverse components , pit and p.l , respectively . For 

large values of pl , inclusive cross sections in pp collisions were found [2] 

to depend only on p
.l 

and s .  Moreover , we have found that expressions like 

expression ( 8 )  are not sens itive to the specific choice or a nuclear model 

for calculating p ( i ,  A) , and that the average over the different tubes can 

be well approximated by an average tube of thickness  Al/3  nucleons . Conse­
quently eq .  ( 8 )  reduces to the simple scaling law : 

pA a .  in 
where seff is 

(9) 

given by expression ( 3 ) . In Figs . ( 1) - (5 ) , the scaling law (9) 

is compared with experimental data on inclusive production of n± , K± , P and 
p at high energies from p ,  W and Ti targets  [2] . Good agreement between 

theory and experiment is obtained . 

Eq .  ( 8 )  can be written in terms of the laboratory rapidity varia-

b le y as 
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PA (j .  in 
pp (l .  in 

A 
I 

i=l 
p ( i , A) 

1/3 1 (A s ,  y + 6 £nA ,  pl) 

d 3Clpp c 
-2--d- ( i s ,  y + 2 ini , pJ_) d pl y 

( 10) 

Predictions [1-d] based on express ion ( 10) for rapidity distr ibutions 
in high energy part icle-nucleus collisions are presented in Figs . ( 6 )  and 
(7 ) .  These predict ions are in agreement with experimental observations [3] . 

b) Mult iplicities [1-a] 

The coherent Tube Model yields the following prediction for the 
average charge mult iplicity in particle-nucleus coll i s ions : 

A 
<n( s ) >A = I p ( i , A) <n( is) >p � <n (seff) >p i=l 

( 11 )  

I f  one further assumes that the average charge multiplicity in 
part icle-nucleon col l i s ion increases with s l ike a power law : 

then the multiplicity ratio RA , given by [1-a] 
<n ( s ) >A A 

R - ---- - I p ( i ,  A) ia  A = <n ( s ) >  - l p i=l 

( 12) 

( 13 )  

i s  energy independent .  Prediction ( 13) i s  compared with experimenta l  data [4] 
on p-nucleus and n-nucleus collisions in Figure ( 8 ) . Good agreement between 
theory and experiment is ob tained . For a nucleus of atomic number A and ato­
mic charge z ,  the average charge mul t ip licity as funct ion of Np the number 
of fastly recoiling protons , is predicted by the model to be given by [1-a] 

<n(s) >N p 

A-z 
I p ( i+N , A) <n( (N +i ) s ) >  � <n (� N s ) >  

i=O p P P 2 P P 
( 14 ) 

With the aid of assumption ( 12) the multip licity ratio RA as func­
tion of N is then given by [1-a] : p 
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e q .  ( 1 3 ) , for 

a) p-nuc leus collisions 
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<n( s ) >N 

RA(Np) = <n( s ) >p 
( 15 )  

In Figures (9 )-(10) prediction ( 15 )  is compared with experimental 

data on multiparticle production in n-Ne collisions [5] and in p-emulsion 

collisions [6] at high energie s .  Good agreement between theory and experi­
ment is obtained . The multiplicity distribution in particle-nucleus cdlli­

sions can be expressed in terms of the KNO scaling function [7] for parti-

cle-nucleon collisions 

aP 
'I' p (z)  <n> n where n - z -p a� <n> 

in p 

The model  predicts that VA for particle-nucleus collision is  

given by [1-a] 

A a 
<n>A + = RA a .  in 

where z _ n/<n>A and consequently also 

where 

D .  i 

( 16) 

( 17)  

( 18) 

( 19) 

In Figs . ( 11) and ( 12 )  predictions ( 17 )  and ( 18 )  are compared 

with experimental data on n-nucleus collisions at high energies [5] , [8] . 
Good agreement between theory and experiment is obtained . 

Figures ( 1) through ( 12 ) ,  in our opinion , provide evidence that 

the average cen,ter of mass energy squared available for the production of 

particles in high energy particle-nucleus collisions is approximately given 

by Al/3 s .  

The "coherent Tube Model" can be extended t o  describe also high 
energy nucleus-nucleus collisions [1-e] . Such collisions are described in 

terms of s imultaneous collisions of the "nuclear tubes" of one nucleus with 
the opposing "nuclear tubes" of the second nucleus . These tube-tube colli­

s ions are assumed to resemble nucleon-nucleon collisions at the same c .m. 
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energy. Consequently nucleus-nucleus collisions can be calculated directly 

from nucleon-nucleon collisions . In particular , the inclusive cross section 
for A1 + A2 + c + anything is approximately given by [}.-e] : 

AlA2 
pAl pA2 Al d3o 'V a .  a .  c p

.l) lil 1n l E dp.r- ( s ,  E + Pl l ' o�P o�P il=l lil lil 

E d3oPP 
� ( seff ' (A2) 1 /6  (E + pl l ) , P_J 

(20) 

where A1 is the atomic number of the incident nucleus , A2 i s  the atomic num­
ber of the target , s i s  the c .m .  energy squared for the collision of  a single 
nucleon from the incident nucleus with a s ingle nucleon of the target nucleus , 
and seff is given by formula ( 4 ) . Expression (20) can be integrated in order 
to obtain the following prediction [1-e] for the average multiplicity in high 
energy nucleus-nucleus collisions 

<n(s ) >A A 1 2 'V RA1A2 - --<n_(_s_)_>_ = 
RA1

RA2 pp 

where RA . 
are given by expression ( 13 ) . 

(21 )  

1 Are predictions (20) , ( 2 1) supported by experiments First  gene-
ration experiments with relativistic nuclear beams at LBL [9] and Dubna [10] 
produced results which are consistent with the idea of accumulation of energy 

through cooperative behaviour of few nucleons : for instance , at Dubna, pious 
produced by 8 GeV/c deuterons (4 GeV/c per nucleon) were found to carry away 
up to 98 % of the deuteron kinetic energy . At LBL the energy spectrum of 
pions produced by various nuclear projectiles with fixed energy per nucleon 
increased with the atomic number of the projectile nucleus and extended up 
to energies few times the energy per nucleon in the incident nucleus ( see 

Fig .  13) . Unfortunately, the available experimental data on high energy nu­
cleus-nucleus collis ions is at energies too low for our model to be applica­
ble .  Moreover , at such energies also the fermi motion of the nucleons in the 
colliding nuclei may lead to increase in the available c .m. energies for 
particle production. {Note , however ,  that the fermi mot ion effect will depend 

only weakly on the atomic numbers of the collid ing nuclei) . More experiments 
with high energy nuclear beams at higher incident energies are required before 
a definite proof can be provided for the energy accumulation effect in high 
energy nucleus-nucleus collisions . 
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MOD I F IED AD LER SUM RULE AND 
V I O LA T I ON OF CHARGE SYMMETRY* 
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_t 
Abstra c t : The con sequen c e s  o f  a on c e  subtr a c t e d  d i sp e r ­
s i o n  r e l at i on in the d e r i v a t i on o f  t h e  A d l e r  S u m  Ru l e  
a r e  inve s t i g a t e d . 
I t  i s  shown that o n e  c an exp e c t  a b r e akdown o f  charge 
symm e t r y , of the i s o t r i p l e t  c u r r e n t  hypothe s i s ,  and of 
s c a l in g  of the structure f u n c t i on s . Th e s e b r e akdowns 
are r e l a t e d  to t h e  p o s s i b l e  p r e s e n c e  of a n o n - z e r o  sub­
t r a c t ion fun c t io n  a t  a s ymp t o t i c  e n e r g i e s and a � b i t r a r y  
q 2 . 
We a l s o  c omme n t  about s e cond c l a s s  c u r r e n t s  and PCAC 
r e l a t i on s .  

* P r e s e n t e d  by C . A .  Domingu e z .  Work supported i n  p a r t  b y  
CONAC yT (��xic o )  u n d e r  c o n t r a c t  # 5 40 -A . 
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I t  i s  we l l  known that the A d l e r  Sum Ru l e 1 ( A S R )  p r o v i d e s  2 one o f  the m o s t  d i r e c t  t e s t s  o f  the Current A l g e b r a  hypoth e s i s  
Howe v e r  in i t s  d e r ivation ' o n e  i n t r o du c e s  a d d i t i o n a l  a s sump-
tlon s 3  s u c h  as the v a l i d i t y  of the i + m method o r  a no s u b ­
t r a c t ion hypoth e s i s  i n  a d i s p e r s i on r e l a t i o n  appro a c h . The l a c k  
o f  c l e a r  j u s t i f i c a t i o n  i n  th i s  l a s t  c a s e  wa s expr e s s e d  i n  t h e  
p a s t  by G r i b ov e t  al . 4 I n  th i s  pape r we d i s c u s s  the c o n s e qu e n c e s 
of a o n c e  s u b t r a c ted d i s p e r s i on r e l at i o n  l e a d i n g  to a mod i f i e d  
A S R  f o r  t h e  c a s e  6Y = O . W e  s how that t h e  p r e s e n c e  o f  a n o n - z e r o  
subt r a c t i o �  func t i on c a n  r e s u l t  in a b r e akdown . o f charge s ym­
m e tr y ,  and con s e q u e n t l y  o f  the i s o t r i p l e t  current hypothe s i s s 
( I C H ) . M o r e ov e r  i f  the s u b r a c t i on f u n c t ion i s  q 2 -dependent i t  

f o l l o ws t h a t  t h e  s t r u c t u r e  f u n c t i o n s  vw
2
v ,V s h a l l  no longer s c a l e . 

F i n a l l y  we d i s cu s s  the c o n d i t i o n � under wh i c h  c ha r g e  s ymmetry and 
the I C H  can b e  e f f e c ti v e ly r e s t o r e d  a t  q 2 = 0 . 

L e t  u s  s t a r t  by w r i t ing the amp l i tu d e  for n e u t r i n o  s c a t t e r ­
i n g  o f f  a n  unpo i a r i z e d  n u c l e o n  (proton or h e u t r o n )  summing o v e r  
f i n a l  p o l a r i z a t i o n s  

T ( v ) 
µv 

1 + --
2M

2 

The ab s o rp t i v e  part o f  thi s amplitude i s  given b y  

( 1 ) 

w ( v ) = 
p ov 1 Jd 4x e i q . x

< N ( p )  J [Jµ( - )  ( x )  , Jv
( + )  ( O J ] j N ( p ) > ( 2 ) µv  M 2 11'  

w i t h  a s im i l a r  inva r i ant d e c ompo s i t i o n , C o n s i d e r i ng 6Y= 0 proc e s ­
s e s  (C a b ibbo a n g l e  s e t  e q u a l  t o  z e r o )  o n e  o b t a i n s  the f o l lowing 
Ward-Takahashi i d e n t i ty 

where 

D 
v 

and J ( O )  i s  d e f in e d  through the c ommu t a t i o n  r e l at i o n  
v 

o <x i rJ <+ > c o J , J0 < - > cx > ] = 4 o 3 cx J J < 0 > c o J  0 - \) \) 

( 3 )  

( 4 )  

( 5 )  

and the c u r r e n t s  are o f  the u s u a l  ( V - A )  t ype , the v e c t o r  part 
being c o n s e rve d . A s suming the IC H ,  J ( o ) i s  i d e n t ified with I , t he t h i r d  c omponent o f  i s o spin . Howeve r ,  we s h a l l  l e ave J < 0 l 3 
u n spe c i f i e d  f o r  the momen t  f o r  r e a son s that w i l l  b e c ome c le a r  
l at e r . 



S u b s t i t u t i n g  E q . ( 1 )  

2 - Q 2 2 \JT2 ( v , Q ) 2M T 5 ( v , Q ) 

D e f i n i n g  

A ( v  , Q 2 ) 

a n d  ( 4 ) i n  

- o 1 ( v , Q 2 ) 

2 
+ o 1 ( v  , Q  ) 

E q . ( 3 ) i t  f o l l ow s  t h a t  

4 <N I J ( O ) I N > 1T ( 6 )  

( 7 )  

a n d  w r i t i n �  a d i s p e r s i on r e l a t i o n  f o r  t h e  s e p a r a t e  amp l i tu d e s  
AvP a n d  Av , a s u b t r a c t i o n  m i g h t  b e  i n  o r d e r  a n d  w e  f i n d  

R e A  
\JN ( \J  , Q2 ) s 

1T r 
\) 0 

__ s 

": r 
d \J ' 

\) 0 

' 2  2 
\) \J S  

V N ( , , Q2 ) J + w2 " 
\J N ( 

, 2 ) - w2 " ' Q 

( 8 )  

whe r e  v i s  t he s u b t r a c t i o n  p o i n t  a n d  N s t a n d s  f o r  e i t h e r  p r o t o n  
s o r  n e u t r o n . 

T a k i n g  t h e  l i
:

i t  v 5 +_= E q .  

-ReA"N (oo , Q 2 ) + 7f f dv [ w2"N ( v , Q2 ) 
\) 0 

i- < N j J ( o ) j N > 
F r om c r o s s i n g  s y mm e t r y  o n e  h a s  

ReA"N c v , Q 2 l = - ReA"N c - v , Q 2 ) 

( 8 )  r e d u c e s  t o 6  

\JN 2 ] w2 ( v  , Q  l 

Wh i l e  f r om E q s . ( 8 )  a n d  ( 9 )  i t  f o l l ow s  t h a t  

T hu s , 

R e A  vN ( oo , Q2 ) 
U n d e r  t h e  a s s ump t i o n  o f  a s ympto t i c  d o m i n a n c e  of P om e r o n  e x ­
c h an g e , o n e  a l s o h a s  

( 9 )  

( 1  0 )  

( 1 1 )  

( 1 2 ) 

[ A " N ( oo , Q 2 ) - A"N ( oo , Q2 ) ] I = O = 0 ( 1 3 )  
Compa r i n g  E q s . ( 1 2 ) a n d  ( 1 3 )  o n e  ob t a i n s  

( 1 4 )  
T h e  R e A " N ( oo , Q 2 ) c a n  b e  i d e n t i f i e d  w i t h  t h e  r e a l  p a r t  o f  t h e  
P om e r o n  i n  t h i s  amp l i t u d e  a n d  i n  t u r n  i s  r e l a t e d  t o  t h e  r e a l  
p a r t  o f  t h e  P ome r on i n  vT 2 ( n o t e  t ha t  t � e  J= 1 r i g ht s i g n a t u r -
e d  f i x e d  p o l e  i n  T h a s  a r e a l  a n d  q - i n de p e n d e n t  r e s i d u e ) . 
C o n s e qu e n t l y , E q . ( § )  c an be r e d u c e d  t o  t h e  o r d i n a r y  ASR ( i f  J0 
is i d e n t i f i e d  with r 3 ) a n d  t h e  Pome r o n is pu r e l y  i ma g i n a r y . 

We r e m a r k t h a t  t h i s  r e s u l t  i s  i n d e p e n d e n t  o f  c h a r g e  s ymme -
t r y . 

L e t  u s  n o w  s t u d y  t h e  c a s e  in w h i c h  ReA"N ( 00 , Q2 ) t O . 
w o u l d  i mp l y  t h a t  

A v N ( oo , Q 2 ) - A\JN ( oo , Q 2 ) t 0 . 

Th i s  

( 1 5 )  
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T h i s  d i f f e r e n c e  may o n l y  have I = 1  o r  I = O  p i e c e s  in t h e  t ­
channe l .  The f i r s t  c a s e  l e a d s  t o  a mod i f i e d  ASR s im i l a r t o  the 
one c on j e c t u r e d  by H a r a r i 7 ( a l t hough on d i f f erent ground s )  who 
sugge � t e d  the pre s e n c e  of an I = J = 1  f i x e d  pole i n  the amp l i tude 
A ( v , Q ) .  The s e c on d  p o s s i b i l i t y  ( I= O )  impl i e s a v i o l a t i on o f  
c h arge symme t r y , a s  w e  sha l l  imme d i a t e l y  show . A s s uming that 
the I=O e x change is dominant at h i g h  energy ( bo t h  for the ind i ­
v i d u a l  amp l i tude s a s  w e l l  a s  f o r  t h e i r  d i f f e r en c e )  w e  have 

A vp
( oo , Q 2 ) = Avn (oo

, Q2 ) ( 1 6 )  

C ompa r i n g  Eq . ( 1 2 ) with E q .  ( 1 6 ) and u s i n g  charge symmetry one 
c o n c lude s that ReA vp ReAVn = 0 .  Hen c e , i f  this real part d o e s  
not v a n i s h  i t  imp l i e s : 

i )  

i i )  

i i )  

i v )  

A v i o l ation of c harge s ymme t r y . 

J ( + ) , J < - l 
and J ( O )  a r e  no longer membe r s  o f  an i s o s t r i p l e t  

at5�ou�h the c oMmutation r e l a t i on , Eq.  ( 5 ) , s t i l l  hold s .  
J i s  now in g e n e r a l  n o  l o n g e r  t he i s o v e c t o r  p a r t  o f  the 
e� e c t romagnetic current . As a ma t t e r  of f a c t  s i n c e  the d i f ­
f e r e n c e  Eq .  ( 1 . 5 ) in t he  t -channe l i s  ( Q j l a t e d  t o  a current 
c ommu tator one wou l d  exp e c t  that J µ · c o n t a i n s  an i s o s c a l a r  
p i e c e . 
S i n c e  c harge s ymme try i s  v i o l a te d , t h i s  impl i e s  the pre s ­
e n c e  o f  s e c ond c l a s s  c u r r e n t s  i f  t ime reve r s a l  invarian c e  
h o l d s t o  l owe s t  o r d e r  in G .  
A bre akdown o f  the s c a l i ng prope r t y  o f  the s t ru c t ur e  f u n c ­
t i on s .  

L e t  u s  now t u r n  our a t t e n t i on t o  q2=o and d i s c u s &  how c ha r g e  
symm e t r y  and the I C H  c a n  b e  e ff e c t i ve l y  r e s t o r e d  in t h i s  p o in t . 

Con sidering f i r s t  t h e  v e c t o r  p a r t  
f o l l owing Born T e r m  2 

w�
n 

BORN = 2M a (Q2 -2Mv)  [F� ( Q2 J + --2.:. 

4M2 

o f  the A S R  we have the 

( 1 7 )  

where we have a s sumed t hat the v e c t o r  part o f  the weak c u r r e n t  
i s  c o n.s e rved ( h o t  n e c e s s a r i ly imp l y in g  th'! I C H )  in o rd.e r :t_o h a v e  
o n l y  t w o  f o rm f a c t o r s .  A s im i l a r expre s s i on h o l d s  f o r  w vp 

a l t h ough the f orm f a c t o r s  n e e d  n o t  be t he s ame as f o r  2 BORN 

vn w
2 BORN if charge symmet r y  do e s  n o t  h o l d . Howe ver we can s a f e l y  

a s sume 

( 1 8 )  

whe r e  I i s  t h e  i s o sp i n  current . The above equ a t i o n s  h o l d  i f  the 
p o s s i b l� extra p i e c e s  in J have van i s hing mat r ix � l em e n t s  be­
tween n u c l e o n s  wh i c h  is th� case if these have n o  new quantum 
numbe r s . 

In o t h e r  word s , i t  i s  p o s s i b l e  to re store charge symme t r y  
i n  the r e s t r i c t e d  s e n s e  

<p l J ( + ) 
( 0 ) I n > = < n l j ( - )  

( 0 ) I p > ( 9 )  µ µ 
U n d e r  t h e s e  a s sump t i o n s  we obtain , a f t e r  substituting the Born 
t e rm s  i n  Eq . ( 9 ) , that 

2 vn F 1 ( 0 )  - 11ReA ( 00 , 0 l vv 
vp .( 2 0 )  

+ 11Re A ( 00 , 0 l vv 



or e l s e , V N  R e  A ( • , o > vv - o ( 2 1 ) 

d ( ) 2 ( ) 5 . whe r e  we have u s e  E q . 1 6  . Thu s , F 1 O • 1 and eve i s  r e -
s t o re d  in a n  e f f e c t i ve way at q2 =o . I t  i s  important t o  remark 
howe v e r , th 1t 1 the a s �8Tp t io n s  made r e g a rd ing the matrix e le -
m e n t s  o f  J - and J do npt h o l d  beyond th� Born approx imation 
if the subt�a c t i o n  f�n c t i on is non z e r o  for q 2 t 0 .  

Turning now t o  the ax i a l  p a r t  o f  the A S R  and p r o c e e d1ng 
a n a l o g o u s l y  a s  w i t h  t h e  vector part , we o b t a i n  

c; ,  ( 0 )  - 1 + dv _: W2 ( v , O )  - w2 ( v , O )  AA - ReA (• , O ) AA 2 f. 1- vn ' vn J vn 

- 1 - J�0 dv [w2vp
(v , O ) - w/P 1v , O ) ] AA + ReAvp (• , O ) AA ( 2 2 )  

v 
wher e  G 1 i s  �h e  a x i a l  f o rm f a c tor and t h e  i n t e g r a l s  are p e r ­
f o rm e d  o v e r  the c o n t i nuum . A l though ReA vn i s  e qu a l  t o  R e  A vp 

we can no l o n g e r  c o n c lu d e  that they v a n i s h  b e c au s e  t h e  two 
i n t e g r a l s  in E q . ( 2 2 )  ace in p r i n c i p l e  ·d i f f e r e n t . Furthermore , 
t h e  p r e s e n c e  o f  a subtra c t i on f u n c t i on wh1 c h  imp l i e s  a v i o l a t i on 
of charge symm e t r y  a l so impl i e s  in turn a b t e akdown o_f the PCAC 
r e l a t i o n s  

f 2 

w2
vp (v , Q 2 J + w cr ( v ) W V  w +p 

f 2 
w vn ( v Q 2 ) + w 

2 
2

' W V  
f o r  Q + O, v t 

cr ( V )  !f - p 
0 

( 2 3  l 

Howeve r ,  
Eq . ( 1 9 )  

the G o l d b e r g e r - Tre iman r e l a t i on sha l l  remain v a l i d  i f  
i s  a s sume d . 
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C P - V I O L A T I O N , H E A V Y  F E R M I O N S  A N D  A L L  T H A T  

D . V .  N A N O P O U L O S  

L a b o r a t o i r e d e  P hy s i q u e  T h e o r i q u e , E c o l e  N o rm a l e  S u p e r i e u r e 

24 r u e  L h om o n d , 7 5 2 3 1 - P a r i s C e d e x  0 5 , F r a n ce . 

A b s t r a c t  : We e x a m i n e  c o n s e q u e n c e s  o f  t h e  p o s s i b l e e x i s t ­
e n c e of a h e a vy l e p t o n ,  a s  i n d i c a t e d  by r e c e n t  e x p e r i m e n t s , 
i n  t h e  f r a m e w o r k  o f  g a u g e  t h e o r i e s . I t  a p p e a r s t h a t  . i n t h e  
S U ( 2 ) x U ( l )  m o d e l o n e  h a s  t o  i n t ro d u c e m o r e  q u a r k s  b e y o n d  
t h e  u s u a l  fo u r  o n e s . I n  t h a t  c a s e  C P - v i o l a t i o n e m e r g e s  i n  
a n a t u r a l  w a y  a n d ,  a s  we s h o w ,  a n  a n a l y s i s  o f  C P - v i o l a t i o n 
p h e n o m e n a  a l o n g  t h e s e  l i n e s  g i v e s  e n c o u r a g i n g re s u l t s w h e n  
c o n f r o n t e d  w i t h e x p e r i m e n t .  

R e s u m e  : D a n s  l e  c a d r e  d e s  t h e o r i e s  d e  j a u g e , n o u s  e t u d i o n s  
TeSCOn s e q u e n c e s  d e  l ' e v e n t u e l l e  e x i s te n c e  d ' u n  l e p t o n  
l o u rd t e l  q u e  d e s  e x p e r i e n c e s  r e c e n te s  l ' o n t  s i g n a l e .  N o u s  
m o n t r o n s  q u e d a n s  l e  m o d e l e  S U ( 2 ) x U ( l )  o n  d o i t  i n t r o d u i re 
p l u s  d e s  q u a t r e  q u a r k s  h a b i t u e l s .  D a n s  c e  c a s , l a  v i o l a ­
t i o n  d e  C P  a p p a ra i t  n a t u re l l e m e n t  e t ,  c omme  n o u s  l e  m o n t ­
r o n s , u n e  a n a l y s e  d e s  p h e n o m e n e s  d e  l a  v i o l a t i o n  d e  C P  
e n  c e  s e n s  d o n n e d e s  r e s u l t a t s  e n co u ra g e a n t s  s i  o n  l e s 
c o m p a r e  a l ' e x p e r i e n c e . 



2 10 

I N T RO D U C T I O N  

T h e re w a s  a t i me w h e n  t h ree  q u a r k s  a l o n g  w i t h  t h e  

e l e c t ro n ,  t h e  m u o n  a n d  t h e i r n e u t r i n o s  c o u l d b e  c o n s i d e r e d  a s  t h e  

f u n d a me n t a l  b l o c k s  o f  m a t t e r .  T h e  d i s c o v e ry o f  n e w  s t a te s , w h i c h 

do n o t  f i t  i n  t h e  c o n v e n t i o n a l  ( p r e - N o v e m b e r  1 9 7 4 )  p i c t u r e , r a i s e s  

n e w  q u e s t i o n s  a n d  s i mu l t a n e o u s l y  a g r e a t  h o p e  t h a t  w e  a r e  g o i n g  

t o  l e a r n  m o r e a b o u t  N a t u r e ' s  s e c r e t s . 

Mo s t  o f  t h e  n e w  e x p e r i me n t a l  i n fo rma t i o n  i s  c o n s i s te n t  

w i t h  t h e  p r o d u c t i o n  o f  n e w  h a d r o n i c  d e g r e e s  o f  f r e e d o m . A t  t h e  

s am e  t i m e t h e r e e x i s t s  r a t h e r  s o l i d  e v i d e n ce t h a t  n e w  l e p t o n i c 

s t a t e s  a r e p r o d u c e d .  N e e d l e s s  to s ay t h a t  t h e  s i mu l t a n e o u s  p r o ­

d u c t i o n  o f  n e w  h a d r o n s  a n d  n e w  l e p t o n s  m a k e  t h e  s i t u a t i o n v e ry 

d i f f i c u l t  a n d  l e a d s  s om e t i m e s  to m i s i n t e r p re t a t i o n a n d  w r o n g  u n d e r -

s t a n d i n g  o f  t h e  d a t a . ( Remem b e r  t h e  µ - rr p u z z l e  a f e w  d e c a d e s  a g o ! ) 
I am g o i n g  to r e v i e w t h a  a v a i l a b l e  e v i d e n c e  f o r  h e a vy l e p t o n  p r o -

d u c t i o n ,  t h e n  d i s c u s s  t h e  c o n s e q u e n c e s  o f  t h e  e x i s te n c e  o f  h e a vy 

l e p t o n s  i n  c o n n e c t i o n w i t h t h e  h a d ro n i c w o r l d ,  a n d  f i n a l l y  c o n c e n -

t r a t e o n  C P - v i o l a t i o n p h e n o m e n a .  

I .  H E A V Y  L E P T O N  P R O D U C T I O N  ? 

T h e  m o s t p o s i t i v e p i e ce o f  i n f o r m a t i o n  c o n c e rn i n g t h e  

e x i s t e n c e  o f  h e a vy l e p t o n s  c o m e s  f r o m  t h e  s t u dy a t  S P E A R ( l ) o f  

t h e  re a c t i o n  

e
+ 

e + e ± µ� + " m i s s i n g e n e r g y "  ( 1 )  
w h e re " m i s s i n g e n e rg y "  m e a n s  e n e r gy n o t  c a r r i e d  by c h a r g e d  p a r t -

i c l e s ,  o r  y- r a y s  ; t h e re fo r e , i t  s h o u l d  b e  e n e rgy  c a r r i e d  by n e u t -

r a l s .  T h e  f a c t s  w h i c h  m a k e  i t  p o s s i b l e  f o r  r e a c t i o n ( 1 ) to a c tu a l -

l y  g o  v i a  ( 2 )  

w h i c h s u b s e q u e n t l y  d e c ay , a r e 

i ) t h e  e- c o p p l . a n d  e- c o l  l i n .  d i  s t r i  b u  t i  o n s  s h ow t h r e e - b o dy d e c ay 

c h a r a c t e r i s t i c s . 



i i ) < p > = < p > � 4 o f  t h e  t o t a l  e n e rgy e µ '+ 
i i i ) t h e  ( m i s s i ng m a s s ) 2 d i s t r i b u t i o n  ( Mm

2 ) wh i c h s h ows  t h a t  a t  

l e a s t  two � a r t i c l e s  a r e  n o t  detec te d .  

T h e s e  f a c t s  a re more  o r  l e s s  k n own f o r  s ome t i me n ow . V e ry recen t -

l y ,  s ome more  i n fo rm a t i o n  h a s  b e c ome a v a i l a b l e  f rom S P E A R  : 

i v )  t h e  # + :;:- # + :;: # 1  ± 1=' e - e = µ- µ = � e µ e v e n t s  

v )  l i m i t s  o f  t h e  fo rm : 

v i ) 

I t  

f ra c t i o n  o f  eµ  e v e n t s  w i t h  KL
0 < 5 %  a t  9 0 %  C . L .  

f r a ct i on o f  e µ  e v e n t s  w i t h  TI O < 9 %  a t  90%  C . L .  

u p p e r  b e u n d s  o n  t h e  c r o s s  s e c t i on f o r  
+ e e + µ ± + � 2 c h a rg e d  p a r t i c l e s + n TI 0 

wh i ch i s  '\, 3 7 0  p b  f o r  Pµ > 0 . 9  Ge V .  

i s  c l e a r  t h a t  a 1 1  t h e  a b o v e  f a c t s  m ay e a s i l y  b e  e x p l a i n e d  

( w i th o u t  s ay i n g u n i q ue l y )  by t h e  p r o du c t i o n  a n d  s u b s e q u e n t  d e c ay 

o f  h e a vy l e p t o n s  : 
+ e e 

L ± 
+ " L + v + i-+ v i 

( 3 )  

A c t u a l l y ,  a n a l y s e s  a l o n g  t h e s e  l i n e s  g a ve a q u a n t i t a t i ve  � g re e -

me n t  w i th d a t a , w i t h  M h e a vy l e p t o n  � 2 G e V  a n d  B . R . ( L+ v L i vi )  
2 0 % . T h i s b ra n c h i ng r a t i o i s  e x a c t l y  w h a t  o n e  n a i ve l y  e x p e c t s  

by s i mp l e  c o u n t i n g ; l e ,  l µ ,  3 q ( 3  f o r  t h e  co l o u r ) ( F i g .  1 )  
1 B . R . ( L  + wl £ "t) � � = 2 0 %  ( 4 )  

T 
F 1  g .  l 

f e ' µ ' q 

I n  a d d i t i o n , the . f a c t  t h a t  

s h ows  t h a t  i t  i s  a s e q u e n t i a l  

h e a vy l e p t o n  i . e .  i t  c a r r i e s  i t s 

own l e p t o n i c q u a n t um n um b e r  a n d  

h a s  i t s 9 w n  n e u t r i n o  vL . T h i s  i s  

v e ry e a s y  to  s e e  : C o n s i de r  t h e  

c a s e  o f  a n  e l e c t r o n i c  h e a vy l e p -

t o n  ( s ee  F i g . 2 )  ; 

2 1 1  
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F i g . 2  

T h e n  we h a ve twi ce a s  many d i a ­

g rams f o r  t h e  e l e ctron  a s  for  t h e  

muon  ( be c a u s e  o f  ve ) 

P o s s i b i l i t i e s  

( 2e +i 2e- ) 

+ -2 ( µ , e ) 

2e � µ 

+ µ ' µ 

Wh i ch ,  i n  t u r n , m e a n s  

# e + e - =#e ± µ + = 4 # µ + µ 

( I n t h e  c a s e  o f  mu o n i c  h e a vy l e p t o n  

we wo u l d  h ave : 

# µ+ µ - = # e± µ + 

S o , we h a ve a l ready s o l i d  e v i d e n c e  ( a n d  we are  g o i n g  to a s s ume 

t h a t  t h i s  i s  t h e  c as e )  for the p ro d u c t i o n  a n d  s u b s e q u e n t  decay 

o f  s e q ue n t i a l  h e a vy ( M  � 2 Ge V . )  l ep t o n s  a t  S P EA R  w i t h  B . R .  

2 0 % . T h e n  o n e  h a s  to l oo k  f o r  t h e  c o n s e q u e n ce s  

o f  s u c h  a h e a vy l e p t o n  e l sewhe re . T h e  n e w  S P EAR l i mi ts ( o n  K� , n )  
e v i de n t l y  p u t  c o n s t ra i n t s  o n  t h e  sem i l e p t on i c  decays  o f  c h a rme d 

p a r t i c l e s . O n  t h e  o t h e r  h a n d , i f  o n e  w a n t s  to e x p l a i n t h e  " d i ­

m u on s "  i n  n e u t r i n o - p ro d u c t i on  a s  c om i n g  from c h a rm ,  a q u i te s u b -

s ta n t i a l  sem i l e pto n i c  b ra n c h i ng ra t i o  i s  n e e de d .  T h e  s i tu a t i o n  

seems  a l i tt l e c l o u dy . Howe ve r ,  o n e  may a r g u e  t h a t  b e c a u s e  o f  

t h e  e x p e r i me n t a l  c u t s , o n e  i s  mi s s ·i n g  µ, e  c om i n g  from c h a rme d 

m e s o n s  b u t  n o t  com i n g  from h e a vy l e p ton s .  C l e a r l y , mo s t  o f  t h e  

a n a l y s e d  d a t a  c o m e  f r o m  a s amp l e  a t  E C . M . = 4 . 8  G e V . ,  a n d  i f  t h e  

l e p t o n s  come f rom t h e  de cay o f  c h a rme J ��rti c l e s t h e n  p E C . M  e , µ � """II 
� 1 . 2  Ge V .  A c t u a l l y ,  P e , µ may b e  away from �h e u p p e r  l i m i t ,  

b e c a u s e  a n g u l a r  c o r re l a t i o n s  i nd i c a te t h e  p o s s i b i l i ty of a 3 

b o dy de cay . T h e n  i f  we t a ke i n to a c c o u n t  t h e  f a c t  t h a t  a c u t  h a s  

b e e n  made : P e ,µ > 0 . 6 5  Ge V . ,  i t  b e comes  c l e a r  t h a t  i t  i s  v e ry 

p ro ba b l e t h a t  t h e  e ,µ w h i c h  come from c h a rm e d  p a r t i c l e s  a r e  n o t  

f u l l y  d e t e c t e d  a t  S P E A R .  



I I .  I M P L I CAT I O N S  O F  T H E  E X I ST E N C E  O F  A H E A V Y  L E PTON  

As  I h a ve  me n t i o n e d  i n  t h e  i n t ro d u c t i o n ,  t h e  s i mu l -

t a n e o u s  e x i s te n c e  o f  h e a vy l e p t o n s  a n d  o f  " h e a v y "  h a d r o n s  m a k e s  

l i fe d i ff i c u l t .  O f  c o u r s e  w i th s ome e f fo r t ,  we m ay l e a r n  a l o t 

a b o u t  b o t h  s p e c i e s . O n  t h e  o t h e r  h a n d ,  t h e  e x i s te n c e  o f  h e a vy 

l e p t o n s  may g i ve s ome h e l p f o r  t h e  " c h a rm "  b u s i n e s s . I t  i s  we l l  

k n own by now  t h a t  t h e  c o n v e n t i o n a l  G l a s h ow - I l i o p o u l o s - Ma i a n i  ( G I M )  

c h a  rm 

i )  R = 

h a s  t h e  f o l l ow i n g  d i ff i c u l t i e s  : 
o( e+ e- + y + h a d r o n s )  1 0  i s  5 . 5 .  i n s te a d  o f  """j 
o ( e+ e + 1/ µ - ) 

i i )  t h e * ( o r  t h e  fv�n t ) d o e s  n o t  s h ow a ny  c h a n g e s  a r o u n d  4 G e V  

whe re o n e  e x p e c t s  t h e  " c h a rm "  t h re s h o l d  a n d  h e n ce t h e  Jl:....JS_ e v e n t  
m u s t  a l mo s t  be  d o u b l e d .  

i i i )  t h e  " µ e "  S P E A R  e v e n t s  ( s ee  E q . 1 )  

i v )  a b s e n ce o f  d i re c t  e v i de n ce o f  c h a rmed  p a r t i c l e  - p ro d uct i on ,  

a t  S P E A R .  

T h e  e v i d e n c e  fun p ro d u c t i o n  o f  new h a d r o n s  i n  n e u t r i ­

n o  e x p e r i me n t s  p e r h a p s  me a n s  t h a t  t h e  S P EA R  s e a rc h e s  we re u n l u c ky 

e n o u g h . T he  " µ e "  S P E A R  e v e n t s  w e re o u r  s ta r t i n g  p o i n t t o  i n t r o -

d u ce h e a vy l e p t o n s ,  s o  i t  rema i n s  t o  be  s h own  t h a t  w e  e v a d e  p r o -

b l e ms i )  a n d  i i ) .  A c t u a l l y ,  th i s  i s  t h e  c a s e  : t h e  e x i s te n c e  o f  

a h e a vy l e p t o n  t a k e s  o u t  f r o m  R o n e  u n i t .  (LI R h e a v y  l e p . " 1 ) , s o  

w e  a r e  l e ft  w i t h  R " 4 wh i c h i s  m u c h  m o re comfo r ta b l e , c ompa r i n g  

w i t h  � o f  c h a rm , t h a n  b e fo re . ( A  b i t o f  a s ym p to t i c freedom , a 

b i t  o f  t h r e s h o l d e f f e c t s  a n d  we a re h ome ! ) .  

T h e  p r o b l em o f � ( o r .IS. r a t i o )  may- h a ve a s a t i s -e v e n t  11 

f a c t o ry e x p l a n a t i o n  : t h e  d e cays  o f  h ea v y  l e p t o n s  to h a d ro n s  g i ve 

m a i n l y  ( c o s 2 e c " 0 . 9 5 ) S = O h a d r o n s  a n d  o n l y  a few p e r c e n t  

( s i n 2 e c " 0 . 0 5 ) c o n t a i n  s tr a n g e  p a r t i c l e s . S o , a b o v e  t h e  t h re s ­

h o l d  o f  " n ew p hys i c s "  t h e  h e a vy l e p to n  de cays  ma i n l y  t o  S = 0 

h a d ro n s , t h e  " c h a rme d "  p a r t i c l e s decay  m a i n l y  to S I 0 h a d r on s ,  
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# K K a n d  s o  t h ey m a n a g e  to keep  t h e  e v e n t  ( o r rr r a t i o )  a l mo s t  u n -

c h a n g e d  be l ow o r  a b o v e  t h r e s h o l d .  T h e n  i t  i s  c ru c i a l  h e re t h a t  

Mh e a vy l e p .  M l i g h t  c h a rm .  p a r t . ( For  t h o s e  t h a t  worry a b o u t  

t h i s  c o i n c i de n c e , I remi n d  t h em t h e  a l mo s t  d e g e n e r a cy i n  mas s o f  

t h e  muon  a n d  t h e  p i o n  ; h i s tory repeats  i t s e l f ? )  
am aware o f  t h e  d i ffi c u l ty to swa l l ow t h e  a b o ve a r g u -

me n t ,  n ame l y  t h e  n e e d  o f  a t reme n do u s  c o n s p i racy o f  h e a vy l e p to n ­

c h a rm i n  o r d e r  to keep  t h e � ra t i o  a l mo s t  t h e  s ame b e l ow a n d  

a bo v e  t h r e s ho l d .  I t  i s  c l e a r  t h a t  b e c a u s e  o f  t h e  d i ffere n t  t h re s -

h o l d b e h av i o u r  f o r  h ea vy l e pton  a n d  c h a rm , a f l u c t u a t i o n  o f  the  

� ra t i o  s h ou l d  be  o b se r ve d . Maybe a n  e x p e r i me n ta l way to te s t  11 
s u ch a comb i n e d  p i c t u re i s ,  f o r  i n s ta n ce , to l oo k  a t  t h e  # o f  

K ' s a s  a f u n c t i o n  o f  t h e  m u l t i p l i c i ty : i t  i s  p o s s i b l e  t h a t  l o w 

m u l t i p l i c i ty e v e n t s  h a v e  a l m o s t  n o  K ' s  ( h e a vy l e p t o n  c a s e )  a n d  

h i g h  m u l t i p l i c i ty e v e n t s h a v e  m a n y K ' s ( c h a r m  c a s e ) .  I t  s e e m s  t h a t  

a h e a vy l e p t o n h e l p d s  t h e  " c h a r m "  s i t u a t i o n .  T h e  n e x t  q u e s t i o n  t o  

c o n s i d e r  i s  o f  c o u r s e  t h e  t h e o r e t i c a l  fr a m e w o r k  i n  w h i c h s u c h  a 

h e a v y l e pton  m a y  f i n d  a n a t u r a l  p l a c e . I t ·  i s  t o o  e a r l y  to g i v e  a 

d e f i n i t e a n s w e r ,  b u t  w e  h a v e  a p i c t u r e o f  n a t u r e w h i c h ,  u p  t o  now , 

s eems to work  q u i te s u c c e s s fu l l y  : 

� KOMPSO � 
QUANT U M  D YNAM I C S  

� CHROMO� 

( " k omp s o s "  : G r e e k  word  m e a n i ng " e l e g a n t " , " c h rom� · 

m e an i ng " co l o u r " ) 

G re e k  word  

Q u a n tum Kom p s o dynam i cs ( Q KD ) i s  t h e  u s u a l  u n i f i e d t h e o ry o f  weak  

and  e l e c troma g n e t i c i n t e r a c t i o n s , and  q u a n tum c h romodyn am i c s  i s  

t h e  u s u a l  g a u g e  t h e o ry o f  s t r o n g  i n t e r a c t i o n s , w h e re we g a u g e  t h e  

c o l ou r .  T h e  mo s t  p o p u l a r a n d  b y  n o w  i n  g o o d  ag reeme n t  wi t h  e x p e r ­

i m e n t  i s  t h e  W e i n b e r g - S a l am S U ( 2 ) xU ( l )  g a u g e  m o d e l  w i t h  f o u r  



f l a v o u r )  q u a rk s  ( u , d , s , c ) , ( i n  o rd e r  to a vo i d  fi S  = 1 n e u t r a l  c u r -

r e n t s , a l a  G l a s h ow - I l i o p o u l o s - Ma i a n i )1 w i th t h r e e  c o l o u r s  

( SU ( 3 ) c o l . l ( i n  o rd e r  to h a v e  corre c t  s p i n - s t a t i s t i c s  ( Ha n - Namb u ), 
�0 � 2y a n d  R = 2 , n o t  j i n  l ow e n e rg i e s  ( Ge l l - Ma n n )  a n d  to 

a vo i d  Ad l e r  a n oma l i es a l a  B o u c h i a t- I l i o p o u l o s - Meyer ( S I M ) ) .  

A c t ua l l y ,  res u l ts o n  n e u t r a l  c u r r e n t s ( 2 )  from G a r g ame l l e  a n d  t h e  

C a l t e c h - F e rmi l a b e x p e r i m e n t  i n d i c a t e  t h a t  n o t  o n l y  t h e  W e i n b e r g  

S a l am S U ( 2 ) xU ( l )  m o d e l  i s  c o n s i s te n t  w i t h  e x p e r i me n t , b u t  a l s o  

i ts m i n i ma l  H i g g s  c o n t e n t  s eems  to  be  c o r r e c t . ( O ne  d o e s  a two 

p a rame t e r  f i t ,  w h e re 

t a k e n  a s  i n d e p e n d e n t  pa ramete rs . T h e n  o n e  f i n d s  b � 1 wh i c h 

me a n s  t h a t  t h e  o r i g i n a l -m i n i ma l  H i g g s  c o n t e n t  o f  We i n b e r g  a n d  

S a l am s e em s  to  w o rk . ) 

U n d o u b te d l y  t h e  mo s t  e c o n om i c a l  way to embed  t h e  h e a vy 

l e p t o n  w i th i ts n e u t r i no  i n  s u c h  a p i c t u re , i s  to p u t  a n o t h e r  

d o u b l e t u n d e r  S U ( 2 ) L we a k .  T he n ,  i f  we do  n o t  w a n t  to s p o i l t h e  

r e n o rma l i s a t i o n  o f  t h e  t h e o ry t h r o u g h  A d l e r  a noma l i e s , we ' d  

b e t t e r  p u t  a l s o  a q u a r k  do u b l e t  ( s ay t ( w i t h  Q t = ji a n d  b ( w i th  

Qb ii i .  b e c a u s e  t h e n  t h e  u s u a l  re l a t i o n  E Q - 0 j f e rmi o n s  f e rmi o n s -

i s  s a t i s f i e d a n d  no a n o m a l y  e x i s ts a ny more . 

T h i s i s  

T h e  p i c t u re t h a t  e m e r g e s  i s  

CJ 
a v e ry n a i ve 

( ' ) . s c 
p i c t u re a n d  

( t 

L b 

we wrote 

( 5 i 

) e v e ry t h i n g e l s e 

L i s  S U ( 2 )  s i n g l et ,  

i t  down j u s t  to i n d i -

c a te l e p t o n - q u a r k  a n a l o gy . W e  w i l l  s e e  s o o n  t h a t  t h e r e  are  m i x -

i ng s  b e tween  d e , s c a n d  b .  
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It  i s  ' l e a r  f re m  ( 5 )  t h a t  t h e  n i c e  q u a r k - l e p t o n  a n a l ogy  i s  r e s -

t o r e d  ( p e r h a p s  t h e  A d l e r a n om a l y  c a n c e l l a t i o n i s  t h e  re s u l t o f  

t h i s  d e e p e r  q u a r k - l e p t o n  a n a l o g� . S o , i f  we  w a n t  to rem a i n i n s i d e 

t h e  c o n v e n t i o n a l  S U ( 2 ) x U ( l ) x c h a rm m o d e l , t h e  e x i s te n c e o f  a h e a vy 

l e p t o n  f o r c e s  u s  to i n t r o d u c e  two m o r e  q u a r k s  ( f l a v o u r s ) .  

A c t u a l l y ,  t h i s  i s  w h a t  h a p p e n e d  b e f o r e  : i f  we  d i d 

n o t  k n o w  a n y t h i n g  a b o u t  t h e  m u o n ,  u a n d  d q u a r k s  w o u l d  b e  e n o u g h , 

n o  A d l e r  a n o m a l i e s ,  no s t r a n g e n e s s , a r e n o rm a l i s a b l e  ( = r e s p e c -

ta b l e )  t h e o ry .  T h e n  t h e  d i s c o v e ry o f  t h e  m u o n  ( , by m e a n s , s a y , 

o f  A d l e r a n o m a l i e s )  w o u l d  f o r c e  u s  to i n t r o d u c e  two m o r e  q u a r k s  

c ,  s ( c h a rm a n d  s t r a n g e n e s s ) , t h e n  a g a i n ,  n o  A d l e r  a n o m a l i e s , b u t  

s t r a n g e n e s s , c h a rm ,  a v e ry g o o d  t h e o ry . B U T  i n  th i s  c a s e , w e  h a ve 

s o m e t h i n g m o r e , a u toma t i c a l l y  we do n o t  h a v e t s  = 1 n e u t r a l  c u r -

r e n t s  a n d  we u n d e r s t a n d  t h e  s m a l l n e s s  o f  t h e  K L - KS m a s s  d i f fe r ­

e n c e , w h i c h  i s  a r e a l  b o n u s  i n  t h i s  p i c t u r e . 

I n  t h e  c a s e  o f  a h e a vy l e p t o n , we a g a i n  i n t r o d u c e  two 

m o r e  q u a r k s ( t ,  b )  ; i s  t he r e  any e x t r a  b o n u s  i n  t h a t  c a s e  ? 
V e ry f o r t u n a t e l y  t h e  a n s w e r  i s  a f f i rma t i v e a n d  w h a t  c o m e s  o u t  i n  

a m o re o r  l e s s  " n a t u r a l " way ( m a y b e  f o r  t h e  f i r s t  t i m e )  i s  a 

re a s o n a b l e  e x p l a n a t i o n  o f  C P  v i o l a t i o n .  B e f o r e  a n a ly s i n g t h e  C P  

v i o l a t i o n p h e n o m e n o n  i n  t h i s  f r amewo r k , l e t m e  g i v e a d i a g r a m -

m a t i c v i e w o f  t h e  s i t u a t i o n  t h a t  we  h a v e  d e s c r i b e d  a b o v e  : 

3 Adl er Anomaly 

O

( l epton-quark 
anal ogy ) 

.3 c ,s ( s trangeness­
charm) 

"" 
No 1"S = 1 N .  C .  
KL- KS mass di fference smal l 

Fi g .  3 

3 L Adler Anomaly 

O
( l epton-quark anal ogy ) 

3 t , b  ( top-bottom) 

.J, 
CP-vi o l ation of "superweak" type 



T h e  d i ag rams  o f  F i g .  3 a r e  m e a n t  t o  b e  c i r c l e s  ( a l l  t h e  p o i n t s  

a r e  e q u i v a l e n t ,  t h e re i s  n o  s t a r t  n o r  e n d , o r  t h e  s n a ke wh i c h e a t s  

i t s t a i l , t h e  famo u s  a n c i e n t  G r e e k  fa b l e  o f  o b v i o u s  mea n i n g ) .  

I t  i s  o b v i o u s  t h a t  i n  o rd e r  to  s ta r t , we n e e d  s ome i n d e p e n den t 

a rg ume n t , e . g .  s tr a n ge n e s s  h a s  to e x i s t  f o r  p u re l y  co smo l o g i c a l  

re a s o n s  e t c . We t u r n  n o w  t o  o u r  m a i n t o p i c  , C P  v i o l a t i o n . 

I I I .  G P - V I O LAT I O N  

B e c a u s e  t h e r e  h a s  b e e n  a l o n g  t i me ( > 1 0  y e a r s ) s i n ce 

C h r i s te n s o n , C r o n i n ,  F i t c h  a n d  T u r l ay d i s c o v e r e d  t h e  famo u s  C P  

v i o l a t i o n ,  s ta r t  by g i v i n g a f l a s h  r e v i ew o f  t h e  s i tu a t i o n . 

1 °  P r e s e n t  S t a t u s  o f  C P  V i o l a t i o n . 

T h e  p he n ome n o n  o f  C P - v i o l a t i o n w a s  ·f,i r.s t ohs.e r v e d  i n  

t h e  re a c t i o n  K� + IT
+ IT w h i c h ,  o f  c o u r s e , d o e s  n o t  g o  i f  C P  i s  

c o n s e r ve d .  T h e  e x p e r i me n t a l  i n fo rma t i o n  t h a t  we h a ve a t  o u r  d i s -

p o s a l  u p  to now i s  the  f o l l ow i n g  
+ IT - I KE > D e f i ne < IT 

n + -
- + Ko > < IT IT - I  s 

< 0 ITO I Ko > IT L n o o  - 0 ITO I Ko > 
( 6 ) < IT s 

( K� - Q,+ v )  r 0 + v ) r + IT - ( KL+ 
IT Q, 

a n d  ' \  - ( K� -
Q, + 

v )  r 0 + Q,+ v )  r + IT + ( KL+ IT 

w h e re K� , K� a r e  t h e  p h y s i c a l  s ta t e s  o f  d e f i n i te m a s s  a n d  l i fe ­

t i me ,  a n d  t h ey a re re l a te d  wi t h  t h e  s ta t e s  o f  d e f i n i te C P :  K1 ( C P 

= + l ) , K2 ( C P = 

K o 
s 

T h e n  one  h a s  

- 1 )  i n  t h e  u s u a l  
K l + E K2 
!'f+TZI 2 

n+- E + E 

2 Re E 

way 

K o K2 + E K l L Ii + I E I 
( 7 ) 

( 8 ) 

( we n e g l e c t  6 5  - !o Q  e ff e c t s ) 
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E '  i s  a m e a s u r e o f  the C P - v i o l a t i o n  i n  the d e c ay t r a n s i t i o n .  

P h y s i c a l l y ,  E f 0 i m p l i e s t h e  e x i s te n c e o f  a C P - n o n - i n v a r i a n t  

t e rm i n  t h e  m a s s -m a t r i x a n d  E ' f 0 i m p l i e s t h e  e x i s t e n c e  o f  C P  

v i o l a t i o n  i n  t h e  d e c ay - t r a n s i t i o n s . E x p e r i m e n t e r s  t e l l u s  n o w  

t h e  f o l l o w i n g  : 

i ) n + - = n o o  ( i n  am p l i t u d e  a n d  p h a s e ) ,  w h i c h  i m p l i e s E ' _,. 0 

( a c t u a l l y  : I E ' 
s l  < 2 . 1 0 - 2 ) ' a n d  w e  may  p u t  n + -

= n o o  E 

i i )  6 L 1 . 4 4 8  ± 0 . 0 5 5 , w h i c h i s  c o n s i s te n t  w i t h  i )  b e c a u s e  in:;:-:.1 = 

:: 2 c o s  <P 1 .  4 4 3  ± 0 . 0 0 5  

E x p e r i me n t a l l y  <P + - ( 4 5  ± 1 .  3 )  0 

<P a o  ( 4 8 . 3  ± 1 .  3 )  0 

s o  <P + - <P o o  - <P 
i i i )  C P  o r  C v i o l a t i o n s  h a v e  b e e n  s e a r c h e d  f o r  i n  s t r o n g - e . m .  

i n t e r a c t i o n s  a n d  i n  w e a k  d e c a y s  n o t  i n v o l v i n g K0 m e s o n s  : 

N O  E F F E C T  H A S  B E E N  F O U N D  Y E T .  

S o , i t  i s  c l e a r  t h a t  i ) ,  i i )  a n d  i i i )  a re t h e  o b l i g a t i o n s  o f  a 

t h e o ry t h a t  t r i e s  to e x p l a i n t h e  C P - v i o l a t i o n p h e n o me n o n . S i n c e  

t h e  e a r l y  d a y s  i t  w a s  k n o w n  t h a t  a s u p e rwe a k  t h e o ry h a s  e x a c t l y  

t h e  fe a t u r e s  i ) ,  i i )  a n d  i i i ) .  B u t  a t  t h e  s am e  t i me i t  w a s  c l e a r  

t h a t  i t  w a s  a n  a d - h o c  a d d i t i o n o f  a s t r a n g e  6 S  = 2 i n t e r a c t i o n 

j u s t  to e x p l a i n t h i s  p h e n o me n o n . 

E v e ry b o dy w a s  h o p i n g  s i n c e t h e n  t h a t  o n e  m i g h t  p r o -

d u c e  a re a s o n a b l e m i l l i w e a k - ty p e  t h e o ry w h i c h p o s s e s s e s  t h e  

fe a t u r e s  o f  t h e  s u p e rw e a k  t h e o ry ,  b u t  n o  a d - h o c  te rms , w h e r e  t h e  

C P - v i o l a t i o n e m e r g e s  i n  a n a t u r a l  way . V e ry r e c e n t l y ,  t h e re h a s  

b e e n  a re v i v a l  o f  t h i s  p r o b l e m  w i t h a n  o b s e r v a t i o n m a d e  by s ome 

p e o p l e ( 3 - 4 - 5 l , n a me l y  t h a t  i f  o n e  h a s  m o re t h a n  f o u r  q u a r k s  ( f l a -

v o u r s ) i t  i s  p o s s i b l e  to g i v e  a re a s o n a b l e e x p l a n a t i o n  o f  C P  

v i o l a t i o n . I n o w  t u r n  m y  a t t e n t i o n t o  s u c h  a fa n cy p o s s i b i l i ty .  



2 ° .  C P - V i o l a t i o n  i n  a M o d e l  w i t h  S i x Q u a r k s  a n d  L e f t - h a n d e d  

C u rren t s . 

I n  t h e  p r e v i o u s  s e c t i o n s ,  I a n a l ys e d  t h e  e v i d e n c e  

( e x p e r i m e n t a l ) fo r h e a vy l e p t o n s  a n d  a l s o a s c h eme  w h e re a h e avy  

l e p t o n  m ay f i n d  a n a t u r a l  p l a c e . Let  u s  a s s ume  t h a t  the  We i n b e rg 

Sa l am S U ( Z ) xU ( l )  m o d e l  h a s  s o m e t h i n g t o  d o  w i t h  re a l i ty ,  a n d  

p o s e  t h a t  w e  

g e  - 1 L e t  1 · 

p 

h a v e  n q u a r k s  w i t h 

u s  p u t  

u 

c 

t 

2 n q u a r k s o f  c h a rg e  1 

c h a rg e  2 q u a r ks w i t h 1 a n d  n 

d 

N A 

b 

n q u a r k s  o f  c h a r g e  -j 

s u p -

c h a r-

( 9 ) 

F u r t h e r ,  a s s ume  t h a t  t h e  " l e f t  c o m p o n e n t s "  o f  t h e  q u a r k s  a re c o l -

l e c t e d  i n  do u b l e t s  u n d e r  S U ( 2 )  a n d  e v e ry t h i n g  e l s e i s  S U ( 2 )  s i n -

g l e t .  T h e n  t h e  V - A  c h a rg e d  c u r r e n t  h a s  t h e  f o rm : 

J µ = l\ yµ V N L ( 1 0 )  

w h e re P L = i ( l  - y 5 ) P  e t c . ,  a n d  V i s  a n  n x n m a t r i x .  T h e n  c o mm u t i n g  

Jµ 
+ w i t h  J µ , we  t a k e  t h e  n e u t r a l  c u r re n t , w h i c h  i s  a m i x t u re 

o f  J e l e c t r .  a n d  o f  

J 0 = 1' v + v µ L Yµ ( 1 1 )  

We s e e , a t  o n c e , t h a t  i n  o r d e r  t o  a vo i d  6 S  = 1 n e u t r a l  c u r re n t s , 

J 0 m u s t  b e  d i a g o n a l  i n  t h e  q u a r k  f i e l d s , wh i c h i n  t u rn i mp l i e s  

t h a t  v + V = V If = 1 ; i . e .  V h a s  t o  b e  a u n i t a ry m a t r i x ( G I M  

m e c h a n i s m ) . 

I n  o r d e r  t o  s p e c i fy V ,  a n  n xn u n i t a ry m a t r i x ,  we n e e d  

� p a ra m e te rs , o n e  o f  wh i c h  i s  a n  u no b s e rv a b l e o v e r- a l l p h a s e , 

s o  t h a t  w e  a re l e f t  w i t h  n 2 - 1 p a rame te rs . F o r t u n a te l y ,  w e  c a n  

p l ay w i th t h e  p h a s e s  o f  t h e  q u a r k  f i e l d s  a n d  a c h i e v e  f u r t h e r  
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re d u c t i o n  o f  t h e  n u m b e r  o f  p a rame t e r s  n e e d e d  to d e t e rm i n e V .  

T h e  e a s i e s t  way to  p r o c e e d  i s  t h e  fo l l o w i n g  : w e  w r i te down  t h e  

m a s s  m a t r i x f o r  t h e  q u a r k s  

( 1 2 )  

w h e re M p a n d  MN a re a s s um e d  t o  b e  r e a l  a n d  d i a g o n a l  m a t r i c e s  ; 

we wo u l d  l i ke to k e e p  t h e m  a s  s u c h . T h u s , t h e  m o s t  g e n e r a l  t r a n s -

f o rm a t i o n  t h a t  l e a v e s  ( 1 2 )  i n v a r i a n t  i s  : 
n - 1  d i a g o n . i l: a j '- j 

P L , R  + e j = l P L ,  R 
n - 1  ( 1 3 )  

i l: b j '- j 
d i a g o n . 

N L ,  R + e j = l N L , R  
w h e re " d i ag o n . i s  t h e  n - 1  d i a g o n a l  m a t r i c e s  o f  t h e  S U ( n )  g ro u p . j 
I t  i s  t r i v i a l t o  c h e c k  t h a t  s u b s t i t u t i o n  o f  ( 1 3 )  to  ( 1 2 )  l ea v e s  

M i n v a r i a n t .  We  t h .en h a ve a t  o u r  d i s p o s a l  ( n - 1 )  p a rame t e r s  ( a j ) 

from  P f i e l ds a n d  ( n - 1 )  p a r a m e t e r s  ( b j ) from  N f i e l d s t h a t  c a n  

b e  t r a n s f o rm e d  away . 

T h e re fo re t h e  n u m b e r  o f  p a r a m e t e r s  n e e d e d  f o r  V now  

b e come s n 2 - 1 - 2 ( n  - 1 )  = ( n  - 1 ) 2 . T h e  n u m b e r  o f  re a l  p a r a ­

m e t e r s  t h a t  o n e  n e e d s  to  d e t e rm i ne  a n  n x n o r t h o g o n a l  m a t r i x 
• 

i s  n ( n
2

- l ) S o , i n  t h e  g e n e r a l  c a s e  to d e t e rm i ne  V we w i l l  n e e d  

1 ) 2 _ n ( n  - 1 )  __ ( n  - l ) ( n - 2 )  ( n  - - 2 - - 2 c om p l e x  p a remete rs . 

I n  c o n c l u s i o n , t h e  V m a t r i x n e e d s  ( n  - 1 ) 2 p a ramete rs , w h e re 
( n - 1 ){ n - 2 )  - 2  - o f  t h e m  a re comp l e x .  

I n  t h e  c a s e  o f  G I M  w e  h a ve n 2 t h e re fo re we d o  

n o t  h a v e  a ny  c o m p l e x p a rame t e r  : 

J ll (0 , 0) L y, (�) (} ( 1 4 )  

B U T , i f  n > 2 ,  t h e n  we h a v e  c om p l e x  p a rame t e r s  w h i c h  o f  c o u r s e  

a r e  g o i n g  to  i n t r o d u c e  C P v i o l a t i n g  e f fe c t s . T a ke f o r  i n s t a n c e  

n = 3 ,  t h e n  we h a v e  o n e  c o m p l e x p a r a m e t e r  a n d  t h e  q u e s t i o n  i s  



w h e t h e r  we c a n  o b ta i n  a rea s o n a b l e  e xp l a n a t i o n  o f  G P - v i o l a t i o n 

p h e n o me n o l ogy  i n  th i s  c a s e .  As we s h a l l s e e , th i s  t u r n s  o u t  to 

b e  the c a s e . 

Before  g i v i n g a n  a n a l y s i s  o f  G P - v i o l a t i o n  i n  th i s  

framewo r k , l et me m a k e  a few  commen ts : 

i )  t h e  i dea t h a t  a p h a s e  d i f f e r e n ce b e tween  d i ffe r e n t  p a r t s  o f  

t h e  c u rr e n t  may p r o d u c e  G P - v i o l a.t i o n  i s  a n  o l d o n e ( 6 ) . B u t  i t  was  

a l ways i n t r o d u c e d  by h a n d , w h e r e a s  h e r e  i t  e m e r g e s  i n  a more n a -

t u r a l  way . 

i i )  T h e  n u m b e r  o f  comp l ex p a rame t e r s  ( ( n - l )�n - 2 ) ) i n c r e a s e s  

a s  we i n c r e a s e  t h e  n u m b e r  o f  q u a rk s  ( f l a v o u r s ) ; e . g .  f o r  n = 4 

we h a v e  3 comp l e x  pa ramete r s , e t c . We do n o t  w a n t  to i mp l y  t h a t  

w i th m o re t h a n  o n e  comp l e x  pa rameter  we c a n n o t  t a k e  t h e  c o r r e c t  

f o rm o f  G P - v i o l a t i o n , b u t  i t  i s  a temp t a t i o n  to  o b s e rve t h a t  w i th  

s i x  and o n l y  s i x  f l a vo u r s  we have j u s t  o n e  comp l e x pa rameter  a n d  

w e  c a n  f i t e v e ry t h i n g . P e r h a p s  i t  i s  a c o i n c i d e n c e , p e r h a p s  i t  

i s  s ome t h i n g d e e p e r . 

i i i )  I t  s h o u l d  be n o t i c e d  t h a t  we a r r i v e d  a t  t h e  p i c t u re o f  s i x  

q u a r k s  ( f l a v o u r s ) by t h e  po s s i b l e  e x i s te n c e  o f  t h e  S P E A R  h e a vy 

l e p to n .  Here  t h e  s i t u a t i on  i s  r e v e r s e d  w i th  r e s p e c t  to t h e  ex i s t­

ence  o f  muon  a n d  t h e  a b s e nc e  o f  ti S  = 1 n e u t r a l  c u r r e n t s . I f  we  

h a d  t h o u g h t  o f  t h e  a n a l o gy b e fo r e , t h e  o b s e rv a t i o n  o f  G P - v i o l a t i o n  

i n  n a t u r e ,  w e  wo u l d  h a ve b e e n  forced  to  go  t o  s i x  q u a r k s  a n d  t h e n  

o f  c o u r s e  to s i x  l e p t o n s , i . e .  t h e  h e a vy l e pton  wo u l d  h a v e  b e e n  

p r e d i cted  to be  t h e re . 

I n  t h e  f o l l ow i n g  I s h a l l c o n c e n t r a te o n  t h e  c a s e  o f  

s i x  q u a rks  ( n  = 3 ,  wh i ch m e a n s  o n e  comp l e x  pa ramete r ) . I n  th i s  

c a s e , t h e  c h a r g e d  c u rr e n t  t a k e s  th e form : 
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J µ 

w h e re c i ( s i ) = cos  e i ( s i n  8 i ) '  i = 1 , 2 , 3 . 

I t  i s  e v i d e n t  t h a t  t h e  c u r r e n t  ( 15 ) ,  i n  t h e  l i m i t 8 1 + 8 c a b i bbo ; 

s 2 , 3 + O ; o + 0 ,  i s  n o t h i ng e l s e  b u t  t h e  c o n ve n t i o n a l  C a b i b b o ­

G l a s h ow- I l i o po u l o s - Ma i a n i  c u r r e n t  ( !4 ) . I t  i s  c l e a r  t h a t  t h e  

v a l i d i ty o f  t h e  C a b i bbo  t h e o ry ,  w h i c h  i n v o l v e s  u , d  a n d  s q u a r k s , 

wo u l d  re s tr i c t  p o s s i b l e  v a l u e s  o f  t h e  n ew a n g l e  p a r amete r s . 

Actu a l l y ,  o n e  f i n d s , i n  o rd e r  to a g re e  w i t h  e x pe r i -

me n t ,  t h a t  
2 S 3 < 0 . 0 6 ( 1 6 )  

U p  t o  n ow , w e  h a v e  n o  i n f o rma t i o n  a b o u t  t h e  v a l i d i ty o f  t h e  G I M  

t h e o ry ,  b u t  o n e  c a n  p ro d u ce a r g u m e n t s  s howi n g  t h a t  c2 c a n n o t  be 

too s m a l l .  By s i m p l e i ns p e c t i o n  of t h e  f o rm o f  the c u r r e n t  ( 1 5 )  

we g e t  : 

A UNCHARMED PARTICLES 

1 .  Semi l e p to n i c proce s s e s . 

T h e s e  p ro c e s s e s  ( fo r  u n c h a rmed  h a dro n s ) i n v o l ve 

o n l y  u , d  a n d s q u a r k s , an d  the f i r s t  row o f  V i n ( 1 5 )  does  no� 

c o n ta i n a ny G P - v i o l a t i o n . S o  we do  not e x p e c t  a ny G P - v i o l a t i o n  i n  

o r d i n a ry s em i l e p to n i c p r o ce s s e s . 

2 .  N o n - l e p t o n i c  p ro ce s s e s  

We may h a v e  G P - v i o l a t i o n  i n  t h i s  c a s e , a r i s i n g from 

terms  o f  the f o rm : (SL Yµ cL ) (cL Yµ dL ) ; ( sL Yµ tL ) (tL Yµ dL ) 

w h i c h  e n t e r  ·i n t h e  c u r r e n t - c u r re n t  p r o d u c t  w i t h  com p l  e x  coeff i  � 

c i e n ts re l a t i ve to t h e  u s u a l  t e rm (sL Yµ uL ) (uL Yµ dL ) .  O n e  may 

worry t h a t  we h a v e  a fi rs t o rd e r  effect  comi n g  from the d i a g ram 



� �.r 
F i g .  4 

B u t  th i s  d i a g ram i s  s tr o n g l y  s u p p re s s e d  d u e  to t h e  Zwe i g  ru l e  

( a n n i h i l a t i o n o f  t h e  two h e a vy q u a r k s  to o rd i n a ry q u a r k s ) .  The  

o n l y  other  a d d i t i o n a l  f i r s t  o rd e r  e ff e c t  may a r i s e  from t h e  d i a -

g ram 

( ' 
s c , t  d 

F i g .  5 

B u t ,  i n  t h i s  ca s e ,  a n  e x p l i c i t  c a l c u l a t i o n  s h ow s  t h a t  i n  t h e  l i m i t  
mq 2 ( w- )  + 0 ,  th i s  d i a g ram v a n i s h e s  � e c a u s e  o f  t h e  f o rm o f  t h e  c u r -

w 
re n t .  A l s o  b o t h  d i a g rams ( F i g s . 4 ,  5 )  v a n i s h  i n  t h e  l i m i t  m e = m t . 

{ Th i s  c o r r e s p o n d s  to t h e  c a s e  i n  wh i c h we h av e  no 6 5  = 1 n e u t r a l  

c u r r e n t  e f f e c t s  to a l l o rd e rs i f  m e m u l ·  

A l s o ,  o n e  may n o t i ce t h a t  t h e  o p e ra t o r s  t h a t  c r e a te 

t h e  G P - v i o l a t i o n  i n d u c e  p u re 6 I  =i tra n s i t i o n s . I t  i s  we l l  known  

that  a m i l l i w e a k  t h e o ry w i th t h e  a bove  p r o pe r t i e s  r e p r o d u c e s  for  

K- d e c ays  t h e  s ame res u l t s a s  a s u p e rw e a k  t h e o ry .  H a v i n g  s h own t h e  

a b s e n c e  o f  f i r s t- o rd e r  G P - v i o l a t i o n e f fe c t s , w e  a re l e f t  w i th  t h e  

e x p l i c i t  ca l c u l a t i o n  o f  t h e  s - p a rame t e r  i n  K - d e � ay . Th i s  c a n  b e  

d o ne b y  s t u dy i n g  t h e  n e u t r a l  K-m a s s -ma t r i x ,  wh i ch m e a n s  t h a t  o n e  

h a s  to c a l c u l a t e  t h e  d i a g ram 
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O n e  t h e n  f i n d s  : 

s c ,t d 

d c , t  

F i g .  6 

£ "  12 s 2s 3 s i ne [c o s  2e 2 . 

s 

m 2 
+ s 2 ( t ) 2 ;;;z 

c 
- c 2] 2 

( 1 7 )  

We s e e  t h a t £ i s  a comp l i c a t e d  f u n c t i o n  o f  the  n ew a n g l es a n d  o f  

t h e  ma s s e s  o f  t h e  c h a rmed  a n d  h e a vy q u a rk s . W e  n o t i c e  h e re t h a t  

t h e  f a c t o r  a typ i c a l  f a c t o r  wh i ch a l ways a p p e a r s  i n  

t h e  ra t i o  a n d  s o  i t  c a n  b e  d e t e rm i n d e d  

f rom a g i ve n  p ro ce s s ,  we may u s e  i ts v a l ue  to  s tu dy o t h e r  

p r o ce s s es�  ( Ac t u a l l y ,  o n e  u s e s  the  e x pe r i me n t a l  i n fo rma t i o n  o n £, 
d e t e rm i ne s  t h e  v a l ue  o f  s 2 s 3 s i n o a n d  u s e s  i t ,  s ay ,  to d e t e rm i ne  

t h e  v a l ue  o f  the . e l e c t r i c d i p o l e mome n t  o f  t h e  n e u tron  ( see  be l ow ) ) 

I n . o r d e r  to s e e  h o w  we l l  th i s  k i n d o f  t h e o ry res emb l e s the  s u oer-

wea k ,  o n e  has  to s tu dy_ the  r a t i o � £ 
!£

£
'': I  1 

l8T 6 451l' 

Then  o n e  f i n ds 

( 18 )  
wh i c h i s  i n  e x c e l l e n t  a g reeme n t  w i th  e x p e r i me n t ,  a n d  p r a c t i ca l l y 

we may p u t  £' "' 0 ( s u p e rw e a k  t h e o ry ) . Here  I w a n t  to s tre s s  the  

fo l l ow i n g  fact  : c o n t r a ry to s ome c l a i m s  i n  t h e  l i te ra t u re , re l a -

t i o n  ( 18 )  I S  I N D E P E N D E NT O F  T H E  H EA V Y  Q U A R K  MAS S E S  a n d  o f  the  f a c -
[ £ , I  

. 
tor  s 2 s 3 s i n o w h i ch o f  c o u rs e  d r o p s  o u t  from t h e  ra t i o -,ET ·  T h a t  

i s  to  say th i s  k i n d o f  G P- v i o l a t i o n  resemb l e s  t h e  s u perwe a k  t h e o ry 

w h a t e v e r  the  v a l u e  o f  mt . We s h a l l s e e  l a t e r  t h a t  the  e l e c t r i c 

d i p o l e  mome n t  o f  t h e  n e u t ro n  i s  v e ry s e n s i ! i v e  to the  he avy q u a r k 

q u a r k  m a s s e s . The  o b s e rv e d  mag n i t u de o f  G P - v i o l a t i o n e f f e c t s  i n  



C h e  n e u tra l K-ma s s - ma t r i x  c l e a r l y  i mp l i e s  

l s 2 . s 3 s i n  o I = 0 ( 1 0- 3 ) ( 1 9 )  

T h e  " na t u ra l n e s s "  o f  s u c h  a re l a t i on may c r e a te q u i te l on g  a r g u ­

m e n t s  fo r a n d  a ga i n s t i t .  H e r e  I j u s t  w a n t  to  m a k e  t h e  f o l l ow i n g  

o b s e rv a t i o n  : w e  s aw t h a t  t h e  Ca b i b b o  t h e o ry ,  w i t h  i ts g re a t  

e x p e r i me n ta l s u c c e s s ,  p u t s  s e v e re l i m i ts  o n  s 3 ( s e e  E q . ( 1 6 ) ) .  

T h e n  " a c c e p t i n g " s u c h  l i m i ts for  s 2 too , we a r e  n o t  f a r  from a n  

a l mo s t  " n a t u ra l " exp l a n a t i on  o f  E q . ( 1 9 ) . T h e r e f o re , i n  t h i s  

f ramewo r k  t h e  s ma l l ne s s  o f  C P - v i o l a t i on h a s  s ometh i ng to do  w i t h  

t h e  v a l i d i ty o f  t h e  C a b i b b o  t h e o ry .  I n  o t h e r  w o rd s , t h e re a p p e a r s  

a n  i n t e re l a t i o n  b e tween  t h e  C a b i bb o  a n g l e  a n d  C P - v i o l a t i o n . 

I n  c o n c l u s i on , we c a n  r e p r o d u ce a l l t h e  k n own e x p e r ­

i me n ta l  i n fo rma t i o n  f o r  C P - v i o l a t i o n  ( co n c e r n i n g common K d e c ay s )  

i n  a s a t i s f a c t o ry way wh i ch r e s em b l e s  v e ry m u c h  a s u p e rw e a k  t h e o -

r y  E' -.. 0, e tc . )  t h r o u g h  a w e l l - de f i n e d  m i l l i w e a k  t h e o ry .  I t  s eems  

to me t h a t  a n  a p p ro p r i a t e  n ame for  s u c h  a t h e o ry i s  M I C RO W E A K  

TH E O R Y . 

3 . R a re K- d e c ays . 

H e re o n e  f i n d s  d r a s t i c d e p a r t u re s  from s u pe rwe a k  

t h e o ry ,  b u t  I do  n o t  d i s c u s s  t h em h e re , b e c a u s e  e v e n  t h e  C P ­

c o ri s e r v i ng rare  d e c ay s  a re v e ry d i ffi c u l t  to d e t e c t  e x p e r i m e n ta l ­

l y ,  a n d  s o  t h e s e  d e p a r t u re s  a re n o t  g o i n g  to a p p e a r  i n  t h e  n e a r  

f u t u re . 

B .  CHARMED PARTICLES 

Here  t h e  a n a l o g u e  of t h e  K0 -�0 sys tem i s  t h e  o0 -rr0 

sys tem . T h e n  a sys tema t i c  t h e o re t i c a l  a n a l y s i s ( 5 )  s h ow s  t h a t  n o  

d rama t i c C P - v i o l a t i o n  effe c t s  a p pe a r ,  n ame l y  i f  E c i s  t h e  c h a rm 

a n a l o g u e  of E ,  t h e n l E c l "' I E I . I t  i s  true  t h a t  i n  t h e  c h a rmed  

p a rt i c l e d e c ays , a s  i n  t h e  rare  K- d e c ays , e n e  i s  g o i n g  to s e e  

dev i a t i on s  f r o m  t h e  s u p e rw e a k  t h e o ry ,  b u t  i t  i s  p rema t u re t o  
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d i s c u s s  h e re the  dev i a t i o n s  f rom s u p e r s e a k  t h e o ry i n  t h e  d e c ay s  

o f  p a r t i c l e s  wh i c h h a ve n o t  b e e n  s h own to e x i s t  a s  ye t .  F o r  a 

d e ta i l e d a n a l y s i s  o f  s u c h  e f f e c t s  i n  r a re K - d e c ay s' a n d  c h a rm e d  

p a r t i c l e d e c a y s  o n e  may c o n s u l t R e f . ( 5 ) . 

F i n a l l y  a few w o r d s  f o r  t h e  E l e c t r i c d i p o l e  m o m e n t  

o f  t h e  n e u t r o n  : f r o m  t h e  e a r l y  d a y s  o f  t h e  o b s e r v a t i o n o f  t h e  

C P - v i o l a t i o n , i t  w a s  c l e a r  t h a t  t h e  e l e c t r i c  d i p o l e  m o m e n t  o f  

t h e  n e u t ro n  ( E D M ) w a s  a n  i n d e p e n d e n t  d e l i c a te t e s t  o f  a n y  amb i -

t i o u s  t h e o ry o f  C P - v i o l a t i o n .  N a me l y , i f  o n e  a s s um e s  t h e  v a l i d i ty 

o f  C P T - i n v a r i a n ce , t h e n  C P - v i o l a t i o n  m e a n s  n e c e s s a r i l y  T - v i o l a t i o n 

w h i c h  c o m b i ne d  w i t h  t h e  P - v i o l a t i o n  c r e a t e s  t h e  p o s s i b i l i ty o f  

E D M  f o r  t h e  n e u t ro n .  I n  t h e  framewo r k  w h i c h I h a v e c o n s i d e re d ,  

o n e  may c a l c u l a te t h e  n e u t ron  d i p o l e  mom e n t  i n  t e r m s  o f  t h e  q u a r k  

d i p o l e  mome n t .  O n e  f i n d s ( ? ) : 

I �  I n = I �  l u , d =

{( l 0 - 2 7  

( 1 0 - 3 0  

- 2 8  - 1 0  ) cm , f o r  m t , b "' mw 

m t , b  "' 5  G e V  

( 2 0 ) 
O n e  n o t i c e  h e re t h a t  we d o  n o t  g e t  v e ry d i ffe r e n t  re s u l ts  from  

s u p e rwe a k  t h e o ry ( "- 1 0 - 2 9 cm ) and  i n  the  c o n t e x t  o f  th i s  m o d e l , 

k n ow l e d g e  o f  m t a n d  m b w o u l d  e n a b l e  a b e t t e r  p re d i c t i o n  o f  t h e  

n e u tron  e l e c t r i c  d i po l e m o m e n t  a n d  v i ce v e r s a .  

T h e  s o p h i s t i c a t e d  r e a d e r  m ay a l s o n o t i c e  t h a t ,  u n l i ke 

i n  t h e  m a g ne t i c mom e n t  c a s e , t h e  a d d i t i v i ty o f  t h e  E DM o f  t h e  

c o n s t i t u e n t s  to g i ve t h e  E DM o f  t h e  s y s tem i s  n o t  o b v i o u s  a t  a l l ,  

a n d  i n  a t om i c p h y s i c s o n e  may f i n d  e x amp l e s i n  w h i c h  a d d i t i v i ty 

i s  a v e ry b a d  a s s um p t i o n ( B ) . 

I V .  C O N C L U S I O N S  

I h a v e  t r i e d  t o  s h ow t h a t  w e  may h a v e a r e a s o n a b l e e x -

p l a n a t i o n  f o r  C P - v i o l a t i o n  w i t h  a n  a l m o s t  t r i v i a l  e x t e n s i o n o f  

t h e  We i n b e rg - S a l a m - G I M  m o de l , w h i c h  w i l l  b e  n e c e s s a ry i f  a h e a vy 



l e p to n  re a l l y  e x i s ts . I n  s u c h  a c a s e  we fo u n d  t h a t  : 

i )  s u p e rwe a k  r e s u l t s f o r  c ommon  K - d e c ay s  a re r e p r o d u c e d  t o  h i g h 

a c c u r a cy , w h a te v e r  t h e  m a s s e s  o f  t h e  t o p  e n d  b o t tom q u a rk s . 

i i )  i n  r a r e  K- d e c ay s , d i r e c t  C P - v i o l a t i n g  e f fe c t s  i n  t h e  a m p l i ­

t u d e  may b e  c o m p a r a b l e  w i t h  s u p e rw e a k  C P - v i o l a t i n g  e f f e c t s , 

b u t  t h e s e  e f fe c t s  s e e m  e s s e n t i a l l y  u n o b s e rv a b l e .  

i i i )  i n  p r i n c i p l e ,  t h e re may b e  o b s e rv a b l e  d e v i a t i o n s  from  s u pe r­

we a k  p re d i c t i o n s  f o r  c h a rm e d  p a r t i c l e  d e c ay s . 

i v )  t h e  n e u t ro n  e l e c t r i c d i p o l e  mome n t  i s  v e ry s e n s i t i ve t o  t h e  

m a s s e s  o f  t h e  t o p  a n d  b o t t o m  q u a r k s . 

T h i s  p i c t u re i n t r o d u c e s  C P - v i o l a t i o n  i n  a n a t u r a l  way , 

a s  a re s u l t o f  we a k  m i x i n g b e twe e n  t h e  q u a r k s  a n a l o g o u s  t o  t h e  

C a b i b b o  a n g l e  i n  t h e  G I M  m o d e l . T H U S  TWO  P U Z Z L E S  A R E  R E D U C E D  T O  

O N E . I t  i s  e v i d e n t  t h a t  o n e  m a y  w o r ry t h a t  w e  h a d  a t h e o ry w i t h  

o n e  a n g l e  ( C a b i b b o  a n g l e )  a n d  n o w  we h a ve a t h e o ry w i t h t h re e  

a n g l e s  ( e 1 , 2 , 3 )  a n d  o n e  p h a s e  ( 0 ) .  B u t  t h e  i n te re l a t i o n t h a t  

s ta r t s  t o  a p p e a r  n o w  g i ve s  t h e  h o pe t h a t  o n e  may u n d e r s t a n d  a l l 

t h e s e  p he n ome n a  a t  o n ce . 

He re I h a ve c o n c e n t r a t e d  o n  t h e  p o s s i b i l i ty o f  s i x 

q u a r k s  a n d  o n l y  l e f t - h an de d  c u r r e n t s . A c t u a l l y ,  t h e r e  i s  no f u n d ­

ame n t a l  re a s o n  f o r  t h e s e  t w o  a s s um p t i o n s . I b e l i e v e  t h a t  more  

t h a n  s i x  q u a r k s  ( 8 ,  . . .  ) a re not  g o i n g  t o  c h a n g e  t he  C P - v i o l a t i o n  

a n a l y s i s .  As f o r  t h e  p r e s e n c e  o f  r i g h t - h a n d e d  c u r re n t s , i f  t h e y  

s u r v i ve  f r o m  e x p e r i m e n t s , t h e y  m a y  h e l p  i n  u n d e r s t a n d i n g  t h e  

i n te re l a t i o n o f  C a b i b b o  a n g l e ,  C P - v i o l a t i o n  a n d  f e rm i o n m a s s e s  

i n  a n a t u r a l  way . 

T h i s  mome n t , t h i n g s  a re l o o k i n g v e ry p rom i s s i n g 

p h e n ome n a  comp l e t e l y  u n re l a te d  u p  t o  n ow s e em to h a ve c ommo n 

r o o t s  ( C a b i b b o  a n g l e ,  C P - v i o l a t i o n  a n d , mayb e , fe rm i o n  m a s s e s ) .  

L e t  u s  h o pe t h a t  t h i s  i s  n o t  a g a i n  o n e  o f  t h o s e  d rama t i c c o i n c i -

d e n c e s  t h a t  h a v e  h a p p e n e d  m a n y  t i me s  i n  t h e  p a s t  . . .  
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A C K N O W L E D G E M E N T S  

wo u l d  l i ke to  t h a n k  C l a u d e  B o u c h i a t a n d  N i c o s  P a p a ­

n i co l ao u  f o r  u s e f u l  c o n v e r s a t i o n s  a n d  r e a d i n g t h e  m a n s u c r i p t .  

I wo u l d  a l s o  l i k e t o  t h a n k  my w i fe My rto  f o r  r e a d i n g t h e  m a n u s ­

c r i p t  a n d  f o r  h e r  e n c o u r a g eme n t s . 
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LATEST RESULTS ON THE AXIAL VECTOR FOID1 FACTOR 

A. GIAZOTTO 
I . N . F . N . , Sezione di Pisa 

Abstract : The results of a recent TI+ threshold electroproduction 
experiment at I K2 1 = . 45 ,  . 58 ,  . 88 (GeV/c) 2, together with all the 
available n+ threshold electroproduction coincidence data , are 
used to evaluate the axial vector form factor of the nucleon GA(K2 ). 
It is found that the dipole parametrization i s  favoured over the 
mqnopole . The value of MA in the dipole parametrization i s ,  using 
a 'weak PCAC' model , 0 . 96 ± . 03 GeV , in excel lent agreement with the 
result s  obtained by the reaction v+D + P+Ps+µ

-

Resume : Le facteur de forme axial du nucleon, GA (K2) ,  a ete calcule 
en uti l izant les resultats d ' une recente experience d ' § lectropro­
duction de TI+ au seuil a I K2 1 = . 45 ,  . 58 , . 88 (GeV/c) 2 , avec taus 
les autres resultats di sponibles pour l ' § l§ctroproduct ion de n+ au 
seui l . Une dependance dipolaire du facteur de forme reproduit 
les donn§es exp€rimentales rnieux qu ' une d§pendence monopolaire . 
D ' apres le modele de "weak PCAC" on trouve MA = . 96 ± . 03 CeV en t::es 
ban accord avec les resultats obtenus par la reaction v+D + P+Ps+µ . 
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The process  e p � e '  n TI+ , assuming one photon exchange , can be represented 
by the diagram (Fig . 1 ) . 
We use the fo llowing notations 
£ = ( E ,  Pe) ,  £' = (E ' ,  P�) initial and 

final lepton fourmomentum 
8e scattered electron L . S . angle 
K £-£ ' virtual photon fourmomentum 

q 
q 

neutron momentum in TI� n C .M . S .  

( E  , -q) TI+ fourmomentum i n  the TI + TI - n C .M . S .  

II. 

/ 

p 

/ 

/ 
/ / T(+ 

/ 

§ ,  ¢ = polar and azimuthal neutron angles in the TI+n C . M. S .  referred to the 
virtual photon direction . 

Pn (En ' Pn) L . S .  neutron fourmomentum 

K2 
= -2EE ' ( l-cos8e) square mass of the virtual photon 

W /q2 + M2 + /q2 + M2 invariant mass of the rr� n system n IT 
0 1 & 1  2 1 / ( 1  - � tg28 / 2) polarization of the virtual photon 

K2 e 
"L K2/K� c longitudinal polarization 
K (W2 - M2) / 2M equivalent photon energy -"L p p 
The virtual photon polarization densi ty matrix p shows that the electropro-

duction cross section takes contributions from the incoherent sum of the 
two pure virtual photon states :  

The di fferential cross section i s :  

do 
dE ' drl drl e TI 

where 

( 0 ,  c-}o-c>J 1 1 2 ,  0) 



E '  
E 

is the flux of the virtual photons and a is the virtual photoproduction cross 
section . 
au arises from the transversal component of the virtual photon and a1 from 
the longitudinal one . o1 and op arise from the transversal-transversal and 
transversal-longitudinal interference respectively .  A s imple picture can be 

2 . . + . useful to understand how GA(K ) is connected with rr electroproduction . The 
transi tion matrix e lement for electroproduction can be written with standard 
notations 

+ 
Contracting the rr we obtain , for off shel l  p ions 

where 

T [¢ (x) , J (o)] - 1T µ 

Making u s e  of PCAC 

we have 

¢ (x) 1T 

M µ 

G (x ) [¢ (x) , J (O)] 
0 1T µ 

- i f  d� e-i;:J;t<n l [A (O ,x ) , J (O)] I P> 0 µ 

In the l imit q + 0 the first integral contributes with the two Born terms , 
which are 0 ( 1 /c ) ;  hence i t  gives a finite resul t when multipl ied by q v . The 
second integral , in the same l imit q + 0 ,  can be evaluated using E . T . C . :  
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. ++  
lim f d3x e-iqx<n \ [A ( O , x) , J (O )] \ P> = -<n lA (O)j P> 
q-+O o µ µ 

After a s traighforward calculation one obtains the q-+O gauge invariant result :  

l im 
q-+O 

� 
"7"" a = q 

r--::?' 
M - � g  · 

M2 rrnn 
p 

. . . . . n ( 2) . is the longitudinal s-wave multipole , proportional to GE K in the where L o+ 
soft pion l imi t .  For on mass she l l  pions two models  evaluate finite mass 
correct ivns in a rather wide range of K2 The first model ,  due to Furlan , 
Paver and Verzagnassi (5 )  has a va l i d i t y up to \ K2 \ � . 3  (GeV/c) 2 . The 
other one , due to Benfatt o ,  Nicolo and Ross i  ( BNR) ( 6 ) , uses "weak PCAC" and 
can be used up to I K2 i � 1 (GeV/c) 2 . Both these models  use the soft pion 
results as a subtraction constant for the di spers ive representation of the 
on mass shell  ampli tudes and give lim 

Cj-+0 
2 

�a/q as a function of GA(K ) .  For 

this reason we have expanded the cross  section in powers of q around threshold 

(ij�O) : 

a ( 1 )  

h A lim(K ) / - . G (K2) B d C f h . . w ere , 1 = q�o 1a q contains A ; an account or t e variation 
of  a above threshold and are necessary to obtain a correct value of A1 . 
A4 and A5 give a 1 and op at threshold . 

The experiment : 

this experiment has been performed at the NINA Synchrotron by the Daresbury­
Frascati-Pisa collaboration . 
The fol lowing physicists were involved in the experiment : 
D . R .  Botteri l l ,  H . E .  Montgomery , P . R . Norton (Daresbury) , G .  Matone (Fra­
scati ) ,  A. Del Guerra, A . Giazotto , M .A .  Giorgi , A. S tefanini (Pisa) . 
In this experiment the neutron was detected in coincidence with the scatte­
red e lectron . We detected the neutron s ince , unlike the rr+ , i t  was going 
in a narrow cone around the virtual photon direction , even for large W .  
I n  this experiment the maximum W was chosen to hav;

· 
the neutron cone always 



well  inside the neutron detector; in this way we avoided geometry corrections . 
Table I contains the values of the relevant kinematical variables and the ex­
perimental settings . 

Tab le I 

-K2 (GeV/c) 2 . 45 . 58 . 88 

E (GeV) 3 . 198 3 . 198 3 . 5 1 1  

E '  (GeV) 2 . 754 2 . 685 2 . 839 

e 1 3 . 0° 1 5 . 0° 17 . 1 ° 
e 

w (GeV) 1 . 132 1 . 144 1 . 132 max 
. 96 . 95 . 94 

e nc: 53 . 0° 50 . 5  0 46 . 5° 

Tn (MeV) 130-330 175-400 270-540 

Fi13 .  2 shows the experimental layout ; the target was a cell containing 10 cm 
l iquid H2 , wi th an identical empty cell underneath for EKG subtraction. 

The electron spectrometer 

was composed by two half quadrupoles and a vertical deflecting bending 
magnet .  It includes a co2 � counter and a shower counter .  The resolutions 
were 6P/P = ± . 25% and 6 8e = ± . 05° ; the acceptances 6P = 8% and Ml = . 6  e 
msr .  

The neutron counter 

was composed by an array of 145 blocks of plastic scinti l lator ,  each 15 x 1 5  
3 . 

x 27 cm ; each block was seen by a RCA 8575 phototube ; the neutron kinetic 
energy was measured by t ime of flight (TOF) (6T = ± 1  ns ) .  A system of 26 

veto counters pairs , with TOF facility, allowed to off-l ine coincide or anti­
coincide the charged yield . The whole sys tem was encased in a 40 tons Pb-Fe 
case with a front window of 5 cm Pb (see Fig .  3 ) . An additional telescope 
(WAB counter) provided a signature for the protons from the process ep+epy . 
The effici ency of the neutron detector was carefully measured both for t rue 
neutrons (nnn = 20%) , and for protons converted to neutrons in the front 
shie lding ( npn = 3%) . 
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VC Veto counters 
T Target 
HQ Half Quadrupo� 

W17 8end1ng magnel 

H Counter hodoscopes 

�· �vc 
NC 

C Sc1nt1llat1on counler 

Ch Gas Chcrenkov counter 

Sh Shower counter 

NC Neutron counter 

WAS WAB Counter 

Data analys i s :  

F1Q.2 
Fig. 3 

the data were binned in 45 W bins in the range . 98 < W < 1 . 16 GeV and in 6 ¢ 
bins between 0 and 180° . Since we m e a s u r e  the L . S .  kinetic energy and 
the angles of the neutron we could reconstruct the pion mi ss ing mass in each 
of the 45 x 6 b ins . The pion mass peak was s i tt ing on the random EKG and the 
S/N ratio was always > 3 .  

n°p subtraction and result s : 

to subtract the signal from the process  eo�e�n° we had to know the expansion 
coefficients (see eq . ( 1 ) )  for this reaction . For j K2 j = . 45 and . 6  (GeV/c) 2 

we used mode l  dependent coefficients while  at j K2 j . 88 (GeV/c) 2 we directly 
measured this reaction using the neutron counter as a proton detector . 
The M. Carlo-simulated neutron yield in every W and ¢ bin was given by 

G(W , ¢ )  = ff! {K+ (W, ¢ j q , ¢ ' ) 
accep t .  

[ -
2 c- 4 TIA I 2A 2 2 i] nnn · _A1 +Bq + q + 4 4 q cos¢ + 3 5q cos ¢ + 

+ 0 0 0 where A1 , B ,  C ,  . . .  are the unknown n - n coefficient s ;  A1 , B  , C  . . . are the 
known n°p coefficients . K+ and K0 are the functior.s , evaluated by M. Carlo 
method , which measured the distortion on the data produced by the finite re­
solution of the apparatus ; they include rtq/l

). 
and the radiative corrections . 

The final step of the analysis was to minimize with respect to A1 , B ,  C ,  A4 , 



2 A5 the x between the neutron yield and 

G(W, ¢) . The contributions of the n°p 
BKG to the n+n yield was 5 . 5% ,  10% , 1 5%  
at I K2 1 . 4 5 ,  . 6 ,  . 88 (GeV/c) 2 re­
spectively . We estimate an overal l 
2% uncertainty due to this BKG sub­
traction . 
In Fig . 4 the coefficient A1 is p lot­
ted together with the results of  our 
previous experiment ( 1 )  and the Desy 
results (4 ) . The cont inuous l ine i s  
the prediction of Devenish and Lyth 
dispersive model ( 8 ) . To evaluate 

2 GA(K ) we used the BNR (6 )  model, para-
metrizing: 

= 1 I (1  with n=l ,  2 ; 

the bes t  fit was done using the 
worl d ' s  coincidence data ( 1 , 2 , 3 , 4 )  and 
the results of this experiment . See 
Fig . 5 .  The fit favoured the dipole 
representation (n=2) and gave a mass  
parameter HA . 96 ± . 03 GeV . One can 
see from the curves (a) and (b) of 
Fig .  5 ,  that it is the point at I K2 1 
. 88 (GeV/c) 2 which allowed to discri-
minate between dipole and monopole . 
To further investigate the functional 

2 character of GA(K ) we used the pa-
rametrization 
G (K2) 
_A __ = 1 I ( 1+2c2 I K2 l +c4 I K2

l 2 ) GA (0) A B 

which reduces to the monopole for CB=O 
and to the dipole for CA=CB . Using 
the same data points and the BNR model 
we minimized the x2 with respect to 
CA and CB 

( see Fig. 6 ) . The minimum 
is  on the dipole l ine and there i s  

evidence of  dipole shape up t o  /2 ST. 
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DEV . A check on the finite pion mass  corrections was done and i t  was found to 
be 8% ,  13% , 20% at I K2 1 = . 45 ,  . 6 ,  . 88 (GeV/c) 2 respectively . 
Electroproduction looks�very sensitive tool to measure GA (K2 ) :  us ing BNR we 

obtained for the quantity 

1 . 0) 

2 a (K , MA 1 . 0) 

which is the relative variation of a for 100 MeV MA variation , the values 
24%, 29% , 37% at I K2 1 = . 45 ,  . 6 ,  . 88 (GeV/c) 2 respectively .  
For the reaction 
Barish et al ( 7 )  

2 v + D + P+Ps+µ , using a dipole representation for GA(K ) ,  
quoted MA = . 84 ± . 1 1 GeV from the differential cross sec-

tion and MA = . 98 ± . 13 GeV from the total cross section . This  result is 
pictorially shown in Fig. 7 together 
with the value obtained in electro-
production using the BNR model .  
I t  i s  evident that there i s  full 
agreement be tween the neutrino and the 
e lectroproduction measurements of 

2 GA (K ) . 
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M:JRE THAN FOUR QUARK FLAVORS 
AND VECTOR-LIKE MJDELS 

F .  BAYOT 
DPh-T . C . E . N .  Sac lay 

Abstract : This report gives a brief description of vector-like 
model s ,  i;,-'i th emphasis  - for experimentalis t ' s  sake - on the vec­
tor caracter at all energies of the weak neutral current in the­
se model s .  

Resume : Dans c e  rapport on decrit brievement les modeles dits 
"vectoriel s " ,  en ins i s tant sur le caract€.re vectoriel a toute 
energie du courant faible neutre dans ces modeles . 
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Many models with more than the usual four quark f lavors have by now 
appeared in the l i terature . In this report we wi l l  l imit ourselves to a 
description o f  vector-like models based on the weak gauge group SU (Z) x U ( I )  
o f  Weinberg and Salam( ! ) . These models  appear t o  b e  the must com pelling 
f rom a theoretical and esthetical point of view. Moreover ,  independently of 
t:he arrangement of additional quark s ,  they make some definite prediction 
about the nature of the weak current which can be tes ted at present energies . 

As an introduction we recall that in the standabd quark mode l ,  with 
flavors c ,  u ,  d and s ,  quarks are arranged , with respect to SU (2 ) x U ( I ) ,  in 
two left-handed doublets 

and a number of right-handed s ingl e t s .  Here 

and 

de d cos e + s sin 

S e -d s in e + s cos e ,  

where e is the Cabibbo angle . 
The leptons appear in the left-handed doublets 

L L 

and the right-handed s inglets eR and µR 

( I )  

(2 ) 

Left-handed here means that the coupl ings of the pairs (ve , e-) and (u , d
8
) , 

for example ,  to the intermediate vector boson are of V-A type .  
�here are  two features of the arrangements ( I ) and (2 ) which we would l ike 
to point out .  The f irst one is the existence of a lepton-hadron symmetry in 
the sense that four leptons have as a counterpa�t four quark flavor s .  The 
other one is the absence of the so-cal led triangular anomalies (2 ) . These ano­
mal i e s ,  which occur in f ield theories with vector and axial vector currents ,  
prevent renormal izat ion and therefore have t o  be e l iminated . In the above ca­
se these anomalies cancel because the sum of the charges of all leptons and 
quarks appearing in doublets is zero . (We always assume that each quark fla­
vor appears in three colors ) . The most  natural and elegant way to eliminate 
these anomalies is obviously to have no axial current at all . To obtain this 

result Within the present framework, one has to introduce additional quarks of 

charges 2/3  and - 1 / 3 ,  and to arrange all available quarks in right-handed 
and left-handed doublets , in such a way that each s ingle quark occurs in one 



right-handed and one left-handed doublet .  This is what h�ppens in vector­
l ike models , where above threshold for the production of any quark the theory 
becomes pure vector . Correspondingly, in the lep tonic s ector ,  which now is no 
longer l inked to the hadronic one in order for the anomalies to cancel 
together , the introduction of new heavy leptons and right-handed doublets i s  
required . 

Phenomenological ly , the four quark mode l ,  with the charmed quark , has 
been quite successful . The BNL event ( 3 ) , the d imuon events of the HPWF col la­
boration (4) , the µe  events observed at Gargamel le and FNAL (di scussed by 
M .Jaffre and D . Cundy at this Meeting) , are interpreted in terms of the pro­
duction and decay of charmed partic les . Moreover , the "charrnoniurn11 spectrosco­
py explains the recently found new particle states . There are nevertheless 
indications that one will have to go beyond the four quark model : the appa­
rent rich structure observed around 4 GeV/c in e lectron-positron annihilation, 
the value of 5 . 5  reached by R above 5 GeV/c in e+e- annihilation (whereas 
R = 3 1 / 3 in the four quark model and 4 1 / 3 if in addi tion a heavy lep ton con­
tributes to the hadronic s tate) , the rise with energy of the ratio of the to­
tal antineutrino and neutrino cross-sect ions in deep inelastic v (V) hadron 7 

µ- (µ+) X  scattering . (Preliminary result s  reported by C . Rubbia at this Meeting) . 

Among the many model s  with more than four quarks we will now describe 
the vector-l ike model s ,  which we have introduced above, and whose theoretical 
j us ti fication appears the most compelling . To build a vector-l ike model , one 
has to add at least one new lef t-handed doublet to the two s tandard doublets 
given in ( ! ) .  One then has for the left-handed doublets : 

(:J L ( : :) L ( 3 )  

where the only parameter retained i s  the Cabibbo angle . As  mentioned above, 
each of the quarks in ( 3) has to appear a lso in a right-handed doub l e t .  If 
one requires that ordinary 6S = 0 ,  I decays are pure V-A , one i s  left with 
es sentially two possibi l i t ies . These are 

(4) 

or 

( : ,) R 
( 5 )  
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The set (3)  + (4) (model I) i s  the model proposed by De Rujula , Georgi and 
Glashow(S ) , and ( 3 )  + (5 )  (model II) has been considered by many people (6) . 
There are constraints on a l l  these models imposed by the � - KS mas s  diffe­
rence ,  and by the relative sign of the I = 1 / 2 and I = 3/2 contribution in 
K + 2rr and K + 3rr decays ( ? ) . The effects of these cons traints are hard to 
evaluate and we will not di scuss them here (for a short review see ref . 8 ) . 
Models ( I )  or ( II) are the s implest  vector-l ike model s  one can consider , wi th 
six quark flavors and as sole parameter the Cabibbo angle . They wil l  serve 
to i l lus trate the general behavior of the weak charged hadronic current in 
vector-l ike models . Firs t ,  the is a series of thresholds associated with the 
energies necessary to create the heavy quarks . Above a l l  thresholds the theo­
ry is vector and thus , in this region, the differential cross-sections in 
inelastic neutrino-hadron and antineutrino-hadron scat tering become equal . In 
particular the ratio 

R 
- + - + o (vp+µ X) + o (vn+µ X) 

o (vp+µ-X) + o (vn+µ X) 

goes to 1 ,  and thi s  holds in any model . 

( 6) 

In model I it i s  as sumed that the u '  and d '  quark are much heavier 
than the charmed quark . Relative to the four quark model ( 3 ) , the new contri­
bution above charm thershold will come from the right-handed doublet ( � )

R
· 

This term acts on the valence quarks in neutrino scat tering only , thus 
des troying charge symmetry (as measured for instance by the Adler sum rule) 
between v and v scattering on an i soscalar target . Moreover while the (

d
e 

sin 
doublet contributes to the ine lastic differential v-hadron cross-section a 
term independent of the standard variable y ,  the right-handed ( � )

R 
contributes 

a ( l -y) 2 dependent term . This is a general feature , namely in a giv�n scat te-
ring process the y dependence of a right-handed doublet is (respectively 

( l -y) 2) if the y dependence of the corresponding left-handed doublet is 
( l -y) 2 (respectively 1 ) .  In the present case the ratio R ( 6) , above c thres­
hold(below u ' ,  d ' )  decreases to 1 /4 from the 1 / 3 of the valence quark contri­
butions below i t ,  while i t  wi l l  ultimately increase to 1 ,  as mentioned above . 

In model II ,  the c quark i s  not exci ted from the valence quarks (when 
8 = 0 ) , and therefore we assume that at present energies the u ' ,  d '  quarks 
are exci ted . As a pos s ib i l i ty ,  we consider the masses of the c, u ' ,  d '  quarks 
to be degenerate . Then one obtains a valence quark contribution in inelastic 
v and v scat tering from the right-handed doublets ( u�) 

R 
and ( � •) 

R 
respectively . 

While the average <y>--;; in v scattering below c ,  u ' ,  d '  is 1 /4 for the valence 



quark distribution at low energies , it remains at this value (above c and be­
low u ' , d ' )  in model I, but reaches the value of 7 / 1 6  in I I  (above u ' ,  d ' ) . 
However in II ,  above this same threshold ,  R reaches the value of 1 .  These and 
o ther results are summarized in the Table for the valence quark contributions 
(and 8 = 0) in deep inelastic v and v scattering . The numbers given here cor­
respond to phenomena wel l  above threshold , and it  c learly remains an impor­
tant question at what pace these numbers are approached . 

Tab le  

For  models I and I I ,  valence quark contributions ( f or  zero Cabibbo angle) in 
deep inelastic neutrino- and antineutrino- scattering on an isoscalar target . 
For differential and total cross-sections , only the y dependence is given . 
The average values of y and the ratio R are of course independent of the x 
distributions . 

Model I Model I I  

Quark doublet 

( �)L 
(above c threshold 
below u '  d ' )  

contributions 

(�t 
+ 

( :t (�\ 
+ 
( :.t 

or 
( :'t 

dov 
dov 1 1 + ( 1 -y) 2 1 + ( 1 -y) 2 dxdy � 

\) 4 4 CJ 1 - 3 3 
1 7 7 <y> v 2 16 16 

-
do" ( 1 -y) z ( 1 -y) 2 ( 1 -y) z + 1 
-
\) 1 1 4 CJ 3 3 3 

1 1 7 <y>v 4 4 T6 
o\J I I I R = 
OV 3 4 

Vector-like models with more than six quarks are of course pos s ib le .  
Actually , eight quarks are  required i f  one wants to  have complete lepton-ha­
dron symmetry , in the sense that in the leptonic vector also , the right-handed 
doublets contain the same leptons as the left-handed ones . One is then lead to a 
model wi th at least eight leptons , in order to avoid the occurrence of a 
right-handed , incompatible with the data . Right-handed 

partners of the v e and v µ nevertheless appear , but only in associat ion with 
some heavy charged lepton. By symmetry between leptons and hadrons , this 
cons ideration leads to eight quark f lavors in the hadronic vector . Here of 
course many combinations are possib le .  In some mode l s ,  moreover , of diffe­
rent type , one introduces massive Maj orana spinors in the l eptonic sector as 
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which leads to neutrinoless double µ decay s .  

It is c lear from the preceding description and discussion that a s  
far as the structure of the weak charged current is concerned , i t  wil l  not 
be easy to pinpoint its features , in particular its quark content , from the 
data, and even to establ ish the relevance of vector like models . Fortunately 
there is  one aspect of these models that can be put to exprimental test : in 
all of them the weak neutral hadronic current in pure vector , and so are the 
electron and muon couplings , and this holds at a l l  energies . A number of 
important consequences fol low : 

a) there are no parity violating effects in atomic physics in lowest order 
of G .  

b )  the differential cross-sections 

v + A + v + B 

v + A v + B 

where A, B are any hadronic state s ,  are equal .  

In particular 

( i )  in elastic Jµ (vµ ) e scattering the quantity gA 
son, in the Weinberg-Salam model gA - 1 / 2 . 

0 whereas , for compari-

( ii) in inelastic v (v) hadron 7 v (v ) X  scattering, the differential cross­
sections for v and v are equal (at all x and y) . 

The relevant couplings to the u and d quarks are given by the Lagran-
gian 

-"1 
neutral � v yµ ( l -y5 ) v  { u yµ [a ( l -y5) + S ( l +y5)] u 

+ <l yµ [y ( 1 -y5) + 0 ( 1 +y5)] d } 
In vector-l ike model s  one has 

" = s 1 /2 (4/3 sin2 ew - 1 ) 

y 1 /2 ( 1  - 2 /3 sin2 SW) 

( 7 )  

where SW is the Weinberg ang le .  Except for  a factor of a in the u quark cou­
pling and a facto' y in the d coup l ing, the expression is identical to the 



hadronic coupl ing in deep inelastic electron scattering , where the y depen­
dence is given by + ( 1 -y)

2 . 

Evident ly in the Weinberg-Salam model a I S and y I o ,  since there the 
weak neutral current has a V-A piece . 

Consider in particular the ratios 

R­v 

and similarly for Rv 

a (vp+vX + vn+vX) 
a (Vp+µ+X + Vn+µ+X) 

For vector-l ike models one has a l inear relationship between Rv and Rv' g iven 
by 

R v 
o (Vp+µ+X + Vn+µ+X) R­
o ( vp+µ X + vn+µ-X) v 

where, as ind icated above , I I dE¢v (E) I [ I+ ( 1 -y) 2] dy 
E0/E 

Here ¢v (E) describes the incoming neutrino spectrum and we have assumed 

that there is a lower bound E0 on the observed hadronic energy . We have 
also used a ratio equal to I for the mass of the neutral weak boson to the 
corresponding mass as given in the Weinberg-Salam model .  Comparison with 
experiment shows that this is reasonable (g ) . 

C learly, from the experimental point of view, it i s  the vector nature 

of the neutral current which provides the crucial tests for the relevance of 
vector-like models . The nature of the neutral current has been investigated 
both by the Gargamelle group (report by V . Brisson at this Meeting) and by 
the Caltech group (report by H . Bodeck at this Meeting) in inelastic v and v 
scattering . 

The resul ts reported by the Gargamelle group are such as to exclude 
a pure vector neutral current (four s tandard deviation effect) while the 
results of the Caltech group are best f itted by a �-A current with V admixtu­
re , as in the Weinberg-Salam model , without however excluding a pure V current 
(one standard deviation effect) . Further tests about the V and A components 
of the neutral current are required and will soon tell whether the elegance 
of the way of el iminat ing field theoretical triangular anomalies , used in 
vector-like model s ,  is supported by the physics of neutral currents . 
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Five-Quark Model with Flavour-Changing 
* 

Neutral Current and Dimuon Events 

J , E .  Kim and Kyungsik Kang 

Department of Phvsics 
Brown University 

Providence , R. I .  02912 , U . S . A.  

ABSTRACT 

The recent dimuon data seem to suggest either the necessity of  

flavour-changing hadronic neutral current or proliferation of quarks 

beyond charm or both . We show here how a five-quark model based on 

simple gauge group SU(2) x U (l) x U (l) ' can generate the flavour-chang-

ing , in particular the needed charm-changing , neutral current in a nat-

ural fashion . A substantial D0-D° mixing can be obtained to account 

fa"r the "wrong-sign" dimuons observed in v -induced reactions . Because 
µ 

of the role of the extra neutral boson in this model,  the flavour-chan�-

ing neutral current is decoupled from leptonic sectors , thus suppress-

ing the trimuon events as experiments indicate thus far . 
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1 .  Recent Developments 

The four-quark scheme1. of Glashow, Iliopoulous , and Maiani (GIM) 

2 coupled with the minimal gauge group SU (2) x U(l) h�s been quite sue-

cessful in leptonic and semileptonic phenomenology; it has the symmetry 

between leptons and hadrons , suppresses the strangeness-changing neutral 

current processes and can explain the narrow w-particles as bound states 

of the fourth charmed quark-antiquark pair (cc) . Despite its success , 

recent efforts suggest further proliferation of quarks beyond c and/or 

going beyond the minimal gauge group of Weinberg and Salam (WS) . Namely , 

A. The ratio R of cross sections for e+e- + hadrons and e+e- + µ+µ- is 

approximately constant about 5 at high energies3 , 

B .  The neutrino experiments4 

muons in abundance , i . e . , 

by HPWF collaboration have observed di­

o (µ -µ+) /a (µ-) =10-2 ,o  (µ+µ-) /a (µ-µ+) =  \) \) - \) '\) 
0 . 8±0 . 6 .  Furthermore , the wrong-sign dimuons have been observed 

both for v and v interactions , i . e . , a (µ -µ-) /a (µ-µ+) =10-l , µ µ '\) '\) 
while no trimuon events are seen yet .  

C .  Efforts5 to construct the anomaly-free vectorlike theory have to 

introduce at least two more quarks beyond c in order to be consis-

tent with the known experimental constraints . 

The point A has been the basis6 of speculating more quark s ,  

such a s  t and b ,  with the usual color tripling s o  that R becomes 

15/3.  In vectorlike theory with the minimal gauge group , these are 

assigned to a doublet along with the two doublets of GIM. From lep-

ton-hadron symmetry , such theory then requires one more charged 
' > ' 

heavy lepton plus a few neutrals .  However , we notice from the point 

B that the standard model ,  i . e . , the four-quark model of GIM based 

on the WS gauge group , may have to be modified either through pro-

liferation of heavy quarks or through enlargement of the gauge group 

or perhaps both . Namely, the standard model says ; 

(1) Since c is produced through the charged current from d-quark 

and because of rarity of sea partons in the nucleons , one gets 

a (�C=l) /o (�C=O) =sin2e =4% .  On the other hand , from experi-v '\) c 



ments,  the leptonic and semileptonic 6C=l cross section is 

about 1% , yhich puts a lower bound of the branching ratio , 

B>20% . This number for B is somewhat uncomfortably larger 

than the usual estimate based on the stadard model. 7 

(2)  Because of  no valence quark contribution , o_(6C=-l) in v-in­
" 

duced reactions is expected to be suppressed but the experi-

ments,  though the data is meager at the momen t ,  show that di-

muons are produced in v-reactions at a comparable rate as in 

v-reactions . Clearly , any modification of the standard model 

to enhance o" (6C=l) must also do the same for o_(6C=-l) . 
" 

(3) The standard model can give at the most 0 . 1% instead of 10% 

for o (µ -µ-) /o (µ-µ+) .  Thus one is needed to have a subs tan-" " 
tial n° (cU" ) -D° (eu ) mixing8 analogous to K0 -K° mixing and this 

can be done through proliferation of more heavy quarks or the 

charm-changing neutral current .  However , a model with charm-

changing neutral current based on the gauge group SU(2) x U (1) 

is expected to give trilepton events through Zµ decay into a 

µ
+

µ- pair , though it is possible to make the charm-changing 

neutral current small while maintaining the maximal n°-il° mixing . 

(4) If  the associated production of charmed hadron and its antipar-

ticle pairs in 6C=O charged current reactions is the source of 
the wrong-sign dimuons , one should occasionally see trimuon 

events at a comparable rate . 

Thus we may say that if the present data on the dimuon events is 

born out by further experiment s ,  one has to modify the standard 

model by going beyond the minimal gauge group SU ( 2) x U (l) and per-

haps wi th more heavy quarks . We note in addition that no flavour-

changing neutral current exists in a scheme where all of the left-

handed (or right-handed) quarks are assigned to the equal dimension-

al representation of the weak SU(2) group as in the vectorlike models .  

2 .  SU (2)  x U (l) x U(l)  I Gauge Group 

The standard model is known to account for only about 25% of the 
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1 needed �I = 2 enhancement in nonlep tonic weak decays.  To salvage this , 

an additional charm-changing right-handed charged current Cyµ (l-y5) d  

has been suggested . 9 But this current makes the !).
-KS mass difference 

too big when evaluated by keeping the vacuum intermediate state . 8 

Though it may be still possible to give desirably small mass difference 

as the CP odd states contribute negatively, 10 this right-handed current 

does not agree with the requirement of PCAC and current algebra for 

K + 2w and 3w decays, which is supported by experiments . 11 We have or­

iginally proposed12 the gauge group SU (2) x U(l) x U(l) ' with the GIM 

1 quarks to explain the �I = 2 rule and suppression of �S=2 transition 

simultaneously. As we have discussed in Ref . 12 the extra gauge group 

U (l) ' may be a subgroup of SU( 3) color x • or manifestation of 

octet gluons in a picture where the strong interactions are exactly 

gauge invariant under 

In this group , a 

color-tripling of quarks , and octet 

triplet gauge field An (n= l , 2 , 3) and µ 

color gluons etc.  

two sinp;lets 

Bµ and Cµ are coupled to the weak isospin , hypercharge and charm groups 
+ 

i, Y and C respectively . In addition there are a scalar doublet c<I> o) and 
<I> 

a neutral singlet <!>' to give rise the spontaneous symmetry breaking . 

Since the charge assignment in a multiplet is dictated by Q=I3+(Y+C) / 2 ,  

one has freedom t o  choose Y or C and fix the other from this relation, 

thus introducing one more parameter for every multiplet than in SU(2) x 

U(l) . However this freedom can he severely restricted by requiring that 

the additional neutral vector boson Xµ ' which is obtained along with the 

usual Zµ and the photon field A
µ 

through the three orthogonal combina­

tions of A� , Bµ and Cµ , does not couple to leptons . In this way , the 

successful aspect of the standard model concerning the leptonic and 

semileptonic phenomenology is kept intact .  To have the correct EM  in-

teractions of electrons , the three coupling constants in the model are 

related by gsin8 = g ' cose sine = g"cos8wcosc  and e -2 g-2+g ' -2+ -e = 
w w 

g"-2 The masses of the gauge bosons are M2 g2/4/foF , M = M sece w' w z w 

MA = 0 and � = Gv' / 2  where v '  IZ<q, ' >o and G = ( g ' 2+p:
"2 ) � Note that 

� is independent from Mw or }'z . 



3 .  Flavour-Changing Neutral Currents With Five Quarks 

The experimental constraints elaborated in Section l can easily be sat­

isfied13 by the tricolored five quarks u, d ,  s, c ,  and f with the gauge 

group SU (Z) x U(l) x U (1) ' where f is thle heav:lest quark with charge 2/3  

carrying fancy quantum number . If we arrange the gauge parameters so 

that X
µ 

couples to hadronic charm-changing neutral current only , the 

observed dimuon parameters and absence of trimuons can be explained 

naturally in this model . Namely , focusing on the D0 ( c�) formation in 

v -induced reactions ,  the right-sign dimuons are produced through its µ 
- + semileptonic decay to K µ vµ and the wrong-sign dimuons through switch-

ing to n°(cu) and its subsequent decay to K+µ-vµ Since X does not µ 

couple to leptons,  no trimuons are expected in this model . 

In this five quark scheme , we must have t1'IO lef t-handed doublets to 

suppress the strageness-changing neutral current and therefore a left-

handed singlet is left , which is responsible for charm-changing or 

fancy-changing neutral current .  We take them as 

L
l (u ' ) d L 

L
2 

where 

C') Cose -sine cosa :: . = si�e: c 
cose cosa c 

-sina 

(c ' ) f '  s L L 

-sinecsina ) C) cose sina c c 
cos a f 

(1) 

(2) 

The 3 x 3 orthogonal transformation (2)  warrants not only the correct 

Cabibbo charged current bu t also the decoupling (coupling) of the flavour-

changing current from ( to) Z µ
( Xµ) .  The neutral interaction is given by 

(3) 

where Vern and JZ for a=O have exactly the same structure as in the stan-
µ µ 

<lard model and JX contains charm or fancy changing neutral currents , 
µ 

x - - - -J
µ 

- -isin2 ec{ cosa(uLyµ
cL+cLYµuL)+sina (uLyµfL+fLyµ

uL) }  (4) 

of which the first term i s  responsible for the o0-D° mixing discussed above . 
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Final ly we mention that a vectorlike model can be constructed in 

• 
thi s five quark scheme by considering (1)  and 

() s R 
(5 )  

From lenton-hadron symmetry , one heavy charged lepton is needed ; 

\) \) N 
( �) ( �) ( �) (6)  
e L µ L µ R 

Here , N11 is the Majorana spinor composed of right-handed muon neutrino 

and its antiparticle . Note that in this model the neutral currents are 

not of pure V-type due to the presence of singlets .  The ratio RC of 

cross sections of v +N + µ+ 
µ 

· · and v +N + µ++ • • • is ! above the 
µ 4 

fancy threshold . It is interesting to observe that the heavy lepton L 

should decay right-handedly ,  which leads to speculation that the recently 

discovered 1: particle14 is a possihle candidate . 15 
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NEUTRAL CURRENTS 

IN GARGAMELLE 

Violette BRISSON 
Ecole Polytechnique , Palai seau , France 

Abstract : We present here all the new results on neutral currents 
which have appeared since about a year in the Gargarnelle experiment . 
Three channels  have been investigated : purely leptonic reactions , 
and in hadronic reactions , inclusive and one pion channels . 

Resume : lei sont presentes taus les reswltats nouveaux sur les 
courants neutres qui ont ete extraits de l ' experience Gargamelle 
depuis environ un an . Les courants neutres ant ere recherches de 
trois manieres differentes : dans les reactions purement leptoniques , 
et en ce qui concerne les hadroniques , clans les reactions inclusives 
et clans les canaux a un pion . 
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In this report , I wil l  concentrate on what new results have been 
obtained in the different channel s  in which we have 1ooked for neutral cur­
rents since about a year . 

The chamber used was Gargamelle fil led with heavy freon CF3Br . 
The energy spectrum of the neutrino and antineutrino beams is peaked 
around 2 GeV . 

Three different ways of investigating neutral currents have been 
chosen, and wil l  be successively described : 

- Purely leptonic neutral currents 
- Hadronic neutral currents : 

one pion channels 
inclusive reactions 

I. PURELY LEPTONIC NEUTRAL CURRENTS 

The re�ction 
V + e µ v + e µ 

has been studied in 1 . 400 .000 pictures taken partly with booster , correspon­
ding to a total number of 4 . 7  1 0 1 8  protons on the target . The useful volume 
in Gargamelle was 6 . 3  m3 • 

e , 
The analysis is now comp letely finished . Events looked for were 

e+ and e± candidate s ,  and isolated e+e- pairs ,  in the following cuts 
0 . 3  < Ee < 2 GeV , and 8 (e ,£eam)+

< 5 ° . 
We have found 3e , 6e e pair s ,  and one event ambiguous e- /e+e-

pair . 

A. BacRg�ound 
1 .  Isolated y ' s without wisible e+ 

The probability for a y to appear l ike an e has been found to be 
(3 . 4  ± . 7 ) % .  The 6 pairs inside the cuts and the e-/y ambiguous event lead 
to a background of 7 x . 034 = . 24 ± . J I  event . 

Remark : The number o f  pairs is consis tent with expectation from lrr0 NC 
with only ly detected . 



2 .  Ve�
+ n + e + p with an e inside the cuts and a proton not 

seen, 

The estimation comes from the reaction vµ + n + µ + p with 

8µ < 5°  and a proton not seen, which has been determined experimentally as 
( 1 . 4  ± . 5) %  of vµ + n + µ + mp .  Aniong those events , only 1 out of 15 satisfy 

the Ee < 2 GeV cut . The total number of Ve + n + e + mp events i s  70 ,  

leading to  a background of 0 .07  ± 0 ,04 event . 

These reactions occur through both CC and NC : the cross section 

for charged currents ,  computed in supposing V-A coupling lead to a background 
of 0 . 03 ± 0 . 02 ev. for V and 0 .08 ± 0 .06 ev . for V , e e 

The total background i s  , 4 2  event . The probability that the three 

events are due to background is 1 % .  

Events can be lost for three reasons : 

1 .  Scanning losses : the scan efficiency has been measured to 

be 92% . 

2 .  Identification amb iguities 

The probability that an e looks l ike a y has been determined 

experimentally and varies from 8% to 20% inside the cuts .  

The impossibility to  determine the charge of electrons varies 

from 5% to 1 3% inside the cuts . The corrections for these losses  depend on 

the electron energy spectrum and are model dependent .  

3 .  Kinematical losses due to the cuts depend on the model . 

For Weinberg model , the overall efficiency is about 50% , 

whatever the value of sin2e . w 

The observed cross section uncorrected for losses depending on 

the model i s  
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The 90% C . L .  l imits are : 

. 0 1  l o-4 1 Ev < oobs < . 1 2  l o-4 1 Ev cm2/e 

Our data can be compared to theoretical predictions , after correc­

tion for signal losses . Assuming that the neutral leptonic current is  a 

l inear combination of V and A, 

the differential cross section can be expressed as 

do 

dy TT 

2 
c Gv : Gi 

( 1  - 2 
( Gv - GA 

)2] 
y) + ---

2 
, with y E -/E-e \! 

Integration over the electron energy ( taking account of identification 

probability) and on the \!µ spectrum, and correction for scan efficiency 

lead to a predicted number o-m
f events n = f (GV , GA) ,  We can compute a l ikeli-

m3e hood function (GV ,GA) = ��- where m = n + background . The most probable 
6 

countour and the 90% confidence area are shown in fig ,  I .  

v e -+ v e µ µ 

Fig.  

The shaded area i s  the zone 

for GA and GV allowed by both results 

from \! and v ( I ) 
In the frame of Weinberg 

model ,  the only parameter is 6w ' such 

as 

I . 2 6 - 2 + 2 sin W 
1 
2 

A one parameter l ikelihood function 
. 26 4 . 9 % f '  leads to sin W < . , with O o  con i-

dence.  Combining this result with our 

previous results on \!µe + \!µe we get 

. 26 4 0 . 1  < sin W < 0 ,  

Remark . - A new run o f  250 . 000 p ictures i n  a �µ beam has allowed the obser­

vation of one candidate for the reaction \!µe + \!µe , The analysis is 
being performed . 



1 1 ,  ONE ?ION NEUTRAL CURRENTS 

All the details  about the determination of the ratios 

a(v (v ) + N + v (v ) + N' + TI0)  µ µ µ µ 
� (v) 

have been published in 1 975 ( 2 ) , Here only the results are recalled 

to introduce the study on isospin properties of neutral current which 

has been performed recently . The analysis has been done on 1 20 . 000 V 

pictures and 1 20 . 000 V pictures (partly with booster) .  NC candidates 

were defined as events with 1 or 2y ' s  and protons , or 2y ' s  without 

protons . Because most of the events were not very energetic , no hadronic 

energy cut could be made, which lead to difficulties for evaluating 

the background : it is probable that we have a contamination from low 

energy neutrons coming from beams . Two evaluations of the background have 

been given 

- �-�igi���-£�£�gE��g� has been -computed , which accounts 

only for neutrino induced neutrons . 

- �-���i���-£�£�gE��g� has been estimated from the very 
pessimistic assumption that all NC candidates wi th a s ingle TI (+ protons 

eventually) are due to neutron interactions . 

The final numbers are given in Table 1 .  

cc NC 
TIO TI 0events 

- TI0 /TI 
-

events TI events Max BG Min BG 
v 338±27 1 4 6± 1 3  60 2 . 4± . 5  60± 1 9  22 ±8 

-v 1 99± 1 5  1 76± 1 4  42  4 . 2± . 7  42± 1 1  9 ± 4 

AS 39 
(28 in V ,  40 . 97± . 23 
1 1  in v) 
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with maximum background , we get 

R�ax 
= . 1 8 ± . 02 

with minimum background 

Rmin = . 1 3 ± . 03 \) 

with 68% probability 0 . 1 0  < R < 0 . 20 \) 

0 . 26 < RV < 0 , 44 

R�ax 
\) . 40 ± . 04 

R�in 
\) . 3 2  :!; ,06 

A tentative interpretation has been made in the frame of Weinberg­

Salam model . We need a model for estimating the effects of nuclear rescat­
tering . An early attempt was made by Albright et a l (3 ) ,  who give a lower 

bound for R\J , related to the cross settion for the reaction e N + e-TI0N' , 
and to the ratio of charged pions over neutral pions in the charged current s ,  

which has been measured in  our experiment as 2 , 06 ± . 1 3 .  Another prediction 
has been made by Adler (4 ) ,  who has evaluated the nuclear corrections for an 

Al target (for CF3Br , corrections differ by about 5%) . Both predictions are 
. . . . 2 shown in fig . 2  as a function of sin SW. 

R 

. !  

. 2 From Albright et al , we get sin SW > 0 .07 
. 2s 35 From Adler , we get sin W > O.  

Fig .  2 



The preceding results have been used to try to get informations 

about the i sospin properties of neutral current , i . e .  to determine whether 

the reaction 

v (v) + N + v (v)+ IT + N ' 

occurs via a ill 0 or ill transition. 

l .  Hypothesis : only ill = 0 is present 

The relative rates of the possible reactions are 

for v(v) + p v (v) + p + ITO rate 1 /3 

for v (v) + V (V) 
+ 

2/3 + p + n + IT rate 

for v (v) + n V (V) + p + IT rate 2/3  

for v (\!) + n v (v) + n + ITO rate l /� 3 
and the different pions are created with the relative frequencies 

IT
+
/IT0/IT- = 1 / 1 / l ,  for an isoscalar target ,  

The final s tates are perturbated by reinteractions inside the 

nucleus . The pos sible reactions are : 

(a) 

(b) IT0n 

+ 
+ IT n 

+ IT  p 

(c )  

(d )  

TT+n -+ TI0p 

TT p -+ TI0n 

Because they are reverse reactions , we have : 

(a) (c) and (b) = (d) . From charge symmetry , we get (a) = (b) and 

(c) (d) . So , after reinteractions , for a I =  1 / 2 final state , we still 

have : 

An experimental determination of theses frequencies can al low to 

check this prediction. We have seen that in the preceding analysis we have 

determined the raw ratio IT0/IT-.  To compare to the prediction, we have to 

correct the ratio for the different detection efficiencies , and to correct 

slightly the prediction to take into account some second order effects , 

essentially due to the fact that the target is not isoscalar , which 

reduces the prediction for IT0/IT- ratio to . 9 .  
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The detection efficiencies for events with TI0 and events 
with TI have been determined experimentally, as 86 ± 7% for TI0 ' s  
and 49 ± 6% for TI-

' s ,  The results are given in table 2 

-TIO  TI 

NC eff , Background NC eff . Background TI0 /TI ( no 
min min background) 

\) 1 42 86±7% 22 60 49±6% 22 I , 4  ± . 2 

-
\) 1 52 " 9 42 " 9 2 , I ± . 4  

Without taking account of the background, the two values gotten for 

TI0/TI- ratio are not compatible with I ,  at least for v, If we substract 

the minimum background , the ratios increase ,  s ince the relative back­

ground is larger in TI- events ; in that case the values are 1 . 9 ± . 3 5  

for \! and 2 . 5  ± . 6  for  v .  And if we  do  the crazy assumption that the 

background is maximum for rr0 and minimum for TT , which gives the lower 

limit obtainable for TI0/TI- ratio , we get 1 . 25 ± . 4  for \! and 1 . 95 ± . 5  
for V. 

We can conclude that the experimental results are incompatible 

with the predicted value of . 9 ,  and that a pure 6I = 0 transition is 
ruled out . 

2 . Hypothesis both M 0 and 6I transitions are 

In that case�f A1 is the amplitude for 6I = 0 and A3 the 

amplitude for 61 I ,  it i s  easy to compute that : 

TIO events 2 + ( I A I I I I A3 [ ) 
2 

R 
< [ A1 [ / [ A3 [ ) 2 + 

I + 2 TI events + TT events 

For a pure M 0 transition, A3 0 and R 1 /2 
For a pure M transition, A l 0 and R 2 



A measurement of the ratio R l eads to the determination of the propor­

tions of AI = 0 and AI = l amplitudes ,  In spite of some experimental 

problems (ambiguity in the identification of the posttively charged 

track s ,  and reinteractions in the nucleus) there is some hope to get 

a result in a near future , 

III . INCLUSIVE NEUTRAL CURRENTS 

During this last year , the statistics for inclusive channels 

has been multiplied by 3 in v, and attempts have been made for interpre­

ting the results in the frame of some theoretical model s .  What we 

measure essentially is the ratio 

v (v) + N + v (v) + (identified hadrons ,at least one TI)  EH > I GeV 

V (V) + N + µ- (µ+) + (identified hadrons, at least one TI) EH > I GeV 

We do not measure absolute values of cross  sections for neutral currents . 
In principle ,  this should be feasible ,  but we should have to correct for 

different efficiencies , not always well known , and which disappear when 

we measure only ratio s .  The final numbers appear in table 3 : 

Neutron False CC v contami- Corrected #= pictures rough #= BG nation 

NC 1 83 20 1 63 
v 1 50 K 

cc 783 27  756  

NC 1 72 1 4  I O  1 48 -v 325 K 
cc 292  25 267 
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The ratios obtained from the se numbers are 1\:bs 
� 1 2 2  ± , 03 and �bs � , 55 ± , 07 , Thev still have to be corrected for the identification 

ambiguities in positive interacting tracks , Up to this point every 

interacting track has been taken as a TI -in fact the probability for 

being a TI+ or a proton varies with the energy , This correction has the 

effect of removing events both in NC and CC samples , either because 

the hadronic energy becomes less than I GeV , or because the event has 

no more pions and do not answer anymore the selection criteria .  The 

study is being made now and we have only preliminary results , which wil l  

b e  used for comparison with theory , but may still  change . 

These results are : 

R�bs . 2 7  ± . 04 

caution 12reliminary results 

R'.:bs 
. so ± . 08 \) 

�!!_g����E�-i�Ei���-E�E!g�E-EE£�_!g���-E�!i£�-�E�_£f_�£�E��-�1�£ 

EE�!i�ig�E:t ·  

Compa!UJ.ion w,i,th �heo�u 

The main feature of our observed ratios is the I GeV hadronic 

energy cut , large compared to the mean energy of the beam (about 2 GeV) ; 
important corrections are expected when comparing to theory , especially 

f o r  v .  

Starting with theoretically predicted y distributions 

(y EH/E\J) ,  we have to compute ratios 

fr/! (E) [ { I 
doNC (E ,y) /dy }y min 

J r/! (E) [� l
min 

dace (E ,y ) /dy 

dy ] dE 

dy J dE 



where � (E) is the beam energy spectrum , 

daNC (E ,y) /dy 

dacc (E ,y)dy 

theoretically predicted y d istribution for NC 

same for CC 

E 

In all  what follows , we will make the following general assumptions 

dy 

scaling is val id 

- charged currents are V - A 

- neutral currents are a mixing of only V and A 

- we have point like spin 1 / 2 quarks 

We have to define parameters for charged and neutral currents 

1 .  Parameters for CC -----------------

The y-distribution can be written as 

'IT 

d cc a\i 

dy 'IT 

where a 1 i s  related to the contribution of quarks and a2 is related to the 

contribution of antiquarks . a 1 and a2 are obtained from measured s lopes of 
a ' s : 

a�c G2M E (a l 
+ a2 /) ( . 76 ± . 08 )E  l o-38cm 2 

'IT 

a�c G2M E (a l /3 + a2) ( . 28 . 03 ) E  l o-38cm 2 ± 'IT 

We get 
0 . 04 

a l . 48 ± . 05 a2 . 02 ± 
0 . 02 

E = a2/a 1 can be evaluated more accurately from r CCI cc av a\) 

E . 053 ± , 023 

. 38 ± ,02 
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2 , I���!�E�-E�E-�£ 

If only V and A are present 

dcr�c G2M E 
['\ + '\( I - y) 2] 

d NC G2M E 
['\( !  - y)2 + '\ ] 

crv 
dy 11 dy 11 

If there is no qq sea , '\ is related to the V-A contribution and 

AR to the V + A contribution. In fact , we have seen that E is not zero , and 
the qq sea contributes . 

Robs 

{� 

We have 

The ratios of neutral to charged currents can be 

fE <j> (E ) 

fE <j> (E) 

[
f l AL 

dE ( 
;r: min tR 

+ t
R 

( I  - y) 2 ) dy] AL 

dE [� l

min 
a l <{� + { � ( I  - y) 2 ) dy] 

. 27 ± . 04 ( . 99 '\ + 1 5 '\) / a 1 

. so ± . 08 ( , 7 1  '\ + 5 . 42 '\) /  a 1 

written 

which gives '\ = . 03 ± , O J  . 1 3 ± .02 

obs The determination of '\f'\ and E allows to correct Rv ,v 
for the I GeV cut , !g2�E�g2�g!!Y-�f-�gy_�-�g2-�-�!�!gg_��2�! · 

We get : 

as 

J .05 x R�
bs . 28 ± . 04 �arr 

v 7 6  nobs 
• x "v .38  ± .06 

All  models  which predict pure V or pure A neutral currents 
lead to '\ '\ and crNC (v) = crNC (v) , With crcc <v) /crcc <v) = . 3 8 ,  Rv mus t  be 

2 . 6  RV . 



We get 

. 1 0 ± , 022 . 32 ± ,08 

which is  about 4 standard deviations from the prediction ,  and we can deduce 

that our results are incompatible with these models . 

. f . 28 AR and � can be expressed as functions o sin W ' 

If there is no sea 

. 4 sin 8w 

To include the contribution of qq sea required by the value E = 0 . 053± ,023 , 

we have used the assumption (Ref . 5 )  that all  quarks of the sea contribute 
. f . f . 28 d by the same structure function. AR and '\, become unctions o sin W an s ,  

and their variations are shown i n  fig , 3 ,  which shows also our experimental 

point . The value found for sin2 8W is  

. 28 8 s in W = . 2  ± .05 

(taking In fig . 4 are shown the variations of Robs and 
2v into account the I GeV cut) as a function of sin 8W. 

. 2 

. I 

1 . 28 . The two va ues found for sin W are in very good agreement . 

Pure V + A 

. ]  . 2 

Fig , 3 

v 

A 

Pure V - A 

. 3  
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In fig , 5 ,  the values of RV and Rv , for given values of s in28W ' 

are presented : curve (a) represents the theoretical variation corrected 

for the I GeV cut , and the corresponding experimental points are Robs and 
obs v 

RV . Curve (b) represents the theoretical variation without the I GeV cut ,  

the corresponding experimental points being corrected for this cut (Rcorr 
v 

and R�orr) .  For comparison with other experiments , this last curve (b) has v 
to be used . 

] .  

. 8  

. 6  

. 4  

. 2 

0 . 2  . 4  

Fig .  4 

R­V 

1 .  

. 8  

. 6 

. 4  

. 2  

. 28 0 Slil W 

0 

• 2 . 4 . 6 

Fig . 5  

As a conclusion, I like to remark that i n  the three different 

studies of neutral currents ,  the results are in good agreement with the 
. 

. . 
28 b d 4 Weinberg-Salam model ,  with a value of s in W etween . 3  an . .  
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EXPERIMENTAL STUD IES OF NEUTRAL CURRENTS 
WITH T HE FERMILAB NARROW BAND NEUTRINO BEAM 

ARIE BODEK 

Cal ifornia Institute of Technology , 
Pasadena , Cal i fornia 9 1 1 2 5  (USA) 

Abstract : The structure of the neutral current coupl ing 
was inve s tigated u s ing the Fermilab narrow band neutrino 
beam . The final state hadron energy di str ibut ions of 
neutral c urrent events were measured with inc ident 
neutrino and antiheut r i no beams . The best f it to the 
shapes and relat ive normal i z at ions of the neutrino and 
ant ineutrino d i str ibutions y i elds both negat ive and 
po s i t ive hel icity contribut ions . The results are in 
agreement with gauge theory model s .  

Re sume : Nous etudions la structure du couplage du 
c ourant neutre a l ' a ide du fai sc eau neutrino a bande 
etro it e  de Fermi lab . Nou s  mesurons l e s  d i st r ibutions en 
energi e  hadronique de l ' etat f inal pour les evenements 
a courant neutre , avec l e s  faisc eaux neutr ino et 
ant i neutrino . Le fit des donnees neutrino et antineutrino , 
formes et norma l i sation s ,  donne l e s  deux contributions 
d ' he l i c it e  negative et p o s i t ive . L e s  resultats sont en 
accord avec les model e s  de theorie de j auge . 
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Neutrino events without a visible muon in the f inal state 

were fir st qbserved in the CERN-GARGAMELLE bubble chamber 
experiment 1 • The incident neutrino beam u sed in that experiment 
was a low energy ( E,, � l  to 5 GeV) wide band beam . Subsequently 
such events were observed by other groups 2 and by the Caltech­
Fermilab neutrino experiment3 . The experiment used a narrow 
band high energy neutrino beam4 (Ey� s o GeV ) . The known peaked 
energy spectrum of the incident narrow band beam was used to 
establ ish experimentally that there was mi s sing energy in the 
muonle s s  event s .  This mis sing energy was carried out of the 
steel apparatus without interaction thus indicating that there 
was a neutrino like obj ect in the final s�ate . The present 
favored explanation for those events is that they proceed via 
a neutral current (NC )  interaction of the type 

v (� ) + N - v (Y) + hadrons ( 1 )  
which occurs i n  addition to the charged current (CC ) interaction 

Y (Y) + N � �- (�+ ) + Hadrons ( 2 ) 

The neutral current reaction is expected to be mediated by 
a heavy neutral boson ( Z o ) in analogy to the charged W bo sons 
mediating the charged current reaction .  

The kinematic definitions i n  the C C  and NC reactions are 
almost the same except that the final state lepton i s  different . 
The exchanged boson carries 4 -momentum q . The energy transfer 
to the nuc leon in the laboratory i s  q0 =Y = Eh . The usual 
Bjerken scaling variable i s  x = q2/ 2Mv where M is the nucleon 
mas s .  The quantity y = Eh/E� i s  the inelastic ity where E� i s  
the incident neutrino energy . 

The narrow band beam which is sign selected ( neutrinos....£E_ 
antineutrino s )  and has a peaked and well understood neutrino 
energy spectrum is almost es sential for the investigation o f  
neutral current phenomena a s  the f inal state lepton i s  not 
observed . In this kind of beam the measured Eh distributions 
are directly related to the y distributions of the events . Al so , 
neutrino and antineutrino cro s s  sections can be measured 
separately . The narrow band beam was produced as fol lows . 
Secondaries produced near 0 mrad by 3 0 0  GeV protons were charge 
and momentum selected and focused into a parallel beam of 1 7 0  
GeV central momentum . The momentum spread o f  the beam was + 1 8 %  

( HWHM) . The secondary beam was directed down a 3 4 5  m evacuated 



decay pipe in which pion and kaon two body deca¥.
s (f '11 ) produced 

a neutrino spectrum in the forward direction that contained two 
band s .  The high-:-energy band was c entered about l S O  GeV (the se 
neutrino s originated from kaon decays ) ,  and the low energy band 
was centered about SO GeV (these neutrino s resulted ,from pion 
decays ) . 

The Caltech-Fermilab neutrino target detector is located 
downstream of the decay pipe behind S O O  meters of dirt and 
steel shielding . The target-detector cons ists of 1 4 3  tons o f  
steel i n  the form o f  seventy slabs , each I . Sm xl . Sm i n  area and 

1 0  cm in thickness . Seventy scintillation counters (one after 
every 10 cm of steel ) are u sed to s ignal the pa s sage of charged 
partic les and to measure the hadron energy u s ing calorimetry 
techniques .  The hadron energy resolutions is + 3 3 %  ( rm s )  at 
1 0  GeV and � 9 %  at I S O  GeV ( it varies l ike l�l/� ) .  Thirty 
f ive magnetorestrictive readout wire spark chambers (one every 
20 cm of steel ) monitor the final state muon traj ectory in the 
detector . A I . Sm diameter solid steel toroidal magnet i s  
located immediately downstream o f  the target-detector . It i s  i n  
turn fol lowed b y  a large array of spark chambers and several 
trigger counter s .  For muons traversing the magne t ,  the charges 
and momenta are determined from the direction and magnitude o f  
the bend i n  the magne t .  The muon energy i s  determined t o  � 2 0 %  

( rms ) by adding the dE/dX energy l o s s  i n  the target to the 
energy measured by the deflection in the magnet . The apparatus 
is triggered by either a muon traver s ing the magnet or by a 
significant energy deposition in the target ( Eh� 12 GeV ) . The 
efficiency for triggering on hadron energy as a function of Eh 
is shown in figure 1 .  It was determined by i nvlt igating charged " 
current events which had a l so been triggered on by a muon 
traversing the magnet . 

For charged current events the incident energy of the 
interacting neutrino is determined by summing the measured 
muon and hadron energies .  The measured energy distributions for 
charged current events where the muon traversed the magnet are 
shown in figure 2 .  The characteristic two band structure of 
the dichromatic beam ( broadened by the experimental resolutio� 
i s  clearly evident . For antineu trinos there i s  essential ly only 
one band because the kaon neutrino peak i s  very low . This is 

due to the low cross section for the production of negative K ' s .  
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apparatus versus the 
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Charged current events are characterized by the pre sense of a 

very penetrating particle in the final state . The muon either 
traverses the magnet or exits the apparatus out the side . 
Neutral current events are characterized by low penetration 
particles with a penetrati?n of about 1 meter of steel . An 
example of a neutral current event c andidate is shown in figure 
3 .  

Neutral Current Interact ion 
I 11 + N _. t1  + hadrons I 

NEUTRAL CURRENT 

EVENT 

ENERGY DEPOSITED SCINTILLATION 
IN CALORIMETER COUNTERS 

STEEL TARGET (5' x 5' area, 50' long) 

MAGNET 

If .Hadron eriergy 1 8 4  GeV I] 

F igure 3 :  A neutral current 
event candidate in the 
Caltech-Fermilab apparatu s . 
A neutrino enters from the 
left , interacts wel l  within 
the steel target . There i s  
n o  indication o f  a muon i n  
the f inal state , and there 
is 1 8 . 4  GeV of hadron 
energy depo s ition . 

The neutral current event sample is taken to be all events 
where the longitudinal penetration of the longest track particle 
(as determined by the last sc intillation counter f ir ing ) i s  l e s s  

than 1 . 5  meters o f  steel . Charged current events a r e  taken to 
be events with penetrations greater than 1 . 5  m of steel . The 
final state hadron energy distributions are accumulated for both 
types of events . Subsequently , various corrections are made and 
hadron energy di stributions from various background sourc e s  
a r e  subtracted from the accumulated di stributions . 

An important subtraction i s  that o f  the wide band contribut.-
-io n . The narrow band beam contains a sma l l  wide band component 

that originates from decays occuring before the f inal s ig n  and 
momentum selection . Since the wide band component contains low 
energy neutrinos ,  a larger fraction of the wide band charged 
current interactions tend to mimic low Penetration NC events 
as the final state muon s  are at lower energy and larger angles . 

Al so , the wide band component contains both neutrino s  and ant i-

neutrino s .  Therefore , neutral current events induced by this 
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component must be subtracted if neutrino and antineutrino NC 

cro s s -sections are to be separately measured . Thi.s wide band 

contribution is measured by running with the momentum slit 

at the entrance of the decay pipe c lo s ed , and thus e l iminating 

the normal high energy narrow band beam . 

There are al so some small corrections of opposing signs 

that tend to cancell each other . These includ e : (1 ) co smic ray 

events measured in a separate off-b eam cosmic ray gate . The 

number of cosmic ray events was small because o f  the fast spill 

(2 msec ) accelerator beam extraction mode that was u sed . ( 2 )  

electron neutrino contamination i n  the beam. It w a s  calculated 

from the known decay modes containing electron 

neutrinos in the final state . ( 3 ) long penetration hadron shower 

events , vertex ineffic iency and back scattering hadrons . The 

sum total of these corrections was 1 . 9 %  of the final neutrino 

NC s ignal and 9 . 6 % of the f inal antineutrino NC signal . 

The last remaining background comes from regular high 

energy charged current events with a muon at such a large angle 

or of low energy that it traverses less that 1 . 5  meters of steel 

before it exits the target or ranges out . These events mimic 

the low penetration NC events .  The background was calculated 

by fitting the observed d istr ibution of identi fied long penetra­

tion charged current event s and extrapolating to get the number 

and energy d i stribution of events with a muon of large angle 

and/or low energy in the final state . As will be di scussed 

below three radically d i f ferent models were u sed to f it the 

charged current data and all yield similar results . The final 

corrected hadron energy d i stributions for CC and NC events for 

the neutrino and antineutrino running are shown in figure 4 .  
We now digress to discuss the models that were u sed to f it 

the charged current dat a .  There are basically two quantities to 

be extracted from the charged current data for use in the NC 

analysi s .  The first i s  1 the ratio o f  short penetration CC 

events (mimicing NC events ) to that of identi fied long penetra­

tion CC events . The second is the ratio of the total neutrino 

flux run during the neutrino running to that of the antineutri­

no flux run during the antineutrino running . The charged current 

events must be used as a monitor of the flux because the normal 

flux monitors which monitor the hadron beam in the decay pipe 

could not handle the high rate of fast spill extraction . Fast 
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spill i s  nece s sary in a neutral current experiment in order to 
minimize the cosmic ray background . 

A general expre ssion for the charged current cross section 
for a target containing equal number of protons and neutrons is (�:�J:c 

G2M E v 

(d20 \v 
dxdy)Cc n ( l+q2/M2 ) 2 

The ma s s  Mw is :s sumed to be large and q2/M; is neglected . 
Model 1 : A scaling quark parton model with antiquarks and no 
new partic l e  product ion . This model is c harge symmetric i . e .  

91 � � � v � F2 = F2 = F 2 (x) , n = n = n (x )  and p = p = p (x ) . Al so , a s  
indicated in e-p experiments6 there a r e  few n o n  spin 1 / 2 partons 
in the nucl eon . We therefore set fv = f �= f (x )  = O .  We a s sume the 
following func tional forms for the d istributions of quarks ( q (x ) ) 
and antiquarks (q ( x ) ) in the nuc l eon 

q (x )  + q (x)  F 2 (x)  ed 

->. x e 

( 5 )  
( 6 )  

where F 2 (x) ed i s  from electron deuteron scattering . S ince there 
is no new par ticle product ion in model 1 F 2 (x)  = F 2 (x) ed and 
n (x)  + p (x )  = 1 . Here F2 (x ) n (x)  = q (x )  and F2 (x) p (x)  = q ( x ) . 
We f it to one unknown parameter of ignorance A or equ ivalently 
the fract io n  o f  antiquarks ..( where 

ol = /q (x ) dx/ /< q (x ) +q (x)  ) dx , o . o  t; o( � o . 5 . 
Most of the sensitivitly to � comes from the ant ineutrino data . 
Note that the interpertation of � as an ant iquark fraction 
should be taken with caution as the result for � will somewhat 
depend on the as sumed functional form for q ( x) . The best f it to 
the c harged current data yields a surpr isingly large o< with 

o( = 0 . 2 7 �� : �� . There is indication in that data that o( may 
be energy dependent ( i . e .  a violation of sca l ing ) , and in model 
2 we l et o( be a function o f  energ y .  
Model 2 : A quark parton model as is model 1 ,  but it is non­
scal ing as the fraction of ant iquarks o( i s  a llowed to vary 
with energy . The 50 GeV band and the l 5 0  GeV band are f itted 
separately . 



At 5 0  GeV the best fit is o<1 = 0 . 17t8 : i� · And the few anti­
-0 15 neutrino events at 150 GeV yield the value o(2 = 0 . 32+0 : 1 8  

Model 3 :  Barnett 1 s
8 

quark parton model which include s new parti-
T cle production . In this model a new quark doublet ( B ) is coupled 

to the normal (� ) quarks via a V+A current . The fraction o f  
antiquarks r:J.. i s  f ixed at 0 . 0 6 ( to fit low energy ele ctroproduc­
tion data and low energy neutrino data ) and the f lattening of 
the y distribution for antinuetr inos at high energies is due to 
a u --t B V+A current which occurs in addition to the usua l 
u � d V-A current . At high, but not too high, energ ies there 
is a violation of charge symmetry as the mas s  of the T quark is 
taken to be higher than the mass of the B quark . There is a 
threshold turnon due to the high mas s  of the B quark . We have 
taken the mas s  of the T quark to be so high such that it can 
be neglected . In that case , the s tructure functions for neutrino 
scattering are the s ame as in model 1 ( but with ot =  0 . 0 6 ) . For 
antineutrino scattering we now have an increase o f  the cross 
section due to the turnon o f  a new thresho ld . This violation of 
charge syrnmetery occurs only at large y and sma l l  x because 
the mass of the B quark introduces a modification to the scaling 
variable x. In this model 

� 2 v 2 F 2 ( x , q  ) p ( x , q  ) q ( x )  + q ( x + M�/ ( 2MEyy ) ) 

v 2 ;; 2 F 2 (x , q  ) n ( x , q  ) = q ( x )  

where q ( x )  is defined with �= 0 . 0 6  . The data is fit to one 
unknown parameter which is the mass of the B quark (MB ) . The 
best f i t  to the data is Ma = 5 � 1 . 5  GeV . 

It turns out that the three model s  (with the parameters that 
fit the data) give the same number for \ ( the fraction of CC 
events mimi�ng a NC signal ) .  For antineutrinos the value of '\. 
is 1 2 . 5 % . For neutrinos fl i s  2 6 %  

For the flux normali zations we use all identi fied C C  events 
in conj unction with the cro s s  sections predicted by the three 
di f ferent models . For the 5 0  GeV band the models yield very 
simi lar cro s s  sections and hence very s imi lar f luxes . They vary 

sub s tant:i;i. J y for the 150 GeV band . However ,  s ince the number of 
150 GeV Y events i s  sma l l , the variation i s  no t important . It is 
included in the sys tema tic errors ( see table 2 )  
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We now proceed to fit the corrected and normali zed Eh final 

state hadron energy di stributions for � and � neutral current 

events ( s ee figure 4) . A general expres sion for the NC cro s s  

sections which relies only o n  hermeticity is 

(d2cr )" GZM Ev 2 \1 F2 (x,q2) [gN(x,q2) + gP (x ,q2 ) (1-y) + gF (x,q2)..J. dxdy Ne n (l+q2/M2 ) 2 
z 

Here g is the neutral current coupling cons tant, ( in uni ts of 

G 2 ) .  The assumptions made in the analysis are the fol lowing : 

Mz is very large sudh that 'q
2 /M� can be neglected; scal ing; 

and F 2 ( x )  = F 2 ( x ) ed . Also , since the final state neutrino i s  

not observe d ,  the measured cross sections are integrated over 

all x .  Therefore define 

JP'&x ) dx ,  F = /F ( x ) dx 

G2M E 
(iN + gP (l-y) 2 + Fy2] v Q TI 

'Ii 

(:;)Ne 

G2M E 
(iP + gN (l-y) 2 + Fy::) = ___ v Q TI 

where N is the negative helicity contribution ,  P is the po sitive 

he licity contr ibution and F is the helicity flip contribution
" . 

The table be low shows how various heli city terms in the y 

dis tribution can arise from various space time structures of the 

neutral current coupling . Note that the V-A and V+A currents 

yield di f ferent y di stributions for scattering from quarks ver 5u s  

scattering f rom antiquarks , while the s calar ( S ) , pseudo scala� 

( P )  and tensor ( T )  couplings do not differentiate between quarks 

and antiquarks . In a scaling model a >y2:, term can come only if 

there are S, P or T contributions . On the other hand , the 

confusion theorem states the S ,  P and T couplings can interfere 

and conspire to mimic any V , A  y dis tributions . The present 

data rules out any pure y2 di stribution . How much F contribution 

can exist in addition to dominant P and N contributions is still 

being investigated . For the present analysis we set F=O and do a 

two parameter fit that only includes P and N terms . The results 



Reaction Current 

V-A V+A V , A  S , P  T 

...) - q f l at ( 1-y) :l 1+ ( 1-y) :l yl ( 2-y)  :l 
.J 

-
( l- y ) 2 flat 1+ ( 1-y) 2 - q 

� - q ( 1-y) 2 f l at l+ ( l-y ) 2 
-
y - q flat ( l-y) 2 1+ ( 1-y ) 2 

Table 1 .  

o f  the fit are shown in figure 5 .  
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Figure 5 :  Two parameter contours for the best fit for the 

negative and positive hel i city neutral current 

couplings . 

The results are ( including systematic errors in parenthesis ) 

gP = 0 . 11 ::!:. 0 . 0 4 ( ::!:. 0 . 0 2 )  

gN = (}. 19  ::!:. 0 . 0 2 ( ::!:. 0 .  0 2 )  

o r  def ining P+N = 1 we get 

g = 0 . 30 ::!:. 0 . 0 4  ( .::!:. 0 . 0 2 )  

'):'he systematic errors include the 

and P = 0 . 36 .::!:. 0 . 0 9  (::!:_0 . 0 4 )  

variations obtained when the 

three models for the charged current data were used to get the 

short penetration CC background in the NC s ignal and the flux 
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normali zations . These variations are shown i n  the table below . 

CC model Ignoi;-ance ,t2 Extracted NC results 
Parameter g jJ 

Scaling d.. = - 0  1 3  1 8 . 6  0 . 30+0 . 0 3 0 . 3 6+0 . 0 9 I o . 2 1+o : o a - -

I I  Non- Scaling � =  - 0  1 1  
I 0 . 1 7+ 0 : 1 3  

1 5 . 8  0 . 30+0 . 0 3 0 . 3 9 + 0 . 0 9 - -
-0 1 5  d. = o . 3 2 +0 : 1 a  � 

I I I  B-quark 
ot. =0 . 0 6 M = 5 + 1 . 5  GeV 2 0 0 . 3 2+0 . 0 4 0 . 33+0 . 09 B - - -

Table 2 . 

The data favor both po s itive and negative helici ty terms . The 
results give the strength and fraction of positive and negative 
helcity in the neutral current data . For example , a vector-
l ike ( or axial vector) theory predicts equal amount of 
positive and negative helicity contributions . The data is within 
1 . 5  s tandard deviations o f  a vector-like theory l i ne . 

In a V,A theory a po s itive helicity term can come from a 
V-A current on antiquarks as wel l  as a V+A current on quarks . 
In particular , if g_ and g+ are the V-A and V+A couplings and 
the antiquark fraction is o( then 

gN g_ ( 1 - cl )  + g+ � 
gP g_ o(. + g+ ( 1  - o<.  

Note that the neutral current is diagonal , so no new quarks can 
be produced . Therefore , only antiquarks can affect the y 
dis tributions , but an existence of a B quark has no effec t .  
F igure 6 shows the g _  and g+ values that are obtained with the 
two as sumptions o(= 0 . 0 6 and o( ,,, 0 . 1 7 .  

I n  the s ingle parameter Weinberg model10 g+ and g_ are 
described in terms of a s ingle angle 9,; where 

g_ ( 1/ 2 ) s i n2@.., + ( 5/9 ) s in4 @.., 

g+ ( 5/9 ) sin4 @.,, 

As can be seen in figure 6 , the data are in agreement with the 
predictions of the s ingle parameter model with sin2 9..,N 0 . 3 5 . 
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F igure 6 :  The g_ and g+ ( V-A and V+A ) neutral current 
coupling strengths obtained with two as sumptions 
for the fraction of antiquarks .  Predictions of the 
Weinberg�Salam model and simple vector-l ike 
theories are shown for comparison . 
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In conclus ion ,  the best f i t  to the neutral current data 
lies between V-A and V .  The best fit i s  within 1 . 5  s tandard 
deviations of pure V ( or pure A) and is also about 1 . 5  

s tandard deviations from V-A ( this last number i s  s omewhat 
dependent on the amount of antiquarks in the nucleon) . The 
results for the V-A and V+A coupling s trengths g_ and g+ are 
reasonably insensi tive to the fraction of antiquarks ( see 
figure 6 )  and are well described by the s ingle parameter 
Weinberg-Salam model both in magnitude and in the V-A and 
V+A mixing parameter with s i n2 ew v 0 . 3 - 0 . 4 .  The best results 
for 9w are still being determined . 

Further analysis and mare data will y ield information on 

po s s ible S,  P or T contributions and on whether the neutral 
current crg s s  sections rise l ineraly with the incident neutrino 
energ y .  The latter can be studied by varying th.e relative flux 
in the high energy band ( v k neutri no s )  versus the flux in the 
low energy band ( V� neutrino s ) . This can be accompl ished by 
steering the beam and thus varying the decay angle that i s  
v iewed b y  the neutr ino detector . Also , improvements in the event 
detection such as determining the angle of the hadron shower 
are also under development . 
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EXPERIMENTAL STUDY O F  EXCLUS IVE NEUTRAL CURRENT REACTIONS 
AND SEARCH FOR µe-PAIRS AT BNL* 

K. GOULIANOS+ 
The Rockefel l er U n i vers i ty 

New York , N .  Y .  1 0021 (USA ) 

Abstract : We desc r ibe br i efly the Col umbia - I l l i noi s-Rockefel l er 
neutri no experiment be ing performed at the AGS of Brookhaven 
Nati ona l Laboratory, and we present resu l ts on sing l e  �0 produc­
tion by charged and neutral currents , on neutr i no-proton e last ic  
scatter i n g ,  and  on muon-el ectron pa i r  production by  muon neutri nos .  
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We report on an experimental study of the fol l owi ng neutr ino - induced 

reactions : 

a ) S ingle  �0 production by charged and neutral currents,  

v + N + v (µ- } + N '  + �o µ µ 

b ) Neutri no-proton elastic scatter ing , 

vµ + p + vµ 
+ p 

c ) Muon-el ectron pa i r  production,  

vµ + N + µ + e + anything 

( l ) 

( 2 ) 

( 3 ) 

The study was conducted at the Brookhaven AGS u s i ng a 26-ton spark-

chamber/sci nt i l lati on-counter detector , F igure l ,  pl aced in a neutrino beam 

as shown schematica l l y  i n  Figure 2 .  The AGS was o perated i n  the fast ex­

traction mode so that each pu l se cons i sted of 1 2  rf bunches separated by 

220 nsec . The time of arrival of fast muons at the detector i s  shown i n  

Figure 3 .  The width of the rf bunches i s  2o = 2 4  nsec . The time structure 

of the pul se was u sed to separate out neutron-i nduced events .  

l/ 
-

t t t ' .1f 
1 4  p lates ( l "x8 'x8 ' Al) �l p lates 

3 " l i q . sc int.  
3/8" pl astic scint.  

l O spark c hamber modu l es 
Each modu l e :  {o .  5 radiation l engths 7 Al p lates l /4"x6 ' x 6 '  o . 1 75 col l i s i on l engths 

FIG . l - Schematic Diag ram of Neutr i no Detector 
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F IG .  3 - ( a ) Time structure of the beam ( b) Time of arrival of neutrons 
orig i nating in the sh ie ld  50 ' upstream of the detector . 
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Vµ /GeV/proton /m2 
/ {150m from target) 

F IG . 4 - Neu tr i no energy 
s p ectrum a t  the detector 

( a p p ro x ima te ) 

Approx imate l y  750 , 000 v a n d  550 , 000 v p i c tu res were t a ke n .  Th i s  report 

dea l s  only wi th the n eu tr i no p i cture s . The n eu t r i no energy s pec trum at the 

detector is s hown in F i g u re 4. A t  a n  a verage beam i n tens i ty of 3 x 1 01 2  

proto n s / pu l se a nd for s i x  to ns of 4 '  x 4 '  fi du c i a l  detector ma s s ,  the ex­

pected number o f  c h a rg ed - c urrent events is a s  fo l l ows ( be fo re correc t i o n s  

f o r  dete c t i o n  e ff i c i e ncy) : 

Rea c t i o n  

v + N + µ -x 
µ 

v
µ 

+ n + µ-p 

vµ 
+ n + µ - p'TT0 
- - + 

ve ( v
e

) + N + e ( e ) X 

C ro s s  - s e c t i o n  

(a x 1 038 
cm 2 )  

0 . 8  x E) <1eV ) 

0 . 8  

0 . 2  

Number o f  events 
( ex pected ) 

2 2 . 5K ( l  . 7 K  fo r Ev > 4 G eV )  

6 . 5K ( 75% for 0 . 5<E
v

<2 . 5  G eV )  

1 .  6K 

60 ( -0 .  3% of v
µ 

events) 

The res u l ts presented in t h i s  repo rt for r ea c t i o ns ( 1 ) ,  ( 2) ,  a n d  ( 3 ) are 

b a s ed o n  abou t 65% , 1 5% a n d  50% of the data , res pec t i ve l y .  



I .  S i ng l e  IT0 production by charged and neutra l  currents . 

The study of s i ngl e IT0 produ ct ion  by neu tr i no s ,  reaction ( l ) , i s  mot i -

vated by the i n terest i n  prob i ng the i sospi n s tructu re o f  the neutral 

cu rrent ( N . C . )  i nteraction . The i sosp in  of the NIT0 f i na l  state may have 

the va l. ue  of  1 / 2 or 3/ 2 ,  whi l e  the i n i ti a l  nucl eon has I = 1 / 2 .  Thu s ,  the 

change in i sospi n is 6I  = 0,  l ,  or 2 correspondi ng to i sosca l a r ,  i sovector, 

or i sotensor i nteracti o n .  For charged currents ( C . C . ) ,  6 1  = O is forbi dden 

s i nce [ 61 3 [ = l .  Recent resul ts of the Argonne-Perdue col l abo ration1 are 

cons i s tent w i th a pure i sovector trans i ti o n ,  6 I  = l .  These resu l ts s how 

that the NIT0 f i na l  s ta te i s  domi na ted by 6 ( 1 232 )  production ,  I = 3/2 . 

Spec i fical ly,  i t  i s  found that 

[ A i /A g [ = 0 . 78�� :n for C . C .  ( 4 ) 

where A 1 , 3 are the ampl i tudes of the I = 1 / 2 ,  3/2  fi nal sta te .  Thus , about 

2/3 of the pIT0 events in the C . C .  case bel ong to the 6( 1 23 2 )  resonance .  

I n  the N . C .  cas e ,  the ques tions of  i nteres t are :  

a )  Is  there 6 ( 1 23 2 )  ex c i tation?  

b )  I f  "yes " ,  what i s  the val u e of  the ra t io  

R = 
cr(vn + nIT0 ) + cr( vp + pIT0 ) 

0 2 cr(vn + µ- pIT0 ) 

eva l ua ted for masses of the NIT0 system i n  the v i c i n i ty of the 

6( 1 23 2 )  resonance? 

( 5 )  

Observation  of a 6( 1 232 )  pea k woul d establ i s h  t h e  presence o f  an  i sovector 

p i ece in the neutra l  current i nteractio n .  The val ue of R0 coul d then be 

u sed to tes t spec i f i c  gauge model s ,  e . g . ,  the Wei nberg-Sal am model . 

Deta i l ed theoretical pred ict ions of wea k soft p ion  produ ction have 

been rev i ewed recentl y by S .  Adl er2 . These pred ictions i ncl ude the effects 

of p ion  c harge excha ng e  i ns ide  the Al or C nucl eus wh i ch al ter severel y the 

val u e  of R0 . Prel i m i nary resul ts of th i s  ex periment on the val ue of R0 ' 

( va l u e  of R0 i n  our a l umi num-carbon detec tor)  were reported at the 1 97 5  

Par i s  Conference3 . 
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From -65% of the data , we now have obtai ned 536 C . C .  and 1 70 N . C .  
events , y iel d i ng the val u e  

R 
, = ( NC )  - ( 0 . 095  ± 0 . 02 ) (CC ) = O . l 7  ± 0 . 03 ( 6 ) 0 

( 1 .  2 ± 0 . 1 ) [ 1 .  09 5 ( cc ) J 
The eva l uation of R 0 '  takes i nto account two major correcti ons to the raw 

data: 

( i ) I n  9 . 5  ± 2% of the C .C .  events the muon i s  at a wide ang l e  and 

is not seen i n  the spark chambers . These events are i nc l uded in the 

raw N . C . count and must be subtracted . 

( i i ) The detect ion eff ic iency for nn° events i s  0 . 4  ± O . l  and for N . C . 
pn° events ( no muon ! ) i s  0 . 8 .  Therefore,  the factor 2 i n  the denom i ­

nator of eq . ( 5 ) i s  repl aced by 1 . 2 ± 0 . 1  i n  eq . ( 6) . 

F igure 5 shows our resu l t for R0 ' pl otted agai nst the predi ction2 of the 

Wei nberg-Sa l am model for an  a l umi num-carbon target . In eval uati ng the 

charge exchange effects , we have taken the n+/n° rat io  in the C . C .  case to 

be equal to 3 . 9 ,  as cal cu l ated from the Argonne-Perdue resu l t  g i ven i n  eq . ( 4 ) . 

0.8 

0.6 

0.4 

0 . 2  

0 

(11n -- 11mr0) + (11p - 11 p?T0) 

2 (11n -- µ.- p7T0)  

0.5 

S in2 8w ­

1 .0 

F IG . 5 - Val u es o f  R0 and R0 ' ( for A'l + C )  versus the We inberg -Sal am ang l e .  
The dotted 1 i nes correspond to our exper imental  resul t for R0 ' . 



From F i g ure 5 we obta i n  

s i n28  = 0 . 48 ± 0 . 08 w ( 7 )  

Th is  resu l t ,  however , i s  meani ngful on ly  i f  t h e  mass di str i bu t i on o f  t h e  Nn° 

system is t ha t  predi cted by the model . F i gure 6 shows the charged and neu-

tral current pn° mass d i stri bu tions  for a s el ected sampl e of events w i t h i n  

the fol l ow i ng cuts : ep < 70 ° , pp > 550 MeV/c , 250 < pn
0 < 800 MeV/c . 

Th i s  sel ec tion  i s  necessary i n  order to i nsure h igh  detect i on effic i ency and 

mi nimi ze the effects of Fermi moti o n .  A pure 6 ( 1 232)  d i str i bution i s  al so 

shown for compari son . Both charged and neutral current di stri bu tions show 

an  enhancement in the 6( 1 232 ) reg ion and , wi thi n stati stics , they are not 

d i fferent from eac h other . We concl ude tha t our present experimenta l  re-

sul t does not excl ude the ex i s tence of an i sovector p i ece in the N . C .  i nter-

action,  in general , and is not i ncompati b l e wi th the Wei nberg-Sa l am model , 

i n  parti cu l a r .  

NC 
I 
I 
I 
I I 
I 
I 
I 
I 30 I0 1L 
I 
I r-
I 
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c I 
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I 
I 10  
>-
I 
I L 
I 
I 
I 
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I 
I L _ _ _  0 

cc 

' 

1 .5 

-- Pure L\ ( 12321 

-- CC: vµ+ N- fL-+ N� 7r0 
170 events 

-; - NC: Vµ. + N - Vµ + N '+ 7ro 
59 events 

Bp < 70° 
Pp > 550 MeV le 

250< P7To< 800 MeV/c 

2.0 2.5 
M2 ( P7r0 ) - GeV2 

F I G .  6 - Mass spec trum of the pn° f i nal state 
for charged and neutra l  currents . 
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I I .  Neutri no-proton el asti c scatter i ng .  

We have scanned about  1 20 , 000 pi ctures for quasi -el astic  events , 

and for neutri no-proton elastic  scatteri ng events , reaction ( 2 ) . Our 

scanni ng def i n i ti ons for "muon" and " proton"  were:  

muon s traight  track  > 2 col l is  i on l engths 
OR ex i ti ng stra ight  track  
OR  stoppi ng track wi th v i s i b l e mu l ti p l e  scattering 

proton :  stopp i ng stra ight  track  wi th range between 2 "  and 
20" of A£ . 

The time of fl i ght  of the events found i s  shown i n  F igure 7 .  The quas i -

el astic  events are al l concentrated around t 0 ± 1 2  nsec wh i l e  the " el ast ic"  

ones conta i n  a l arge number of fl at  off-time bac kground above wh i c h  a prompt 

pea k is cl early  v i s ibl e .  We bel i eve that the fl at background is caused by 

neutrons which y ie ld  protons by charge exchang e .  I n  fact,  most of the off-

time events are l ow energy protons enter i ng from the top of the apparatus 

( neutron " s ky-s h i ne" ) . By removi ng events wh ich  ori g i nate at the top ha l f  

o r  with i n  l . 5  feet from the right  o r  l eft edge o f  the chambers and po int 

down,  and by requ i r i ng pp > 550 MeV/c ( range > 3"  A£)  and 25°  < ep < 70 °  (most 

of the neutri no events are at ang l es l arger than 25° ) we obta i n  the hatched 

h i s tog rams of F igure 7 .  The off-time events have been reduced un iformly by 

about a factor  of 1 0  wh i l e  only about 60% of the " s ignal " was l o st .  There are 

39 prompt events w ith in  the time b i n  i ndi cated by the markers in Fi gure 7a . 

After mak i ng a " fl at" bac kground subtraction we are l eft wi th 25 ± 6 candi -

dates for the e last ic  vµp scatter i ng process to be compared wi th 69 ± 8 

cand idates for the qua s i -elastic proces s ,  reaction ( 8 ) . 

These numbers mu st  be corrected for contam i nation from part ial ly  v i s i bl e  

f i nal states of neutrino i nduced reactions which s imul ate elastic  or quas i -

e last ic  scatter i ng .  The l argest correc tion comes from our estima te that i n  

about 8 ± 2% of the qua s i -e last ic  events the muon i s  a t  such a wide angl e 

( 90°  ± 1 5° )  that i t  i s  not v i s i bl e  i n  the apparatu s . Thus , about 6 ± 1 . 5 

events mu st be added to the quas i -e last ic  ones and the same number must be 
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e lastic  neutri no events . The ha tched h i s togram represents events 
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( i ) neutron " s ky-sh ine"  cut ,  as expl a i ned in text 
( i i ) tracks w i th po l ar ang l e  < 25 ° or range < 3 "  At rejec ted . 
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subtracted from the el asti c .  These events are i nduced by l ow energy neutr i -

nos ,  0 . 5  < Ev < l GeV , a nd the error i s  ma in ly  due to the uncerta i nty i n  the 

l ow energy neutri no s pectrum .  I n  addition  to  the wide-angl e  muon correction ,  

there a re severa l i ne last ic  neutr ino reactions that contri bute to  the  prompt 

s i gnal . These are l i sted i n  Tabl e I a l ong w i th the estimated number of 

events they contribute to our sampl e .  

(/) -
c: 
Q) > 
Q) 
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0 
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0 
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0 
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0 1 2 3 4 5 6 7 8 
Pu lse height (orb .un its) 

( c )  On -time events 

( b) Protons from quas i-elastic 
events 

( a )  Muons 

Fig. 8 Pulse h eight 
d istribu tions 

TABLE I - Estimated number of events from neutri no i nduced 
i ne lasti c reactions s imu l ati ng µ-p and vµp fi nal states . 

"µ-p 11 No . of 11vµp11 No . of events 
events I=l / 2  1 =3/2 

µ-p( rr" ) 2 . 7  p (rr " ) 0 . 5  0 . 5  

µ-rr+( n ) 5 . 7  rr+ ( n ) 3 . 0  0 . 7  

µ- rr+( p } 4 . 5  rr- ( p ) 1 . 0 0 . 2  

Total no . 1 2 . 9  Tota l number 4 . 5  1 . 4 

In estimating these numbers we sta rt from our measured rates for 

v n + µ-prr0 and v p + prr0 , and ca lcul ate the rr± production rates u s i ng µ µ 



i sotopic sp in  syr1111etry . I n  the case of charged currents we make use of 

Eq . 4, whi l e  for N .C .  we consider the two extreme pos s i b i l i ti es of I = 1 /2 

and I = 3/2  nN f i nal  states . I n  order for the i nelastic  reaction to s imu-

l ate the ( quas i ) e lastic  one , the parti c l e  i n  parenth es i s  must not be seen 

i n  the apparatus whi l e  the add i tional hadron must meet the cri teria  of a 

" proton " as defi ned prev ious l y .  We estimate the probabi l i ties of occur-

rence of this combi nation  u s i ng our knowl edge of the di stributions for the 

µ- ( or vµ
) pn° f i nal  states , of the d i stri butions for the C . C .  reactions1 , 

and of the i nteraction properti es of pions i n  al umi num and carbo n .  The 

pul se height spectra shown in F i gure 8 are cons i stent w ith the sma l l  number 

of pion background gi ven in Tabl e I and i ncompati b l e  w ith a much l arger pion 

contami nation . By subtracting the " background" g i ven i n  Tabl e from the 

correspondi ng C . C .  and N . C .  events obtai ned from F igure 7 ,  and by ma king the 

wide ang l e  muon correction mentioned above , we obtain 1 4  ± 6 ::_ Nei ::_ 17 ± 6 

and 62 ± 9  events for the elastic  and quas i -elastic  channel s ,  respectivel y .  

W e  concl ude that w e  have observed el asti c vµp scatteri ng a t  the rate of 

a(v p + v p) 
·o . 22 ± o .  l ::_ Rei = µ µ < o .  27 ± o .  l 

a (vµn + µ-p) 
- ( 9 ) 

i n  the q2 range of 0 . 3  < q2 < l (GeV/c ) 2 • 

I I I .  Muon-el ectron pa i r  production . 

We have made a systematic  stu dy of al l events conta i n i ng a shower , 

search ing for muon-el ectron pa ir  cand idates . Such events have been reported 

by the Gargamel l e  co l l aboration and by two experiments u s i ng the Ferm i l ab 

1 5 '  bubb l e  chamber ( tal ks g i ven at th is  conference) . Currentl y there i s  

great interest i n  thi s type of events because the el ectron may b e  associ ated 

w i th the decay of a charmed partic l e  produced i n  neutrino i nteraction s .  But 

as ide from thi s pos s i b i l i ty ,  µe-pa irs , l i ke the dimuon events observed at 

Fermi l a b ,  s ignal new part icl e productio n .  

A µe - cand idate , found among a samp l e  of our neutri no events i n  1 975 ,  

i s  s hown i n  F igure 9 .  
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FIG . 9 - Muon-el ectron pa i r  cand ida te . 

·-

The "muon"  traverses about 3 . 5  col l  i s  ion  l engths of materi al wi thout v i s i bl e  

i nteraction before exi t i ng , whi l e  the "el ectron" shower i s  conta i ned i n  the 

apparatus and has an estimated energy of about 1 . 7 GeV . Such an event ,  i f  

not  a genu i ne µe- pa i r ,  cou l d  be produced by  the fol l ow i ng two " normal " 

reactions :  
( a ) v + N + µ - + rr 0  ( + " el ec tron" s hower) + . . . .  µ 
( b ) v/v

e ) + N + e + rr± ( + µ
±

) + . . . .  
( 1 0 ) 

I n  abou t one-hal f of our pi ctures , correspondi ng to - 1 4 , 500 neutr i no 

events , we observed - 400 showers wi th energy � 200 MeV . In order to enr ich  

th i s  sampl e i n  " e l ectrons"  of  the type s hown i n  F i gure 9 ,  we  made the fol -

l ow i ng sel ection on the bas i s  of the character i st i cs of the shower: 

( i ) Energy of shower � 500 MeV ( 50 sparks )  

( i i ) Shower s houl d have at  l east  three s i ng l e  sparks i n  a stra i g ht 
1 i ne ( - O . 2 rad 1 engths )  before mul t ipl e spark ing occurs . 

" e-type" shower 



(a ) 40 

20 

( b) 20 

1 0  

4 12 20 28 36 44 

e-type events (75) 
60% � 4 gaps 
1 8 %  > J r. I . 

2 y  events (sa mple ) 
30 % � 4 gaps 
37 % > l r. I .  

Convers ion d istance i n  gaps 
( 1 1  gaps ::::::. l ra d .  length ) 

F IG .  1 0  - Convers ion  d i stance ( ori g i n  of shower from vertex ) d i stribution 
for ( a ) e-type events and ( b) true y- shower events . 

The sel ected events are p lotted i n  F i gu re l Oa a s  a function of the con-

vers ion di stance , i . e . , the number of gaps from the vertex to the beg i nn i ng 

of the shower . F i gure l Ob s hows the convers ion  d i stance of true y-showers 

obta i ned from a sampl e of events w i th two y ' s .  I t  i s  evident that the se­

l ected e-type events convert cl oser to the vertex as expected of a sampl e 

enr i ched i n  el ectrons . I n  particul ar , we estimate tha t the first b i n  (�4 gaps ) 

conta i ns - 65% of el ectrons . 

I n  F igure l l a  we plot the energy of the shower i n  number of sparks 

( - 1 0  MeV/spark) versus the col l i s  ion l engths traversed by the "muon" for the 

e-type events converti ng w ith i n  the fi rst three gaps from the vertex . We 

estimate that among the 37 events shown here there are - l O y-showers , the 

rema i n i ng 27 being genu i ne el ectrons . This number is cons i stent wi th the 

expected number of i nela stic events i nduced by ve(ve) . A s im i l ar pl ot i s  
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shown i n  F igure l l b  for non e-type ly events . 
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F IG .  1 1  - Energy af "el ectron"  versus v i s i bl e  col l i s ion l engths traversed 
by "muon" (a ) for e-type events convert ing wi th i n  the first 3 gaps 
and ( b ) for non e-type one shower events . 

From 1 37 events pl otted here,  on ly  two are i n  the reg ion  

Ee ( energy of el ectron) > 1 50 sparks ( - 1 .  5 GeV ) 

Rµ ( range of muon ) > 3 C . L .  ( co l l i s ion l engths ) 
( 1 1 ) 

as compared to four events i n  F i gure l l a out of an estimated 1 0  y-showers . 

Thu s ,  the number of events i n  reg ion ( 1 1 )  of Figure l l a  due to y-showers 

attributed to reaction  l Oa i s  - 0 . 1 5 . From the 1 5  e-type events wi th energy 

greater than 1 50 sparks i n  F igure l l a ,  we estimate that - 0 . 35 may be due to 

reaction l Ob w ith the p ion ei ther decaying early or punch i ng through three 

col l i s i on l eng ths .  Thus , the total number of background events due to 

processes l Oa , b in reg ion ( 1 1 )  of F igure l l a  i s  expected to be at most 0 . 5  

and the number of events found i n  thi s reg ion i s  fou r .  It  i s  unl i ke ly ,  then , 

that these 4 events are produced by reactions l Oa , b  and hence they cou ld  be 

genu i ne µe - pa irs  s ignal i ng the production of,a new part i cl e ( s ) i n  neutri no 



i nteractions . If th is  prel imi na ry conc l u s ion  i s  substantiated by the analy­

s i s  of the rest  of our p ictures , i t  wi l l  be of i nterest that the µe - pa irs  

sel ected by  our  Ee > 500 MeV cut  are  not  associated w i th V ' s wh ich woul d  

s ignal the s imul taneou s production o f  s trange partic l es a s  i s  the case with 

the Gargamel l e  events . 
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Nearly six months ago , I gave a series of lectures at the DESY Sunnner 

Institute entitled "Neutral Currents without Gauge Theory Prejudices " ,  the 

written version of which has been available as a CERN preprint (TH-2099) 

for some time and wil l  eventually be published in the Proceedings of the 

Sunnner Ins titute . When I decided to participate in the Rencontre , I was hop­

ing that there would be much progress in the subj ect between September 1975 

and March 1976, but unfortunately it turns out that there has not been too 

much new since my DESY talk . (Experimentally there are a few new results but 

they wil l  be presented by the experimental speakers) . Since the experts can 

s tudy my DESY paper , I have decided to give a talk here which is even more 

pedagogical and elementary than my DESY talk . With apologies to those who 

made original contributions to this subj ect ,  I omit the names and references 

since a fairly complete bibl iography can be found in my DESY Sunnner Institute 

paper . 

In a conference dominated by the superstars of experimental neutri­

no physics the most  sensible thing a theorist or a phenomenologist  can do 

appears to be to ask a lot of questions . To this end I prepared eight ques­

tions related to neutral currents .  

QUESTION WHY ARE NEUTRAL CURRENTS INTERESTING 

To most theorists neutral currents are interesting because their 

di scovery provided the first indication that the heroic efforts of some theo­

rists to construct a renormalizable theory of weak interactions may actually 

be on the right track . Indeed , many theoretical talks - and even some experi­

mental talks - on neutral currents start by pointing out that neutral cur­

rents are needed because otherwise the cross section for 

\) + \) + w+ + w (1 . 1 )  

would go like s .  To me , however , neutral currents are interesting because 

they represent genuinely new phenomena . Until  197 3 ,  much of weak interaction 

physics could be visualized as being based on Fermi. ' s  1933 Lagrangian with 

only minor modifications : 

(i)  Change V to V-A . 

(ii)  Change p and n to u and de 

(iii)  Double the number of leptons 

<= d cos e + s sin e ) .  c c 
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With the advent of neutral currents some major modifications are 

After 40 years of physics with neutrino s ,  something qualitatively 

new is finally happening. Whenever we have genuinely new phenomena , it is 

profitable to s tudy them in their own right , without recourse to any parti­

cular theoretical framework . We may also keep in mind the possibility that 

renormalizable  gauge theories of weak interactions look attractive now only 

because we don ' t know anything better at this present moment .  

Even if the general philosophy of gauge models i s  to triumph ulti­

mate ly , there are now many gauge models that make very different predictions 

on neutral currents ; for example , so-called vector model s  are ve.ry diffe­

rent from the Weinberg-Salam model , which , with the currently accepted value 

of sin2 eW is mostly axial vector .  Once a phenomenological framework is 

given , it becomes easier to compare your favorite model with your competitor 

' s  in an obj ective manner . 

QUESTION 2 ARE ORDINARY NEUTRINOS INVOLVED IN NEUTRAL CURRENT PROCESSES 

The original publication on the Gargamelle discovery of neutral 

currents is entitled , "Observation of neutrino-like interactions without 

muon or electron in the Gargamelle neutrino experimentu . This is appropriate 

because the reaction under considerati-0n is 

"invisible particle" + N + "invisible particle" + hadrons ( 2 . 1) 

It is now almost  certain that the initial invisible particle is v 
from TI or K decay. Any other possibility is rather remote if we realize that 

the neutral-to-charged current ratio is more or less independent of the man­

ners in which the incident neutrino beams are produced - horn focused , unfor 

-cused ; narrow band , wide band , etc The outgoing invisible particle 

is also likely to be a massless or a very low mass object because the neutral 

current processes do not seem to exhibit any threshold effec t .  Neutral cur­

rent events wer� induced by the ANL ne�trino beam which peaks at about 

500 MeV . It is not excluded , however , that the neutral current sample at 

high energies may contain some contamination from exotic particle production, 

e . g .  production of charged or neutral heavy leptons that decay as 
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+ 
L -+ v + hadrons 

(2 . 2) 
L0 -+ v + V + v  

Conversely , i t  i s  amusing to speculate that the production of 

charmed meson pairs by AC = 0 neutral-current interactio� 

v + N -+ V + D 0  + D0 + other hadrons 

I ��- + �+ 

� v + µ + K+ 
( 2 . 3 )  

may contaminate the charged current sample . 
Even if the final " invi s ible" particle turns out to be a massless 

neutrino , it i s  s t i l l  worth examining whether the f inal neutrino is of the 
same kind as the initial neutrino . This  ques tion of neutrino identity can , 
in principl e ,  be settled by performing : 

v + e -+ V1 + e e 

at low (reactor) energies . Firs t ,  note that this reaction occurs with 

( 2  . 4 )  

v '  = Ve even in  the o l d  V-A charged-current theory s ince the charged-current 
can propagate in the s channel . The presence of neutral current interactions 
adds a diagram in which the current propagates in the t channel .  The ques ­
tion of neutrino identity can be checked by  s tudying whether the two diagrams 
interfere . Quite generally , if the neutral current interaction is of the 
V , A  type ,  the energy dis tribution of the f i nal e l ec tron is g iven by : 

d o  
dE ( 2 . 5 ) 

e 

To test neutr ino iden ti ty we examine how A ,  B and C are r e l a ted 

c2 A B if v-· v e 
( 2 . 6 ) 

c2 A(B-1 )  if :;;- . # v e 

As for semileptonic reac tions , we may test the identi ty or noniden­
t i ty of the initial and f i na l  neutrinos i n  the fol lowing way . Suppos e  the 
init ial and final neutrinos are the same . Then the s pace and t ime components 
of the hadron ic  n�u tral  current mus t  necessarily be Herm i t i an , i . e .  if we 

wr i te the i n t �· rac t ion  as : 



we must have 

+ J 0 J 0 

( 2 .  7 )  

( 2 . 8 )  

On  the other hand , if the initial and f inal neutrinos are diffe­

rent , the current need not be Hermitian . An immediate consequence of the 

Hermiticity requirement is that : 

\! + I + v + F ( 2 . 9 . a) 

v + I + v + F ( 2 . 9 . b) 

are characterized by the same current matrix element < F j JA I r > .  This does 

not necessarily mean that the two cross sections are equal because of VA 

interference which changes sign as we go from v to V. We can , however ,  spe­

cial ize to the configurations in which VA interference must vanish j ust by 

kinematics 

(a) q2 _,_ 0 with W ( final hadronic mass )  fixed ( exclusive reaction) 

(b) Ev _,_ 00 with W fixed ( exclusive reaction) 

(c)  v - q2 / 2mEv _,_ 0 or y - 1 -E� /Ev _,_ 0 ( inclusive reactions) 

For these special configurations the cross sections for ( 2 . 9 . a) 

and ( 2 . 9 . b) must be equal . If not ,  we can conclude that the current is not 

Hermi tian, which , short of a violation of the CPT theorem, is possible only 

if the final neutrino is different from the initial neutrino . 

Another speculation that has been made is that the observed neu­

tral current processes are actually electromagnetic one-photon-exchange pro­

cesses where the neutrino that undergoes scattering is postulated to have an 

unusual ly large electromagnetic radius . Because the electric charge of the 

neutrino is strictly zero , the Dirac form factor of the neutrino must start 
as q2 , which j ust  cancels the l/q2 dependence arising from the photon propa­

gator ; as a result ,  the net effect is just what one expects from a current­

current interaction . This proposal makes the fol lowing specific predictions . 

( i )  Neutral current processes are  parity conserving (pure V) . 
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( i i )  Apart from the absence of the l /q4 factor in the cross section , 
the f inal states in the neutral current processes are the same as in elec­
troproduc t i  on . 

( i i i )  There is no  neutral current effec t observable in processes not 
involving neutrinos , e . g . + + e + e -+ µ + µ , µ + p -+ JJ + hadrons . 

The main diff iculty which this proposal is that the neutrino 
charge radius expected from conventional mechanisms , e .g .  a model based on 
muon pair intermediate states in the photon channel , is too small to account 
for the observed neutral current cross sect ion by a factor of : 

"' [a £n (/\ /m2 )] 2 
µ 

QUESTION 3 IS SPT RULED OUT 

If we approach the subj ect of neutral currents without theoretical 
prejudices , we should not d iscard the possibi l i ty that covariants other than 
V and A are involved in neutral current processes . Actually ,  when we say 
"neutral currents " ,  we are already prej udiced in favor of V and/or A. We 
should really say, "neutral densi ty11 • 

As is wel l known , the covariants vv , vy 5 v  and voA L v connect states 
of  opposite hel ic i ty .  The neutrinos used in accelerator neutrino experiments 
are left-handed because they come from TI+ and K+ decay . With SPT , we have 
left-handed neutrinos in and right-handed neutrinos out . You may say that 
this violates the two-component neutrino condit ion , but so what ? The two­
component condit ion may be just a property of the charged-current interac­
tion, not an intrinsic property of the neutrino . 

For orientation purposes let us start with the very s imple case of 
vµe and vµe scattering . If we have the most  general comb ination of V and A ,  
the y distribution can b e  written a s  : 

V and/or A ( 3 . 1 ) 

The main point is that we always have a d istribution that does not 
r ise with increasing y. The s i tuation is very different with SPT . When we 
have S and/or P ,  we get a y distr ibution that rises quadratically 

S and/or P ( 3 . 2) 



Therefore , if we have a rising y distribution , we have unambiguous 

evidence in favor of S and/or P. On the other hand , with a tensor interaction, 

we again have a fal ling distribution : 

T ( 3 . 3 )  

and S T  o r  P T  interference that changes s ign a s  we go from v to v goes l ike 

ST or PT interference y (2-y) 

exactly the same as the y dependence of VA interference . 

If we now turn to semileptonic inclusive reactions 

(-) L-) 
v + N _,_ v + any 

( 3 . 4) 

(3 . 5) 

the number of independent structure functions increases - e . g .  there are 

three kinds of T structure functions - but the main features deduced by' 

looking at vµ e and V
µe scattering can be shown to survive . In particular , 

we have what is known as the "Confusion Theorem11 : 

"For any admixture of V and A interactions there is a correspond­

/ ing admixture of S ,  P and T interactions , which yields the same v 
and the same V cross section" . 

Experimental ly one does not directly measure the y distribution 

(recall y is defined as y = v /E = Ehad/E) but knowing the neutrino flux it 

is possible to predict what kind of Ehad distr ibutions are expected . By stu­

dying the Ehad distributions both the Harward-Pennsylvania-Wisconsin group 

and the Caltech group have found that a y distribution that goes l ike y2- is 

ruled out . (c . f .  Bodek ' s  talk at this meeting) . 

Even though the data rule out pure S and/or P ,  it is evident from 

the Confusion Theorem that we cannot rule out an STP combination by looking 

at the inclusive data . Recently,  an as trophysical argument has been advanced 

against a s izable tensor interaction in neutral currents by, Ruderman and 

collaborators .  Their reasoning goes as follows . Suppose we have a tensor-type 

interac tion . We then expect a f inite magnetic moment for a neutrino due to 

Figure 1 ,  which gives : 

2 
if2"" 

where GT is the tensor-type coupling constant defined by 

(3 . 6) 

( 3 .  7) 
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J:'IGURE I 

Note that Q, can also be a 11quark" .  Now a photon in astrophysical 

plasma can be visualized as having a small effective mass 

m c2 = 1'J. w eff p 
(3 . 8 )  

where wp i s  the plasma frequency . With a f inite magnetic moment for  v , a 
plasma photon can decay into a vV pair . This mechanism may be relevant in 

stellar evolution where a transition from the high luminosity stage to the 

white dwarf stage takes place . Too high a v production rate due to : 

y
plasma photon

+ v+v ( 3 .  9) 

implies that the cool ing of a white dwarf would be too rapid , resulting in 

a marked deficiency in the distribution of white dwarfs . For quantitative 

estimates everything depends on what one uses for i± and the cut off A, but 

knowing that there are "quarks" at "' 300 MeV , heavy leptons at 1 . 8  GeV , 

etc . . .  , we may conservatively set 

( 3  . 10) 

Then the astrophysical cooling t ime inf erred from the distribution 

of white dwarf s  implies : 

(3 . 11 )  

which is too small  t o  account f o r  the ob served neutral current interactions . 

Since pure SP was already ruled out by the Ehad distributions of the Caltech 

group , the situation does not look too promising for SPT enthusiasts . 



QUESTION 4 ARE THE NEUTRAL CURRENT INTERACTIONS, ,PURE V, V-A OR IN 

BETWEEN 

Having disposed of the "SPT heresy" , I now proceed to discuss the 

space-time s tructure of neutral currents under the more oTthodox assumption 

that only V and A are invo lved . 

To s tart with let us review what we expect on the basis  of the mos t  

naive version o f  quark parton models . When the antiquark content within the 

nucleon is ignored , we have the following wel l-known predictions for the y 

distribution in deep inelas t ic reactions . 

V-A 1 for v ,  ( l-y) 2 for v 

V+A (l-y) 2 for v ,  1 for v ( 4 . 1 ) 

pure V/pure A � [1 + ( 1-y) 2J for both 

The famous l-to-3 ratio for o (v+µ-) /o (v+µ+) readily fo llows upon 

integration : 

1 
( l -y) 2 J dy 

0 ( 4 . 2) 1 3 
J dy 
0 

The neutral-to-charged current ratio usually quoted in the l i tera­

ture refers to : 

R 
(-) v 

l� (v�N -+ (\;) + hadrons ) 

u - ( + ) + hadrons ) 
(4 . 3 ) 

where N stands for the average of pro ton and neut ron . In terms of these ra-
tios , we have : 

V-A R R 
v 

(4 . 4 )  
pure V /pure A R v 

1 - R  3 v 

Having s tated what we expect on the basis  of the naive quark parton 
model , I now would l ike to make a few cautionary remarks . At Gargamelle  ener­

gies , a substantial fraction of events is el iminated by energy cuts ; when 

the exper imental ists accept only �ven ts  with Ehad > 1 GeV , the v-to-v ratio 

for the charged-current case i s  no longer 1/3 but more l ike 0 . 2 5 ,  which means 

)1 17  
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that the pure V/pure A prediction. should be more l ike RV � ( 1 /4 )R_. At Fermi­
lab energies , we mus t  take account of the famous y distribution �nomaly and 

the v -to-v ratio anomaly in the charged-current data reported by the HPW 

co llabor at ion. 

To be specific , let us suppose that the y distribution for the neu­

tral - current v data is not flat but has a nonvanishing ( 1 -y) 2 component .  

This can be due to two reasons . 

( i )  The basic current is s till  V-A but the antiquark content in the 

quark model language is nonnegligible . 

( ii )  We have a genuine V+A current as well as V-A .  

To disentangle the two effec ts a careful analysis  o f  the charged­

current data is  needed ; for example , it is  important to examine whether the 

deviations from the canonical expectations seen in the charged-current data 
are due to new particle production via V+A or to q2 dependent scaling viola­

tions . 

With these cautionary r_emarks in mind, you are invited to look at 

the latest experimental data reported by Mme Bris son ( Gargamelle) and Bodek 

(Caltech) . As far as I can see , both groups f ind that the bes t fit  is some­

where between pure V/pure A and V-A. The Gargamelle Collaboration is c loser 

to V-A than to pure V/pure A while the Caltech group is c loser to pure V/ 

pure A than to V-A. It  i s  probably fair to say that neither pure V/pure A 

nor pure V-A is conclusively ruled out . 

A question often asked is : how much of what one usually does with 

the neutral-to-charged current ratio etc . . .  is  independent of the validity 

of the quark parton model ? In a model in which the neutral and charged cur­
rents are related s imply via isospin rotations , we can derive clean relations 

just based on i sospin invariance . Suppose the hadronic part of neutral cur­

rents is  pure isovector and is related to the charged current via s imple iso­

spin rotations . The relevant interaction i s  given by 

( 4 . 5 )  

where v3 and a3 are the vector· and axial vector coupling constants . I n  such 

a model , with the additional "chiral symmetry" assumption that the vector 

and axial vector contributions to the charged-current reactions are equal , 



we can readily derive 

o (v+v) + o (�v) 

o (v-+µ -) + o ('V+µ+) 

a (v+v) - a (v+v) 2 v3 a3 = 
- + 

o (v+µ ) - o (v+µ ) 

( 4 . 6 . a) 

(4 . 6 . b )  

where o (v+v ) s tands for the cross section for v+N + v+hadrons , etc . • •  

When there is also an isoscalar component , the neutral and charged 

currents are no longer related via s imple isospin rotations . We must rely on 

models , viz,  the quark parton model with valence quark dominance .  The net 

result is to change ( 4 . 6 . a) and ( 4 . 6 . b) to : 

1 ( 2 + 4 v3 

1 
2 v3 a3 

1 2 a3 ) + 9 

+ 2 - v  9 s a 

(v2 + a2 ) s s 

cr (v+v ) 
s -

er (v+µ ) 

o (v+v ) + o (�v) 
o (v+µ-) 

+ + o (v+µ ) 

- cr (v+v) 

-
- + a (v+µ ) 

where the isoscalar constants vs and as are defined by 

.< isosc + a s 

( 4 . 7 .a )  

( 4 . 7 .b)  

(4  . 8) 

( 4 . 9  .a )  

(4 . 9 .b )  

I have tried to  present a general framework for  discussing the deep 

inelastic reactions without connnitment to particular models . If we so desire , 

we can , of course ,  easily specialize to any of your favorite model s .  For exam­

ple , for the one-parameter Weinberg-Salam model , j ust set : 

v3 1 - 2 sin2 ew a3 1 

( 4  . 1 0) 
v - sin2 e w a 0 s s 

When the data are analyzed under the assumption that the current is 

predominantly isovector , there is a solution - an "axial-vector dominant solu­

tion" such that : 

( 4 . 1 1 )  
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wi th a small vector p�r t .  Thi s i s  often taken as evidence i n  favor o f  the 

, ,•,-S� l am mo d e l ,  the s implest (one-parameter) vers ion of which requi-

res a1 to h e  u11 i t y . 
From <l ;E,H- ,....: general point of view, however , the same data also 

admit a \. · - '.. r 

( 4 . 1 2 )  

with a small axial-vector part .  Using the inclusive data alone , it is impos­

s ible to tell whether the vector-dominant or the axial-vector-dominant solu-

tion is the correct one . To answer that question, we look at some exclusive 
channel s  - e . g .  diffractive production of A1 and p ,  to which I ' l l  come back 

later . Another way is to look for a low energy transi tion which selects A 

or V only.  For instance , the reaction : 

v + D + v + n + p (4 . 1 3) 

at low (reactor) energies directly measures the strength of the isovector 

axial part of the neutral current . 

There are now several models that predic t that the neutral currents 

are pure vector . I wish to emphasize that to test the pure V (or pure A) 

hypothesis  we need not necessarily look at the inclusive data . We s imply 

test : 

do (v+I +v+F) da (v+r+ v+F) ( 4 . 1 4 )  

between any pair o f  initial and f inal s tates . The target I need not b e  iso-
scalar ; the reaction can be exclusive or inclusive ; the cross sect ion can 

be differential or integrated ; you may apply any angular or energy cut as 

long as the same cuts are appl ied to both s ides . The equality (4 . 1 4 )  i s  a 

rigorous consequence of Hermiticity and absence of VA interference . Obv iously 
the fact that such an equality relation i s  sat,isfied for some reaction does 

not prove that the interaction is  pure vector or pure axial vector . It is 
most informati-..e to test  this kind of equality in reactions where the analo­

gous charged current reactions are known to exhibit VA interference .  

QUESTION 5 WHAT ARE THE ISOSPIN AND SU (3)  [ . . . SU (n)] PROPERTIES OF THE 

HADRONIC NEUTRAI CURRENT 

The hadronic part of the neutral currents i s  nonstrange ( S  = O) ; 

in addition Q = B = O ,  of course .  So j ust from the Gel l-Mann-Niahij ima rule 



we have 

S+B Q - -2- = 0 
which leaves us with the following possibilities 

I o, 1 ,  2 ,  . . .  

(5 . 1 ) 

(5 . 2 )  
We are prejudiced against I = 2 or higher because ( i )  i t  is diffi­

cul t to make a bilinear current with I � 2 using quark field s ,  and (ii) there 

is no evidence for I ? 2 currents in the elec tromagnetic interactions nor in 

the charged-current weak interactions . In the following I assume that the 

current is isovector ( I = 1 )  and/or isoscalar ( I = 0) . 
The classical way to determine the isospin properties of the cur­

rent is to study single pion production 

V + p 7 V + TI0  + p, V + TI+ + n 

v + n � v + TI 0  + n ,  v + TI + p 

If the current is pure isoscalar , only I 

possibl e .  So we expect : 

a (rr0p) a (rr 0n) 1 

(5 .3)  

1/2 rrN final s ta tes are 

2 1 2 (5 . 4) 

If the current is isovector , both I = 1/2  and I = 3/2 final s tates 

are possible .  However , if we work in the W � 1236 MeV region , i t  may be rea­

sonable to expect that the reactions (5 . 3 )  are dominated by � ( 1 236) provided , 

of course , that the current is predominantly i sovector . We then expect 

a (rr0p) a ( rr0n) a ( rr-p) 2 1 2 1 (5 . 5 )  
in  sharp contrast with (5 . 4) 

Experimentally there was data from the ANL bubble chamber group 

favoring isovector , but that result was not regarded as conclusive evidence 

against pure isoscalar . More recently , the Gargamelle Collaboration has s tud 

-ied the rr--to-rr0  ratio in single pion production . If we have a pure isosca­

lar current on an isoscalar targe t ,  the rr+-to-rr--to-rr0 ratios must be 
1 : 1 : 1 ; this i s  clear because we have no preferred direction in isospin space 
to s tart with .  Furthermore , this conclusion holds even in the presence of 

3 1 1  



312  

final s tate interactions among nucleons and pions s ince the nuclear charge 

exchange corrections are expected to obey charge independence .  The high 

7T0-to-7T ratio reported by Mme "Brisson at this meeting shows that the pure 

isoscalar hypothesis  is ruled out . We are forced to conclude that there 

must  be a substantial amount of isovector . 

There is , however , one final check to be made before a firm con-· 

clusion is to be reached . If the neutral current is predominantly (if not 

purely) isovector , there must  be a s trong 6 signal in the neutral current 

reactions (5 . 3) . This  is an inevitable consequence of isospin invariance 

because a 6 signal shows up s trongly in both charged-current single pion 

production and single pion electroproduction . The 7T 0p  mass distributions 
observed by both the Columbia-Illinois-Rockefeller Collaboration and the 

Gargamelle Collaboration are inconclusive in this respect ( see Goulianos ' 

report) , and this may have to do with the fact that the target used is Ai 

o= CF3Br2 • Obviously it is desirable  to look for a clean 6 signal in the 

7T p combination using n2 targets . 

In any case ,  it appears now from the Gargamelle data that the cur­
rent is not pure isoscalar . The next natural question is : is it pure isovec 

-tor To answer this question we must  s tudy isovector-isoscalar interfe-

rence . For definiteness let us take pion inclusive reactions 

v + N + v +TI± ,o + x (5 . 6) 

where , as usual , N stands for the nucleon averaged over equal numbers of 

protons and neutrons . For a pure i soscalar current we obviously expect : 

a (7T o )  1 1 (5 . 7 ) 

which relation,  according to the Aachen side of the Gargamelle Collaboration, 

is also in difficulty, while the combination 

(5 . 8 )  

i solates the isovector contribution. Isoscalar-isovector interference can be  

obtained by  looking at 

• (\!N +\!7T 
+ X) - a (\!N + -A - \)7[ X) \) 

(5 . 9) 
o (vN + - + X) o (vN + X) A - \)7[ - \)7[ 

\) 



The sum and the difference of A and A� are proportional to pro­

ducts of isoscalar and isovector constant� as foYlows 

A + A  
\) v 

(5 . 10)  

If  we have separate data on proton and neutron targets (e . g .  H2 
and n2 bubble chamber experiments) , we may study i sovector-isoscalar inter­

ference in the fol lowing manner . If the current is i sospin pure , i . e .  pure 

I=l or pure I=O , we , of course , expect : 

a (\in + \!X0) 

(5 . 11 )  
a (Vn + VX0 )  

where X may b e  any hadronic state , exclusive o r  inclusive . 

Deviations from these equality relations would provide conclusive 
evidence for the presence of i sovector-isoscalar interference . 

If an isoscalar piece is indeed present , we may examine its  SU ( 3 )  

( or  SU(4) , e tc  • • .  ) propertie s .  Even in  the days when it was believed that 

there were only three flavors , we could consider two independent isoscalars 

1 (uu + dd) 2 -
3 - 3 SS 

( 5 . 12 )  
1 (uu + dd + -;s) 3 

The first transforms like the e ight component of an SU(3 )  octet 
(e . g .  the isos calar part of the electromagnetic current) while  the second 
transforms like a unitary singlet ( e . g .  the baryon current) .  The difference 
is s s ,  a t  l ike piece . This is unfortunate . Within the framework of naive 
quark model s  which visualize the nucleon as being made up of three valence 
quarks ,  the deep inelastic inclus ive reactions are insensitive to the pre­
sence or absence of a t  l ike piece . Resonance excitation (N* production) 
does not help either because tN + N* is forbidden by the Zweig (or Okubo­

Iizuka) rule .  To isolate a t  l ike component , we must look at Pomeron exchange 

reactions that violate the Zweig rule , e . g .  diffractive w and t production . 

We '11 come back to this point later . 

If we start adding quarks of more exotic flavors - �c (w/J like) , 
tt , bb, - the s ituation becomes even more involved . It seems practically 
impossible to propose an experiment to determine , for instance , the amount of 
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a tt component in  the neutral currents .  

QUESTION 6 WHY STUDY EXCLUSIVE REACTIONS 

One of the most important exclusive reactions is elastic p scatter-

ing 

v+p -> v+p (6 . 1 ) 
In a certain sense this reaction is as fundamental as neutron beta 

decay . At q2 0 various models give simple and definitive predict ions : 

d o  d:::2 (vp -> vp) 
d o  -dcj"L ( vn -> 1- p) 

2 v� + ( 1 .  25) a� 
4 [1 + ( 1 . 25 ) 2] 
( 1  - 4 sin2 ew) 2 + ( 1 . 25 ) 2 

4 [l + ( 1 .  2 5) 2] 
v2 s 

1 + ( 1 . 25 ) 2 

pure isovector 

Weinberg Salam ( 6 . 2 )  

isoscalar vector 

As we go away from q2=0 ,  the predictions become more complicated 

because of form factors and also because of VA interference which depends 

both on q2 and E .  This is unfortunate ; experimentally low q2 events are 

difficult to study because ( i )  the recoil �inetic energy of the proton is  

low, and ( ii )  the neutron background is mos t  serious when q2 is  small . Des­

pite these difficulties we are pleased to hear at thi s  meeting that the 

Columbia-Illinois-Rocke feller Collaboration now has positive evidence for 

the elastic reaction ( 6 . 1 ) with q2 between 0 . 3  GeV2 and 1 GeV2 ( c . f .  

Goulianos ' report) . 

Going up in the hadronic mass W, the next channel we encounter i s  

rr+N . The soft-pion techniques developed in  the sixties enable us t o  re late 

s ingle pion production near threshold to elastic vp s cattering . Earlier 

attempts to compare the experimental data and the soft-pion predictions caus­

ed a great deal of excitement because the measured cross section for : 



( 6 . 3 )  

near threshold was an order of magnitude higher than the soft-pion expecta­

tions with any combination o.f V and A. Fortunately , or unfortunately,  the 

data showing threshold enhancement , which s t imulated many interes ting spe­

culations - SPT , second-clas s V ,  A etc . . .  , - have subsequently been with­

drawn. 

t ion 

A great deal of theoretical work has been done on 6 ( 1236) produc­

however , I won ' t  discuss it here . Let me instead turn to d iffractive 

production of vector and/or axial vector mesons . We first recall that in 

photoproduction and also in low q2 e lectroproduction , the reactions : 

y (real or virtual) + p + ( p 0 , w ,  ¢) + p ( 6 . 4 )  

are extremely important . Furthermore these vector meson states , having the 

same quantum numbers as the proton (JPC = 1 ) , are produced with all the 

features we expect from "diffraction" - energy independent cross sections , 

diffraction s lopes characteristic  of elastic scattering , sharp coherent 

peaks when nuclear targets  are used , etc . . .  Likewise we expect that in neu-

trino reactions : 

v+N + v + ( p 0 ,  w ,  ¢ , Ai , . . .  ) + N ( 6 . 5 )  

the states with the same quantum numbers a s  the current get filtered out 

for isovector vector 

w and � for isoscalar vector 
A1 for isovector axial vector 

There have been many calculations on these diffractive processes 

based on vector (and axial vector) meson dominance . Such estimates may not 

be too reliable in quantitative detai l s . Fortunately various model uncertain­

ties cancel when comparisons are made with the analogous charged current pro­

cesses , e .  g .  : 

o (v+N 

a (v+N 

a (v+N 

o (v+N 

v+p 0+N) 

- + +N) µ +p 

+ v+Ai+N) 
- + +µ +A1+N) 

di ff .  

d iff .  

l v2 SW  1 ( 1  - 2 sin2 e ) 2 
2 3 = 2 w 

1 SW 1 
2 aj = 2 

(6 . 6 . a) 

(6 . 6 .b )  
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where SW stands for Salam-Weinberg. Notice , in particular , that we can examine 

whether the vector do�inant or axial-vector dominant solution is the right one . 

As for w and ¢ ,  a careful study would in principle determine whether the iso­

scalar vector part of the neutral currents is an SU(3 )  s inglet or belongs to 

the same SU( 3 )  octet as the i sovector part .  

Finally I wish to mention coherent scattering off  nuclei 

v+A + v+A 

where A stands for some complex nucleus .  A coherent e ffect i s  expected when 

the contributions from the various nucleons add up in the amplitude , and in 

our case this is possible only through the isoscalar vector piece of the neu­

tral currents . Much importance has been attached to this process because it 

might provide a mechanism for triggering a supernova explosion . Detailed cal­

culations show , however ,  that in models with predominantly axial vector cou­

plings such as the Weinberg-Salam model with sin2 SW � 0 . 35 ,  it is unlikely 

that the vFe scattering cross section predicted is of sufficient strength to 

b low off the outer layer of a collapsed stellar obj ect . 

QUESTION WHAT CAN WE LEARN FROM NEUTRINO-ELECTRON SCATTERING 

Let us now turn to neutrino-electron s cattering . There are four 

reactions of interest : 

v + e v + e ( 7 . 1 . a) e e 

v + e v + e ( 7 . 1 .b )  e e 

v + e v + e ( 7 . 1 . c) µ µ 

v + e v + e ( 7 . 1 . d) µ µ 

Of these ( 7 . 1 . c) and ( 7 . 1 . d )  are allowed only by the neutral-current 

interactions whi le ( 7 . 1 . a) and ( 7 . 1 . b )  are allowed even in the old V-A char­

ged-current theory which permits the appearance of the current in the u and 
the s channel ,  respectively . So observation of ( 7 . 1 . c) or ( 7 . 1 . d )  can be  

taken as  firm evidence for the existence of neutral currents whereas to esta-
blish neutral current effects in ( 7 . 1 . a) and ( 7 . 1 .b )  detailed studies of the 

rate and the spectrum shape are needed . 
There are now three events of v

µ
e scattering reported by the 



Gargame lle Collaboration. The cross section corresponding to the ob served 

three events  i s  Jf the order of 10-42 cm2 E (E in GeV) . Perhaps the most  

important conclusion we can draw from the data is  that the e ffect ive strength 

of the v e- interaction is not too different from that of the semileptonic 

neutral �urrent interactions . An ve cross sect ion of  10-42 cm2 E corresponds 

to a cross section of 0 . 06 G2s/n ; in comparison , for hadronic final state s ,  

the observed neutral current inclusive cross sect ions for v and v are typi­

cally in the range (0 . 04 - 0 . 06) G2s/n per nucleon. So ,  independently of any 

detailed theory, we can conclude that the coupling strength of  ee to v v is 
µ µ 

not too different from that of qq to v v . In other words we have rough 
µ µ 

"universality" , at least . 

For a more quantitative formulation of universality, we mus t ,  of 

course , specify the group structure of the leptonic and hadronic currents . 

Definite pred ictions on the vector and axial vector coupling constants for 

v e ,  v e scattering can then be made . For example , in the (one-parameter) 
µ µ 

We inberg-Salam model b ased on SU(2) €)u ( l) the coupling constants � and gA 
defined by : 

(7 . 2 )  

are given b y  

l - 2 + 2 sin2 ew 2 ( 7 . 3 )  

with sin2 ew already determined from the semi leptonic data t o  b e  � 0 . 35 . 

I ' ll not present a detailed comparison between the data and various 

theoretical mode ls except to emphasize that it is desirable to design an expe­

riment that determines both gV and gA separately. When one compares the data 

with the (one-parameter) Weinberg-Salam mode l ,  one i s ,  in e ffect , asking : 

What is the value of � when gA is constrained to be - 1 / 2  ? The most  objec­

tive way to show the experimental results is to display the constraints impos 

-ed by the data on a gV-gA plane . Such a plot is presented at this meeting 

by Mme Brisson. 

QUESTION 8 CAN WE DETECT NEUTRAL-CURRENT EFFECTS IN PROCESSES NOT INVOLVING 

NEUTRINOS ----

Even though we know from comparison between v
µ

e scattering and semi­

leptonic ine lastic reactions that qq and ""i£ ( £  = e and presumably also µ by 

µe universality) enter in the neutral currents with similar strength , we cannot 
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yet conclude that vv enters with similar strength . We can conceive of a crazy 

model in which the coefficients in front of qq and ££ are both enhanced by a 

factor of r compared to models  based on nomal universality while that in front 

of -::;v is down by l /r .  To eliminate such a possibi lity it is essential that we 

detect neutral current effects in at least one reaction not involving neutri-

nos . 

The most spectacular effect of neutral currents along this line 

would be the direct formation of a weak neutral boson Z in e lectron-positron 

collisions . In normal models based on universality the partial decay width of 

Z into e+e- goes as 

+ -r (Z � e e ) � G mi ( 8 . 1) 

just from d imensional considerations . Recall that even though we now know 

that � is a hadron , the leptonic decay width of � is about what one would 

expect for a weak boson of mass � m� . This  means that a higher mass weak boson 

would give rise to an effect even more spectacular than the � peak that shook 

the world . 

Even if the Z boson turns out to be too massive (as in the Weinberg­

Salam mode l) to be produced directly in electron-positron collisions in the 

near future , we are likely to start detecting neutral current effects in : 

+ e + e + 
µ + µ 

in the kind of collid ing beam machines now under construction . 

( 8 . 2) 

With a Z mass much higher than the center-of-mass energy of the 

e+e- system, denoted by IS, the ratio of the weak amplitude to the electroma­

gnetic amplitude goes roughly as : 

( s  in GeV2 ) ( 8 . 3) 

Thus , at sufficiently high energies , the weak amplitude becomes 

comparable to the electromagnetic amp litude . Even at moderate energie s ,  s ay ,  

s � 103 GeV2 , we may b e  able to detect significant interference effects .  

To be quantitative let u s  write down the most general interaction 

with µe universality : 



( 8 . 4) 

where I have assumed mz >> IS. If the interaction arises from the exhange of 

a single weak boson , then we must have : 

( 8 . 5 )  

However, .if there are several intermediate bosons , a l l  we can say 

i s  

( 8 . 6) 

So it is desirable to devise experiments that test each of the 

three terms separately. Various theoret ical models give definite predictions 

on hVV , hVA' hAA. For example , in the Weinberg-Salam model : 

( 8 .  7 )  

Weak current effects in muon pair production can be tested in  three 
places 

(i) The magnitude and s dependence of the total cross section ( sensi-
tive to �V) .  

( i i )  Forward-backward asymmetry ( sensitive to hAA) .  

( iii )  tongitudinal polarization of the muon ( sensitive to hVA) .  

The relevant formulas are , 

_M_ = (G//2 1fa ) s  hvv 0 QED 
( 8 . 8 . a) 

3 1 9 



320 

A(8) 

p + 
µ 

o ( 9 )  - o (ir-8 ) 0 ( 8 )  + o (ir-8 ) 

I ro I, 2 cos 8 ] - p 
-

= (G v2 rra) h
VA 

s � + 
1 + cos2 8J 

µ 

( 8 . 8 .b )  

( 8 . 8 . c) 

Just to give an order of magnitude , (G/ /2 rra) s hAA is about 0 . 08 

at s � 900 GeV
2 

in the Weinberg-Salam mode l  ( independent o f  8W) ; so forward­

backward asynnnetry should be comfortably measurable with a col liding beam 

apparatus of E � 15 GeV each . In pure vector mod e l s  hAA and hyA vanish , but 

� is expected to be large ; so we are likely to see deviations from the 

QED predictions in the magnitude and the energy depencfnce of the muon pair 

cross section .  It is amusing that from QED t e s t s  already performed at SPEAR 

energies we can already conclude : 

(90 % CL) ( 8 . 9 )  

The main point I wish to emphasize i s  that , a s  long a s  we have 

rough univer sality , we are guaranteed to observe weak-e lectromagnet ic inter­

ference effects at PETRA or PEP regard l e s s  o f  whe ther the interaction is predo­

minantly axial-vector (as in the Weinberg-Salam mode l )  or pure vector . In the 

1981 Rencontre de Moriond we look forward to hearing about the first experi­

ment to detect neutral current e ffec t s  in e lectron-pos itron annihilat ion into 

muon pairs . 

Neutral current e f fects without neutrinos can also be l ooked for by 

s tudying p o s s ible parity violation in atomic physics and in ine lastic µ±p 

s catter ing • However , I ' l l not treat them here . 

ooOoo 

It has been nearly three years s ince the dramat ic d i scovery o f  neu­

cral currents was announced by the Gargame l le Collaboration. We have to admi t 

that the progress in thi s  f i e ld has b een rather s l ow when compared to the 

spect acular progress we made in the field of new particle spectroscopy since 

that fateful Sund ay , November 10 , 19 7 4 .  Perhaps we have to be a l i t t le patient . 

It took twenty five years to show that nuclear beta decay interact ions involve 

V and A .  

The h i s t ory o f  weak interaction physics has been characterized by 

(i) wrong experiment s ,  and ( i i )  bad theoret ical mod e l s  based on wrong data. 

Let u s  hope that h i s tory won ' t  repeat itse l f .  

ooOoo 
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