Compte rendu de la
ONZIEME RENCONTRE

DE MORIOND
Flaine - Haute-Savoie (France) 29 Février - 12 Mars 1976

VOL. I

INTERACTIONS FAIBLES ET
PHYSIQUE DES NEUTRINOS

J. TRAN THANH VAN

SOUS LE HAUT PATRONAGE DE é

< e
INSTITUT NATIONAL DE PHYSIQUE NUCLEAIRE é %
ET DE PHYSIQUE DES PARTICULES z [
COMMISSARIAT A L’ENERGIE ATOMIQUE “A @)
LABORATOIRE DE L’ACCELERATEUR LINEAIRE \‘) ~
LABORATOIRE DE PHYSIQUE THEORIQUE ET HAUTES ENERGIES Blﬁ\’

LABORATOIRE DE PHYSIQUE THEORIQUE
ET PARTICULES ELEMENTAIRES

PUBLICATION SUBVENTIONNEE PAR LE C.N.RS.



La deuxiéme session de la Onziéme Rencontre de Moriond sur
« Interactions faibles et Physique des neutrinos »
était organisée par
J. Trin Thanh Vin
" R. Turlay
et J. Iliopoulos

Secrétariat permanent :

Rencontre de Moriond

Laboratoire de Physique Théorique et Particules Elémentaires
Bitiment 211 - Université de Paris-Sud

91405 ORSAY (France)
Tél. 941.73.72 - 941.73.66



Proceedings of the

ELEVENTH RENCONTRE DE MORIOND
Flaine - 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



The Second Session or the Eleventh Rencontre de Moriond on
Weak Interactions and Neutrino Physics
was organized by

J. Tran Thanh Van
R. Turlay
and J. Iliopoulos

Secrétariat permanent :
Rencontre de Moriond

Laboratoire de Physique Théorique et Particules Elémentaires
Bétiment 211 - Université de Paris-Sud

91405 ORSAY (France)

Tél. 941.73.72 - 941.73.66



AVANT - PROPOS

La Rencontre de Moriond qui s'est tenue du 29 février au
12 mars 1976 3 Flaine (Haute-Savole), est la onziéme d'une série

commencée en 1966.

La premiére Rencontre a eu lieu & Moriond dans des chalets
savoyards ol les physiciens, expérimentateurs et théoriciens, parta-
geaient non seulement leurs préoccupations scientifiques, mais aussi
les tdches culinaires et les travaux ménagers. Elle regroupait prin-
cipalement les physiciens frangais travaillant dans les interactions
électromagnétiques. Au cours des Rencontres suivantes, venait s'ajou-
ter 4 la session sur les interactions électromagnétiques, une session

sur les interactions fortes & hautes énergies.

Le but principal de ces Rencontres est d'une part, de faire
le point sur les récents développements de la physique contemporaine,
et d'autre part, de promouvoir une collaboration effective entre
expérimentateurs et théoriciens dans le domaine des interactions
électromagnétiques et des particules élémentaires. Par ailleurs, la
durée relativement longue de la Rencontre et le faible nombre des
participants, doivent permettre & la fois une meillleure connaissance
humaine entre les participants et une discussion approfondie et

détaillée des communications présentées.

Ce souci de recherche et d'expérimentation de nouvelles
formes de communication, de nouveaux terrains d'échange et de dialo-

gues, qui depuis l'origine anime les Rencontres de Moriond, nous z



amenés, il y a six ans, 3 susciter la création pour les biologistes
de la premiére Rencontre de Méribel sur la Différenciation Cellulaire
qui se tient en méme temps et dans les m@mes locaux que la premiére
session de la Rencontre de Moriond. Des séminaires communs ont été
organisés afin d'étudier dans quelle mesure les méthodes d'analyse
utilisées en physique pouvaient &tre appliquées a certains problémes
qui se posent en biologie. Ces conférences ainsi qu'une table ronde
sur les problémes actuels de la Biologie ont suscité de nombreuses
discussions "informelles", animées et enrichissantes entre biologistes
et physiciens. Ces échanges font espérer qu'un jour peut-€tre, les
problémes, pour le moment si complexes, posés en Biologie, donneront
naissance a de nouvelles méthodes d'analyse ou a de nouveaux langages

mathématiques.

La premiére session de la onziéme Rencontre de Moriond
(29 février au 6 mars 1976), est consacrée aux interactions hadroniques
3 hautes énergies. G. KANE, L. MONTANET ainsi que B. et F. SCHREMPP

m'ont aidé i 1'élaboration du  programme de la Rencontre.

La seconde session (6 au 12 mars 1976) est consacrée aux
interactions faibles et a la physique des neutrinos, et la coordina-
tion est assurée par R. TURLAY et J. ILIOPOULOS. Une attention particu-

liére a porté sur la recherche des particules charmées.
Mmes Geneviéve BEUCHEY et Marie~Thérése PILLET, et Mlle
M. ROUSSELLE ont dépensé beaucoup de temps et d'efforts pour la réus-

site de cette Rencontre.

Au nom de tous les participants, nous les remercions.

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 theoriclans -
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 discussion of the contributions.

This concern for research and experimentation of new
channels of communication and dialogue which from the start animated
the Moriond Meetings, incited us, six years ago, to organize a simul-
taneous Meeting of biologists on Cellular Differentiation at Meribel-
les-Allues. Cowmon 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 analytical 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
interactions. G. KANE, L. MONTANET, Barbara and F. SCHREMPP have given

me their help in setting the program of the Rencontre.
The second session (March 6 - 12, 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 time and energy to the success of this Meeting.

On behalf of the participants I thank them.

J. TRAN THANH VAN
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THE PARTON MODEL REVISITED

Otto NACHTMANN

Institut fur Theoretische Physik
der Universitat Heidelberg

Abstract : The basic concepts of the parton model are briefly recalled.

In the framework of this model we discuss then the main features of

the structure of the nucleons as revealed by the deep inelastic lepton
nucleon scattering experiments.

Résumé : Les notions fondamentales du modéle des partons sont rappe-
lées briévement. Aprés, nous exposons dans le cadre de ce modéle, les
résultats principaux concernant la structure des nucléons qui ont &té

obtenus par les expériences sur la diffusion profondément inélastique
des leptons sur des nucléons.
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I. INTRODUCTION.

The idea to consider hadrons as bound states of pointlike consti-
tuents, partons, introduced by Feynman [ﬂ, and its application to lepton
hadron scattering, initiated by Bjorken and Paschos Bﬂ , proved to be enor-
mously successful. The famous SLAC-MIT experiments on deep inelastic elec-
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

(1) The experimental verification of (approximate) Bjorken 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 electromagnetic and weak currents have spin 1/2

and carry fractional charges of the Gell-Mann Zweig quarks Eﬂ

(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, probably '"gluons".

In these talks which are addressed to experimentalists, I intend
to discuss on an elementary level how this information is obtained from the
data. We will give a rapid survey of kinematics, 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 scattering des-

cribed by the diagram of Figure 1.

2(k) + N(p) + 2'(k") + X(p") (2.1)
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TABLE :

Specifically, we will treat the following reactions 3

e +Ns>re +X
\;+N—>u_+)(
H +

v + N>y +X
u

v + N>y +X
o u

v + N> +X
u Yu

(2.2)

The relevant kinematic variables are listed in the Table.

The lepton masses will be neglected throughout these talks.

The metric and y-matrix conventions follow Bjorken and Drell.

VARIABLE MEANING
pk AP
E = o Energy of-the initial lepton.
k! .
E' = RH— Energy of the final lepton.
] Scattering angle of the leptons.
q=k - k' Four momentum transfer.
Q2 = ~q2 ; Four momentum transfer squared.
= 4 EE'sin? = |

M
y = v/E
1
X =0 = Q2/2Mv
My
P = -2
Q

Energy transfer.

Fractional energy transfer.

Bjorken's scalimg_variable.

Momentum of the nucleon in the Breit frame.

Kinematic variables for lepton hadron scattering.
Noncovariant variables refer to the laboratory frame if not other-

wise stated.



The range of the kinematic variables is as follows
2 5 \)>2
Q" >0 > Q°/m
0<x<1 0sy<s1 (2.3)
where we have assumed E >> M in the second line (see Figure 2).
We will discuss the reaction eq. (2.1) only in the Bjorken limit
Vel Q2 > ®0x = 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 :
pr = (/2% + %, 0, 0, P)

(0, 0, 0, -Q)

Qa
n

P = Mv/Q (2.4)

In the Bjorken limit P + », i.e. we deal with a fast moving nucleon

and hope to be able 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 scattering is
the incoherent sum of the cross sections of the partons weighted with the
probability to find the partons inside the nucleon. In the scattering the
partons are to be considered as free, pointlike particles, i.e. we assume
the validity of the impulse approximation.

A deep inelastic lepton hadron scattering event in the parton pic-—
ture is shown in Figure 3.

It is now easy to do calculations since the whole labour is reduc-—
ed to computing cross sections for point particles. Consider first electron

nucleon scattering and assume that we have several parton species labelled

21
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X(p)

N(p)

Fig. 1 Lepton nucleon scattering. The four momenta of' the
particles are indicated in brackets

Fig. 1

Q2 (GeV?)

30-

10 E 20 30 v(GeV)
Fig. 2 Kinematic domain for lepton nucleon scattering

Fig. 2



by i which have charges e distribution functions Ni(x)(*) and spin O or

1/2. The cross section is then given by :

32g _ 8ma?
%3y (eN > eX) = —ag— ME
(2xled NG [+ -9 +x] el N6 -y (2.5)
spin 1/2 spin O

where o is the fine structure constant and we have again assumed E >> M.
The sums run over spin O or spin 1/2 partons as indicated.
Turning next to neutrino nucleon scattering we assume that we can

describe it by an effective current x current interaction :

G — A +
L, =-—= 1- J
o fF /E{ uy” ( Y5)Vu N

— A -
N (A=yglu Iy
— A N
+ VY (l—YS)\)u JA 1 (2.6)

. . + N .
where G is Fermi's constant and JA’ JA are the weak hadronic charged and
neutral currents. If a quark pair q, q' contributes a piece

r -
q YA(CV CAYs)q (2.7)

to any of these currents we will obtain a contribution to the cross section

as follows : cross section : 3%53'(VUN + £'X), contribution from q and q'

G2ME

2 2
R SENCICHRRN A NE,(X)(CV - ¢
2 2- 2
+§ [:Nq(x)(Cv -COT N_(I' @, + ¢ A-n° 3 (2.8)
cross section : _332 VN~ LK)
t9xdy u

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

of the nucleon momentum) between x and x + dx.

23
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contribution from q and q' :

2y
SL%E.{ g [:Nq(x)(cV + cA)2 + NE'(x)(CV - cA)Z] (1—y)2
2 2
M EROTCHER NE'(X)(CV ¢ (2.9)

Note that the roles of the quark q and the antiquark E' are inter-—
changed when going from neutrino to antineutrino scattering.
This is all we need as formulas and we can now turn to a discus-—

sion of the experimental results interpreted in terms of the parton model.

ITI. ELECTRON NUCLEON SCATTERING.

The most important information obtained from electron nucleon
scattering is that the structure functions for both the proton and the neu-

tron scale to perhaps *+ 15 7 as predicted by the naive parton model BJ s Bﬂ,
(6]

2

20, (v, Q) = Fy(x) = | e N, (x)
spin 1/2

W, (v, @2) = F,(x) = x | ei N () + x ) ei N, (%) (3.1)
spin 1/2 spin 0

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

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

2

1 GeV” < Q2 < 15 Gev?
Y s

6.75 cev2 < M2 + 2Mv ~ Q? <25 cev2 (3.2)

The second important point which we learn from the data is that
there are few if any charged spin O partons in the nucleon. If we neglected

all non asymptotic terms, the experimental results would imply Bﬂ :

- 2 .2
Le; N,/ e N.(x) = 0.17 (3.3)
spin 0 spin 1/2
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But we surely must allow for non asymptotic terms at present ener-—
gies and if we do so everything is quite compatible with no spin O partons
at all, an alternative which is much more appreciated by theorists.

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

tions satisfy :
1
z j dx N.(x) = finite (3.4)
i o .
This clearly implies that Ni(x) cannot be as singular as 1/x for
x > 0 (note that all Ni's must be positive), and therefore we find from
eq. (3.1)
FZ(X) — 0 (3.5)
x =+ 0

Looking at Figure 4 we see that such a behaviour is clearly not

indicated by the data which instead suggests for x » 0 (0w -+ =)
F,(x) ——— const #0 (3.6)
Such a behaviour if 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 scattering we have to adopt a model
which specifies how the weak current acts on the partons. The simplest model
is the Gell-Mann Zweig quark model Eﬂ where the electromagnetic and weak
charged currents are expressed in terms of the fundamental quark fields

u, d, s (up, down, strange) as follows

em _ 2 — _ 13 N

Ty 3w u s gdvd gy s

+ _

JA = uy, (l-ys)d

JA = dYA (l—ys)u (4.1)

where we have neglected the Cabibbo angle.



Inserting in our formulae eqs. (2.8) and (2.9), we find for the
neutrino and antineutrino cross sections per nucleon on a target consis-—

ting of an equal amount of protons and neutrons

2 - 2 —
ai—a‘y’ (VN> X = EE {00 + 0 (o)}
2 — 2 2 —
aia‘y’ GN - S = G;{E NGO (=) + NGO 3 (4.2)

where N(x) and N(x) are the distribution functions of quarks and antiquarks

in the nucleon. More specifically
N(x) = Nu(x) + Nd(x)

NGx) = N_(x) + N_(x) (4.3)
u d

where Nu(x), Nd(x) ... are the distribution functions for "up", '"down", ...

quarks in the proton. (The distribution functions of the neutron are obtain-

ed from those of the proton by a charge symmetry operation).

IV.1 : The y-distributions

Now we discuss some important points concerning the y-distributions.
(1) Since the charged weak currents have a pure V-A structure quarks
. . . 2 . . .
give a constant term in the neutrino and a (l-y)“ term in the antineutrino
cross section. For antiquarks the situation is reversed.
(ii) For y=0 neutrino and antineutrino cross sections become equal. This

equality for y=0 must, in fact, hold whenever the charged weak currents are

related by a charge symmetry operation in the usual way :

P_=e (4.4)

(remember that we have set the Cabibbo angle to zero). This we can see from

eqs. (2.7), (2.8) and (2.9). If the current J: contains a contribution

.
1 -
Iy v aly, (G - Cuvgda (4.5)

27
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from a quark pair q', q then eq. (4.4) implies a contribution to JA of the

form :

- o )
Ty v gy Gy T Cuvgdag (4.6)

from the charge symmetric pair qi, qp ¢

Py 4P = q;
P q'P_ = a} (6.7)

From eqs. (2.8) and (2.9), we find then the following contribu-

tions to the neutrino and antineutrino cross sections for y=0

320 - G®ME 2, .2
oy O v x)! o x[ﬁq(x) + N_'(x{](cv +C)
y=0 q
220 Sna o] 2B 6o N 3]+ ) (4.8)
9X9y M ' _ q - A% A
y=0 I ay

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 qq and likewise a“ and a}. This shows indeed that

3%q
9Xay

320
9%9y

(C@N S (4.9)

(v N 4 X) =
H y=0

y=0
if the weak current transforms under a charge symmetry operation as shown
in eq. (4.4). We note that the argument remains true if we include spin O

partons which couple to the weak current.

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

The Gargamelle group has extracted the distribution functions N(x)
and N(x) from the data D]. (Figure 7).

If the whole picture which we have developed so far is consistent
and continues to hold for energies higher than those attainable with Garga-
melle, we expect to see the simple y-distributions shown in Figure 6 for
neutrino and antineutrino events for fixed x 2 0.2. For x < 0.2 the Garga-

melle data implies a sizeable antiquark content in the nucleon with must



30

reflect itself in a change in the y-distributions. 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 electromagnetic

structure functions in section III the following. Whenever
xN(x) ~——+ const. # 0 (4.10)
x>0

there must be an infinite number of quarks and antiquarks in the nucleon
and for x » 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) = 1 (4.11)
x>0
If the electromagnetic structure functions satisfy :
Fo"(x) —— const. # 0 (4.12)
x +0

we certainly would expect the neutrino structure function to satisfy eq.

(4.10).

IV.2 : The total cross sections

Next we consider the total neutrino nucleon cross sections. Inte-

grating over x and y we obtain from eq. (4.2)

o(")(E) - GAE [ <xN> + & < }
s 3

G(V)(E) = GZ:E { %—<xN> + <xN> } (4.13)
1

<> = [ dx xN(x)
[¢)

pa— 1 p—

<> = [ dx xN(x) (4.14)

[¢)

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 G; d.

We observe that our parton theory predicts a linear rise of the
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total cross sections with the energy of the incident neutrino. This is
beautifully confirmed by experiment Bﬂ s Eﬂ (compare Figure 9).
Putting in the experimental numbers for the total cross sections,

we can determine <xN> and <xN>. We find
<xN> = 0.46 + 0.02
<xN> = 0.03 + 0.01 (4.15)

The data on electron nucleon scattering on the other hand allow

us to estimate also the amount of momentum carried by s and s quarks since

1
ep en _5 5 < 2
g dxx(F1 (x) + F1 (x)) = 3 <xN> + 3 <xN> + g <x(NS + N§)> (4.16)

The experimental values Eﬂ, 5}

1
[ axx F{P(x) = 0.167 + 0.008
o
1 e
[ dxx F{"(x) = 0.126 + 0.006 (4..17)
o
lead to :
<x(N_ + N)> =0.10 + 0.06 (4.18)

S

Adding up all the momentum carried by quarks we find that roughly
half of the momentum is still missing and must be attributed to other par-
tons. This could be either gluons or quarks which are still inoperative at
low energies. Discarding the latter alternative we find for the momentum

carried by gluons

<xNG> = 0.41 + 0.05 (4.19)

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

G
a substantial amount.



IV.3 : The_charges_of the partons

If we neglect the antiquark and strange quark contributions to

the longitudinal momentum of the nucleon altogether, we find :

2
o(v)(E) = Ejgg <xN>
", 2
o(v)(E) = Ejgg % <xN>
1 e en 5
[ ax@EP G0+ FN) = 5 o (4 £20)
o

The naive numbers 1/3 and 5/9 are quite close to the experimental

values [4], [5], (€], [9] :

[ axx(F1PG0 + F{N0)
o = 0.62 t 0.04 (5/9 = 0.56) (4.21)

7o (8) / (62m)

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-
acting via a V-A current. 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.
(4.21)). Can we therefore conclude that integral charges for quarks are
excluded ?

The correct answer to this question requires somewhat more subtle
reasoning. In writing down eq. (4.20) we have assumed that quarks have iso-
spin 1/2 and what we can therefore conclude from eq. (4.21) is that the ex—
periments on deep inelastic electron and neutrino nucleon scattering exclude
quarks with integral charges and isospin 1/2. This is even true if we allow
for antiquark contributions [Mﬂ.

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 electron cross section the charge squared of the partons

o™« 1|2

O (4.22)
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Experimentally one finds :

@ < ]I+12 (4.23)

this means : either we insist on isospin 1/2 for partons, i.e. |I+|2 =1,
then we must have fractional charges, or we insist on integral charges,
Q%2 = 1, then we must allow for partons with isospin > 1/2, e.g. isospin 1
which gives |I+]2 = 2.

This rough argument can be made completely rigorous Diﬂ. Toge-
ther with H. Kuhnelt I made a systematic investigation of parton models
with integral charges [1{]. It urned out that the data on deep inelastic
scattering is compatible with integrally charged partons. But if we also
insist that the theory produces the correct value for the amplitude of

m° + 2y decay we predict for electron positron annihilation into hadrons

+ -
c(e e - hadrons)
—

ole'e” » u+u_) # (429
This is far beyond the present experimental value and therefore
we conclude that the deep inelastic 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 scattering below some '"color" threshold as would

be the case in the Han-Nambu model [:].2] , E13] .

IV.4 : Sum rules :

Charge, strangeness and baryon number conservation require the
total number of u minus u, d minus d and s minus s quarks in the proton to

be as in the naive three quark model :

1
] dx(N (x) = N_(x)) =2
(o] u
1
[ a0 - N_(x) =1
o d
1
] ax® (x) - N_(x) =0 (4.25)
o s

For the distribution functions N = Nu + Nd and N = N_ + N_which
. . . u . .
can be obtained from experiments on a charge symmetric target this ?&plles

the Gross-Llewellyn Smith sum rule [}4] :



jl dx(N(x) -~ N(x)) = 3 (4.26)

o

This sum rule which is sensitive to the quark charges is well
satisfied by the Gargamelle data which leads to a value 3.0 * 0.6 [7] for
the integral in eq. (4.26).

A second sum rule which follows from eq. (4.25) is Adler's neu-
trino sum rule [15] To discuss this sum rule we integrate the neutrino
and antineutrino cross sections eq. (4.2) for fixed incident neutrino energy
E and fixed Q2 over the allowed kinematic region in v (compare Figure 2).
We find easily :

d%é\;l w =< ‘{l dx[N(“)<x) + ¥V (1 - %ﬂ

(G) 2 1 -— 2 —_
d G —
ﬂ—gq ) =5 ‘j, dx@(V)(x><1 - ;{‘1) TV ] (4.27)

v = Q%/2ME
where we have for the moment distinguished the distribution func-

tions N, N appearing in the neutrino and antineutrino cross sections. For

v > 0, this leads to :

) )
lim —ng ) - ——ng (v)jl
v->0 Q Q
l — —
=S in ([ BP0+ TV - vV - ¥V ]
T =0 v
+2v @ =TV Wy (4.28)
For our charge symmetric target we have of course N(V) = N(“),

ﬁ(\)) = ﬁ(“), and since the sum rules eq. (4.25) or alternatively the

Pomeranchuk theorem require

lim v (N(v) = N(v)) =0 (4.29)
v-0
we find :
(W) )
. do dg
lim E— ) - = (v)] =0 (4.30)
0 sz sz

in agreement with the Gargamelle data [7] On an arbitrary mixture of protons
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and neutrons as target we would find :

V) “) 2
lim %,— ) - %2— (v)] == ay (4.31)
v+0

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

\)u+N—>\)u+X

Uu+N»CH+X (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 [jz]. In this model, there are four quarks : u, d, s, ¢ (c for
charm) and the weak neutral current is written in terms of quark fields in
the following way :

N

=Ty L_4,_ 1
ot Go3z-ge

+Ky (l—ﬁz-ly)u
A2 3 2’5

by 1 2 1
a3y vl

- 1.2 1
tey, Egr3E s (5.2)

where z = sin2 8, and 8, is the Weinberg angle.
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 2 0.2. The cross sections per nucleon are then :



320 - GME x - 10 5y .10 2 (1 042
T3y (qu > vuX) ~ 3 N(x) { (1-2 z + 5 2 ) + 3 2 (1-y)° }
120 =y, Ty - OME X 2 a1 oy qip? 4 10
x5y (qu > vuX) = 2 N(x) { (1-2 z + 3 2z Y(1-y)” o+ 5 2 }
(5.3)

We note that for z # Q the 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.

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

find :
) gy - AT L, .20,
o7 (E) - <xN> (2 z+ 5oz )
) _GME 1 1 20 ,
o (E) = — 3 <xN> (2 z + Tz ) (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 :

g(v N> v X)
R(V)=__&___}i__=%_z+§_gzz
o(v N+ u X)
n
- c(V N>V X)
R I PP U
o(v N » u X)
u
0gzgl (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 [}8], 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 sinzew = 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.

37



38

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 [Iﬂ, where the charged weak currents in eq. (2.6) are expressed in
terms of quark fields as follows

+ = . - .
JA = uYA(l_YS)(COS ecd + sin ecs) + CYA(l ys)( sin ecd + cos eCs)

+
= ap’ (6.1)
where eC is the Cabibbo angle.

Now we can once more use our general formulae of section II to
get the cross sections for the AC # 0 production of charmed particles by

neutrinos and antineutrinos. For a charge symmetric target we find :

3%g - _ _ G2ME

5%5y (vIJI + N> p + X(C=+1)) = -

{ xNG) sin2 g  + 2xN_(x) cos? o  + 2xN_() (1-y)° } (6.2)
c

320 —~ + _ _ G2ME

W(Vu+N+u +X(C—1)) p

} (6.3)

{ 2xNC(x)(1—y)2 + xN(x) sin? ec + 2xN_(x) cos? eC

s

Comparing with eq. (4.2) we note the following points :

(1) We expect the distribution functions Nc(x), NF(X)’ Ns(x), Ng(x)

to be similar in shape to N(x) (see Figure 7). Therefore AC # O charmed par-—
ticle production for x 3 0.2 should occur only in neutrino scattering and

at a rate of n sin? 6. = 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 AC = O currents.

(ii) For x g 0.2 AC # 0 production is expected to occur both in neutri-
no and antineutrino scattering. If we neglect the c¢ and ¢ quark content of
the nucleon, the y-distribution of these AC # O events will be constant for
both neutrino and antineutrino scattering. If the y-distributions for AC = 0

neutrino and antineutrino events had the simple form of Figure 6, i.e. if
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N(x) = 0, then an additional constant term in the y=-distribution for anti-
neutrino events could be interpreted as evidence for AC # 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 AC # 0 production

in the y-distributions.

(iii) What about the equality of the neutrino and antineutrino cross
sections at y = 0 7 From eqs. (4.2), (6.2) and (6.3) we find above charm
threshold :
%0
9Ix9

(ORERS N(x) + N(x) + 208 (x) + N_(x))
il = — < = (6.4)
N(x) + N(x) + 2(N_(x) + NS(X))
y=0 c

340 -
=y (VUN‘* u X)

But we expect N (x) + N _(x) v N _(x) + N (x) ; therefore no large

deviation of this ratio from one 1s expected in the conventional charm model.

(iv) The total AC # 0 production cannot be more than 10 - 15 % of the
AC = 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 Djﬂ arise
from leptonic or semileptonic decays of charmed particles, the corresponding
branching ratios must be rather big to account for the observed ~ 1 7% 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. Williams,
Department of Nuclear Physics,
University of Oxford.

Abstract : Results from two experiments at the Fermilab on
deep muon-nucleon inelastic scattering are reviewed. The
measurements give the structure function vWp in the range

1 < w < 1000 and 0.2 < qz < 50 (GeV/c)2. There is evidence
that at w < 6 the structure function decreases as q? increases.
At high w the evidence for an increase of v, with q2 may
indicate a scaling violation or a slower turn-on of scaling

as q2 increases from zero than has been ‘found at SLAC.

Résume : Cet article passe en revue les résultats de deux
expériences réalisées au Fermilab sur la diffusion inélastique
profonde muon-nucléon. Ces résultats donnent les valeurs de
la fonction de structure vWp dans les gammes 1 < w < 1000 et
0.2 < q% < 50(GeV/c)2. 1Ils montrent que pour w < 6 la
fonction de structure diminue au fur et @ mesure que q
augmente. Pour un w élevé, il est apparu qu'il y a
accroissement de VW, en méme temps que de q?. Ceci peut
indiquer une violation de 1'invariance d'echelle ou, par
rapport & celle découverte a SLAC, une emergence plus lente du
""'scaling" lorsque q2 augmente 3 partir de z€ro.
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Two experimental programs to study deep inelastic muon-

nucleon scattering have been completed at the Fermilab. One is known

as E.26 and is a collaboration between the Universities of Cornell,

Michigan State, California at San Diego and the Lawrence Berkeley

Laboratory. The other is known as E.98 and is a collaboration bet-

ween the Universities of Chicago, Harvard, Illinois and Oxford. I am

associated with E.98 and in Fig. 1 I list the names of the collabor-

ators. Some results from E.26 have been published and the names of

the collaborators may be obtained from these papers

1,2, 3)

University of Chicago

H.L. Anderson

R.M. Fine

R.H. Heisterberg
H.S. Matis

L.W. Mo

L.C. Myrianthopoulos
S.C. Wright

University of Illinois

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. Wilson

University of Oxford

V. K. Bharadwaj
N.E. Booth

G. I. Kirkbride
T.W. Quirk

A. Skuja

M. Staton
W.S.C. Williams

Fig. 1

E.98 Collaborators.

Let me start by defining the kinematic quantities and the

structure functions.

+ ca .
of energy-momentum E, p is incident on a

nucleon of mass M, scatters inelastically to energy-momentum E', p' at

angle 6. The kinematic quantities that I shall use are:-

The energy transfer

The four momentum transfer

v =E - E'

2

(13

q2 = 4EE'sin2%/2

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

collision. The differential cross-section for the process can be

written



d2q _ Ara? E'
dqZdv q* E

where o is the fine structure constant. Wl and W2 are structure

0 :]
2 s 2
{Wz cos?z + ZW1 sin 2},

functions characteristic of the nucleon and they are functions of the
two independent variables q? and v. The Bjorken hypothesis of scale

invariance is that in the limits v + ®,q2 + o, vW2 and MWl are no

longer functions of the two independent variables q® and v but only a
function of the ratio v/qz. In deep inelastic muon scattering we

have become accustomed to thinking not about v/q2 but the dimensionless

2MV/q2 = w (the neutrino researchers prefer x = 1/m). So Bjorken

scaling is the statement
Limit wchz,v) = f(w)
q2 > o,V

Strictly we cannot measure Wl and W2 separately without making cross-

section measurements at two energies. However, the effect of W1 is
small as the data I shall discuss are at small angles. The effect of

W1 is included by making an assumption which connects W1 and Wz.

Consider the ratio of W, to W2 which can be expressed

1

W 2

1 v

Lo as¥yasr
W, L@ )

where R = dL/GT is the ratio of photoabsorption cross-sections for

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

obtain values of W2 assuming R = 0.18, the value obtained in experi-

.

ments at SLAC The results are not sensitive to any reasonable
value of R assumed.
Fig. 2A shows lines of constant w on the parts of the g2, v

plane which are accessible to experiments using the 150 GeV muon

beam presently available at the Fermilab.
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Fig. 2(A). Lines of equal w on the q2—v plane. (B) the E.26 data

region on the q2-v plane at 150 GeV. The region is defined by the
elastic limit (w = 1), the maximum and minimum angles and the
requirement that the secondary muon energy is greater than one third
the primary energy. (C) Some contours of equal acceptance on the
q% plane for E.98.

The objectives of E.26 were to test the Bjorken scaling
hypothesis in muon-nucleon scattering at the energies available at
the Fermilab using a heavy target in order to achieve the high
luminosity necesary to reach large 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 limited and that

no information can be obtained about the secondary hadrons

produced. The experiment was run under the following conditions:-

Beam Energy GeV 150 56
Integrated Beam Muons 1.5 x 10° 4 x 10°
Target g cm 2 Fe 622 233
Luminosity cm 2 5.6 x 1035 5.6 x 1035




The apparatus accepted secondary muons scattered at angles
between 11 and 65 mradians and with energies greater than % 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 calculated using a
Monte Carlo model of the apparatus and the scaling function Vi,
determined at SLAC.

The objectives of E.98 were to measure the structure function
sz for hydrogen and deuterium targets and to obtain information
on the secondary hadrons produced in muon scattering, again at
the Fermilab energies. The experiment used a liquid hydrogen or
deuterium target and the momentum of secondary particles was
measured using a 7.5 Tesla-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 following conditions:

Beam Energy GeV 147 147
Integrated Beam Muons 1.84 x 10%0 2.10 x 1010
Target g cm 2 D, 20.1 H, 8.4
Luminosity cm 2 2.4 x 1035 1.1 x 1035

The total luminosity is less than one third of that obtained with
a solid target in E.26. The scaling function vWZ was calculated
from yields, acceptance, luminosity, etc., and radiative corrections
were made.

Fig. 2B shows the E.26 acceptance region on the same scale
as Fig. 2A and Fig. 2C shows some equal acceptance curves for

E.98. E.26 has results inside 1 < ¢? < 40(GeV/c) and 1 < w < 50.
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E.98 has results inside 1 < q2 < SO(GeV/c)2 and 1 < w < 1000.
Notice, however, that at any w, the actual range of q2 is limited
by kinematics and acceptance.

The E.26 results have been published(l’z). Fig. 3 shows
the data in bins 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 all the effects of experimental resolution

folded in. All results should be 1.0 within error if scaling

holds with the same value of vW2 as at SLAC eneigies. Note the

T T T T T L
w59 (e + J
< Fig. 3. Ratio of observed
z <w>=47 n
Z % 3 | yield to monte carlo
g ©9>.3s | predicted yield for E.26.
S % % ) The ratio is plotted versus
2 /,H/rﬂ’H' " 1
B \N#?? § | g% for eight bins of w.
]
osf <w»=35 Q\H\g\A
i L 1 1 1 1

L ) L
2z 5 10 20 | 2 s 10 20 50
q2(Gev/c)?

character of the scaling violation indicated by this data:
1. At w < 6 sz decreases as q2 increases.
2. At w > 6 VWZ increases as q2 increases.

These effects have been parametrised as follows. In each bin of

w the data are fitted with



q2
Anr=c +biny .
w w 3
Then the values of bw have been fitted with
b =a lnci ).
w lA)o
This gives a = 0.099 + 0.018 and wo = 6.1(+3.9, -2.4) with XZ/DF = 6/4,
This means that the data can be represented by
I, (0% ,0)) = an(ui,(3,w)) + 0.099 an(3) anEp. (D
Systematic errors raise the uncertainty on a; a = 0.099 + 0.040.
The E.98 results I shall discuss are those for the deuterium
target and the structure function is that for deuterium ‘divided

by two. Fig. 4 shows these values of sz per nucleon in bins of

w as a function of q2. Note the following features:

1. 1l <wc< 3: vwz decreases as q2 increases.
2. S < w < 11: consistent with a constant vwz.
3. 11 < w < 60: vwz might be increasing with q2.

These features have the same character as those found in E.26
although not so obvious. To test this quantitatively we fit the
data with

2
VW, (@2 ,0) = W, (q2w) 1+ a sm(%oz) sz,-n(%o)]_ 2

This fit is done only for data with q? < 2 and that means
1 <w <60, We fix qo2 = 3(GeV/c)? and w, = 6 as suggested by the
E.26 results. The fit requires two stages:-
1. vwz(qo2 ,w) is found by fitting data in the range
2 <q? < 4(GeV/c)? and 3 < w < 60 with a polynomial in
1-x where x = 1/m.
vWZ(qoz’m) = §=3 an(l—x)n
2. Data in the full range of q2 and w is then fitted to find the
a of Eq. 2. [This form is not quite 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 = 0.11 + 0.04.
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Fig. 4 Values of \)W2 per nucleon versus q2? in various w bins

for deuterium at 147 GeV. E.98 data.



This result should be compared with the E.26 result a = 0.099:0.018.
Thus the first conclusion from the E.98 data is that the data
do not disagree with the scaling violation claimed by E.26.
Notice in Fig. 4 that at large w our q ranges contract
and decrease. Thus in the fit described has been restricted to
data with w < 60 for which ¢ > 2(GeV/c)?.
Although there is some suggestion of scaling violations,
the data are not inconsistent with a constant sz in every w bin.
We therefore assume that the data is in the deep inelastic region

and the Bjorken scaling holds. We combine all the data in each

0.4}
VW,
per | l
Nucleon 1 ‘
||
o | | | 1 *
01
1 1 1. i 1 1 1 L 1 i 1 ) I— |
1 2 4 6 8 10 20 40 60 100 200 4«00 600 100

w

Fig. 5. E.98 data from deuterium at 150 GeV. The structure
function vW2 per nucleon versus w.

w bin and plot vW, as a function of w, Fig. 5. Notice that wW

2 2

is decreasing beyond w = 80. But in these bins the average q? is
decreasing rapidly as w increases (see Figs. 2A, 2B and 4). To

understand this we must note that
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\)Wz must * 0 as > > O, so-vW, must "turn-on" as q2 departs

2
from zero.

Stein et 31(4) have investigated how sz turns on and have

found, for SLAC energies
2 = 2 = €4 2
W, (q%,0) = WW,(q% = =) [1 -W7(q2)]

G:2(q?) + 16,2(a?)
eq 2 _ E M - qZ
where W7 (g2) = R N i v and GE anq G

M
are the electric and magnetic elastic scattering form
factors. This means that at SLAC energies turn-on is complete

within a few percent by q2 = 1.5 (GeV/c)2.

Let us take a closer look at this turn-on, firstly in the

E.26 data. I am indebted to Lou Hand and his colleagues for

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

(Fz(qz) /0.662 on this figure) for their data with w > 10 as a

<w>25 211918 16 15 14 13 129 127 12.9 12.5 12
T ] T T L T T T T T
12+
g % £26 High Omega Data (w'>10)
~ 1ok . -
& E26 Dato }Sysiemuhc
e g uFe, w>10 / Uncertainty + 6%
LLN
i SLAC €D, w=10 7
(Riordan Thesis)
0.81 .
!
1 . ] . 1 . i . 1
2 4 6 8 10
Q?
Fig. 6 E.26 results. =Ratio of yield observed to Monte Carlo

predicted yield using SLAC deuterium results versus q? averaged over

all w > 10.



function of q2. Above w > 10 vW2 could be constant as q2 > @ so
plotting 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 slowly than at SLAC energies

and only becomes constant at large qz.
or
2. Turn-on is the same as at SLAC energies but scale violation is

occurring as &nq?.

The solid line in Fig. 6 is a function which scales ultimately:

© B B ) 2 2

i i q q
Al-—"—+ —— i , where B. = 25, B, = =2

-1 1\1+Bi (1+8i) ; i m 2 M,

T =

[ AN

Now we turn to the E.98 results. We plot all the data for

04|~
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LINEAR | LOG. SCLALE o (Gew/c)?

Fig. 7 E.98 data. The structure function per nucleon for deuterium

versus q2 for all w > 10.

w > 10 as a function of q2 (Fig. 7). This result could be inter-
preted as evidence that turn-on is not complete much before g2 = 3

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

30
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W, (a%,0) = £®)gld®),

where g(q2 + =) = 1. Because our large w data has a strong
correlation between q? and w the fit must be done in two stages. We
take all our data with q2 > 2 for which presumably g(q?) = 1 and fit
a function,

5
_ 2 _ _ n 1
f(w) = vwz(q > 2,w) = %:3 an(l x), x= J/w.

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

v, (a?,0) = £(w)gla?),

. B \ 2
with g(q?) = A \Tg ¢ TT%ESQ} , B = %2.

Adjusting A2 and A to fit we find:

A = 1.0248 + 0.0164,
A2 = 0.9407 + 0.0708 (GeV/c)2,
x2/DF = 198/156.

We now go back to all the data and refit with
We , @

is n
2 = -
VW, (1 ,w) = D an(l x) LT

asjusting azs ., 3, keeping B = qz/O 94°
This gives

flw) = vwz(q2 + o,0) = 0.3446(1-x)3 + 1.239(1-x)* - 1.252(1-x)%,

with  x2/DF = 250/149.
This fit gives \)Wz(q2 + o, @+ ®) = 0.332, But, of course, this

must not be taken too seriously. The fit procedure is designed to
.

.t

find a fit which will give scaling in the limit q? + ». However,

the data are not inconsistent with scaling plus a q2 turn-on.
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Fig. 8 E.26 data. Ratio of yield observed to monte carlo predicted

yield versus q2 for low y ( measured w < 4). B is the slope of the
best straight line fit (logarithmic in q°. Dotted line.) The solid

(8)

line is an extrapolation of Wu-ki Tung's fit to SLAC data using
asymptotic freedom type formula in which the scaling violation is

logarithmic.

Finally, let us go back and look at the low w data again.
Fig. 8 shows the results of a more recent analysis of the E.26
data. Data with w <4 is plotted so as to show the ratio of yield to
(4)

predicted yield using the Stein et al fit to the deuterium

structure function. In this figure the average wvaries from point
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to point but plotting the ratio ensures the variation with © is
removed and reveals the dependence on q2. This curve is further

evidence for a low w scaling violation. To help convince you

0.4 T T T T |%| T T T
03k o ¢ ! } 0}4 } * } { |
02+ w =6-67 R
01 k s<<w <N |
0 . . .
VW, 03F L, { % ]
per W el } * '
Nucleon 02 B + 7
01 l<w<s 1
0 T 0 g
0.3 -
w =25
02 r g ¢ LY IS I<w<3 T
Coe }
ot W =2 Y } + 7
1 ! 1 1 1 1 1 L 1
8 10 20 40 60 100

! 2 3 4 6

a?

Fig. 9 E.98 and MIT/SLAC data (5) for the structure function VWZ
per nucleon for deuterium versus q2. The open circles are E.98

data. The closed circles are MIT/SLAC data.

Fig. 9 shows the E.98 data again plotted with results on the

deuterium structure function obtained at SLAC energies by Riordan



et al(s). Their results are in much finer w bins but the decrease

with increasing q2 that they observed matches well with that found

in E.98.

What are the conclusions?

1. There is clear evidence for scaling violation at w less than
6. The structure function vW2 decreases by about 50% in the
bin 1 < w < 3 as qzincreases from 5 to 50 (GeV/c)2.

2. At high w the situation is not so clear. There is certainly
a turn-on of VW, with q2 but the data is consistent either
with turn-on by q2 ~ 1.5 (GeV/c) followed by a very slow
rise associated with a scaling violation, or with a slower

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

Obviously more data is required. Unfortunately at the energies
presently available (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
available at high w is limited. For example to reach q2 = 2 (GeV/c)?
at w = 1000 will require incident muons of more than 1.1 TeV!

At the Fermilab E.98 runs again as E.398 and will take data

this summer at 225 GeV. E.26 returns as E.319 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.

Résumé : Presentation de resultats sur les spectra inclusifs de
la production d'hadron dans la diffusion inelastique de muons par
des nucleons a 147 GeV.



I will present data from the E98 experiment at the Fermilab. The
collaborators are given in Fig. 1 of my talk on deep inelastic muon scatter-
ing at this meeting.

The interest lies 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-nucleon system is

S =M 4 2My - g7 = 2My.
We refer the production of hadrons to the axis defined by the direction of
the virtual photon (32 and we use (qz,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 single hadron prod-
uction is Ed30(q2, s)/dg. Then,assuming azimuthal isotropy

E d3 (qz,s) _ 1 1 E d20

5(q%,s) dp° 6(q%,s) T (szax-pzT)% ap? dx

centre of mass quantities

where Pmax = maximum possible momentum of any hadron in the centre of
mass.
PT = momentum of the hadron transverse to q.
PL = momentum of the hadron along gq.
x' = a Feynman scaling variable,
= pL :
(szax - pzT_

The invariant differential cross-section is sometimes factorised

— = FE) G(PT).

E d%
a P3

[=9

although it is not clear that this is possible. It follows that we integrate

over PT to obtain a longitudinal structure function:
r oo 2 2
F(X'»qz,s) = 1 1 J dpzT E d%0 (q7,s)
z .- 2 5 % p)
0 _ dp® dx
s(@,s) T (P max = P T P
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The transverse momentum distribution in an x' range is given by the function

Hydrogen data have been published 1)

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

2 2
G(P rsq78) =

1
2

a(q

1
FIXI[ 20

—o_7

V’f\

1,

<S$<100
x h™
o h*

\{

X'
2 2
1 dx!' d%g .
ul 2
,S) X! dp de'
1
and Fig. 1 shows the results for
and s.
" ss00
L A,D: 5<q2< 3.
o BE3<g<i0
\$\C,F: 2>10.
L N Fig. 1. Longitudinal
z AN structure function for
L + SN inclusive hadron prod-
A:# + N uction for various
$\¢ regions of q2 and s.
C N
L AN

The statistics are limited but there is 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 is also a good representation of data obtained at lower energies, Dakin

et al

@

The deuterium data have now been analysed and this allows a subtraction

to obtain neutron target data.

hadron ratio) as a function of w for proton and neutron targets.

Fig. 2 shows the N'/N”

(positive to negative

The solid
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Fig.2. Ratios of
positive to negative
hadron numbers as a
function of w for proton
and neutron targets in
this and other experim-
ents. The solid lines
are the fits mentioned
in the text. The x' cuts
are 0.4 < x' < 0.85 for
this experiment and for
Dakin et al ),

0.3 < x' < 0.7 for Bebek
et al (4).

line is a fit by Dakin and Feldman (3 based on a simple quark model of the

nucleons.

A1l other neutron and proton data are indistinguishable and are combined

to give results for the average nicleon.

Fig. 3 shows F(x') versus x' for inelastic muon, neutrino and anti-

4+ -
neutrino scattering and for e e annihilation. The results are not identical

but remarkably similar for the various processes.

The data have been fitted with the following form

jm

o dP

where

A(x') is the longitudinal x' distributiont at P

b(x') = 1/<P2T>,

s = A expl -2b(x') P2
_3_ T

2.2 3
1+[1+PT/M (x"))*

=0

M(x') is to fix up the fact that the distribution is

not a pure exponential in P2

T
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Fig. 4 shows the results for A(x'), b(x'), <PT> and also a curve of G(PZT)
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 all 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 will 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
(@8] Photon induced inclusive hadron distributions consistent with a simple

spin % parton model of nucleons.
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Fig. 4. Results on the coefficients A(x'), b(x') and on <PT> as a function
of x'. Also shown are curves of G(P T) in three bins of x'.

(2) Independent of model productions, inclusive hadron distributions in
muon inelastic scattering have properties similar to hadron-hadron

interactions after removing leading particle effects.
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Let me complete this talk by saying a little about exclusive rho-meson

production.

We do not see the recoil proton so we select events by the following criteria:-

(n The final state contains a u+, one positive and one negative hadron
+ -
(h', h),

2) the vertex is inside 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

* Fig.5. Mass spectrum of +-

@ pairs assumed to be w*n~,
T The peak at 280 MeV is due to
%w e*e~ wrongly identified. The
2 o rho peak is clearly visible
H at 750 MeV.
5 0
“ 20

10

N 1600 1500 Hr‘;@”

Mass 77~

that the hadrons are pions. Fig.5 shows an example of such a distribution.
The rho peak is clear. The low energy peak is due to efe” wrongly
identified as = m . They are removed by requiring:-

(@) The h'h~ opening angle is greater than 5 mr.

In addition events are selected by requiring:-

(5) The four-momentum transfer squared (t) to the proton is less than

0.6 (Gev/c)2.



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

1)

@

(3)

4)

In each qz,s bin calculate dc(gz,s) .
dmdt
Integrate over m by fitting a relativistic p-wave Breit-Wigner so as
. 2 . . . . .
to obtain do(g ,S) . These distributions are shown in Fig.6.
dt
. . . . . +bt . .
The do/dt distributions are fitted with e and this gives
-2 2
b=6.61 0.6 GeV for q° < 1.
. 2 . .
Integrate over t to obtain o(q”,s). The result showing o as function
of q2 is shown in Fig.7.
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P
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(s)

(6)

)
(2)
(3)
(4)

2 . .
Extrapolate to q = 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 solid curve is a prediction from a vector dominance

40 — T T T T r
RHO PHOTOPRODUCTION .
TOTAL CROSS SECTION Fig.8. Values of
30| + @®-0 ] the total photo-
* production cross-
f * DESY STREAMER section for rho-

x SLAC SPECTROMETER

N mesonsmeasured at
o EXTRAPOLATED; THIS EXPT|

DESY, SLAC and
derived from the data
E of this experiment.

Sr Flediyie 1), 14 - oe

o , A N

o2 5 10 20 50 100 200
E (Gev)

model and which obtains the p°-proton cross-section from pion-proton
cross-sections using a simple quark model.

The angular distribution of p° decay gives Rp = GL/GT where oy, and or
are the rho production cross-sections by longitudinal and transverse
virtual photons. In addition, it gives § the phase between the L and
T amplitudes. Results have large errors and are consistent with Rp

being small or zero and § = 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 - 74019 Annecy-le-Vieux, France.

Abstract: The properties of the CERN SPS muon beam, which
is expected to come in operatien in early 1978, are given.
The apparatus now being constructed is briefly described.
The wide range of physics that can be investigated is then
reviewed.

Résumé: Les caractéristiques du faisceau de muons du CERN
SPS, qui doit entrer en opératiton au début de 1978, sont
présentées. L'appareillage, actuellement en construction,
est décrit. Le vaste programme de physique qui pourra
étre investigué est ensuite passé en revue.
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The purpose of this contribution is to give an idea
on what is-.going on in the preparation of the experimental pro-

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

THE CERN. SPS BEAM

N

2)

The  layout of the proposed beam is presented in

Fig. 1. It consist of four sections.

The frornt end section accepts and selecté a beam
of parent m's and K's from a primary target on which a 400 GeV/c
proton beam is directed. Parent 7's and K's are allowed to decay
in a long FODO (strong FOcussing DefOcussing) channel which con-
tains, with.minimum losses, both parent w's and the wide momen-
tum band of decay u's (0.57 pg(n) € p(u) € po(m)). This results
in a large particle flux. A beryllium absorber attenuates the
unwanted hadrons by a factor =10°. The desired band of muon
momenta, and also of muon helicities, is selected by a series
of vertical bending magnets. In this back end part, the off
momentum muons are deflected away laterally with the help of
magnetic collimators. The addition of scintillator hodoscope
detectors in the focussing spectrometer just in front of the
experimental area, allows the meaéurement of the momenta of in-

dividual muons to ~*0.5%.

The expected characteristics of the beam are:
- wide energy range: 50 < E(GeV) < 300
- very high intensity: >10%/burst at 200 GeV/c, (see Table 1)
- large area: radius <5 cm for 99% containment,

r.m.,s. radius = 1.5 cm with AGH = #0.25 mrad

AGV = *0.45 mrad

i)

SR = +4.5% » 10.5%

p with beam
hodoscopes

- low halo: few % level in 4 x 4 m? with R > 6 cm
- good purity: n/u < 1076
- high polarization: variable from +70% to -70%, with an inten-

sity drop of less than a factor 3.



69

_HORIZONTAL PLANE:
PROTON
BEAM DUMP
F DF DFDFDFUDTFTDTFODF D F DF DFOD OF
A I I oy | T Y O
/TEtllllllilllllllﬂ LTy [0l [
€8 1BH--18.0 BH=-78mrad
CMH CMHCMH
——
TARGET HADRON ABSORBER POSSiBL(E)FLOCATIONS EHNZ
76 MAGNETIC COLLIMATORS

_VERTICAL PLANE .

+

EPB

BV=.9.6mrad

FRONT END:
M- SELECTON

SCHEMATIC LAYOUT OF BEAM M2

DECAY CHANNEL:
FODO

———e
CMV CMV CMy

BV=z+24.0mrad

MATCH' ToJ BACK _END.
* ABSORBER J-SELECTION

BV=- 24 o: BV=-96mrad
|

e —_— p— _
SPECTROMETER — —
STAGE
FOR s MOMENTUM
MEASUREMENT
FIG. 1
Sm
MATCH TO 100 m
EXPERIMENT



70

THE EXPERIMENTAL SET-UP

The forward spectrometer (Fig. 2), which will be
used for all experiments, consists of:

- A Dipole Magnet of 4 Tesla-metre, with 1 m high x 2 m wide
aperture.

- Drift Chambers before (W, - W) and after (W; - W,) the
magnet. They are of variable size and variable resolution
(0.3 mm to 1 mm). Each chamber is made of 6 or 8 planes with
different orientation of the sensitive wires.

Multiwire proportional chambers in the magnet are used to
give easier matching of track segments in the lever arms
before and after the 4 Tm magnet.

The chambers are not sensitive in the beam region.

- A magnetised iron muon identifier made of a 2 m thick iron
block. This block is magnetised so as to bend vertically
(i.e. in the non bending plane of the dipole magnet) the
muons which cross it, thus allowing an estimation of their
momentum.

- Trigger scintillation hodoscope counters H, - H, equipped
with coincidence matrices, are used to define particles with:

- an angle 6 > eMI to eliminate low g? events and prevent

N
flooding the data acquisition system,
- a momentum p > Pu1Nn to reduce to a tolerable level the

m - u decay background.

A is a halo veto counter, required in anticoincidence in the
trigger. B;, B, are beam hodoscopes, each consisting of 3
planes, inclined at 60°, made of 60 elements 2mm wide. These
are equipped with TDC's and will be used to help the vertex
reconstruction. For low intensity (<107/sec) experiments they
could be used to give a beam veto requirement in the trigger.

With a typical target position (2.5 m from the upstream edge of

the magnet) the forward spectrometer accepts particles scattered,

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

SMIN (~0.5°9) < B < 9°, The expected resolutions are then:

A6 = #0.45 mrad and Ap = #10”"p?.
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Two types of target will be used, according to the
experiments:
- A 6 m long hydrogen target.
- A heavy target of Sampling Total Absorption Counter type.
A 1 m long longitudinally polarized protons target is under

study.

Two threshold éerenkov counters, placed one in front
of the magnet, the other after the magnet, will allow 7™ - (K-p)
separation between 7 to 25 GeV/c and m - K - p separation from
25 to 50 GeV/c. The H, hodoscope is of calorimeter type, 18 re-
diation lengths of Pb and 5.6 collision lengths of Fe: it will
help to separate particles both neutral, (n, K°) from (n°, v),

and charged, hadrons from u.

Two movable electron-photon detectors (1.2 x 1.3m?)
made of lead scintillator sandwiches (5 rad length), multiwire
proportional chambers, and lead glasses (8 x 8 x 40 cm?) will

also be used for specific studies.

DEEP INELASTIC SCATTERING

with the kinematical variables

u' (E'rpl)
v (E,p) / qZ _ (p-p,)Z - _innegative mass?

of Yoo

( 2) v o= g—ﬁ—g =E - E'; Yy energy.
Yo Vg
v 2Mv _ 1
o =ML
Q? x
W o= (M? + 2Mv + q2)*%
p(M,P) X (W,Pn)

and 6 the muon scattering angle in
the lab,

the differential cross-section is written:

dZ 4 2 EI 2
2 =( & éu ) coszg)[wz(v,cﬁ) + 20, (v,q°) tanZ%]

dE'do!
A long series of electron and muon scattering experi-

ments3) have established the scale invariance, namely that

2MW, ~ Fy(w) , VW, ~ F,(w)



In 1975, both new SLAC electron results4) and FNAL

5) indicated a scaling violation at the 10% level.

muon results
Many reasons have been suggested to explain this feature and in
any case, we need accurate measurements at much larger g? and v
values. Fig. 3 shows the kinematical range that can be explored
by this experiment. The expected resolutions, depending on run-

ning time, can be found in reference 1.

Due to lack of space I shall just mention what else
can be done when detecting the scattered muon under specific

conditions:

OL/UT separation (H, target), since

d?g _ 2 2 2 ]
dqZay = I'(a®,v) [oT(q )+ e op (@%,v)

is obtained at fixed g? and v by varying the primary muon energy,

i.e. €, the relative longitudinal Yv polarisation.

Virtual compton scattering and wide angle bremsstrahlung inter-

6)

ference measurement in order to obtain a new structure function

V(x) which is related to the cube of the parton charge. This

measurement can be achieved using u+ and j~ beams, and the photon
*) - o(u~ .
detectors. The asymmetry A = %%%;%—I—E%%:% is proportional to the

interference between Bethe-Heitler and Compton terms.

Neutral weak current and two photon effetcs can be looked at with

a heavy target by using beams of distinct charges and helicities.
7)

Calculations based on the Weinberg-Salam model show that the
biggest effect is expected for the asymmetry

Ty 47, — 0, —

at- = T BTR oo 52 (7 in (Gev/o) ?)

Ou+L T Oy-R
where L and R indicate the muon helicity. Should a significant
asymmetry be observed, further measurements could be made with
muons of the same charge and opposite helicities to separate the

neutral current and the two photon effects.
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Determination of the structure function Gl(v,qz) using the pola-

rized beam and the longitudinally polarized target to measure

the asymmetry parameter

40 _ (44 d?0__ (44

o - 307dE" ERIE — stan2d f(E + E'cos8) MG, + g2G,]
dZg (44) dZg (1) 2L W, + 2W, tan-‘6/2
EREE d0TdE"

where +4(+4) means that the beam and the target polarization
are parallel (antiparallel). The experiment is difficult since
the actual measured asymmetry is typically 0.1 x A due to the
facts that beam and target are not 100% polarized and that the
target is not free hydrogen: but it is the unique way to have
informations on the spin dependent structure function G,, G,
being expecged to be small. For 300 hours running time, the

error on A is estimated to be in the #3%, *5% range.

HADRON PRODUCTION

If the violation of scaling is interpreted as
being due to a new threshold effect, then it is of first im-
portance to look at associated hadronic production both in

deep inelast.c and multimuon experiments.

Even if the explanation is not correct, there is
a whole field of physics to be studied, namely the global com-
parison of virtual photon induced reactions with photon and
hadron induced ones. The high flux of this virtual photon beam

(10° - 10° per burst depending on v) allows this comparison.

Among the measurements to be performed are:
- Inclusive spectra of neutral and charged hadrons.
- Particle correlations.

- Vector meson production: p, w, ®, p' and higher masses...

The forward spectrometer has a good acceptance for
hadrons produced with x > O,not a too high Prs and W values
less than 7 GeV. The expected resolutions in W and w, will be

respectively AW < 1 GeV and Aw < 0.5 GeV.

The addition of a vertex detectorl) inside a dipole

magnet, will allow the extension of the acceptance for x < O
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and larger Pq values, i.e. extend the hadronic production study
into the target fragmentation region. (This part of the detec-

tor is not approved at the moment).

MULTIMUON PRODUCTION

The production of a final state containing two or
three muons is of great interest since it allows the search for

new particles:

CHARM. If charm exists the single or double semileptonic decay
of pair of charmed particles will give a rather high contribu-

tion to the 2p or 3u trigger events. Using the generalised

9)

Vector Dominance Model the ¥ contribution can be estimated to

%1% of the yp total cross section. Taking this conservative
value and assuming a semi-leptonic branching ratiolo) of
charmed particles of 10% we obtain

o(up > wpD + X
u+..

for a 2p trigger =2 x 1073

o(up > u + any)

o(up > uDE + X
L Mt ..
) U+, .. N
for a 3u trigger =10~
o(up > 4+ any)

corresponding respectively to 10 events/burst and 0.5 event/
burst for 100% acceptance and 10® muong incoming on a 6 m H,
target. In both cases the events include hadrons and the mean

missing energy carried by the neutrinos must be small.

¥ and other vector mesons. The cross sections and expected

rates can be estimated by using as input the measured photopro-
11)

duction cross section from FNAL at Ey =100 GeVv

g(yp ~ ¥ + X = 20t5 nbarns/nucleus. Assuming that the pro=
utu-

cess is dominated by a V.D.M. type graph where the virtual ¥

is elastically scattered on the nucleus, a A dependence of the

2)

cross section and using the Williams-Weizsdker approximationl



to relate the photoproduction cross section and the corres-
ponding muo-production cross section by nearly real photons,

we find

o(up ~ { 1 X =6 x lO'?scmZ} g(uFe -~ ¥ + X = 3.4 x 10-*%cm?

uTu utu-

The corresponding rates for 10%u/burst (Ep=200 GeV)
and 100 hours running time are: 6300 with a 6 m H, target,
1.2 x 10° with a 1 m Fe target.

This high rate production will be very useful for

13) for masses as large

calibration purposes. The acceptance
as 15 GeV/c? is high (40%). The possibility_of finding 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 lepton is assumed then
to decay via L* » pf + v + T.

The calculations done by G. Menessier and used by
P. Payrel3) for coherent and quasi elastic scattering, indi-
cate that the main contribution comes from the space-like
photon graph. The cross sections and corresponding rates on

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

lepton events will be characterized by a large missing neutrino

ener E + E + E < E and pratically no hadronic
9y | M1 Ho2 M3 - beam) p Y
energy.

The detection. of electrons will be useful since the
ratio R = 5—1—9¥§ determines the heavy lepton type.

L > pvv

B® Heavy photon. B9, the hypotetical massive spin 1 boson of

electromagnetic interactions proposed by Lee and Wickl4), is

mainly produced with a space-like leptonic propagator. From

5)

. 1 . . .
Linsker calculations, cross sections taking into account

coherent, quasi elastic and inelastic production have been

estimatedl3):

The cross sections and expected rates on hydro-
gen and iron targets are indicated in Table 3, for

5 < MBO(GeV/cz) < 13.
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TABLE 1

INTENSITY AND HALO

PARENT MUON MUON INTENSITY | HALO LEVEL
ENERGY ENERGY SIGN PER 10!2 R>6 cm
(GeV) (GeV) INT.PROT. * 2
+ 1.4x107
300 280 3.3+0.5
- 2.8x10°
+ 1.2x108
220 200 1.0+0.2
- 3.3x107
+ 3.1x10°
140 120 2.6%0.3
- 1.4x10°®
+ 7.1x107
200 120 3.3+0.8
- 2.3x107

* 3x10'2 protons incident on 50 cm of Be =310!? inteiacting

protons.




TABLE 2 - HEAVY LEPTON PRODUCTION CROSS

SECTIONS AND RATES

Lepton Mass 6 m H, 1l m Fe

M (GeV/c?) o (cm?) Rates g (cm?) Rates
85, x1lo-3%°% 8900
1. 8.4x10-38 880 9.9x10-3" 35000
1. 1.8x10-3°% 190 5.6x10-3* 4700
2.0 4,8x10-37 50 2.4x10-3° 840
4.5x10-38 4.7 1.5x10-3%°% 51
8.1x10-38 3
TABLE 3 - B® PRODUCTION CROSS SECTIONS AND RATES

B° Mass 6 m H» 1l m Fe
M (GeV/c?) o (cm?) Rates o (cm?) Rates
5 72. x10-3%°% 7600 28.10x10-%* | 99500
7 16. x1o-3°8 1700 4.67x10~3" | 16500
10 1.7x10-3%°8 180 5.7 x1o0-37 2020
13 0.1lxlo-?%° 10 4.0 x1lo-3° 140

The cross sections are given per nucleus and the rates are
computed assuming 100% acceptance, 10%p/burst at 200 GeV, du-
ring 100 hours. The expected mass resolutions are respectively

+16 MeV/c?’ for the H, target and 150 MeV/c? for the Fe target.

79



80

Electromagnetic tridents give a negligible contri-
bution to this p-p mass range. However, low mass tridents repre-
sent a severe background-at the trigger level. They will be
suppressed by requiring a minimum angle and a minimum momentum
for the two muons (low Pq cut), the overall acceptance remaining

quite good.

CONCLUSIONS

The aim of the E.M.C. in designing the apparatus was
to achieve extreme flexibility to cover the widest range of phy-
sics: this need for flexibility seems to be even more important

since the recent developments in the field of new particles.

The apparatus now in construction will offer many
possibilities (different targets, various triggers, particle
identification, hadronic and electromagnetic energy measure-

ments...) for doing exciting physics in 1978.

I gratefully acknowledge Drs. J.J. Aubert, J.H.
Field, E. Gabathuler and P. Payre for very useful discussions.
I want to thank Dr. R. Orr for reading the manuscript, and Mrs.

A. Mazzari for her quick and accurate typing.
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AN INTRODUCTION TO SCALING VIOLATIONS

G. PARISI
Laboratori Nazionali di Frascati
Frascati (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 of the opening of the threshold for charm production,

Resumé : On utilise ici le language du modeéle a partons pour expo-
ser la théorie de la violation de la loi d'échelle dans la diffusion
trés inélastique, en employant autant que possible des arguments
intuitifs, On compare ensuite theéorie et donnés expérimentales en
étudiant avec attention particuliére les conséquences de l'overture
du seuil pour produire du charm.
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1. - INTRODUCTION ¥

Gowy oyig axol) padmorg, ravve dpd meovipie
(Heracleitus)

I think that deep inelastic scattering is one of the best 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 pre
sent belief in the quark model.

It has now been realized that the naive quark-parton model is inconsi
stent and that small violations of the scaling law must be 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 and on the light cone, anomalous dimensions, bilocal operators....
All this theoretical machinery has been essential to derive unamhigous and
correct results, however we have departed from the physically intuitive ap-
proach which makes the standard parton model so appealing.

In this introduction to the violations of the scaling law, we try to reco
ver the physical interpretation of the theory; to this end the language of the
parton model will be used to derive and interpret the theoretical results. We
hope that this paper will partially fill the gap between the conclusions of the
parton model (which are physically motivated but incorrect) and the conclu-
sions of a field theoretical analysis (which are correct but whose intuitive

(+).

interpretation has been lost somz=where

2, - THE PARTON MODEL
Let us briefly review the main ideas which are behind the parton mo-
del(a) in order to/understand how they must be modified to account for the

violations of the Bjorken scaling law,

(x) - Part of the results presented here have been obtained by the author in
collaboration with G. Altarelli and R. Petronziot! -3

(o) - The things of which there is seeing and hearing and parception, these
do I prefer.

(+) - This point of view is not new: a similar approach has been advocated

by Polyakov(4) and by Kogut and Susskind(5 :



In a deep inelastic process an highly virtual photon of mass 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 (Qz)l/z. For high Qz, P is large and the proton looks like a highly
Lorentz contracted pancake; the time (7) of interaction is proportional to
@)%

coherently on each parton; the cross section for deep inelastic scattering

For small 7 we can safely suppose that the photon scatters in-

depends on the parton distribution seen when we look inside the hadron with
a resolution time 7.

The cross section for longitudinaly (OL) and transverse (OT) polarized
photons can be written using two independent structure functions(7) : Fl(x, Q2),
F2(x,Q2), x being equal to 2 Mw/Q2.

For spin 1/2 partons:

2. 1) 7,0 Q%) - 5 el xN(x 7, v- @),

where Ni(x, 7 ) is the number of partons of the i-th type, having charge =
and carrying longitudinal momentum xP ; °L/°T is proportional to (pi)/QZ,
where (pi) 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 its own hamiltonian.

The Bjorken scaling law follows from the assumption that:

(2.2) lim N(x,7) = N(x) # 0

70
In very short times partons cannot modify their distribution inside the had-
ron: they move slowly and they can be considered free on a short time scale.

Two main assumptions are thus involved in the derivation of th: Bjor-
ken scaling law :

a) The hadron interacts with an highly virtual photon via some point-like
constituents (partons). Final state interactions can be neglected.
b) The constituents cannot change their momentum too fast: their interac-

:ions can be neglected in the limit 7 — 0,
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However what is the rationale for these assumptions? In any reasona-
ble quantum field theory in 4 dimensional space-time the first one is valid,
the second one is false(g"g).

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 e€ and up 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 <
< Fg(x,Qz)/Fg(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 case, 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, - THE COSTITUENTS OF THE ELECTRON

J \ ’ ’ 7 ’ Ay
v 0c wéoetL %0aTEovov MEQURAOMEVOLO XVXA0LO, %ai
(x)

oBiver el GAAnia xal adfevar dv péost alomg

(Empedocles)

Pure quantum zlectrodynamics 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 (momen

tum P =E) is:

(3. 1) N,(x, P) = — fln (P/mg) + O(a?)

¥

(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
1/2

we interpret 1/P = (1/Q2) /° as the resolution time 7, we obtain that the

equivalent number of photons in the electron is:

. o4 2 .
(3.2) Ny(x,7) = anln(l/mer)+0(a ), Tm <1,

This quantity goes to infinity when 7 —>0 and the assumption b) {eq. 2. 2)

of the last section is 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,7) = 8(x-1)+ %= [i-zc 86e- 1)l In(1 /m_7) .
. e’ 2m LL1-x A €

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

trons is not changed by the interaction:

1
(3. 4) [N (xwdx = 1.
0

Stricly speaking C is logaritmically divergent (C = 2 J;)l li—)j:) The two
divergences in eq. (3. 4) cancel each other.

However egs. (3. 1) and (3. 3) cannot be used directly to study the limit
t — 0: the neglected higher order terms become important when aln7 x 1,
Let us first study the effect of multiple photon emission (see Fig, 1), The

key step is to concentrate one's attention on the time derivative of the num

ber of electrons; the variable L = -2 ln(me'r) is introduced for convenience,

From eq, (3.3) we find:

dN(x, L) ] W),
(3.5) dL T Tame T oo2m 1k Cokkl) =

a
27 pee(x) )

Attt

fig1

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 tirﬁe 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:

1
dN (x, L) a dy ] )
(3. 6) —S " am | 3 Ve BIpe /)
X
1
= ga,} -CN _(x, L)+ / N (v, L)/(y-x) dyJ.
X

The first term arises from the decrease of Ne(x, L) due to the bremsstrah
lung of electrons staying at the point x: it is naturally proportional to Nel(x, L).
The second term represents the increase in the number of electrons at the
point x due to bremsstrahlung of electrons carrying momentum y > x, the
relative loss of electron momentum being x/y.

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

be made studying the L dependence of the moments:

1
N ~ dx N
(3.7) Me (L) = j vl Ne(x,L) .
0

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

d'VIN(L) ! !
3 8) ;_3___~ = .g_ r % XNN (X L) i‘}_ vN ( ) =
3. dL 2@ j o ox e’ \a Peety
0 0
7_aMN N; Al -0 AN>0(N>1),
2 e ee ee ee
whose solution is :
N N T o N
(3.9) Me(L) = ME(LO) exp - 2ﬂAee(L_L‘O)] .

I‘VI1 is the total mmber of electrons in the system and it is a constant,
I\'I2 is the-total momentum in P units carried by the electrons and it goes
exponentially to zero: the whole momentum is transferred from the electron
to the photon system. Increasing L, Ng(x, L) shifts towards x=0 and

asymptotically it is concentrated at this point,



Egs. (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 p,, 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:

dN},(x,L) a
(3. 10) —_ = =

& L
dL o ¥ N (. L)p

7,e(X/y) .

XR»—-

The following relation holds:

(3.11) pre(X) = pee(l—x)

However the situation is not so simple: the photon itself may split in
a eé pair, eachof the new born e or & 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 Fig, 2.

m

m

kbt

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

It is clear that we must introduce in the game the distributions of the
e,e and 7Y inside the electron; using the same arguments as in the previous

case a more complicated master equation can be derived:

dNe(x, L) o ! dy N
—aL " om f —;[Ne(y, L)pee(X/Y)+N,,(y, L)pe?(x/V)J,
X
dN_(x, L) v
—e e [dyf, [
(3. 12) - s ] e Lipgse/y) ¢ Ny (5, Lipg (6/3) |
X
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1
dN, (x, L)
_r' . e [ &
dL. ZnJ % %I\Iy(y’l‘)prr(x/y)+
X

+ E\Ie(y, L) + Né(y, L)] pye(x/y)f s

where :
P t¥) = Py v) = pye(l— ) = },e(l v),
- _ 12 2
péy(y) = pey(y) = pey(l-y) =5 [y +(1-y) ] ,
(3. 13)
P”(y) =-Cuoly-1),

- %fdy ':per(y) ’ pé"'(y)] ) % .

The meaning of tﬁese equations is quite clear, The last equation implies that
the number of photons which disappear at the point x it is equal to the num -
ber of new born e e pairs carrying total momentum x. The functions pGY

and p?’e are related to the longitudinal distributions of bremsstrahlung
photons and of Dalitz pair electrons(x).

It is interesting to note that the derivative of the difference of the num

ber of electrons and positrons does not depend on the y distribution:

(3. 14) AN(x,L) = N_(x, L) -N_(x, L) ,
dANxL. f—“—ANy, x/y

The L evolution of this difference decouples from that of the other functions.
Also this coupled set of equations can be easily solved with a computer : the
knowledge of the three functions Ne’ Né and N}' at a particular value of L
in the region 1> x> x ~ allows us to compute them it any value of L, in the
same x region,

It is possible to study the behaviour of the moments of the distributions;

if one defines a three component vector

(x) - The possibility of using these formulae to compute higher order pro-
cesses in quantum electrodynamics has seen suggested by Cabibbo, Tglli(f
technique has been apE)hed to the study of the reactions e+e , e ep )

+ +
andee~»eeee



(3. 15) MY (L) =f & Ny (x,L) P21 e e
i X i . -
0 1=2<«> e
i=3+> 7
one finds:
N
dM’ (L)
i a N N
1 - _ = L
(3. 16) aL ZnAiK MK( )

N >N
where A is a three by three matrix, If we denote by Z‘a and u, the three
N
eigenvalues and eigenvectors of A", the solution of (3. 16) can be written

using the vectorial notations as:

3
—N N -N e N
(3.17) M (L) = fa M, u  exp - 2n(L'L0”a

. N . >N _ =N
The quantities Ma are fixed by the boundary condition M (L) Lol M °
o

For N =2 one of the eigenvalues is 0, reflecting the conservation of
the total momentum carried by the constituents. When L —> oo the distribu
tions of both electrons and photons shifts towards 0, the ratio of the momen
tum carried by the electrons and the positrons goes to one and the total mo
mentum carried by the "valence" electron goes to zero, while the momen-
tum carried by the sea of 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 zero and this degradation of momentum is the ori-
gin of the progressive concentration of the functions N(x, L) near x = 0. 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(lz) :
g .
L / ~
—_— © = = @(a) .,
G 2
1 p

Unfortunately the situation is not so simple: we have neglected the
possibility that an e € pair annihilate in a photon which subsequently splits
in an ee pair and so on. A typical diagram is shown in Fig. 3.

To study this phenomenum a new concept must be introduced: vacuum
polarization. The effect of these new diagrams can be accounted for, by the

introduction of an effective L dependent coupling constant.

(L)
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fig.3

FIG. 3 -A typical diagram contributing to vacuum polarization,

We prefer to discuss the consequences of vacuum polarization and to
write the final formulae in this section; we postpone to the next section the
discussion on the rationale and on the physical meaning for the introduction
of an effective time dependent coupling constant. The correct formulae are
obtained by s.ubstituting a by a(L) in egs. 3. 12 and 3. 16. The function a(L)

satisfies the differential equation:

da(l.)

(3. 18) iRl LR JE o) I L,

whose solution is:

a(Lo)
L) = —————— L Lo )<<l
(3.19) a(L) [ B Lyjally) a(L), a(l,)
T . i1 (13).
wo different possibilities are open :
a) g >0,
b) g~0

In case a) the effective coupling increases with L, also if we start
from a small value of a, increasing L we are projected in the sfrong coup
ling regime where we cannot justify our approximation of neglecting higher
order in a in the transition probabilities p, What will finally happen in this
case is still an open problem : no general consensus has been reached on
this point,

Case a) is realized in pure QED; the energ.es at which the perturba-
tive expansion become useless are gigantic : they are of the order of the
mass of the L'miverse.

Case b) is better understood: increasing L the effective coupling
constant decreases; also if we start from a relative large value of a we
finally end up with a small value of a(L) (a(L) - -1/8L when L —» o).

In this kind of theory the large L limit can be controlled using a perturba



tive estimate of the transition probabilities, whatever the value of the cou
pling constant in the low momentum region,
There is no problem to solve the modified eq. (3. 12) by computer. Eq.

(3. 16) becomes now :

N
dM (L)
o o i ~ a(lL) N _ N
(3. 20) dL ~ ow Ak Mg
N
whose solution is: Aa
3 T 2mf
>N ~ N -»N
(3.21) M (L) = fa Ma u E— B(L—Lo)a(Lo)]

We now have in our hands the tools which are needed to study the viola
tions of the scaling law in deep inelastic scattering. We are able to compute
how the distribution of the pointlike constituents depends on the resolution
time, We have seen that when the resolution time goes ‘to zero (L = o) a
continuous process of interchange of momentum among the bare constituents
is present, the laws which regulate this phenomenum can be summarized in

the "master" equation (3. 12)*

4, - VACUUM POLARIZATION
It is a common day experience that salt can be easily dissolved in wa
ter but not in oil, This fact is due to the high value of the static dielectric

constant &g = 80 (ss = 1 in vaccum). The force between two charges is:

(4. 1) Fo=

A
e o2
at large distances. However, at distances smaller than the radius of the

water molecule (@), one recovers the more familiar:

1
(4. 2) Fo=qq = r<<d.

A(4. 3) Fo=

L
e(r) r2 ’

This effect arises from the orientation of the water dipoles in presen-
ce of an electric field. The scale of the phenomenum is naturally given by d.

Equivalently one would define an r dependent effective charge and

write:
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(4. 4) Foroa a5 a,(c) = a /e

A typical plot of q(r) as function of L is shown in Fig, 4.

q(L

L

FIG. 4 -The effective charge in water as function of L = -ln(r/d), r being

the distance and d being the radius of water molecules.

The polarization of water decreases the force among Nat and c1”
ions and allows the solution of salt in water : charged ions in water are near
ly asymptotically free at large distances while they have a strong interac-
tion at short distances.

A more drammatic effect can be found in metals: here &g = 0 and
the effective charge goes to zero exponentially at large distances : the char
ge is completely shielded,

In quantum electrodynamics the role of water is played by the virtual
e € pairs which fill the vacuum. The presence of a charge modifies their
distribution and produces a polarization of the vacuum which alters the
value of the effective charge seen at large distances. The inverse of the
mass of the virtual pair correspnnds to the radius of water molecules: the

shielding effect reaches a constant at distances larger than 1/2 m,. Howe-

ver there is no upper bound to the mass of a virtual pair so that the effecti
ve charge changes its value also at very short distances. At distances of

-100 cm the effective coupling constant becomes of order 1 and non

order 10
linear phenomena in the electric field are quite important, It is not clear
what happens at so short distances, however this problem is not relevant
here,

We hope we have clarified why the effective coupling constant in Quan
tum electrodynamics depends on the distance r and by relativistic invarian
ce also on the resolution time ¢. The fact that the force among different
(equal) sign charges is attractive (repulsive) implies that in all possible ma

terials, vacuum included, eg> 1 and the effective charge at large distances



is smaller than the bare charge: q(ow) < q(0), We can conceive 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 matter of which this
world is made up "enantion". The static polarizability of the enantion is al-
ways less than 1. Also in this case we can introduce a distance-dependent
effective coupling constant: the effective charge seen at large distances is

always greater that the bare one:

4. 5) aleo) = AL 5 g0 |
Vs

Let us chose a particular kind of enantion in which . 0 and let us
suppose that the radius of the molecules has a continous distribution which
ranges from zero up to a maximum length d. In this case q(o)/q(0) = oo, If
the effective charge seen at large distance is finite, the effective charge at
very small distance must be equal to zero (see Fig, 5). Two ions in enantion
behave as free at short distances while the interaction remains strong at lar
ge distances,

Why are we interested in such a devious system? The reason is sim-
ple: there are models of strong interactions in which the polarizability
properties of vacuum are just the same as those of enantion. These model
belong to case b) of section 3 and have a coupling constant which is asympto
tically zero at short distance, I think that it is interesting to have a concrete
example of a system in which the interaction among pointlike particles fades

at short distances,

q©

FIG. 5 -The effective charge in enaition as function of L =-ln(r/d), r
being the distance and d being the maximum radius of engtion

molecules,
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5. - THE STRUCTURE OF STRONG INTERACTIONS

téooaga Yho mdvtov Ouldpata modTew dxove'X)
{(Empedocles)

In the most popular model of strong interactions the hadrons are com

(14)

posed of 4 quarks (p, n, 4 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,

The effective coupling constant of the theory satisfies the equation( -
da(L) 25 2 3 2
—_— = . + L = s
(5. 1) aL T2n © (L) +O(a”) ( In Q)

whose solution is:

a(LO)

(5.2) a(L)

25
1+ 1_21_v(L —Lo)a(LO)

The situation is the same as in enantion. Although the coupling con-
stant of strong interactions is large at distances of order 1/my, 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 possible to obtain sharp predictions for the breaking
of the Bjorken scaling law for very high Q2.

We denote by Nqi(x,L) i=1,4, Ngli(x, L)i=5,8 and Ng(x, L) re-
spectively, the longitudinal momentum distributions of quarks, antiquarks
and gluons inside an hadron. The L dependence of these distributien func-
tions can be computed using the transition probabilities for the processes:
q >q+g g—>q+a 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:

AN (x, L), 2 — 5
I R dy
(5.3) oL e fx . quq(X/y)Nqi(y: L)+ pqg<X/y)Ng<y, L)J ,

(x) - Hear first the four roots of all things.



! 8
dN (x, L) —
gl [ ay .
4L an ]x y Lpgg(X/Y)Ng(y; L)+ pg (x/y) fl I\qi(y,L)] s
where
4] 4
=3 -0(y-1)-2 -2y,
qq(Y) 3 |\(1—Y)+ y-1) y:[
b ()= 2 [—3’———2“‘ & ”],
ga 3 y
(5. 4) _
.3 2 2
Dqg(}’) " 16 L2(1—y) + 2y j ,
Py 73 [—L w3 4y(1—y)“— 20(y-1),
g8 (1—y)+ y 1
——(1_;) is a distribution defined by :
+
1 1
l -
(5. 5) / dy 1‘( -~ N(y) = In(1-x)N(x) + f 51}[- - th(y)_N(XEl )
x 7 (1 -=) « y o1 X
y't y

The following consistency conditions are satisfied:

qu(y) = pgq(l—y) ;

(1-y) .
ag Pag ¥

) o= 1-
p_ (¥ pgg( y)

qgs. (5. 3-5. 5) can be directly derived from the standard results of ref, (18-
-20) using the technique employecd in ref, (21),

lligher orders in a have heen neglected. GTA/GT is of order a and is
therefore asymptotically zero,

Let us try to use these formulae to compute .the violations of the scal
ing law in deep inelastic scattering on nucleons,

Electron and neutrino deep inelastic scattering gives us very good in-

formation on the x distribution 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 0, 48 of the total momen-
tum. Unfortunately 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, secondly the creation of quark-antiquark pairs.
Only the second process depends on the distribution of gluons. However it is
quite reasonable that the sea 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 distribu
tions.

The first unreasonable possibility is that the gluons are concentrated

at x = 0; Ng(x,L) = 0.480(x)/x.

In this case the L derivative of the structure function is(21):
daF, (x, Q%) 2
> — 2
(5.7) 2 - w@) T e +
3n | i 2
dln q = -
! 4 g ATy 57 (
X
- +3)+ [ —
ex [ ayjasd — @) - Jf
X y y

The value of the effective coupling constant a(Qz) appears as a factor.

Using as input(zz)

(5. 8) o) - (1—x)3‘>1.274+0.5989(1—x) . 1.675(1—x)2:l

we obtain curve I of Fig, 6 for a(Qz) = 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 distribution in the region x
near to one: for example we can assume that the x distribution is exactly

1. 92(1—x)3/x. In this case one obtains the curve IIl of Fig. 6. In the region



FIG, 6 - Curve I, II and III are respectively the predictions for

9
- Glan(x,Qz)/a(an‘) assuming respectively, I the concentration

of all gluons at x =0, II an educated guess for the gluon distribu-

tion, and IIl a distribution (l-x)3 for the gluons; the same pre-

dictions are obtained for the neutron with an accuracy ot 0, 02;

a = 0, 4 has been assumed, ( . )and ( @ ) are respectively the
! 1

2
experimental points for proton and deuterium( 7); ( + ) are the
(28)

experimental points for iron

X

1
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of large x there is no significant 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 guess for the gluon distribution can be obtained as follows:
suppose 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 constra
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 particu
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 Fig, 6.

A consistency check(z) of this model can be done comparing the pre-
dicted quark and antiquark distributions with the experimental data coming
from neutrino and antineutrino scattering at Gargamelle, The agreement is
not bad (see Fig, 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 Fig, 6. It is always less than 0.02,

These predictions are done in the region of very high Q2 where a(Q2)
and IV[Z/Q2 are small numbers., In the next section we shall see that in the
intermediate Q2 region where actual experiments are done, extra ambigui
ties are present which make the comparison between theory and experiments

less straightforward.
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6. - THE COMPARISON WITH EXPERIMENTS
(x)

(Democritus)

C 4 J) ’ < ) / ~ /
apagTins aitin M auadin ToY %0ECCOVOS

When precise data on deep inelastic e-p scattering appeared in 1970

(24)

it was clear that violations of the Bjorken scaling were present

5)

2
violations disappeared when the variable x' was used( ; x and x' are

. These

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" Vvariable can be done using the experimental data plus a
theoretical criterion of what we mean by the "best" variable,

In 1970 an experimental proof of Bjorken scaling was strongly desir
able and the "best" variable was the one for which Bjorken scaling was bet
ter satisfied. In 1975 it was discovered that it is impossible to find a vari-
able for which the Bjorken scaling law is satisfied both for proton and neu
tron deep inelastic scattering(ZG). The experimental observation of scaling
violations in the proton at fixed x' (0, 5< x'< 0. 7) (see Fig. 8) suggests the
use of a variable different from x', on the contrary the lack of scaling viola
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 X1975 for the proton and
the old x' for the neutron, and this may be a simple phenomenological way
to summarize 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 must mini
mize 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

. . . 27,28
least in the large x region. If we use the experimental data( ) to com-

(x) - The cause of errors is ignorance of better,
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FIG. 7 -Our predictiens for the amount of quarks ( $ ) and antiquarks ( § )
in an isospin zere target are presented together with the experi-

mental values extracted frem neutrino and antineutrino scatter-
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FIG. § - The experimental data for the niean value of F‘I‘ in the interval

0.5 ¢ x' ¥ 0.7 plotted against QZ.
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FIG. 9 - The experimental’data for the mean value of Frl1 in the interval
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0.5< x'= 0,7 plotted against Q°,



pute the logaritmic derivative of the proton and of the neutron structure
functions at fixed x, we find that they are roughly equal (see Fig, 6).
How is it possible that the two logaritmic derivatives at fixed x are

equal and those at fixed x' are different? The answer can be easily found

using the identity:

dlnkF
GQZ

0x

Q2 * 6Q2

(6.1)

Xl Xl

In the x region we are interested in, one find that:

2 .
(6. 2) F = 1,2 Fo

dlnF" OlnﬂFg

Any change of variable modifies the Q2 derivative of the neutron data more
strongly than the proton data.

The variable x (and not x') satisfies the new criterion we have propos
ed, and we are going to use it in the rest of the paper (see Fig. 6). We stress
that, if our intuition is wrong and it-the predicted scaling violations must be
compared with the derivative of the experimental data at fixed x', the pres-
ent experimental evidence excludes that the observed scaling violations come
from the meciianism 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 arises from the existence of scal-
ing violations due to the finite mass of the nucleons and of the quarks; thesg
violations disappear asymptotically, however in the low Q2 region it is im
possible to disentangle the scaling violations which die as Q2 is increased,
from those which survive in the limit Q2 > 0. The theory of these 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-
hoff and Polkingorne(zg), unfortunately the analy«is has not been carried
out in detail.

Another problem is present: our asymptotic predictions do not distin-
guish among F1 and F2 (07, is asymptotically zero), however at present

energies the logaritmic derivative ot F; is systematically larger than that
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of F2(27, 30)

. 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 scaling violations due to finite mass effects.

The observed Q2 dependence of the function F2 can be well fitted
using a =0, 4 (see Fig, 6); a similar agreement between theory and expe-
riment would be obtained using F; instead of F2 : in this case we would
get a=0,5,

I would like to conclude that the observed scaling violations can be
accounted for by interactions among partons with a coupling constant of
order 0,4 -0.5 in the few Gev? range, However there is still another ef_
fect 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 cen
tral x region have -(sz 3-6 GeVz, while the data at x near to 1 have
Q% 8-12 Gev2,

In principle changing Qz, we should also change the value of the effec
tive coupling constant; in this particular instance this is not true because
we are changing both Q2 and x togethér. The effect we are talking about,
is of the same order of magnitude as the neglected terms proportional to
a2 in the transition probabilities p (eq. (5. 4)). We must realize that eq. (5. 3)

2
is asymptotically correct also if we substitute a(Qz) by a(Q”/(1-x)); eq.

(5. 1) implies:

(6. 3) a(@”/(1-x) = a(@) - 2% n(1-x) a*(@)

The difference is of order o’ . Notice that < (1—x)Q2> is roughly constant
in a wide x region in the SLAC sample,

The effect of the neglected second order terms has not been computed
at the present moment; it can be easily be of order of 30%, expecially in
the region x ~1 where higher order contributions are expected to be enhan
ced. Terms proportional to a2 are not negligible because 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 Q2 depen
dence of the moments ot the structure function for N very large.

In our theoretical predictions we have also neglected the etfect of the

24
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) 0.25 € a(6 GeVz)S 0.5.
Correspondly :
2
(6.5) 0.4 2 a(i 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 @ beam becomes available
in the future for a large interval of Q2, the determination of a can be im
proved. I hope that at that time the theoretical ambiguities will be solved:
the transition probabilities will be computed at order a2 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-

sent, we find:

2GiME [ W 1w 2(;21\/1E17 i 15
L1 6, = — M +ZM_ |, 6z —————|M_+=

. v v 7 R q] v 7 [Mq SMQ]

ev”+ M2 v’ +em”

1 a g L«
Y2, 55 Ty e LYt 5
6M +2ML v’ +3m”
qa g q 3

where 0 denotes total cross section and y is the ratio between the neutrino
(the antineutrino) energy and the energy given to the hadron system Eh:

y = Eh/Ey, M: and Mz_: (M: and M%) are respectively the effective momen

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 ot charmed particles in the final state; below threshold
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we find:

2 v 2

2 2 2
(7. 2) M” = cos®0 M2+ sin®0 M, MY =M,
q e n c A q
v 2. . 2 v
MY = cosZO Mo+ 311129 M=, M- = ME
q c n c A q p

2 : 2

(7. 3) M? = Mmoo+ Me MY =M +M
a n A P !
v ) 2

MY = M2 M2 MY =M +ME,
q n A g 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 sea of

quarks and antiquarks and a charmed sea. If the target has isospin zero

we get:

2 V2 2 2 V2 2 2 2 2 2
. = —+5 MS = —+8%, M, =5 M~ =C”,
(7 4) Mp 9 3 n 9 A 3 pl

2 2 2 2 2 2

Mi):Sz, M- =S 5 MZ:S , M- =C

If we neglect the sea, no antiquarks are present in the nucleon: the

antineutrino over neutrino total cross section ratio is below threshold:

- 2 .
(7.5) R % 65/0, = 1/3cos Oc >~ 0.35

At Gargamelle energies R = 0, 39(23)

; only a small contamination of
antiquarks is present in the nucleon at low energy. The x distributions of
quarks and antiquarks are shown in Fig, 7: the mean value of x of antiquarks
(<xg)> ) is much smaller than that of the valence quarks (< xy> ). The data
2
suggests that at Q2 =1 GeV (the mean value of Q2 in the Gargamelle ex-
periment is about 1 GeVz) the following relations hold:
2

(7.6) VvV =0.46 , Sz=0.01, C2:0 , 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

2 2 2
(7.7) vV +6S +2C2+G =1 ,

which has been used to fix the momentum carried by the gluons (GZ).

Violations of the Bjorken scaling law are due to the presence of a
threshold for charm production and to the Q2 dependence of the quark distri
butions. The first effect is characteristic of neutrino scattering, 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
4 quark model it is not simple to fit the experimental data neglecting the Q2
dependence of the parton distributions,

The Q2 dependence of the momentum carried by each component of the

proton can be easily computed: proceeding as in section 3 we can derive from

(3),

eqgs. (5.3-4) an equation having the same form as eq. (3, 20); its solution is
2 2 -
vi@h =B, 0T
2,2 3 1 -56/15 1 1 -32/75
= 2 4 = - _ =
SHUQ) = 55 T 14 B G *(34B1s "B G ,
(7.8)
2, 2 3 1 -56/75 1 -32/15
~ +—B _ =
cQ) 56 14 oG SBISG ’
2,2 4 4 -56/15
==_.—B
¢°@Q1=2-7B.G ,
where
2, 25 2 2, 2
(7.9) G(Q)=1+T2—na(#)an/lL

The constants BO, B8 and B15 can be fixed by requiring that eq. (7. 6)

be satisfied at Q2 =1 GeVZ.

In Fig. 10 the results have been plotted for a(l) = 0.5, as functions of
Qz. Since G is a slowly varying function of Q2 we can compute G from an
effective Q2 value

2 = z N
(7.10) Qpep = 2MELxy>
where < xy> 1is 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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2 . .
QEff than antineutrino data.

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 8 function

in the mass W of the produced hadronic system :

(7.11) UT(x,y) x N o )

(x,y) + 6 _(x,y)0 (W ’— WT

where 0, is the cross section below the threshold for charm production,

B

e 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:

2 2
(7.12) W = mp,/<x> ,

where mp, is the mass of the charmed quark and <x> 1is the mean value
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, < XV> = 0,25 and < xS> = 0, 13 we estimate:

v , v
.13 W_ 4G s x5, .
(7.13) T ev W, ¥ 55 GeV

The higher value of the effective threshold for antineutrino is caused
by the exoticity of the hadronic final state (B=1, C= -1).

In Figs. 11 and 12 we show our predictions for < y>y and R respec-
tively for various values of W

T
HPWF collaboration. For simplicity the same threshold has been used for

and a. The data for < y>$ come from the

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 @ #0 and WT < o are needed to fit the data for < y}i.' ; in this



case R is predicted to rise with E. If the momentum carried by each quark
2 . - ‘s

were Q  independent, R would stay almost constant and be insensitive to the

charm threshold; in fact the increased proportion of momentum carried by

the sea makes R to behave as in Fig., 12, 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
(33, 34)

group .
In the infinite energy limit very simple predictions are obtained:

2
G°ME
(7.14) 0, =05 ="

~3|n

7
Z U = = —
, <¥>, <v>%° 16

If scaling violations were absent, eq. (7. 6) implies that the fraction
Acg/o of charmed final states would not exceed 10% even at infinite energy.
The predictions with scaling violations included are shown in Fig, 13, If
charmed particle have an average branching ratio into muouns of the order
of 5% to 10%, the observed yield of events with muons of opposite charge

is obtained@s’ 36).

(35)

Dimuons with equal charge may come from the production of a
charmed quark-antiquark pair in an event with AC = 0, A very rough esti-
mate of the order of magnitude of the cross section for the creation of two

charmed particles is :

2
(7. 15) 6 = = Co

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 dimuons come from the

(37)

decay of 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
with increasing Qz. This effect has been observed in electroproduction and
should also be observed 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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B30k

FIG. 10 - Momenta carried by the gluons, the valence quarks, the SU(3)
symmetric sea 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(1 GeVz) =a =0,5.
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¢y (1-x) )"7
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FIG. 11 - Average value of vy for different values of @ and W, the
effective invariant mass for charm threshold. a = 0 corresponds
to Qz independent parton distributions, W —> o0 corresponds to
neglecting effects for charm production. Both effects seem *o be
needed to reproduce the data, a is the coupling constant at Q2 =

2 . .
=1 GeV". The experimental points are taken from ref, (31).
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FIG. 12 - Tre ratio aa/a,‘, for different values of a(1 GeVZ) and WT’

the effective invariant mass for charm threshold.
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FIG. 13 - The prediction for the fraction 46/ 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 = 0.5 at Q2 =1 GeVZ; W is the effective invariant

mass for charm production.
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(3)

Evolution equations like eq. (7. 8) can be written also in this case'"’,
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

(38)

Rencontre de Moriond .

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
0.4 in the few 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 1'Accélérateur Linéaire
Université de PARIS-SUD, Ba&timent 200
91405 Orsay (France)

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 (p etV°® + ...) have
been found. The probability that they can be due to back-
ground is less than 10-3.

Résumé : 18000 interactions de neutrino d'énergie comprise
entre 1 et 12 GeV ont été analysées pour la recherche de
désintégrations semi-leptoniques de particules charmées.

2 événements (p~etv® + ...) ont été trouvés. La probabilité
qu'ils soient du bruit de fond est inférieure a 107°.
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Recently the existence of neutral currents has been
evidencedby several experiments (1l). However, the weak neu-
tral currents seem to conserve strangeness, unlike charged

currents.

This fact cannot be explained without addition of new
quantum numbers. The simplest way is to extend the symmetry

SU3 to SU4. The new quantum number is called charm (C) (2).

In the quark parton model, we can write the weak char-

ged current as

=p i B! - i
Ju pyu(1+y5) (n cosec + A 51nec)+ P Yu(l +vs) (A cosec n s1n6c)

Charmed particles can be produced in neutrino inte-
ractions

on valence quark the reaction is

vn- y p' factor sin26c final state C =1
S =0
on sea—-quarks the reactions are
VA ‘> u p' factor c0520c N final state C =1
o) ) ’ S =+1
vp' > u A factor c0520c X ap, final state C =1
(p")  (p") s =1
N up, are the fractions of the momentum carried by X and
p' quarks.
Charmed particles can decay semi-leptonically (like
kaons) as
p' > A+ £+ + VQ final state S =-1
c =0

In the final state, we expect two leptons of opposite
charge and one (S = -1) or two (S = 1, S = -1) strange par-

ticles.

I - SEARCH FOR CHARMED PARTICLES IN GARGAMELLE

Electrons are unambiguously recognised among the other
tracks in Gargamelle. But, the detection efficiencies for Kﬁ
Zt and £° are small, so the selection has been performed
only for reactions involving K; and A°, and only for the

charged decay modes

o + - - -



Finally we have searched events of the type u_éﬂﬂ + X

in Gargamelle filled with heavy freon.

Data collection

About 400 OOO pictures taken in v-beam in 1971 and
1972 have been scanned for the topologv above, and 300 000
new pictures have been taken during last year with a v flux

increased by a factor 3, due to the CERN PS booster.

The analysis is performed by 7 Laboratories : Aachen-
Bruxelles~-CERN-Ecole Polytechnique (Paris)-Milan-Orsay and
U.C. London

Until now only 50 % of the whole sample has been ana-

lysed for the veculiar topology (u~ et ve + L)

Cuts

We have applied the following cuts to events we are
looking for
- fiducial volume of 3 m3

- positron enerqgy Ee+ > 200 MeV

Results

We have found 2 events satisfying the above criteria
(3). These 2 events correspond to 18 00O observed v-inte-
ractions with visible deposited energy greater than 1 GeV,
in the same fiducial volume.

One new event has been found in the last sample of data.
However our background calculations will correspond to the
first 2 events.

We have reported the principal éaracteristics of the
3 events in the Table I.

-+
TABLE I : u e .V°

Bi- cev/e Pt Gev/c Eviscev | " | Pr | %is | Yis
.150 + .002 .250 + .050 | 3.15 | 2.1| .55| .o4 .94
1.060 + .150 .895 + .250 | 3.4 1.901.1 | .46 .69
.920 * .080 .750 = .200 | 5.1 2.7| .8 | .42 .82




II - WHAT ARE THE PRINCIPAL SOURCES OF BACKGROUND ?

1 - Ue interactions :

Due to the contamination of v beam, Ue interactions
can be a source of background if a m 1is produced at the
vertex and is not recognized, simulating a u~ candidate.

This background is obtained by multiplying the expected
number of Ge events by the nrobability of observing a u
candidate and a V° in the final state.

In order to calculate this probability we used the
events (obtained in antineutrino beam) which gave a similar
configuration :

vV N - u+ﬂ_V° + X

u
not recognized

We found 4 events in a sample of 2430 events GQN<+U+X.

We corrected for the different shapes of the fluxes of Ue

and Uu.

The Ve flux in a neutrino beam is very low ; the rate
of the ve events, using the \)u/\)u cross section ratio is
7 107°.

Finally, the background of Ue interactions is (2.5 * 1.5)
IO-3 event. ’

2 - Asymmetric Dalitz pair and close gamma rays :

An asymmetric Dalitz pair or an attached y ray can si-
mulate an e+ at the vertex.

We defined a total asymmetry when the length of one
of the electrons is less than 5 mm.

Theoretical calculations and experimental study of a
sample of 260 y's of energy greater than 200 MeV gave a pro-
bability P = (1.1 + 0.7) % to observe only the et of the
pair. From the distribution of length of the y.!.sy or theo-
retical calculations the probability of materialization at
the vertex (d < 5 mm) has'been found to be (4.2 * 1.3) %.

On a sample of 6129 v events, 25 vy of energy greater
than 200 MeV correlated to 53 y V° candidates were observed ;
this yields a background of (3.3 * 2.4)10_2 event.

3 - Semi-leptonic decays of hadrons

The positron at the vertex could be due to decays of

K and w.



The detection efficiency for K° is 0.26 +* 0.03. We have
observed 1 event with an associated production K°V°.over
6129 vu events. Over the total sample, we then expect 2.3

K° decays associated to a V°.
Le3

Using the K; spectrum, which is roughly constant bet-
ween 0.3 and 2 GeV we have found that the probability for a
4

Ki to decay at less than 1 cm from the vertex is 4 10 -.

The background arising from this decay is 8 lO-4 event

K decay in flight may simulate an e+ emitting brems-
strahlung y rays.

The detection efficiency for K+ is 0.30 + 0.09. We
have observed 11 events with an associated production ktve
over 6129 vu events.

The probability of the configuration has been calcu-
lated by a Monte Carlo method, taking into account the kt
spectrum and the following cuts which are very conservative:

- angle ktet < 20°

- both angles e+Y(ﬂ°) < 20°

- k" decay length < 30 cm

Finally, we have estimated this background to be less
than 5 1073 event.

IITI - CORRELATION BETWEEN e+ AND V°

Other observations contribute to believe our background

calculations, and prove a strong correlation between e+ and
ve.

1. u e v°

The asymmetry (y > e ) is bigger than the asymmetry
(y » e+) because of Compton effect and et annihilation.
From observed y rays it was measured : (4.2 * 1.3) % instead
of (1.1 £ 0.7) %.

If the 2 events were due to background we should expect
8 events of the type :

u e v°
None has been observed ; this is in agreement with the

expected background from Ve interactions and asymmetric
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attached y rays, which amounts to 0.2 event.
-+ .
2. 4 e (without V°)

The rate of production of observed V° in neutrino inte-

ractions is (.9 + .1) %.
On a smaller sample (v 50 ¢ of the statistics) we have

- 4+ ) .
found 4 events (1 e ...), if the positron and the V° were
2

uncorrelated we should expect 7 10” (U_ e+ v°) in the-whole

sample. The probability that the 2 (u_e+V°) observed are
compatible with that expected number is less than 5 10_3.
This indicates a great correlation between the postitron
and the V°.
The 4 events (u-e+ ...) can be explained by :
u e+ V° events in which the V° is not detected
1.5 event
expected background (asym. attached v, Se)
2 events
There caracteristics are listed in Table II.

TABLE IT : 1 e without V°

B~ GeV/c ! pé+ Gev/c Evis oW *vis Yyis
2.650 * .260 2.6+ .9 15 4.7 .09 .82
4.2+ .32 1.89 + .8 N7

2.35 .888 3.3 1.4 .32 .29
1.985 + .194 .473 3.1 1.5 .33 .39

IV - CONCLUSION

We have observed 2 events u_ e+ V°. All the possible
sources of background have been taken into account. Our cal-
culations lead to a total background of (4 + 2)10_2 event.
Other observations confirm our confidence in the background
calculations. We did not observe any u_ e Vv° event, and
the number of u_ e+ events is low, as expected if the e+
and the V° are correlated.

The interpretation of the 2 events as semi-leptonic
decay of charmed varticles is very attractive.

Due to the v+/p ambiguity, the V°'s are ambiguous A and
K°. Assyming the V° to be a A(K°) the mass of the Ae+(K°e+)
system in GeV/c is 1.24 + 0.02 (0.65 + 0.03) for the first
event and 1.91 + 0.17 (1.57 % 0.20) for the second. These

numbers are lower limits for the masses of the Ae+v (K°e+v)

system.
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THE PRODUCTION OF u e EVENTS

IN HIGH ENERGY NEUTRINO INTERACTIONS

Berkeley-CERN-Hawaii-Wisconsin E28 Collaboration

D.C. Cundy
CERN, Geneva, Switzerland

Abstract: Using a Ne-H, 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.

REésumé: Des interactions ayant en méme temps un muon et un
électron dans l'état final, ont été recherchés dans la chambre

3 bulles de FNAL remplie d'un mélange Ne-Hp et exposé au faisceau
neutrino 3 bande large. A ce jour, 10 événements de ce type ont
été trouvés, leurs caractéristiques et leurs implications sont
décrites.
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The E28 experiment consists of 100,000 pictures taken in the 15'
FNAL bubble chamber using a filling of 207 Ne in hydrogen. The density
was v 0.3 gm/cm3 and the radiation length v 100 cm. The exposure took
place in the wide band neutrino beam, and the event rate for charged-

current events was found to be v 1 event/ 8 pictures.

The aim of the experiment was to look for di-lepton events of the

type Ue, 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 ~ 17 rate.

However it does allow good muon identification for single 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 interactions. Preliminary results

indicate that it is ~v 25 - 507.

-+
A summary of the 10 u 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 v 30,000 pictures. Thus
giving a corrected rate of v 1.47. The error on this rate is probably

a factor of 2 due to the problem of the electron detection efficiency.

. BACKGROUNDS

There are two main sources of background (a) Asymmetric Dalitz pairs

- PR . +
and very close converted y-rays, (b) ve events giving rise to e .

(a)  Asymmetric Dalitz Pairs : The mean charge multiplicity of these
events is n 5, implying v 2 — 3 7°'s/event. Hence, one expects
~n 0.03 Dalitz pairs/event (experimentally find 0.04 * 0.0l).
Assuming that an electron of 5 MeV can be recognized in these
pictures, then the probability that ete pair will appear only
as an e+ is v 0.003. Therefore, one concludes that the asymmetric
Dalitz background rate is lO_a/event. The rate for very close

asymmetric converted y-rays is expected to be the same.



(b) ;e events : The ratio of \_)e/\)Ll flux is v 10_3. The cross section
ratio CG/Ov ~ 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 majority of these events will have fast e 's (i.e. (l—y)2

distribution) then a background rate of " 10-3 is estimated.

Other backgrounds due to K+, K° leptonic decays are in the 10_5

region. Hence, the conclusion is that the observation of events
. -+ .
with p e 1is a real effect and that the background levels are only

about 107 of the observed signal.

EXCESSIVE K° PRODUCTION

One immediately remarks from table 1 that 9 out of the 10 events
have a Kz. This would lead to the conclusion that on average Vv 2.5 K°'s

are produced in these interactions.

One obvious explanations of these events is that they are due to

leptonic decays of a new particle
+
D + K%'V

The range of the masses MKe would imply a mass MD v 2 - 3 GeV.

It is also interesting to speculate if these events are due to the

same process as the dimuon events.

If we assume that they are, then as the dimuon events had pu+ > 5 GeV,
-+ 3
and the Y e events have Pe+ < 5 GeV, the total production rate of
dilepton events is 47 of the charged-current rate, and the majority of these

.. o
would seem to have a visible KS.

It is interesting to remark the neutrino experiment in hydrogen E;s

observed a visible Kz rate of 37 !



TABLE 1
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\ W2 W3 B1 C1 C2 C3 W4 W6
1 2 3 4 5 6 7 8 10
E . GeV 34 11 26 28 100 21 32
Vv1is
U identified EMI EMI EMI EMI
p/GeV/c 14 3 22 9 9 14 12
+. . .
e identified B-C B-T B T B-C C B
p/GeV/c 2 1.1 2.2 5. 5.3 1.2 17
Strange K° K° K° K° Kz Ks K Ks 3v°
. s s s s
Particle +k%int 270 om°
L K7
p/GeV/c 6.3 3.1 1.8 5. 38.0 L4 1.05
mKoe+ GeV 1.3 .9 1.1 .7 2.1 1.04 2.1
v . .6 7 .2 .6 .9 .3 6
V1is
*vis .003 1| .9 .2 .05 02 | .2
W lrl(CeV) 6 4 1.3 5 13 3.7 5.5
Topology
1) u_e+K02ﬂ_3ﬂ+ﬂo 4pn 5) u_e+KOKipﬂi3non
-+ 0, - +o0 .
2) u_e+K02ﬂ TR p 6 u e+1T TT+P 7Y(Ko)
3) uek Ct o s
4) U_e+KOW_ﬂ+ﬂop 7) u e Ksn
Electron recognition: B -~ bremsstrahlung
C - curling
T - trident




A STUDY OF INCLUSIVE STRANGE PARTICLE PRODUCTION

BY NEUTRINOS INTERACTING IN HYDROGEN AT FNAL

FNAL-Hawaii-Berkeley-Michigan E45 Collaboration

D.C. Cundy
CERN, Geneva, Switzerland

Abstract: About 500 charged-current events produced by neutrinos
above 10 GeV were used to study strange particle production,

AS = -AQ interactions and the possible existence of charmed par-
ticles.

Résumé: Environ 500 événements de type courant chargé produits
par des neutrinos d'énergie supérieure 3@ 10 GeV ont &té analysés
en vue de 1l'étude de la production de particules étranges, des
interactions avec AS = -AQ et de l'existence éventuelle de parti-
cules charmées.
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This report deals with analysis of 76,000 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 study 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 leaving track which has the
highest transverse momentum with respect to tiie neutrino direction.
In order to be classed as a charged-current event the momentum of the
"muon" must be on the opposite side 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 percent

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 projection of
the charged hadron momentum vector unto the V-ju plane represents the
true hadron momentum vector, it is then possible, 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 configuration . The error formula is:

OE o P y
E o | xa-n

where Py is the missing momentum out of the vu plane, E is the neutrino
2

\ . . . .
energy, x = %ﬁ;‘ y=3 (i.e. the Bjorken scaling variables).

1 .
Note that 8E decreases as T and has an asymptotic value

of " v 77. £

Note also the pathological behaviour at x = 0 and y = 1.



Using this energy estimation it is possible to evaluate total cross 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 interactions. As this data has now been published (Phys. Rev.

Letters 36 (1976) 639) it will not be discussed in this written report.

INCLUSIVE STRANGE PARTICLE PRODUCTION

This experiment is essentially blind to the identification of charged

kaons, and can only be considered to give information on the reaction

- o' ++
V+p>u +V s+ X

In a sample of 530 events with PX > 10 GeV/c, and classed as charged

. o
current events, the following V  events were found:

Type Number of events > 10 GeV/c P
K° 16 )
s

2°(z%) 16 + 1 (2%

0,0

A KS 3

A 1

The global characteristics of these events, such as the energy distri-
bution, x, y distributions show no marked differences within the limited
statistics,with respect to the normal charged-current events. Fig. 1

o . .
shows the observed V' 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 marke
ted it lowly with y and d t to sh y marked

difference from that observed in electromagnetic interactions.

LIMITS OF AS = - AQ REACTIONS

In these events it is possible to search for AS - _ AQ interactions

of the type

vp + U_AOX++

with no other strange particle produced.
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In order to do this, one has of course to subtract the background

from the associated production events
vp » A%+
vp - U_AOKO + X++

3 associated production events of the type KCSJ/\O were observed.

. . .. (o} .
Taking account of the detection efficiency of l(s and assuming

+ . .
2%k -1 then the expected number of single A° events from associated
A°K° production 1is 15 compared with the 17 observed. To get an
upper limit for AS = - AQ reactions in this channel one considers that

the 3 K°A° events are a 907 upward fluctuation from 0.82 K°A° events.

In this way one obtains:

AS = - AQ

total < 3.6%

E > 10 GeV
Y

Note that this is for channels involving’ ﬂo's only, and therefore cannot
exclude large violations involving only ¥°'s etc. However, it is certainly
a high upper limit because there are indications from the Gargamelle
experiment that A25+

n°k°

> 1.

SEARCH FOR CHARMED PARTICLES

Charmed particles, if they exist, are expected to be produced in

the following reactions:

1) vp > uuBcX
AN+ 1's Charmed
Kop + ms Baryons
2) vp > u_McX
o '
K + m's Charmed
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 limits:

g x B.R. (Am's) € 27
BC

(pK°n's) < 47

Oy, X B.R. (K°m's) € 47

Note no 3 C event of the type u_AW+ﬂ+ﬂ+W— claimed by B.N.L. has been
observed. In the same sample of film 28 A++ were produced by neutrinos
above 5 GeV. Thus the limits on charmed baryon production is about
sinzeC Optt and therefore still leaves the possibility of the discovery

of these states open.
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Recent Results on v-p. and D'(Hz'Ne) Interactions in

the Fermilab 15! Bubble Chamber

R. N. Diamond
Physics Department
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-
constraint reaction vp -+ p~r'p is investigated for att(1236)
production and momentum transfer and angular distributions
are presented. Preliminary results from v interactions in a
21% N mixture are also presented. Within the limited
statlgtlgs the y distribution for small x shows a flattening
at high energies.

Résum&

Le rapport de courants neutres sur courants chargeés,
observé dans la chambre-a-bulles & quinze pieds au Fermilab,
est obtenu avec l'aide d'un "External Muon Identifier"
(apparell autour de la chambre pour 1l'identification elect-
rongue des muons). La réaction vp + u v+p est examinée pour
chercher la production du 4t+(1236) et les distributions
angulalres et distributions t sont montrées. Resultats
préliminaires provenant des ré€actions ¥ dans un mélange
Ne-H 21% sont 8galement donnés. En tenant compte de
statgsthue llmlte, la distribution y & petit x montre un
aplatissment & haute Energie.
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I would like to present some results from the Fermilab 15°'
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 LY-way
collaboration. Groups from the University of Michigan and Fer-
milab have been joined by groups from Lawrence 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 acceptance is still lacking.
When this understanding is obtained we hope to present the inclu-
sive distributions which will tell us about the space-time struc-
ture of the weak neutral current interaction.

For the present statistical analysis we use both the EMI
and the kinematic event reconstruction method described in Ref.1l.
We look for events with 3 or more prongs and consider the reac-
tion vp - u-x++b According to this method the highest trans-
verse momentum negative is chosen as the muon and events are
classified as opposite-side (OS) or same-side (SS), depending
on whether the total hadron vector lies on the opposite (same)
side of the assumed neutrino direction as does the muon. We
estimate on the basis of Monte Carlo calculations that 95% of
the charged current events are 0S, muon correctly chosen, while
only ~ 40% 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 estimate the fraction of SS events which are
charged current events and which because of measuring inaccur-

acy or because 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 1m x 1lm multiwire 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 copper. Tracks are extrapolated from the
bubble chamber into the EMI and hits in the projected EMI chamber
are examined for the best match. The following is an over sim-
plication(e), but in essence two numbers are calculated for each
track: one, the probability PLL that because of multiple Coulomb
scattering a muon would have a hit in the EMI farther from the
extrapolation point than the hit actually obtained; and two,
the probability Ph that a hadron would give a closer hit than
the one obtained. For this neutral current analysis we require
that Pu be greater than 10% and that P, be less than 10%.
We define the ratio R' to be

7y = ( w)

10 #cc/ £P. (hadrons) > 10 GeV/c

The number of neutral current (NC) events in the data sample is

#NC = (NO p's - background)/e ,
where Nou's = number of events with no muon candidate
(because of decay or interaction) + number
of 8S events which have no muon fit-in the
EMI,
background = events due to neutral hadrons, and anti-
neutrinos, and
¢ = fraction of all NC events which appear in
the same side sample.

The number of charged current (CC) events in the data sample is

#CC = f (CCOS + CCSS) - CCNC

where CCOS + CCSS = number of charged current events in
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both the 0S and SS data samples as determined
by the EMI,
f = fraction of CC events with hadron momentum great-

er than the ZPX cut, and

CCNC = ‘the number of neutral current events (SS+0S)
which because of hadronic punch through in the
EMI give Pu> .10 and which have EPX for the
remaining hadrons greater than the cut. (A neg-
ligible number).

In order to obtain (CCOS+ CCSS) one must correct the number of

events found by the EMI efficiency. This efficiency is deter-

mined by : geometric acceptance (ZPX> 5 GeV) 87%
chambers not on 99%
P cut 90%

77.5%

The fraction f is determined from the data and for ZPX> 5 GeV/c
is ~ 70%.

The background in the SS sample due to antineutrinos has
been estimated by Monte Carlo calculations, the charged current
antineutrino rate being consistant with these calculations. The
neutral hadron rate has been estimated to be 1.4 + 1.0% of the
0S sample for incident neutrons and less than 1.2 =+ 1.2% for
incident Ki's. Figure 1 shows how the neutron rate was obtained.

The beam mass was calculated assuming the final state ppr . For

2

2 . .
beam .95 (GeV/c®) the momentum distri-

those events with .8 < M
bution was plotted. Scaling by the ratio of total neutron cross
section to the cross section for np - ppr the histogram labelled
"predicted neutron rate" is obtained. This distribution is ex-
trapolated to large neutron momentum and the number of neutron

events which mimic neutrino events and satisfy the various cuts

imposed on the neutrino data is estimated by Monte Carlo. The



KE contamination is estimated by

100 a similar extrapolation procedure
50| &, (np) P
/”—_—‘t“_‘*__‘ assuming the same momentum dis-
20 |- -
a0l 000 tribution for Ki as for KOS
E
E LN 500

O OF EVENTS/0-2 08V

produced in vp interactions,and

ler=porty assuming that all events with a

V° with 4< IP < 8 GeV/c come

]
~]
NO, OF EVENTS/0-2 GeV/e

PREDICTED o s . .
W/ NEUTRON o from KL interactions. This ex-
RATE -
M 48 trapolation gives an upper limit
\ RAW DATA 4 2 of 1.2 + 1.2% of the total 08
Ad 0
sl \ 1 os sample.
\ We have only to evaluate e,
FIR \ J o2
b Lo lL 5\ L the fraction of neutral current

MEUTRON ;ADMENTUM {Gevse)
events which appear in the same

Figure 1 side and then substitute into our
expression for R' to obtain the neutral current ratios for events
with hadron momentum greater than same cutoff. Now
e =¢' + P(l-¢")
1

where e = fraction of NC events with no muon candidate

P

I

‘fraction of NC events with a muon candidate
which appear in the same side sample.
The same side sample also contains some CC events. ILet o be the
fraction of CC events in the SS sample and #SS be the number of
events in the SS sample. It turns out that 20% of the SS events
have no muon candidate, i.e.

e' (#NC) = .2 (#88)

and Monte Carlo calculations show that P = 0.6 and a = 0.05.

Therefore (#88) = ¢! (#NC) = €' (#NC) + P(1-¢')(#NC)+a(#NC)
.2 R

Assumlng R'" = 0.3 we have

e' = 0.167 and € = .667.
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The data sample for which the EMI was working reliably has
160 CC events with hadron momentum greater than 10 GeV/c. The
corresponding number of
no u events = Lo % 6,

neutron induced events= 4.9 = 3.2,

Ki induced events = 4.0 % 4.0, and
antineutrino induced events = 3.0 £ 3.0
This yields RiO: 0.25 + 0.09
If we do the same analysis for events with Phadron> 5 GeV/c,

1

we get R5 = 0.30 £ 0.13
2)

One can use the Weinberg Salam Model( to estimate the neutral
current ratio for the entire broad band neutrino beam. In do-
ing this we assume that the multiplicity distributions are the

same in neutral current and charged current events. The ratios

one obtains by these corrections are

R

i

0.29 £+ 0.11 for EPX > 10 GeV/c

and R

0.34 + 0.15 for ZPX > 5 GeV/c.
The errors are purely statistical; they do not reflect the un-
certainties in the models which have been assumed.

We turn now to the at™t production in the neutrino film and
use kinematic fitting to isolate the three constraint reaction
vp - u_v+p. out of 78,000 pictures and ~ 550 CC events abowe 10
GeV ~ 45 3-C fits to this reaction are obtained. The fits are
generally not ambiguous with np -+ 7 pp or vp - u_k+p, though
there may be a small number of antineutrino events vp -+ u+v_p.
These will not affect the a1 results since the ’w+p' mass will
be large. The v+p mass distribution is shown in figure 2. It
is dominated by a peak at ~ 1.25 GeV/c?, but there are clearly
events at high mass. We consider events with w+p mass less than

1.4 GeV/c? to be aTtis,



The neutrino energy distri-

NUP-NUT PPLT bution for the a'" events is
Al E,

2.

shown in figure 3, and should be
compared to the distribution in

figure 4, which is the total

charged current energy distri-

f.VENTS

6.

bution divided by the energy.
4 If the cross section is propor-

tional to neutrino energy the

distribution in figure 4 should

:“ :“ RO b1 R be the neutrino flux shape, and
:'-4’. Veuts VIERTY +

if A + production is independent

Figure 2 of energy (therefore a constant

fraction of the flux), the distributions in figures 3 and 4
should be the same. While the two distributions are consistent,

the evidence is not compelling.
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In figure 5 we show the Q? distribution for the A++ events.
We note that there are a number of events at high Q?, but figure

6 which is a scatter plot of Q? vs. E indicates that these

v ?

high Q2 events are not a particularly high energy phenomenon.



Curve 1 in figure 5 is a prediction for 20 GeV neutrinos due to

)

Adler( . It is based on a fit to the Argonne neutrino data and

uses the value M,= 0.96 for the mass parameter in the axial vector

A
form factor. Curve 1 is an attempt at an absolute normalization
while curve 2 is curve 1 multiplied by an arbitrary factor of 2

to allow for our uncertainty in the normalization. The Q2 dis-

tribution thus appears to be consistent with the Adler prediction.
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Lastly we show the Gottfried-Jackson angular distributions
for diagram 7. In the W+p center of mass system 6 is defined to
be the angle between the proton and the w+ direction and ¢ the
angle between the normals to the u-v plane and n+p plane. The
6-¢ scatter plot in figure 8 also contains the projections. We
note the flat cos 6 distribution which we consider an indication
of resonance production. A non-resonant angular distribution

might have a strong forward-backward peaking. The &distribution

seems to peak at 0%, indicating that the w*p plane and w-v planes
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tend to be aligned and that the particular orientation of figure
Ta with the vlr in the muon direction is preferred. We do not

understand the effect.

Clearly more statistics are needed in order to give more
detailed quantitative results. We have on hand approximately
100K pictures of neutrinos produced by 400 GeV/c protons and
using a two~horn broad band beam. We hope to have four times
the number of events and to be able to report on these data
before the end of the year. The experiment has been approved
for 300K pictures.

The antineutrino experiment which the Michigan bubble cham-
ber group is participating in is a collaboration with Fermilab
and two Soviet groups, ITEP in Moscow and Serpukhov. The col-
laboration is quite spread out but communication has been fairly
good with weekly exchange of telex messages and quarterly group
meetings. Most of the 50K pictures exposure of the 15!' bubble
chamber has been scanned and measured, but there is still a care-

ful scrutiny of some exotic looking events and a systematic
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search for dilepton events to be done.
The chamber was filled with a 21% atomic mixture of Ng in
H? giving a radiation length of ~ 1.2 m, the mean y ray con-
version probability being ~ 50%. All events with two or more
prongs were scanned for and at some of the labs one prong events
were also found. The efficiency for the one prongs is quite low,
however. The EMI was operating well during the exposure and has
been relied on for muon identification. The muon is taken to be
the highest momentum positive track which gives an acceptable
fit in the EMI (muon probability > 0.0% hadron probability < 0.1).
We have only begun the analysis of the v data and have not
for example settled on a kinematic reconstruction method. The
procedure of transverse momentum balance used in the vp data may
work well, but Fermi motion in Ne may make ?or unacceptable errors.
We have to study this and other procedures to determine what works
well. The method which we have temporarily adopted is correct
on the average, but we might, by another method, be able to re-
duce the errors.

In figure 9 we plot the mean
transverse momentum of the hadrons,
charged secondaries plus neutral
conversions, relative to the v

4 against the muon transverse momen-
4 tum. Since there are missing

’ neutral hadrons we obtain a curve

> . which lies below the 45° line of

1 - ++ transverse momentum balance. We

* find that transverse momentum can

T be balanced if we set (PT)tOtal,

» oV
- had
the total hadron momentum trans-

Figure 9 verse to the v, equal to



total vis
P T 1.3 <P>
( ) paa > 17 hag
vis
where < Pp > had is the mean visible hadron transverse
a

momentum. For each event we can scale the hadron longitudinal
momentum by this factor and add the muon longitudinal momentum

in order to get Ey. Empirically, however, it is found that a
larger fraction of the total hadron momentum is missing for events
with relatively low visible hadron momentum than for events with

high hadron momentum. The expression actually used to compute

E- 1is
v had
Ey = 1.25 x [Py " + 0.5 GeV/c| + Pi
W had . o s . .
where PX and Px are respectively the visible longitudinal

muon and hadron momentum.

We use the expression above to calculate the scaling vari-
able y = V/ED = (ED - Eu)/ED = (Ehad' MP)/ED , the fraction of
antineutrino energy transferred to the hadrons. There has been
considerable interest generated in the antineutrino y distribu-
tions, because of a reported flattening of the distribution at
high energy for low values of the x scaling variable by the
HPWF(5) collaboration. At this time we choose not to show the
x distributions as potentially distorting effects of the kine-
matic reconstruction method are larger here than for the y dis-
tributions.

The following cuts were imposed on the data:

1. Eu,the muon energy be greater than 3 GeV in order to avoid
EMI efficiency,

2. v , the energy transfer to the hadron system, be greater
than 1 GeV in order to remove events which might be sensi-
tive to the reconstruction method.

3. ED B the“recdnstructed antineutrino energy be greater than

10 GeV in order to assure good EMI acceptance and to reduce
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hadronic background events.

Approximately 650 events survive the cuts. Cut 1 removes
events at high y for low E; and cut 2 removes events at low y
for low E;. The geometric acceptance of the EMI for positive
muons generated within the bubble chamber fiducial volume has
been computed by Monte Carlo as a function of x and y at fixed
neutrino energy. The y distributions have been corrected for
this acceptance. Certain data points have not been plotted in
the y distributions if the data cuts and EMI acceptance imply
a correction factor for the raw data in excess of 50%.

Figures 10-13 show the corrected y distributions for both
low ED and high E; for all % and for x less than 0.1. There
is an indication of a flattening of the y distribution at high
ED and low X, but with low statistical significance. The HPWF

data reported at the 1975 Palermo conference is plotted for com-

E=10-30 Gev
ALL X 4 60

—B=1
. +006
---B=0.78.9%% E =30~ 2006GeV

1 50} ALL X i
—B=l +0.09
] 20 ---B=0699%

0 02 04 06 08 0

y=u/E

Figure 10 Figure 11
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parison. Also plotted are curves of the form

AN ~ [(1-y+y°/2) - B(y)(1-y/2)]

dy
which assume the validity of the Callan-Gross relation(6). The
E=»30-200 GeV
30 X<O0.l
12| — B=0:46 (normalised for X>QJ)

“‘B-—O 55., e
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Figure 12 Figure 13

parameter B in the quark parton model is defined by the relation

1-B = 3/(asd)
2

where Q and Q represent the fraction of nucleon momentum carried
by the quark and antiquark respectively.

Table I shows the values of B obtained from fits to the y
distributions for different x bins and different energies. There
is a weak tendency for the B values to increase as x-+ 1 indica-

. ting that the antiquarks are not likely to be found at high =x=.
A fit to the total v data sample gives B = 0.80+C.05 which is

(5,7,8)

consistent with previous measurements



TABLE OF FITTED B-VALUES

E=10-30 | E=30-200|E=I0-200

+0.06 +0.09 +006
ALL X (078 o8 | 069 g} | 074708
_ +0.19 | . .+0.60 +0.21
X=0-01 | 046_ 7 [-055 "7 | 019 [ oy
+0.3 +0.19 +0.

-0.1-0.2 | 078 073 o
X=01-02 1078 )15 | %7 028 | ®"6-0u4
+o.R +0.09 +0.08

X=0.2-0.4( 075 _ 0I5 0.84_ 016 079 )

+ +
x=04- [0957093 | 1002934 | 100233,
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Abstract : By way of introduction the theoretical and phenomenological
motivations for the Weinberg-Salam-GIM model are recalled. We then dis-
cuss in some detail the characteristics of charmed particte production
in neutrino interactions.

Résumé : En guise d'introduction, nous rappelons les bases théoriques
et phénoménologiques sur lesquelles repose le modéle Weinberg-Salam-
GIM. Ensuite, nous examinons les effets prévus de la production du
charme dans les expériences neutrino
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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 like

to convey the reasons for which so many theorists believe in it.

1 - WHAT IS CHARM ?

As far as strong interactions are concerned, charm is a new, conserv-
ed quantum number associated with the introduction of a fourth quark

(u, dy 8 > (u, d, s, ) a.n

where u, d and s are the ordinary Gell-Mann-Zweig quarks : "up", "down"

(I=1/2, s =0, 13 =+ 1/2, - 1/2), and "strange" (I = 0, 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 [ﬂ :
SU(3) - SuU(4) (1.2)

However, the compelling arguments for charm appear within the con-
text of weak interactions [2], where the charmed quark serves to complete a
"weak isodoublet', and to achieve lepton-quark symmetry : charged currents are

built from two left-handed lepton doublets
v v\
E=(f M=l (1.3)
¢y HL

u c
qQ = Q' = S, (1.4)
dc L Se /L -

where dC and s, are the Cabibbo rotated d and s quarks

d =dcos 6 + s sin @
c c
(1.5)

s =scos @ -d sin @
c c



2 - WHY CHARM ?

Charm was introduced in 1964 by a variety of authors Eﬂ for a
variety of reasons, but the important point was made by [2] Glashow, 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 coupling of quarks to the charged intermediate boson

is given by :

(3 + — -
& + =W v, d +c Y s )+h.c. (2.1.a)
.k L
W L 'u L H L
which can be written equivalently as
W@ v, d +T Y s)+h (2.1.b)
o4 = u Ltec .c. .1.
W c H ¢, M L
with :
u =ucos 8 -c sin 8
c c c
(2.2)
c =ccos 8 + usin®
c c c
Then we see that by successive emission of W-bosons (Figure 1), we
can have : s > . +s or d~> u, +> d

s (d) cc(uc) s(d)

FIG. 1 : Successive weak boson emission
from a quark line : the orthogonality

W w' of the Cabibbo-GIM quarks ensures that
AS = 0 if AQ = O.

but there is no way to induce s ¥* d, because s and d couple to orthogonal
states. This statement is of course only true in the limit of (u, c) mass
degeneracy. For a finite 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 closed
(Figure 2) ; then the amplitude resulting from Feymann integration gives a
contribution which is a priori 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 w w

¥,gluon, ...

quark or lepton

FIG. 2 : Diagrams which induce large amplitudes for AS # 0, AQ = O transitions
if only one quark is exchanged.

amplitude even in the presence of mass splitting.

No one took the GIM model too seriously at the time it was proposed.
For one thing the theory was unrenormalizable ; one was arguing about cancel-
lations in infinite integrals. Secondly, it was perhaps not obvious at the
time that arguments based on free quark amplitudes were relevant to hadron
physics. Now that the possibility of a renormalizable theory of weak inte-
ractions has become a reality, 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 simply like to impress upon you the way in which the requirements of
renormalizability on the one hand, and the facts of observed phenomenology
on the onther hand, form a closed, self-consistant picture in the context of
the Weinberg-Salam-GIM model. This is illustrated diagrammatically in Figure

3. Let me underline the salient features.

a) The triangle anomaly [4] is a rather obscure theoretical point,

but it cannot be ignored if the theory is to be renormalized. There is an

infinity which arises in the calculation of a triangle diagram (Figure 4)

A involving a closed fermion loop with one
axial and two vector couplings. In a V-A
theory this can be removed only if the cou-
fermion plings are such that the sum over all fer-

mion types vanishes (up to mass-dependent
terms). In the SU(2) x U, model of

Left 1
Weinberg and Salam [5], this condition re-

v v

quires that the left-handed fermion charges

FIG. 4 : Diagram giving rise to  Sum to zero
the "triangle anomaly'.

* The lepton-quark symmetry thus imposed is not required in vector-like the-
ories [ﬂ.
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FIG. 3 :

Weinberg-Salam—GIM model.

Charmed hadrons
m~a few GeV

W/ spectroscopy

Rise in R
at~4 GeV

Diagrammatical representation of the consistancy between the requirements
of renormalizability (circles) and observed phenomenology (rectangles) in the
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If quarks have an (average) charge which is fractional - as requir-
ed by the deep inelastic data discussed by Nachtmann Bﬂ — one finds that
color must be introduced to insure the cancellation of anomolies. But color
was already needed to make the simple quark model for hadron spectroscopy
compatible with Fermi statistics Dﬂ , and, for example, to understand the

n° > yy decay rate [ﬂ (in the context of approxiamte chiral symmetry).

b) The general requirement of renormalizability is that all interac-—
tions be invariant with respect to the weak interaction gauge group - assum-

ed here to ba SU(Z)L x U Together with the observed strong interaction

1
symmetries - parity and ordinary isotopic spin - this requirement implies

that strong interactions must be invariant under chiral SU(A)(:)SU(Q)
- SU(4) because the weak invariance is

u <d

c s
while the strong invariance is
u<> (d =cos® d =-sin6 s )
c ¢ c ¢
so any quark mixing must leave the strong interactions invariant.

. b4 . . .
- Chiral™ SU(4) because the weak interaction symmetry mixes only
left-handed components, so a separate invariance under right and

left transformations is needed.

c) It has been shown [ld} that the phenomenological requirement that
parity and strangeness violations be absent from hadronic interactions in
order a can be insured if the strong interactions are mediated by gauge bo-
sons which are neutral with respect to the electromagnetic and weak charges.
One of the very restricted 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 electrically neu-

tral vector gluons. If the gluon couplings are invariant under color gauge

% Vector-like theories [ﬂ require only invariance under ordinary SU(4) - or

rather SuU(n).



transformations (Yang-Mills couplings), the theory is asymptotically free
DJ], 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 masses 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 Egs.
(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

Lo~

J v wu-dd +cc-ss = (uu+ cc) - (dd + ss) (2.3.a)
c C c c

and to 'weak hypercharge"

W

¥ % Gu+dd +Cc+ss = (Gu+ce)+ (@d+Ss) (2.3.b)
cec cc

are invariant under the Cabibbo rotation. So AS = 0 if AQ = 0, as required

by phenomenology.

e) Explicit calculations [li} 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 light
on a hadronic scale - which together with the chiral invariance imposed by
renormalizability on the strong couplings, gives a theoretical basis for appro-
ximate chiral SU(2) and the success of soft pion theoremsx - and if the charmed
’ quark 1is much heavier (but with mc<< mw). The latter is certainly in agree-
ment with phenomenology, since the persistant invisibility 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-

. X . . .
sistant with the phenomenology of normal hadrons - but almost requires such

% A recent example being the determination of 8y via pion photoproduction

reported here [ij].

xx None of the above arguments is effected by a proliferation of fermion dou-

blets, as discussed by Nanopoulos [lﬂ , 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 KL, KS mass difference yielded an

estimate for the charmed quark mass
m, = 1.5 GeVv (2.4)

No one dared take this’result too literally, and the effects of
strong interactions on the free quark calculation are still under dispute
[ES], but the fact is that the observed y/J spectroscopy [16}, consistant
with that of a non-relativistic fermion-anti-fermion bound state system,
indeed suggests a mass in the neighbourhood of (2.4). Furthermore, using the
simple form of SU(4) symmetry breaking - i.e., via quark masses alone - one
may naively extrapolate the Gell-Mann-Okubo mass formulae to predict from
the J/y mass of 3 GeV a charmed hadron ground state (0T meson) at about 2 GeV.

This coincides remarkably with the rise in the ratio
(e'e” > hadrons)
= lee ++_ a rinf (2.5)
g(ee - uu)
observed [16] at a center of mass energy /s = 4 GeV. These numerical coinci-

dences between observed phenomena and naive theoretical predictions may be

a practicle joke of nature, butthey are certainly suggestive.

3 - NEUTRINO PRODUCTION OF CHARM : ELEMENTARY EXPECTATIONS

In this section we shall summarize the simple parton model predic-
tions for charm discussed by Nachtmann Dﬂ , and comment 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 discussed by Nachtmann Dﬂ , the content of the physical nucleon
interms of ordinary quark and anti-quark partons may be extracted from low
energy electroproduction and neutrino data. If Pi(x) is the probability for
finding a parton of type i with momentum fraction x in the proton, we define

1

u(x) = x P (x), [ dxu(x) = u, etc ... (3.1)
o



and

r=(u+ d)/(u+d) (3.2)

is the relative anti-parton content of the nucleon. The analysis of data

from Gargamelle [17] suggests that

r = 0.1 (3.3)
with anti-partons confined to the small x region :
u(x), d(x) > 0, x~ (0.1 - 0.2) G.4)

a result which is in accord with theoretical prejudice []8] A similar ana-
lysis is made for electroproduction, where the e-parton cross section is
proportional to the parton squared charge

e Z(I=0) — = -
o] w%&+u+d+d:|+-§-(s+s) (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 [].7], D.9] are compatible with s + s = 0, but a 20 %

strange parton content is not ruled out. Intuitively one expects that :

(3.6)

s,stu,d

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

v, * d - u_ + c, o~ sin? BCEi(x) + s(x)] (a)

vyts Mo+, 0~ 2 cos? 6, s(x) (b) (3.7)
»0, x> 0.1

—\;u+;*u_+z, UWZcoszec s(x) (c)

where we have assumed an I=0 nuclear target. From the above discussion we

see that these two contributions may be comparable

N
®

N
o |

|
|

£ 10 %, sin 6 =57 (3.8)

(=]

A

(=9
=)
]
&
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The vd cross section is suppressed by both the Cabibbo angle and

the sea factor and is negligible. If the nucleon has any charm content it

must be considerably less that the s—content (to be compatible with the

strong Zweig suppression of the ¥/J relative to the ¢), and the processes

(3.9)
- +
v +c+u +s,d
u
are further suppressed by a (1 - y)2 factor relative to (3.7 b.,c.) ; we
shall neglect this contribution. Then we expect that (sufficiently above

threshold), charm production will be characterized by [?q] :
a) A flat y-distribution.

b) A component with a valence x—-distribution for v's, contributing

roughly 5 7Z to the total v cross section.

c) A possibly comparable component confined to small x and which con-
tributes equally to v and v cross sections, and is thus relatively enhanced
by the factor &~ 3 in v reactions.

These expectations are illustrated [?(] 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 validity.
3-2 : Threshold effects :

In order to produce a system of invariant mass m_, we must have
o

W zm this implies

E > m(z’/Zm, y >/ni§/2mE, xgl- mi/ZmEy (3.10)

As a new mass threshold is passed, its presence will first appear
in the high y, low x region, thus distorting the distributions described .
above. Furthermore, we hardly expect the parton picture to be a reasonable
description in the baryon resonance region for W ; the results discussed
above are relevant for W 3 2 GeV. For charmed particle production, the lowest

baryon state may have a mass of about 2.5 GeV. Then the threshold energy is

E 2 3 Gev (3.11)
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FIG. 5 : Ef?ected x and y distributions for neutrino production of charmed

particles 2ﬂ .

However, the charm 'resonance region'" may extent to 3 or 4 GeV,.
Thus if we want to cover a reasonable region of the x, y plane in the scal-

ing region, say 1 >y > 0.5, 0 < x < 0.5 for w2 > (10-15) GeV we require :

Ei“') 2 (20-30) GeV (3.12)

i.e. a considerably higher threshold is required for effective scaling. One
then has to guess as to how the scaling threshold might be approached. What
has been done by most authors is simply to multiply the parton distributions

by a 6-function :
do > do 8(W - Wc) (3.13)

where wc = a few GeV is the anticipated effective scaling threshold in W.

157



158

Another related problem is that in the parton model described
above, the quarks were treated as massless. It is generally believed that
ordinary quarks are (effectively) light on the scale of ordinary hadron mas-—

ses ; m Y a few hundred MeV. However, the charmed quark apparently has

an effezég;: mass of 1.5-2 GeV (c.f. eq. (2.4) and above discussion). There
has recently emerged some field theoretical justification [?Z] for an
approach [21] which simply takes the parton model literally for massive
quarks. This alters the kinematics in such a way that the scaling variable

x is redefined by :
v 2
x> x' =x+ mc/szEvy (3.14)

if all but the charmed quark mass are neglected. It happens moreover that
the charmed quark mass is on a scale similar to the expected masses of the
charmed hadrons. We saw in section 2 that the presumed mass of the 0 ground
state is about 2 GeV, and bubble chamber data, to be discussed later, sug-

gest for the lowest baryon state

+
m, = (2.2-3) Gev, €' = (cud, 1/27) (3.15)
c °
o]
If m, is replaced by WC in eq. (3.14), one obtains a smooth extra-
polation [2{] to the scaling region with the condition x' < 1 ensuring the

correct threshold cut off,

3-3 : Leptonic branching ratio for charmed particle decay

In order to estimate dilepton yield due to charm production by
neutrinos, an estimate of the leptonic branching ratio is necessary. In
terms of quarks, the dominant decay processes are expected to be

Non-leptonic : ¢ > s u d Ampl. o GF cos? ec (3.16)
. +
Leptonic ic>s 8 v Ampl. GF cos ec (3.17)

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 as follows. For the lepton decay

(Figure 6.a), the momentum transfer carried by :



FIG. 6.a : Strong interaction EEE;_E;E.: Strong interac?ion
corrections to semi-leptonic corrections to non-leptonic

quark decay. quark decay.

the intermediate boson is always the invariant mass of the lepton pair
a® = (py + p\,)2 < m

so the effective coupling is always weak :
Ampl. ~ gz/(m% - qZ) N GF

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 bg calculated in an asymptotically free field theory
where colored quarks are assumed to couple strongly though the exchange of
an octet of colored gluons. One finds [?5] that the effective fermi coupling

constant is modified by a logarithmic factor

¥
GF > Geff = GF[} + b zn(ma/uzij (3.18)

where ¢ is a normalization mass and it turns out that

y > 0, Geff > GF

for the AI = (3.19)

part of the non-leptonic current-current operator. In the GIM model the
magnitude of this effect is not sufficient to account for the accuracy of
the observed AI = 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 elements of the current-current operator? (If there are more than
four quarks, the effect in (1.40) is somewhat increased). The same analy-
sis holds for the AC = 1 current-current operator responsable for charmed
particle decay, with AI = 1/2(3/2) replaced by AV = 0(l), V-spin being

the u «+» s symmetry group. However, the effect may be weakened in this

case [?6]. The only change in eq. (3.18) in going from strangeness to charm
decay is in the choice of the renormalization mass u, which should be cha-

racterized by :

a) The effective masses of the external quarks in the hadron wave

function, and

b) The onset of scaling for processes involving the appropriate quan-

tum numbers.

Both criteria suggest uic > uis , thus decreasing the factor in

brackets in (3.18) for the charm case.
For strangeness changing decays leptonic branching ratios are typi-
cally :
s -3
Bl ~vo 10

This is due to a phase space suppression of 3-body-final states as
well as to the effective enhancement of non-leptonic rates which is empiri-

cally of order
A = sin 8 = 20
c

For the decays of massive charmed particles, 3-body phase space is

irrelevant, so we expect
-1
B- =B =(2+A) (3.20)
e c
and from the above discussion we expect

A <A =20 (3.21)

% It is relevant to the conclusions below that anoclogous arguments fail
[26} for the case of charm decay.



while the minimum non-leptonic ratio expected is that for a freely decaying
quark, i.e. no enhancement. Since the (ud) quark pair in Figure 6.b can car-

ry three colours we obtain

A > A = (3.22)
c free

Thus we obtain :

5%~ B =B X202 (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 [Zi], [28],
[QQ] at Fermilab. In particular, the HPWF Collaboration [?7] has observed
a dimuon signal with an apparent hadronic invariant mass threshold

W R 4 Gev

and with relative cross sections for E > 40 GeV :

b -
ov(u_u+) - Og(u )
Y — = 10 ——— = 0.8 £ 0.6 (4.1)
o, () a,Guu)
o (W) o (3n)
v v 1
— 0.1 E—?E:T s 50 (4.2)

- +

ov(u u)

As the semi-leptonic charm changing interactions defined by the
quark current (2.1) respects a AC = AQ rule, completely analogous to the
familiar AQ = AS rule, the production and semi-leptonic decay of a charmed
particle will necessarily lead to a (u_u+) state. Let us first consider the
"opposite sign' dimuon events. Their spread in invariant mass rules out
their interpretation in terms of a decay X > u+u_, and sources such as a
heavy lepton or an intermediate boson appear unlikely, particularly because
of the observed large energy asymmetry Eﬁﬂ in favor of the u_(u+) for
v(;) induced events. So we shall compare the data with the naive parton
model predictions for charm as discussed previously. For future reference

let us remark that in processes involving high momentum transfers characteris-
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tic of the deep 1inelastic 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 will then decay weakly. Thus we expect AC # 0 neutrino

interactions to produce most abundantly
+ - - o - -
D ={(cd), 0}, D°={(cu), 0}

and probably to a lesser extent, when the charmed quark picks up a strange

anti-quark
F z{(c3s), 0}

4-1 : Opposite sign dimuons

The predictions are

ov(u_u+) =B (ov + cs)
4.3)

1]
o]
Q

o)
Y

where B is the muonic branching ratio and o and ¢ are the valence and sea
N v s

quark contributions, respectively, with

5 v = in2 ~ = (5- 7
oy v 2 S - TOT sin BC 0.05, Bu (5-20) 7
v

Therefore we predict

o_Ghu)
v 2 4
— < 3 (4.4)
o, )

and
B 6. =B (s -0 ) = (0.003 to 0.01) (4.5)
v v —

\Y

These expectations are in agreement with the data, eq. (4.1), which

are compatible with parameters in the range (assuming always ro <10 %) :

(rg» B) = (102, 72) to (1%, 16 2) (4.6)



Ty is the relative strange quark content of the nucleon :
r = 2s/(utd) = 25/ (u+d) (4.7)

If 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 effects are important at Fermilab energies, these distributions
can be distorted towards the high y, low x region (see Egs.(3.10)).

The data are displayed in Figure 7, where the rudimentary theore-

. . x
tical curves have been superimposed.

v v
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FIG. 7 : The observed x and y distributions for,the HPWF dilepton data EZﬂ ,
and the naive parton model predictions (Fig. 5).

% The theoretical curves are plotted against the true x, y variables, which
are not actually measured because the incident neutrino energy is unknown,
and there is a presumed decay neutrino contributing to the total final
state "hadronic" energy. The data are plotted agaégst quantities derived

x

from the observed energy and satisfy yObs <y, 5> x.
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Comparisons have also been made incorporating threshold corrections
in the form [ét] of a O-function, Eq. 3.13, or the smoother [?i] correction
of Eq. 3.14, but at the present level of the data the comparison is not signi-
ficantly different, and there is no apparent discrepancyxx with the predic-
tions. In particular, the x-distribution for antineutrinos is indeed confined
to small x.

One may also attempt to include the decay distributions of the

second muon [?4], [32]. Results are again in qualitative agreement with the

" GIM model. In particular the E_/E+ asymmetry is well described [ﬁi], as opposed

. to the case for a heavy lepton or W hypothesis. Another interesting compa—
: : : . : +
rison is shown in Figure 8, where kl is the component of the H momentum

relative to the (v, ® ) plane. The theoretical curves are for VA induced

decays
charm * hadrons + u'v (n-body) (4.8)
and
+
PC > v (2-body) (4.9)
A
15+ where PC is a charmed pseudoscalar.

The distribution for the general

ri-body decay case, Eq. (4.8), is derived from

the free quark decay distribution

10
for
»n
4
5 2-body decoy
>
WL =g q c > s 2 v
i |
i
E (or equivalently the muon decay dis-
tribution). The decay (4.8) is "al-
y o7 05 5 " > lowed", while in a V*A theory (4.9)
k, (GeVic) is forbidden by helicity conserva-
tion. The ratio of allowed to for-
FIG. 8 : Predicted and experimental dis-

tributions [32] of ut transverse momen-

bidden decays scales as the fourth

tum in v dilepton events. L and R are power of the parent mass. From the

for V-A and V+A coupling respectively.

measured ratio of Ky to K, one
2 3

xx

It is pointed out in refs. [2ﬂ and EBﬂ]that the fit to the neutrino y dis-
tribution is somewhat improved if thereis a (l-y)2 component as anticipated
in vector-like theories [ﬂ .



expects [ﬂ for m, = 2 GeV
I'(F~> &v)/T(F > & + all) < 1.5 % (4.10)

The D ~ v decay is further suppressed by the Cabibbo angle and
should be negligible.

4-2 : Same sign dimuons :

The AC = AQ rule led us to predict only opposite sign dimuons in
charm decay. However, in spite of the analogous AS = AQ rule for strangeness

changing processes, the reaction :

— +
v+ N->pup +K+X

L—)u+ + X'

can occur because a decaying neutral kaon loses the memory of its strange-
ness via K° +> K° mixing.
In the GIM model, the analogous D° <+ D° mixing is expected to be

negligible because [3ﬂ :

a) The AC = AS rule for Cabibbo favored transitions implies that mix-—

ing can occur through strangeness zero intermediate states

D° + (hadrons) +D° Ampl. ~ sin? @
S=0 c
b) Just as the GIM mechanism insures that the K° <> K° transition
vanishes in the limit of u, c mass degeneracy the D° <» D° transition vanishes

for d, s degeneracy, which is a much better approximation.
c) Because of the many channels available we expect
I >> ATy0m

for the two combinations of D° and D° which are decay eigenstates. Putting
these factorstogether, one obtains an estimate [3{] of about IO-H for "wrong
sign" dimuons in semi-leptonic decays.

Then the only mechanism available for the u_u_ events in the GIM

model is associated production of charm via a charm conserving reaction :
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vV + N> u_ +C+C+X
L——>u— + Vv + hadrons (4.11)

hadrons

. -3 . .
Since the events occur at a level of about 10 , this requires :

T 2

-— -3 -
o(WN + CT + x)/cVTO v 107/B, = (0.671.5) . 10 (4.12)

Is this level unreasonably high ? The extrapolation of fits to
ordinary hadron production leads to an estimate of DD production at ISR -

where much more energy is available - of the order [35] :
: = ~b
o(pp + DD + X)/a(pp) T 5 . 10 (4.13)

However, much of the cross section and much of the available
energy in pp collisions go into leading particle effects which have no ana-
logue in deep inelastic vp reactions. The large p sector in pp scattering
might provide a better means of comparison and the relative D production is

expected to increase significantly with pl ; for example [3ﬂ :

-3

-4
/1) pop & 107, (D/n)?L > 1 ey =3+ 10 (4.16)

In any case the associated production interpretation may be tested,

as it implies two unambiguous predictions

a) Trimuon events should occur at a level
0, (3w = B o W) = (0.7 to 1.6) . 1072 s uh (4.15
The limit in (4.2) is not yet sensitive to this prediction.

b) Dimuon events in leptoproduction :
24N > 24C + C + X

‘ |._)2v + hadrons
hadrons

should occur at a level of roughly

o, (22" 20 (ww) s
~ — v 2, 10 (4.16)
% W cv(u )




with
+ -
o, (12" =0 )

4-3 : High energy (u e KS) events

The data on neutrino induced u e events at the Fermilab 15 foot
bubble chamber will be discussed by Cundy [2§]. The observed rate corresponds
to a relative cross section of about a per cent. In Figure 9 is a John Ellis
plotx of the x and y distributions, again with the curves of Figure 5 super-

imposed, as well as the shape of the HPWF data EQi] (dashed histogram) for
comparison.

] 05 10

xobs y obs

-+
FIG. 9 : John Ellis plot of the observed x and y distributions for the u e
events observed in the 15 foot bubble chamber [2@ , together with the parton
model distributions (Fig. 5) and the HPWF data (dashed lines, see Fig. 7).

The remarkable feature of these events is that all but one has an
identified Ks' If one assumes that the dominant mechanism, (in accordance
AS rule derived from the Cabibbo favored part of the coupling

(2.1)) responsible for the observed signature is

with the AC =

- +
v + N>y +D +X

M
ety +k 4 .17)

e S

+ + . . .
one may try to guess the mass of the D from the observed e KS distribution.

A statistical assumption that on the average the decay products share the

parent momentum equally gives

% This nomenclature is intended to absolve the experimentors of responsibi-
lity for the plot of Figure 9.
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m.=y/2<m >= 2.3 (4.18)

for the value < mKe > = 1.3 corresponding to 7 of the events plotted in
Figure 9 for which there is an invariant mass measurement. Barger and
Phillips [5@ have calculated the relation between < e > and the parent
mass for a V-A decay matrix element. Their result 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

3
momentum transfer :

2 2
me\< t< (mD - mK) (4.19)
extends to values not very far from the expected position of a pole in the

form factor. Assuming F*-dominance
+% — -
F "=z {(cs), 1}

in analogy with K* dominance which describes well the form factor in Ke

. . . 3
decay, the V-A matrix element acquires a correction factor

-1

£(0) = (1 - e/’ ) (4.20)

F

It is expected that the lowest lying charmed vector and pseudosca-

x . .
, will be nearly degenerate in mass, separated at

lar mesons, D, F, D*, F
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-like V-A interaction

favors the configuration (helicity allowed) of Fig.l0.a, with :
- . - s . D
t =0, Ev = 1/4 Moy Mg, my 2 Ev my o (4.21)

while the maximum t configuration is that (helicity forbidden) of Figure

10.b with the kaon at rest and
= w2 s Lm - I e
t = (mD mK) , Ev = 2(mD mK), me, = Ymp m (4.22)

so the presence of the form factor, which enhances high t configurations,

serves to lower the mean value of mK .
e



(@ (b)

FIG. 10 : Final state configurations for D + Kfv corresponding to

t=0 (a) and t = tnax (b).

In Figure 11, we show the mass distribution calculated by Buras
[3{] assuming a D mass of 2 GeV and an F* mass of 2.3 GeV. The events are

also plotted, two of them lying outside the kinematically allowed region.

mp=2.0 GeV
me» =23 GeV

0.8 1.2 16 2.0

FIG. 11 : Predicted Kse+ mass distribution [3i] for the decay
D » R;e+v for m, = 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 K is rather
arbitrary since several of the events contain more than one identified kaon,
and others show a high multiplicity of unidentifiable charged prongs which
could include a K from the decay D° - 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 u e Ks as visible particles in the final state, and

is thus compatible with valence production).

% Estimates [35] of the D » K*v rate suggest it may be equally important.
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What is in fact puzzling in these events is the rarity of woet
events without an identified KS. If the v is scattered from a valence quark
one expects K° and K to occur in roughly equal ratios. Since only half of
the X° are K» 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 will be an additional kaon (K+ or K°) at the
production, and one estimates that about a third of the events will contain
a KS. Allowing for 15 7 associated production of kaons in the recoiling

hadron system still only gives
G(Ks)/o(charm) = (27-29) % for r, = 0.05-0.1 (4.23)
Hopefully the present data is subject 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 (u u ) 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 : 0 > g + g0
v \Y v

oy /o () = (B /B o (/o W) = (G oto 13) % 6.1

for Bu = (16 to 7) % where B,_ is the non-leptonic branching ratio. Recalling

h
that the uncertainty in the presumed value of B 1is correlated with the un-
u

certainty in
+ - -+
o_(un )/cv(u u) = (1/5 to 2/3)
v

and that

we find accordingly :
oSNty = (2.5-25) 7 (5.2)
v v

For v-production, the charm contribution will not give distributions



which are strikingly different from the dominant 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 § 8 % of 0$OT ;
however the small x enhancement could be increased by a threshold distortion
of the valence contribution, giving still § 13 Z. 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 is what is observed in the data presented here [35], [4@].

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

.0
b0 |

(5.3)

.I.

+

.0
0 |

which is used by the experimenters in interpreting their data. Specifically

we assume

a) (30 + 3) 7 of the u+d distribution lies below x = 0.15 (recall

that <x> = 0.2 for v-production).

b) The u+d content is (u+d)/ (u+d) =(10+1) Z, and lies entirely below
x = 0.15.
c) For charm production we take two simple hypotheses consistent with

the dilepton data (see Egs. (4.6) and (4.7)).

i. (rs, Bh) = (0.1, 0.86), and

ii. (rS, Bh) (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 (all x)

0.42-0.57 (x § 0.15)

below charm threshold, and
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(i) (ii)

0.82-0.85 0.81-0.84 (all x)
B =

0.64-0.53 0.61-0.48 (x £ 0.15)
_ 0.67-0.70 0.74=0.70 (all x)
B" =

0.16-0.30 0.29-0.43 (x £ 0.15)

above charm threshold. As threshold effects raise the average value of vy,
their effect is to raise B® and lower B' ; inclusion of a charm sea has the
opposite effect. .

The above estimates for B appear compatible with the data presented
by Diamond [3?], but are perhaps harder to reconcile with that presented by
Rubbia EFQJ. Aside from threshold effects we have ignored all possible scal-
ing violations. We heard from Parisi Bd] the type of effect expected in
an asymptotically free theory. I would like to mention one other effect
which might be important for relatively low momentum transfer : Q2 £ 10 Gev ,

namely the diffractive process depicted in Figure 12.

FIG. 12 : Diffractive 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
important. More generally, the contrihution from any vector (or axial) meson
exchange peaks broadly at Q2 = mi and falls off for Q2 R 2 mé. For an Fx of
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]

diffr. _ do do do l—y—m xy/ZE
do N x(1-x) y y2 T . T, L
dt dx dy Q@ + mz)z dt dt dt l+2m x/ZE W (5.4)
v



where GT(OL) is the cross section for scattering of a transversely (longi-
tudinally) polarized vector meson from a nucleon. This expression 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

Through kinematics [ﬁﬂ this is reflected by a distortion of the
X, y distribution toward the high y, low x region ; the expected x and y

distributions [2{] are shown in Figure 13.

FIG. 13 : (x, y) distribution for
diffractive production of charmed
particles [21:[ .

R=0
E,,=59 Gev
w{F7)55Gev?

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 flattening of the (1-y)2 distribution as y » 1 in

the low x region of :Fscattering

dcv(x, y) #0 for y~+1 if x g 0.1

WY

the effect is similar to that of a vector meson contribution if Q2 is 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 effect will disappear unless higher mass resonances become important.
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It may be that the transition from the "diffractive'" region,

Q? by m2, to the "scaling" region, Q? >> mi, is so smooth that they need not
[44] be considered as separate phenomena (indeed we do not advocate adding
the two contributions), but this is not necessarily the case. A detailed
study of expected distributions, taking into account the experimental energy
spectra, would be a useful complement to the expected scaling distributions
already in the literature.

The total expected contribution to charm production from diffrac-
tive F* scattering can be fairly reliably estimated. The necessary parame-
ters are the strength of the F’c coupling to the AS = AC = #1 hadronic cur-
rent and the total F*N scattering cross section. The analogous parameters
are known for p, w, ¢ and the J/u (we assume J/¥ = {(zc), 1 }), from ete”
annihilation and photoproduction data ; the F* parameters may be estimated
from these using the additive quark model and mass interpolations where ne-
cessary. The relative contribution of elastic F* production (F*N > FxN) is
shown™ in Figure 14 as a function of energy. This is related to the total

production cross section by the optical theorem :

Uel SrorT oTOT(mb)
= m = 2.5 ———-—-—:2— ~ 0.07
90T " 16mb(GeV )
. P -2
if OTOT(FXN) = 5.5 mb (additive quark model) and b £ = 4 GeV (from

. -1 F* 1
photoproduction data EAQ bp = 8 GeV ', ~ 2 GeV ). Then from the curve

b
J/p +
of Figure 14 we expect a total contribution from F~ production of charm of
about 7 7 in neutrino interactions and 20 % for antineutrinos, 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 signals observed at Gargamelle [46] and

in other CERN PS [47] and Brookhaven experiments [:48]

* We saw in the talk by Williams (this volume) that the analogous case of
elastic leptoproduction of the p is in agreement with theoretical predic-
tions based on vector meson dominance.



1
07 -
107 |-
07 -
10 -
Charged Currents
(incoherent)
10° ! L L I
1 10 10° 10°
E, (GeV)

FIG. 14 : Relative v cross sections for elastic diffractive production of
vector mesons. The contribution to the total diffractive cross section
for each vector meson is given by

diffr. diffr.
10T er

(Gaillard et al. [42]).

2
0.4 mbmb GeV /UTOT (VN)

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) > v~ + ¢ (cdu) (6.1)

v+ pluud) > u + ¢ T (cuw) (6.2)
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+
The state C = (cdu) may be in an isotopic spin configuration I = 0
or 1. The mass splitting is related by SU(4) to the £(I = 1) - A(I = 0) mass

splitting, and one expects [ﬂ , in complete analogy to the Z-A case

m > m (6.3)
¢ %
For equal baryon masses the production of the I = 0, 1/2+ state CS
is favoured; the production ratios are roughly [ﬂé] :
+ + +% ko . . R .
C0 : Cl : C1 : C1 = 1 : 0.2 : 0.4 : 0.35 : 0.7
(6.4)

where 0, 1 is the total isospin and the asterisk denotes a 3/2+ state. More-
over, as the CS is expected to be the lightest state, this will further en-
hance its relative production rate near threshold. Semi-leptonic decays with
AS = AC = #1 satisfy the isospin selection rule AI = 0, so the decay of the
C; must be to an I = O hadronic state
A
cg PRIV vy > om (6.5)

o

The lowest available state is significantly favored by phase space
which has an (m, - mY)S dependence ; for m, =~ 2.5 GeV we find
C C
0 0
5 5
(mC mA) /(mC in) = 3 (6.6)

o
1
static SU(8) (= spin and SU(4)) limit, all couplings vanish for transitions

There is no reliable way to estimate the Y. coupling, but in the

+ +
to states other than the ground state 1/2 and 3/2 baryons. As the A° is
the only I = O member of the 56-plet, a preponderance of A°'s in the final
state for charm production near threshold would not be surprising. On the
other hand, the (Am)5 phase space factor enhances the otherwise Cabibbo sup-

pressed AS = 0 decay ; one estimates Exﬂ (see Figure 15)
+ +
F(C0 > nlv)/F(CO > ARV) =~ 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 mass distributions for the Ae

system may be more relevant than those for the high energy u e K data discus-
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FIG. : The branching raties M(&ed[Gev]
50 Z %) as functions of the
masses M, of the decaying FIG. 16 : The normalized mass
charmed %aryon for two values distribution+ 50
of (m g D x) : (2.05 Gev, 1/r(dr/dM(Be )) at fixed
F D Ml = 2.5 GeV and m %" 2.2 GeV

2 GeV) solid line and (2.3 GeV,

2.25 GeV) dashed line for

CS > Be™v (N° is the neutron).

F
for the reaction ¢t > n°ev.
The "A°"e invariant masses
for the Gargamelle events are
also indicated.

sed above. In Figure 16, we show the expected mass distribution [ﬁQ] for a

parent mass of 2.5 GeV, where a dipole form factor withm _ = 2.2 GeV has
been assumed. F
The invariant masses of the Gargamelle events [%6], determined

under the assumption that the observed V°

Figure 17. Their average value

Suggests a parent mass

m = 2,35 GeV
+

C
0

is a A°, are also indicated in

(6.8)
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target nuclei can be used to investigate future energy domains of
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INTRODUCTION.

When a high energy particle with laboratory momentum Pab collides
with a target nucleon at rest, the center of mass energy squared is given
approximately by :

Y
s = 2mplab (€D)]

where m is the nucleon mass. When the target particle is a nucleus of atomic

weight A the center of mass energy squared for coherent reactions is A times

larger :
Y s
55 = ZmAplab = As (2)

What is the center of mass energy squared for incoherent reactions

in @

a) particle-nucleus collisions at high energies ?

b) nucleus-nucleus collisions at high energies ?

Below we will show evidence that for particle-nucleus collisions

at high energies the average center of mass energy squared available for the

production of particles is approximately given by :

% 1/3
Seff s (3)

while for high energy nucleus-nucleus collisions it is approximately given

by :

s

X A]./3 A;/B s )

eff 1

where A1 and A2 are the atomic weights of the colliding nuclei.
In order to extract this evidence from present available experi-
mental data on high energy particle-nucleus collisions, let us consider the

following "coherent Tube Model” for high energy particle nucleus collisions [ﬂ :

THE_COHERENT TUBE MODEL [1].

The model is based on two simple assumptions
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- 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 :
Y oo v
s; = 2dmp, =i

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 of mass systems, the particle-tube collision resem-
bles 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
distributions, 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 nucleus one obtains :
re ) (@ 2
i A A
PA

a.
in

p(i, A) = (5)

where the total inelastic particle-nucleus cross section is approximately

given by :

A
-1 62
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T(b) is the nuclear thickness at impact parameter b and is given by :

o

T(b) = [ dz p(b, 2) @)

~a0

where p is the nuclear density function normalized such that f o(r)d3r = A.

g is the total inelastic particle-nucleon cross section.

SUMMARY OF_ RESULTS.

With the aid of assumptions (1) and (2) one can easily derive the

following results :

a) Inclusive cross sections for p + A » ¢ + anything [1-b] :

a3oPA ofh 4 a3PP
E—gpr (sy E+ Py Pl? = p .Zl p(i, A) B —5
(o) 1=
in

Gs, Y2 ® e g, p) ®

where E is the energy of particle c and p is its momentum in the lab system
with longitudinal and transverse components, P and P> respectively. For
large values of Pl’ inclusive cross sections in pp collisions were found Bﬂ
to depend only on ?L and s. Moreover, we have found that expressions like
expression (8) are not sensitive to the specific choice of' 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 :

T
— E -Egj—'(s, ?L) =E TN (s g gl) 9
oPA

in

where Soff is given by expression (3). In Figs. (1)-(5), the scaling law (9)
is compared with experimental data on inclusive production of wi, Ki, P and
p at high energies from p, W and Ti targets Eﬂ . Good agreement between
theory and experiment is obtained.

Eq. (8) can be written in terms of the laboratory rapidity varia-

ble y as
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43P A 3PP
[ C .
dZp dy (s, ¥, P_L = -15 izl p(i, 4) dZp d (is, y + 2 ni, P.L)
!
a3gPP
1 1/3 1
S Ty (A sy tgmh ) (10)
a. s
in .

Predictions [l-d] based on expression (10) for rapidity distributions
in high energy particle-nucleus collisions are presented in Figs. (6) and

(7). These predictions are in agreement with experimental observations [ﬂ.

b) Multiplicities [1-a] :

The coherent Tube Model yields the following prediction for the

average charge multiplicity in particle-nucleus collisions :

<n(s)>, = p(i, A) <n(is)>p 2 cn(s )>p (11)

eff

Il e~

i=1

1f one further assumes that the average charge multiplicity in
particle-nucleon collision increases with s like a power law :

<n(s)>P z <n(so)>p (s/so)a (12)

then the multiplicity ratio RA’ given by [}—a] :

<n(s)>A A
R, = ———— = p(i, A)i% = <i% (13)

A <n(s)>p 2 A
is energy independent. Prediction (13) is compared with experimental data [{
on p-nucleus and m-nucleus collisions in Figure (8). Good agreement between
theory and experiment is obtained. For a nucleus of atomic number A and ato-

mic charge z, the average charge multiplicity as function of N _the number

of fastly recoiling protons, is predicted by the model to be given by [l—a] :

A-z
<n(s)>N = -Z

ik PG, 2) <n(( +i)s)> ¥ <n(§ Nj$)> (14)

P

With the aid of assumption (12) the multiplicity ratio RA as func-

tion of NP is then given by [l—a:] :
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<n(s)> o
_ v [a
RA(Np) = <_n_(-s)—>pP_ = l:z Np] (15)

In Figures (9)-(10) prediction (15) is compared with experimental
data on multiparticle production in m-Ne collisions [5] and in p-emulsion
collisions [6:[ at high energies. Good agreement between theory and experi-

ment is obtained. The multiplicity distribution in particle-nucleus colli-

sions can be expressed in terms of the KNO scaling function [:7] for parti-

cle-nucleon collisions :

cp
‘l’p(z) = <n>P : , where 1z = atl— (16)
%in P

The model predicts that ‘TA for particle—nucleus collision is
given by [l—a] :

A
[ A
_ n__ . .~ =0, v

‘1‘A(z) =<, 5T R, Z p(i, A)i ‘l‘p(l R, ?) ‘Pp(z) (17)
[« i=1
in

where z = r1/<n>A and consequently also :
D, (s) ¥D (s_..) (18)
AL8) = Pl

D. = |/<n2>i - <n>i (19)

In Figs. (11) and (12) predictions (17) and (18) are compared
with experimental data on m—-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 center of mass energy squared available for the production of

particles in high energy particle-nucleus collisions is approximately given

by All3 S.

HIGH ENERGY NUCLEUS-NUCLEUS_COLLISIONS.

The "coherent Tube Model" can be extended to describe also high
energy nucleus—nucleus collisions [l—e] . Such collisions are described in
terms of simultaneous collisions of the "nuclear tubes'" of one nucleus with
the opposing '"nuclear tubes" of the second nucleus. These tube—tube colli-

sions are assumed to resemble nucleon-nucleon collisions at the same c.m.
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Comparison between experimental data Bﬂ on the multiplicity
ratio R, as function of Np’ and the prediction of the Cohe-

rent Tube Model as given by eqs. (14) and (15).
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Comparison betwwen experimental data [ﬁ] on the multiplicity
ratio RA as function of Nh’ the number of heavy prongs in
p-Emulsion collisions at high energies, and the prediction
of the Coherent Tube Model given by eqs. (14) and (15) and

the "world average result" Np 2 1.2 Nh.
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energy. Consequently nucleus-nucleus collisions can be calculated directly

from nucleon-nucleon collisions. In particular, the inclusive cross section

for A, + A, > c + anything is approximately given by Drg] :

1 2
A A pPA PA
d30c1 : ~ C’inl 0in2 Al A2 E daqu
E—gpr— (s Exppyp) = — —o— .Z_ ,Z_ Py, 4)) pliy, A) —go3—
o o4 i.=1 1i,=2
in in 1 2
PA;  PA, 2 PP
(1,5, VTE + p), p,) ¥ 2 et EJ{—ZE— (s @)% ® ), )
280 Yy Pyle Py PP PP dp eff’ 2 By Pr
in in

(20)

where A1 is the atomic number of the incident nucleus, A2 is the atomic num-
ber of the target, s is the c.m. energy squared for the collision of a single
nucleon from the incident nucleus with a single nucleon of the target nucleus,
and Seff is given by formula (4). Expression (20) can be integrated in order

to obtain the following prediction [}—g] for the average multiplicity in high

energy nucleus-nucleus collisions

PA PA.

<n(s)>, , 1, pp 2, pp

_ A o Cin 1) Cin /o)

AA T <n(s)> A_TA
PP

(21)
12 (oAlAz/opp)
in in

where RA. are given by expression (13).

b Are predictions (20), (21) supported by experiments ? First gene-
ration experiments with relativistic nuclear beams at LBL [?] and Dubna [}0]
produced results which are consistent with the idea of accumulation of energy
through cooperative behaviour of few nucleons : for instance, at Dubna, pions
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 collisions 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 motion effect will depend
only weakly on the atomic numbers of the colliding 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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Energy spectrum of T at eLAB = 2.5° produced in pC, dC
and oC collisions with 2.1 GeV per incident nucleon.
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kinetic energy).
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Abstract: The consequences of a once subtracted disper-
sion relation in the derivation of the Adler Sum Rule
are investigated.

It is shown that one can expect a breakdown of charge
symmetry, of the isotriplet current hypothesis, and of
scaling of the structure functions. These breakdowns
are related to the possible presence of a non-zero sub-
traction function at asymptotic energies and arbitrary
q“.

We also comment about second class currents and PCAC
relations.
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It is well known that the Adler Sum Rule1 (ASR) provides
one of the most direct tests of the Current Algebra hypothesis™.
However in its derivation one introduces additional assump-
tions3 such as the validity of the P + « method or a no sub-
traction hypothesis in a dispersion relation approach. The lack
of clear justification in this last case was expressed in the
past by Gribov et §£.4 In this paper we discuss the consequences
of a once subtracted dispersion relation leading to a modified
ASR for the case AY=0. We show that the presence of a non-zero
subtraction, function can result in a breakdown of charge sym-
metry, and consequently of the isotriplet current hypothesis5
(ICH). Moreover if the subraction function is g“-dependent it
follows that the structure functions vw,'’ shall no longer scale.
Finally we discuss the conditions under which charge symmetry and
the ICH can be effectively restored at q2 = 0.

Let us start by writing the amplitude for neutrino scatter-
ing off an unpolarized nucleon (proton or heutron) summing over
final polarizations

p Vv . . _
T tv) =221 Jd4x elq'x<N(p)]T*(J( )(x)J(+
Hv M T u v

Y 0)) |N(p)>

P P
= - 9,7y (v et (v0?) ()
M

L p%aPr (v, 0%

am? uvas

q .9

u-v 2 1 2
T + — + T

.2 aveR7) I P a,*a P)T5(v, Q)

The absorptive part of this amplitude is given by

PV X
(v) _ Zo 1 4 ig.x — 5 (=) (+)
LA - 37 Jd x e <N(p)II_Ju (x),3 77 (0) TInepr> (2)
with a similar invariant decomposition. Considering AY=0 proces-
ses (Cabibbo angle set equal to zero) one obtains the following
Ward-Takahashi identity

u _ 4 (0)
TT,y T pv<NIJ > 2, )
where
PVo1 (4. iq.x wo (=) (+)
b=~ 7 Jd x e TTT<N(p)|T* (3 Ju (X)Jv 1 (0)) |n(p)> (4)
1% q
) 2 v 2
=& D (v,Q7) + m D, (v,Q%)
and Jio) is defined through the commutation relation
— . (+) (-) 3 0)
stx ) Ca o, 3 e ] = as (x)J: (0) (s)

and the currents are of the usual (V-?) type, the vector part
being conserved. Assuming the ICH, J'0) is identified wit ’
the third component of isospin. However, we shall leave J?°§3
unspecified for the moment for reasons that will become clear
later.



Substituting Eg. (1) and (4) in Eq. (3) it follows that

2
2 0 2 2, _ 4 (0)
vT, (v, 0%) = S T (v,0%) - D (v,0%) = - oan|a T N> (6)
Defining 5
2
A(v,02) = % Ts(v,Qz) + D, (v,00) (7)

and writing a dispersion relation for the separate amplitudes
avVP ang av , a subtraction might be in order and we find
v o
VN 2 s dv! V., VN 2
- — —_— v W ' +
Rea' (v_,0%) - — I 7 vl e
vtT-v _

Y] 2

+ W, N(\z',Q ):I (8)

\Y «© f b
_ _s J _dav' [:w2vN(v.,Q2) _ W2“N(v',Q2)
V '

1]

4 <N|J(0)|N>
ks

where v is the subtraction point and N stands for either proton
or neutron.

6
Taking the limit Vg + », Eqg. (8) reduces to

-rea"N(=,0?%) + T J avCw," (v, 0% - w,"Mv0h T
Vv
[e]

JNTLE

ETES

|N> (9)

From crossing symmetry one has

VN Vi
rRea"™(v,0%) = - rea"N(-v,02) (10)
While from Egs. (8) and (9) it follows that

eaV(=,0%) = rea"N(-w,0?) (11)

R

Thus, _
N 2

rRea"N (=, 0%) = - Rea"V(w,0%) (12)

Under the assumption of asymptotic dominance of Pomeron ex-
change, one also has_

— VN 2
CaYie,0%) - a"N(= 0% I, =0 (13)
Comparing Egs. (12) and (13) one obtains
Re AVN(m,QZ) = Re A“N(w,Qz) =0 (14)

The ReAvN(w,Q2) can be identified with the real part of the
Pomeron in this amplitude and in turn is related to the real
part of the Pomeron in VT (note that the J=1 right signatur-
ed fixed pole in T has“a real and q -independent residue) .
Consequently, Eq. (S) can be reduced to the ordinary ASR (if J

is identified with 13) and the Pomeron is purely imaginary.

We remark that this result is independent of charge symme-
try.

. . N 2 ;
Let us now study the case in which ReAV (°,0") # 0. This
would imply that

a"V(=,0%) - a"W(=,0%) # 0. (15)
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This difference may only have 1I=1 or I=0 pieces in the t-
channel. The first case leads to a modified ASR similar to the
one conjectured by Harari (although on different grounds) who
suggegted the presence of an I=J=1 fixed pole in the amplitude
A(v,Q°). The second possibility (I=0) implies a violation of
charge symmetry, as we shall immediately show. Assuming that
the I=0 exchange is dominant at high energy (both for the indi-
vidual amplitudes as well as for their difference) we have

2P (=,0%) = a""(=,02) (16)

Comparing Eq. (12)Vwith Eq. (16) and using charge symmetry one
concludes that ReA = ReA = 0. Hence, if this real part does
not vanish it implies:

i) A violation of charge symmetry.

J(+),J(_) and J(O) are no longer members of an isostriplet

a Byough the coﬂmutation relation, Eq. (5), still holds.

J is now in general no longer the isovector part of the
eEectromagnetic current. As a matter of fact since the dif-
ference Eq. (15) in the t-channel is(s?lated to a current
commutator one would expect that Ju' contains an isoscalar
piece.

ii) Since charge symmetry is violated, this implies the pres-
ence of second class currents if time reversal invariance
holds to lowest order in G.

iv) A breakdown of the scaling property of the structure func-
tions.

ii)

. 2 .
Let us now turn our attention to q =0 and discuss how charge
symmetry and the ICH can be effectively restored in this point.

Considering first the vector part of the ASR we have the
following Born Term 2
vn _ 2 -2, 2 0 2, 2
Wy born = 2M8(Q 2Mv)|_F1(Q ) + 4M2/F2(Q ) ] (17)
where we have assumed that the vector part of the weak current
is conserved (hot necessarily implying the ICH) in order to have
only two form factors. A similar expression holds for W

2
although the form factors need not be the same as for BORN

wn

¥ BORN
assume

if charge symmetry does not hold. However we can safely

<platln> = <p|1}|n>
<]a'® N> = <N|13|N> (18)
<n|J;fp> = <n|I;|p>

where I, is the isospin current. The above equations hold. if the
possible extra pieces in J  have vanishing matrix ‘elements be-~
tween nucleons which is the case if these have no new quantum
numbers.

In other words, it is possible to restore charge symmetry
in the restricted sense

(+)
in

<p|a (0) |n> = <n|35-)(0)lp> €9

Under these assumptions we obtain, after substituting the Born
terms in Eq. (9), that

2
F1(0)

vn
1 - WReA (°°,0)vv

_ VP o (20)
=1 + wRe A ~ ( 'O)Vv



or else,vN
Re A""(=,0)yy = O t21)

where we have used Eq. (16). Thus, F?(O) = 1 and CVC5 is re-
stored in an effective way at g“=o0. It is important to remark
however, th?g)the asig?ptions made regarding the matrix ele-
ments of J 77 and J do npt hold beyond th% Born approximation
if the subtfaction fﬁnction is non zero for gq“ # O.

Turning now to the axial part of the ASR and proceeding
analogously as with the vector part, we ebtain

2 - ® - vn  ° _ vn _ vn
Gy (0) =1 + dvl_Wz (v,0) = W, " (v,0) J,, = ReA"(=,0),,

v
° - .
_ _ = —.. VP _ vp vp
=1 JV av[Zw, P v,0) - w,"Pv,0) ], + Rea TV (=,0),, (22)
where G is fhe axial form factor and the integrals are per-
formed over the continuum. Although ReA is equal to Re A

we can no longer conclude that they vanish because the two
integrals in Eq. (22) are in principle different. Furthermore,
the presence of a subtraction function which implies a violation
of charge symmetry also implies in turn a breakdown of the PCAC

relations f2

VP 2, , _®
W, T (vaQ ) ™ c"+p(v)

2 £2

vn + 23)

w, (;,Q ) - cﬂ-P(V) (
for Q“ + 0, v # 0

However, the Goldberger-Treiman relation shall remain valid if

Eq. (19) is assumed.
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CP-VIOLATION, HEAVY FERMIONS AND ALL THAT
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Abstract : We examine consequences of the possible exist-
ence of a heavy lepton,as indicated by recent experiments,
in the framework of gauge theories. It appears that in the
SU(2)xU(1) model one has to introduce more quarks beyond
the usual four ones. In that case CP-violation emerges in
a natural way and, as we show, an analysis of CP-violation
phenomena along these lines gives encouraging results when
confronted with experiment.

Résumé : Dans le cadre des théories de jauge, nous étudions
Tes conséquences de 1'éventuelle existence d'un lepton
lourd tel que des expériences récentes 1'ont signalé. Nous
montrons que dans le modéle SU(2)xU(1l) on doit introduire
plus des quatre quarks habituels. Dans ce cas, la viola-
tion de CP apparait naturellement et, comme nous le mont-
rons, une analyse des phénoménes de la violation de CP

en ce sens donne des résultats encourageants si on les

compare a 1'expérience.
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INTRODUCTION

There was a time when three quarks along with the
electron, the muon and their neutrinos could be considered as the
fundamental blocks of matter. The discovery of new states, which
do not fit in the conventional (pre-November 1974) picture, raises
new questions and simultaneously a great hope that we are going
to learn more about Nature's secrets.

Most of the new experimental information is consistent
with the production of new hadronic degrees of freedom. At the
same time there exists rather solid evidence that new leptonic
states are produced. Needless to say that the simultaneous pro-
duction of new hadrons and new leptons make the situation very
difficult and leads sometimes to misinterpretation and wrong under-
standing of the data. (Remember the p-npuzzle a few decades ago!)
I am going to review tha available evidence for heavy lepton pro-
duction, then discuss the consequences of the existence of heavy
leptons in connection with the hadronic world, and finally concen-
trate on CP-violation phenomena.

I. HEAVY LEPTON PRODUCTION ?

The most positive piece of information concerning the
existence of heavy leptons comes from the study at SPEAR(l) of
the reaction

+ - t * " 3 n
e e -+ e p' + "missing energy (1)
where "missing energy" means energy not carried by charged part-

icles, or y-rays ; therefore, it should be energy carried by neut-

rals. The facts which make it possible for reaction (1) to actual-
- (2)

which subsequently decay, are

1y go via et e LT L

i) the 6-coppl. and 6collin. distributions show three-body decay

characteristics.



. _ o1
i) < pe> = < pu> = of the total energy
iii) the (missing mass)2 distribution (Mmz) which shows that at

least two particles are not detected.

These facts are more or less known for some time now. Very recent-

ly, some more information has become available from SPEAR
iv) the #ei eT =#ui u: = #%- et u7events
v) Timits of the form :
fraction of ey events with KLO < 5% at 90% C.L.
fraction of eu events with 79 < 9% at 90% C.L.

vi) upper bounds on the cross section for

+ - * 0

e e > pu + 3 2 charged particles +nm
which is ~ 370 pb for pu > 0.9 GeV.
It is clear that all the above facts may easily be explained
(without saying uniquely) by the production and subsequent decay

of heavy leptons
+ - + -

(3)

[T v+ £i+v2
Actually, analyses along these lines gave a quantitative ’agree-
ment with data, with M heavy lepton = 2 GeV and B.R.(L> v 2 v,)
= 20%. This branching ratio is exactly what one naively expects
by simple counting;le, 1lu, 3 q (3 for the colour) (Fig. 1)
B.R.(L > vy & y)= ¢ = 204 (4]
In addition, the . fact that
#eie: =#ui u; =#% et u_f
shows that it is a sequential
heavy lepton i.e. it carries its
own leptonic quantum number and

has its own neutrino v - This is

very easy to see : Consider the
f:en,q case of an electronic heavy lep-

foivgsv, » T ton (see Fig.2) ;
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Then we have twice as many dia-
grams for the electron as for the
muon (because of ve)
Possibilities

(Zet Zg_) ; Zet u

2(u*ye) ;owtu
Which, in turn, means
Fig.2 ##e+ e =#ei u:g 4#1u+ w

(In the case of muonic heavy lepton

we would have

#ut o = fe* u: = 4 #e+ e’ ).
So, we have already solid evidence (and we are going to assume
that this is the case) for the production and subsequent decay
of sequential heavy (M = 2 GeV.) leptons at SPEAR with B.R.
(L »¥v L 3 vl) ~ 20%. Then one has to look for the consequences
of such a heavy lepton elsewhere. The new SPEAR limits (on Kf,n)
evidently put constraints on the semileptonic decays of charmed
particles. On the other hand, if one wants to explain the "di-
muons" in neutrino-production as coming from charm, a quite sub-
stantial semileptonic branching ratio is needed. The situation
seems a little cloudy. However, one may argue that because of
the experimental cuts, one is missing py,e coming from charmed
mesons but not coming from heavy leptons. Clearly, most of the
analysed data come from a sample at E cC.M.= 4.8 GeV., and if the
= 1.2 GeV. Actually, pe,u may be away from the upper limit,

leptons come from the decay of charme&‘pértic1es then p

because angular correlations indicate the possibility of a 3
body decay. Then if we take into account the fact fhat a cut has
been made : pe,u > 0.65 GeV., it becomes clear that it is very
probable that the e,y which come from charmed particles are not

fully detected at SPEAR.



II. IMPLICATIONS OF THE EXISTENCE OF A HEAVY LEPTON

As I have mentioned in the introduction, the simul-
taneous existence of heavy leptons and of "heavy" hadrons makes
life difficult. Of course with some effort, we may learn a lot
about both species. On the other hand, the existence of heavy
leptons may give some help for the "charm" business. It is well
known by nowthat the conventional Glashow-Iliopoulos-Maiani (GIM)
charm has the following difficulties

o(et " > y > hadrons)

i) R = is 5.5. instead of ~

- +
o (e e +~u u)

ii) the % (or the é%gﬁf) does not show any changes around 4 GeV
where one expects the "charm" threshold and hence the eveﬁt

must almost be doubled.

iii) the "ue" SPEAR events (see Eq. 1)

iv) absence of direct evidence of charmed particle -production
at SPEAR.

The evidence fon production of new hadrons in neutri-
no experiments perhaps means that the SPEAR searches were unlucky
enough. The "pe" SPEAR events were our starting point to intro-
duce heavy leptons, so it remains to be shown that we evade pro-
blems i) and ii). Actually, this is the case : the existence of

a heavy lepton takes out from R one unit. 1), so

(ARheavy lep.
we are left with R = 4 which is much more comfortable,comparing

with %g of charm,than before. (A bit of asymptotic freedom, a

bit of threshold effects and we are home !).

# K 4

The problem of svent (or T ratio) may have a satis-

factory explanation : the decays of heavy leptons to hadrons give

mainly (cos2

(sin2 6c ~ 0.05) contain strange particles. So, above the thres-

ec = 0.95) S = 0 hadrons and only a few percent

hold of "new physics" the heavy lepton decays mainly to S = 0

hadrons, the "charmed" particles decay mainly to S # 0 hadrons,
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—ZZE— (or K ratio) almost un-

and so they manage to keep the avent T

changed below or above threshold. Then it is crucial here that
Mheavy 1ep.: M]ight charm. part. (For those that worry about

this coincidence, I remind them the almost degeneracy in mass of
the muon and the pion ; history repeats itself ?)

I am aware of the difficulty to swallow the above argu-
ment, namely the need of a tremendous conspiracy of heavy lepton-
charm in order to keep the % ratio almost the same below and
above threshold. It is clear that because of the different thres-
hold behaviour for heavy lepton and charm, a fluctuation of the
% ratio should be observed. Maybe an experimental way to test
such a combined picture is, for instance, to look at the ﬁf of
K's as a function of the multiplicity :it is possible that low
multiplicity events have almost no K's (heavy lepton case) and
high multiplicity events have many K's (charm case).It seems that
a heavy lepton helpds the "charm" situation. The next question to
consider is of course the theoretical framework in which such a
heavy lepton may find a natural place. It-is too early to give a
definite answer, but we have a picture of nature which, up to now,

seems to work quite successfully

KOMPSO
QUANTUM DYNAMICS

R CHROMO—T

("kompsos" : Greek word meaning "elegant", "chromg" : Greek word
meaning "colour")

Quantum Kompsodynamics (QKD) is the usual unified theory of weak
and electromagnetic interactions, and quantum chromodynamics is
the usual gauge theory of strong interactions, where we gauge the
colour. The most popular and by now in good agreement with exper-

iment is the Weinberg-Salam SU(2)xU(1) gauge model with four



flavour) quarks (u,d,s,c),(in order to avoid AS = 1 neutral cur-
rents, & la Glashow-Iliopoulos-Maiani), with three colours
(SU(3)

® - 2y and R = 2, not % in Tow energies (Gell-Mann) and to

co1.) (in order to have correct spin-statistics (Han-Nambu),

avoid Adler anomalies & la Bouchiat-Iliopoulos-Meyer (BIM)).
Actually, results on neutral currents(z) from Gargamelle and the
Caltech-Fermilab experiment indicate that not only the Weinberg
Salam SU(2)xU(l) model is consistent with experiment, but also
its minimal Higgs content seems to be correct. (One does a two
parameter fit, where b = sz/ MZ2 cos2 ew and si,n2 ew are
taken as independent parameters. Then one finds b =~ 1 which
means that the original-minimal Higgs content of Weinberg and
Salam seems to work.)

Undoubtedly the most economical way to embed the heavy
lepton with its neutrino in such a picture, is to put another
doublet under SU(2)L weak. Then, if we do not want to spoil the

renormalisation of the theory through Adler anomalies, we'd

better put also a quark doublet (say t (with Qt = %) and b (with

1 .
Q. = - %)), because then the usual relation L Q . =0
b 3 fermions fermions
is satisfied and no anomaly exists any more.
The picture that emerges is
Vo vu VL
; ; (5)
e i) L
L L L
u c t
5 5 , everything else
dc L .S L b L is SU(2) singlet,

This is a very naive picture and we wrote it down just to indi-
cate lepton-quark analogy. We will see soon that there are mix-

ings between dc’ Se and b.
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It is clear frem (5) that the nice quark-lepton analogy is res-
tored (perhaps the Adler anomaly cancellation is the result of
this deeper quark-lepton analogy. So, if we want td remain inside
the conventional SU(2)xU(1l)xcharm model, the existence of a heavy
lepton forces us to introduce two more quarks (flavours).
Actually, this is what happened before : if we did
not know anything about the muon, u and d quarks would be enough,
no Adler anomalies, no strangeness, a renormalisable ( = respec-
table) theory. Then the discovery of the muon (:.by means, say,
of Adler anomalies) would force us to introduce two more quarks
c, s(charm and strangeness), then again, no Adler anomalies, but
strangeness, charm, a very good theory. BUT in this case, we have
something more, automatically we do not have &S = 1 neutral cur-
rents and we understand the smallness of the K -Kg mass differ-
ence, which is a real bonus in this picture.
In the case of a heavy lepton, we again introduce two
more quarks (t, b) ; is there any extra bonus in that case ?
Very fortunately the answer is affirmative and what comes out in
a more or less "natural" way (maybe for the first time) is a
reasonable explanation of CP violation. Before analysing the CP
violation phenomenon in this framework, let me give a diagram-

matic view of the situation that we have described above

3y e oty 3, Adter fnomy
analogy) "a£1epton—quark analogy)
3 c,s(strangeness- 3 t,b (top-bottom)
charm)
v v
No AS = 1 N.C. CP-violation of "superweak" type
K, -K. mass difference small

LS
Fig. 3



The diagrams of Fig. 3 are meant to be circles (all the points
are equivalent, there is nostart nor end,vor the snake which eats
its tail, the famous ancient Greek fable of obvious meaning).

It is obvious that in order to start, we need some independent
argument,e.g. strangeness has to exist for purely cosmological
reasons etc.We turn now to our main topic , CP violation.

ITI. CP-VIOLATION

Because there has been a long time ( > 10 years) since
Christenson, Cronin, Fitch and Turlay discovered the famous CP
violation, I start by giving a flash review of the situation.

1° Present Status of CP Violation.

The phenomenon of CP-violation was first observed in

the reaction Kf N which, of course, does not go if CP is

conserved. The experimental information that we have at our dis-
posal up to now is the following

., 0
Define <mom ] K>

n E
e <t Kg>
< 1% 1% KE>
n = (6)
00 <70 9] Kg>
PR > 2t ) - r (ke T T )
and 6L = ‘ 5 — +

(K »m 2" v) + T (KE+ rtoet v)

where Kg, KE are the physical states of definite mass and life-

time, and they are related with the states of definite CP:KI(CP

= +1), KZ(CP = -1) in the usual way

<O - Kl + € K2 O K2 + € K1 )
= = ; = —
S A2 Lo+ e
Then one has
n,. = e+¢'
noo = ¢ - 2¢! (8)
6L ~ 2 Re ¢ (we neglect AS = . AQ effects)
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¢' is a measure of the CP-violation in the decay transition.
Physically, e # 0 implies the existence of a CP-non-invariant
term in the mass-matrix and €' # 0 implies the existence of CP
violation in the decay-transitions. Experimenters tell us now

the following

i) o = "o (in amplitude and phase), which implies ¢' -~ 0
. e’ -2 - -
(agtua11y : z | < 2.10 °) , and we may put Ny_ = Ngp = €
i) = 1.448 + 0.055, which is consistent with i) because
n,_l
8. 2 Ree 2 coso |e|
= = ——7F3-7 — = 2 cos ¢ = 1.443 = 0.005
n,_| € lel
Experimentally b, = (45 + 1.3)°
¢00 = (48.3 £ 1.3)
SO b, = 0oy =0

iii) CP or C violations have been searched for in strong-e.m.
interactions and in weak decays not involving k° mesons
NO EFFECT HAS BEEN FOUND YET.
So, it is clear that i), ii) and iii) are the obligations of a
theory that tries to explain the CP-violation phenomenon. Since
the early days it was known that a superweak theory has exactly
the features i), ii) and iii). But at the same time it was clear
that it was an ad-hoc addition of a strange AS = 2 interaction
just to explain this phenomenon.

Everybody was hoping since then that one might pro-
duce a reasonable milliweak-type theory which possesses the
features of the superweak theory, but no ad-hoc terms, where the
CP-violation emerges in a natural way. Very recently, there has
been a revival of this problem with an observation made by some
(3-4-5)

people , namely that if one has more than four quarks (fla-

vours) it is possible to give a reasonable explanation of CP

violation. I now turn my attention to such a fancy possibility.



2°. CP-Violation in a Model with Six Quarks and Left-handed

Currents.

In the previous sections, I analysed the evidence
(experimental) for heavy leptons and also a scheme where a heavy
lepton may find a natural place. Let us assume that the Weinberg
Salam SU(2)xU(1l) model has something to do with reality, and sup-
pose that we have n quarks with charge % and n quarks with char-

ge - %. Let us put

u d
p=| € ; N = A (9)
t b
2 1
n quarks of charge 3 n quarks of charge -3

Further, assume that the "left components" of the quarks are col-
lected in doublets under SU(2) and everything else is SU(2) sin-
glet. Then the V-A charged current has the form

I =Py VN (10)

where PL = %(l - y5)P etc., and V is annxnmatrix. Then commuting
Ju+ with Ju_’ we take the neutral current, which is a mixture

Jetectr, and of

o _ + +
J yoc FL Yy Vv PL + NL Yy v VNL
We see, at once, that in order to avoid AS = 1 neutral currents,

(11)

J ° must be diagonal in the quark fields,which in turn implies
that V+V =v - ; i.e. V has to be a unitary matrix (GIM
mechanism).
In order to specify V, an nxn unitary matrix, we need
@ parameters, one of which is an unobservable over-all phase,
2

so that we are left with n®- 1 parameters. Fortunately, we can

play with the phases of the quark fields and achieve further
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reduction of the number of parameters needed to determine V.
The easiest way to proceed is the following : we write down the
mass matrix for the quarks

N (12)

N 7R

where Mp and MN are assumed to be real and diagonal matrices ;

we would like to keep them as such. Thus, the most general trans-

M= FL Mp PR + NL M

formation that leaves (12) invariant is
n-1

iP5 a. A.d1agon.
PLg>e it n PLLR
' n-1 . ’ (13)
iT b. A_d]agon.
\ jo1 473
LLR™® LR
where Ajd1agon. is the n-1 diagonal matrices of the SU(n) group.

It is trivial to check that substitution of (13) to (12) leaves
M invariant. We then have at our disposal (n-1) parameters (aj)
from P fields and (n-1) parameters (bj) from N fields that can
be transformed away.

Therefore the number of parameters needed for V now

2 2

becomes n"-- 1 - 2(n - 1) = (n - 1) The number of real para-

meters that one needs to determine an n x n orthogonal matrix
[
is Einyl—ll. So, in the general case to determine V we will need

(n - 1)2 - "(g 1) _(n>- 1%(n - 2) complex paremeters.

In conclusion, the V matrix needs (n - 1)2 parameters, where

of them are complex.

(n - 1)(n - 2)
?
In the case of GIM we have n = 2 ; therefore we do

not have any complex parameter

cos ec sin 9§ d

(2]

J = (U, ©) v (14)
-sin ec cos ec S
V(n =
BUT, if n > 2, then we have complex parameters which of course

are going to introduce CP violating effects. Take for instance

n = 3, then we have one complex parameter and the question is



whether we can obtain a reasonable explanation of CP-violation
phenomenology in this case. As we shall see, this turns out to
be the case.

Before giving an analysis of CP-violation in this
framework, let me make a few comments
i) the idea that a phase difference between different parts of
the current may produce CP-violation is an old one(s). But it was
always introduced by hand, whereas here it emerges in a more na-
tural way.
ii) The number of complex parameters (Lﬂ—l—l)éﬂ—l—gl) increases
as we increase the number of quarks (flavours) ; e.g. for n = 4
we have 3 complex parameters, etc. We do not want to imply that
with more than one complex parameter we cannot take the correct
form of CP-violation, but it is a temptation to observe that with
six and only six flavours we have just one complex parameter and
we can fit everything. Perhaps it is a coincidence, perhaps it
is something deeper.
iii) It should be noticed that we arrived at the picture of six
quarks (flavours) by the possible existence of the SPEAR heévy
lepton. Here the situation is reversed with respect to the exist-
ence of muon and the absence of AS = 1lneutral currents. If we
had thodght of the analogy before, the observation of CP-violation
in nature, we would have been forced to go to six quarks and then
of course to six leptons, i.e. the heavy lepton would have been
predicted to be there.

In the following I shall concentrate on the case of
six quarks (n = 3, which means one complex parameter). In this

case, the charged current takes the form :

221



222

¢ =54¢3 =S;S3 d

Ju' = (U,E,Y)L Yy [ $1%2 c1c2c3-szs3ei6 c1c253¢szs3ei6 s
515, c152c3+czs3e16 clszs?’-czciil(S b/,
V(n= 3 (15)

where ci(si) = cos ei(sin ei), i=1,2,3.
It is evident that the current (15), in the limit 81 > %.abibbo’
52’3 -0 3; 8§ »0, is nothing else but the conventional Cabibbo-
Glashow-ITiopoulos-Maiani current (14). It is clear that the
validity of the Cabibbo theory, which involves u,d and s quarks,
would restrict possible values of the new angle parameters.

Actually, one finds, in order to agree with experi-
ment, that

o =68, 5 sy°5;7<0.003 5,2 <0.06 (16)
Up to now, we have no information about the validity of the GIM
theory, but one can produce arguments showing that o cannot be
too small. By simple inspection of the form of the current (15)
we get :

A UNCHARMED PARTICLES

1. Semileptonic processes.

These processes (for uncharmed hadrons) involve
only u,d and s quarks,and the first row of V in (15) does not
contain any CP-violation. So we do not expect any CP-violation in
ordinary semileptonic processes.

2. Non-leptonic processes

We may have CP-violation in this case, arising from
terms of the form : (5 Y, c )T, Y, d ) s (5. Yy tL)(TL Y, )
which enter in the current-current product with complex coeffi-
cients relative to the usual term (EL Yy uL)(UL Y, dL)' One may

worry that we have a first order effect coming from the diagram :



Fig. 4

But this diagram is strongly suppressed due to the Zweig rule
(annihilation of the two heavy quarks to ordinary quarks). The
only other additional first order effect may arise from the dia-

gram

Fig. 5

But, in this case, an explicit calculation shows that in the limit

(Mﬂ)2 + 0, this diagram vanishes because of the form of the cur-
rent. Also both diagrams (Figs. 4, 5) vanish in the limit me = m.
(This corresponds to the case in which we have no AS = 1 neutral
current effects to all orders if m. = mu).

Also, one may notice that the operators that create
the CP-violation induce pure Al =% transitions. It is well known
that a milliweak theory with the above properties reproduces for
K-decays the same results as a superweak theory. Having shown the
absence of first-order CP-violation effects, we are left with the
explicit calculation of the e-parameter in K-decay. This can be

done by studying the neutral K-mass-matrix, which means that one

has to calculate the diagram :
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s c,t d

7 7 >
W W

< <

d c,t s
Fig. 6

One then finds 2 2 2
+ V2 5,5, sing [cos 2o Tt ln(mt ) ts 2(mt )-- 2]
€= 2°3 2 gz oz 2\ 77T G
t [ c c

(17)

We see that e is a complicated function of the new angles and of
the masses of the charmed and heavy quarks. We notice here that

the factor 525351n8 is a typical factor which always appears in

o {CP-violated) amplitude
(CP-conserved)amplitiude

from a given process, and then we may use its value to study other

the rati and so it can be determinded

processes. (Actually, one uses the experimental information on €,
determines the value of szsssind and uses it, say, to determine

the value of the.electric dipole moment of the neutron (see below))
In order to see how well this kind of theory resembles the super-

weak, one has to study the ratio %— . Then one finds

Ll < gy (18)
which is in excellent agreement with experiment, and practically
we may put € = 0 (superweak theory). Here I want to stress the
following fact : contrary to some claims in the literature, rela-
tion (18) IS INDEPENDENT OF THE HEAVY QUARK MASSES and of the fac-
tor s,s3siné which of course drops out from the ratio %%%L( That
is to say this kind of CP-violation resembles the superweak theory
whatever the value of m. We shall see later that the electric
dipole moment of the neutron is very sensi;ive to the heavy quark

quark masses.The .observed magnitude of CP-violation effects in



the neutral K-mass-matrix clearly implies

Is,. s5 sins| = 0(1073) (19)
The "naturalness" of such a relation may create quite long argu-
ments for and against it. Here I just want to make the following
observation : we saw that the Cabibbo theory, with its great
experimental success, puts severe limits on S3 (see Eq. (16)).
Then "accepting"such limits for So too, we are not far from an
almost "natural" explanation of Eq. (19). Therefore, in this
framework the smallness of CP-violation has something to do with
the validity of the Cabibbo theory. In other words, there appears
an interelation between the Cabibbo angle and CP-violation.

In conclusion, we can reproduce all the known exper-

imental information for CP-violation (concerning common K decays)

in a satisfactory way which resembles very much a superweak theo-
ry { ¢-+0,etc.) through:a well-defined milliweak theory. It seems
to me that an appropriate name for such a theory is MICROWEAK
THEORY.

3. Rare K-decays.

Here one finds drastic departures from superweak
theory, but I do not discuss them here, because even the CP-
conserving rare decays are very difficult to detect experimental-
ly, and so these departures are not going to appear in the near
future.

B. CHARMED PARTICLES

Here the analogue of the K°-x° system is the 0°-7°
system. Then a systematic theoretical ana1ysis(5) shows that no
dramatic CP-violation effects appear, namely if €¢ is the charm
analogue of ¢, thenlecl = |e] . It is true that in the charmed
particle decays, as in the rare K-decays, one is going to see

deviations from the superweak theory, but it is premature to
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discuss here the deviations from superseak theory in the decays
of particles which have not been shown to exist as yet. For a
detailed analysis of such effects in rare K-decays' and charmed
particle decays one may consult Ref.(5).

Finally a few words for the Electric dipole moment

of the neutron : from the early days of the observation of the
CP-violation, it was clear that the electric dipole moment of

the neutron (EDM) was an independent delicate test of any ambi-
tious theory of CP-violation. Namely, if one assumes the validity
of CPT-invariance, then CP-violation means necessarily T-violation
which combined with the P-violation creates the possibility of

EDM for the neutron. In the framework which I have considered,

one may calculate the neutron dipole moment in terms of the quark

dipole moment. One finds(7)
-27 -28
(10 10 ycm, for me b~ My

D _,D _
e ln =15 lu,qa"

(10730 _ 19731y¢n, m, . 5 GeV

t,b
(20)

One notice here that we do not get very different results from

-29c

superweak theory (n 10 m) and in the context of this model,

knowledge of m, and my would enable a better prediction of the

t
neutron electric dipole moment and vice versa.

The sophisticated reader may also notice that, unlike
in the magnetic moment case, the additivity of the EDM of the
constituents to give the EDM of the system is not obvious at all,
and in atomic physics one may find examples in which additivity
(8)

is a very bad assumption

IV. CONCLUSIONS

I have tried to show that we may have a reasonable ex-
planation for CP-violation with an almost trivial extension of

the Weinberg-Salam-GIM model, which will be necessary if a heavy



lepton really exists. In such a case we found that

i) superweak results for common K-decays are reproduced to high
accuracy, whatever the masses of the top end bottom quarks.

ii) in rare K-decays, direct CP-violating effects in the ampli-
tude may be comparable with superweak CP-violating effects,
but these effects seem essentially unobservable.

iii) in principle, there may be observable deviations from super-

weak predictions for charmed particle decays.

iv) the neutron electric dipole moment is very sensitive to the
masses of the top and bottom quarks.

This picture introduces CP-violation in a natural way,
as a result of weak mixing between the quarks analogous to the
Cabibbo angle in the GIM model. THUS TWO PUZZLES ARE REDUCED TO
ONE. It 1is evident that one may worry that we had a theory with
one angle (Cabibbo angle) and now we have a theory with three
angles (91’2’3) and one phase (g). But the interelation that
starts to appear now gives the hope that one may understand all
these phenomena at once.

Here I have concentrated on the possibility of six
quarks and only left-handed currents. Actually, there is no fund-
amental reason for these two assumptions. I believe that more
than six quarks (8,...) are not going to change the CP-violation
analysis. As for the presence of right-handed currents, if they
survive from experiments, they may help in understanding the
interelation of Cabibbo angle, CP-violation and fermion masses
in a natural way.

This moment, things are looking very promissing
phenomena completely unrelated up to now seem to have common
roots (Cabibbo angle, CP-violation and, maybe, fermion masses).

Let us hope that this is not again one of those dramatic coinci-

dences that have happened many times in the past...
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LATEST RESULTS ON THE AXIAL VECTOR FORM FACTOR

A. GIAZOTTO
I.N.F.N., Sezione di Pisa

Abstract: The results of a recent nr threshold electroproduction
experiment at |K2\ = .45, .58, .88 (GeV/c)% together with all the
available n* threshold electroproduction coincidence data, are

used to evaluate the axial vector form factor of the nucleon G (Kz)
It is found that the dipole parametrization is favoured over tﬁe
monopole. The value of M, in the dipole parametrization is, using
a'weak PCAC'model, 0.96 + .03 GeV, in excellent agreement with the
results obtained by the reaction v+D - P+Ps+u_.

Résumé: Le facteur de forme axial du nucléon, G (Kz), a été calculé

en utilizant les résultats d'une récente expérience d'électropro-
duction de 7* au seuil 3 |K2| = .45, .58, .88 (GeV/c)z, avec tous
les autres resultats disponibles pour 1'éléctroproduction de n* au
seuil. Une dépendance dipolaire du facteur de forme reproduit

les données expérimentales mieux qu'une dépendence monopolaire.
D'aprés le modéle de "weak PCAC" on trouve M, = .96 * .03 CeV en trés
bon accord avec les résultats obtenus par la réaction v+D - P+Ps+u_.
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The process e p > e' n n+, assuming one photon exchange, can be represented

by the diagram (Fig. 1).

We use the following notations

2 = (E, Bg), 2" = (E', B)) initial and
final lepton fourmomentum

Oe = scattered electron L.S.angle

K = 2-2' virtual photon fourmomentum

. +
= neutron momentum in m-n C.M.S.

o

.+ .
= (En’ -3) n fourmomentum in the

™t _n c.M.s.

]

Fig. 1

é, ¢ = polar and azimuthal neutron angles in the n+n C.M.S. referred to the

virtual photon direction.

P = (E, P ) L.S. neutron fourmomentum

n n’ 'n

K2 = -ZEE'(l-cosee) square mass of the virtual photon

W= V%2'+ Mi + /g} + Mi invariant mass of the mn system

>12
e=1/( - 215%_ tgzoe/Z) polarization of the virtual photon

e, = Kz/Ki 3 longitudinal polarization

KL = (w2 - MS)/ZMP equivalent photon energy <

The virtual photon polarization density matrix p shows that the electropro-

%(l+e) [¢] ‘|%€L(1+E)[1/2
o = 0 2(-e) 0
1 1/2
|§£L(1+s)| [} €L

duction cross section takes contributions from the incoherent sum of the

two pure virtual photon states:

]l/Z

12 o, 112 0

v, = (3] )y, v, =0, -0

The differential cross section is:

do

dE'dQ dR L
e s

+ V—S%ill cos¢01+ecosz¢cp} = Tto

=T {o +eo
u

where



is the flux of the virtual photons and o is the virtual photoproduction cross

section.
9, arises from the transversal component of the virtual photon and o from
the longitudinal one. or and 9 arise from the transversal-transversal and

transversal-longitudinal interference respectively. A simple picture can be
A . + .

useful to understand how GA(K ) is connected with m electroproduction. The

transition matrix element for electroproduction can be written with standard

notations

M jlepton

+ 1= _ My
THOpER IO P)> Zu®Dyam) - == o

+
Contracting the m we obtain, for off shell pions

9 4 i
M=o - q%) s a¥ ! <nltfs (0, 3 (@] 2>

where
o, G, J (O] = 0(x)[6 (0, J (0]
Making use of PCAC

0,0 = 3.A GO /OCE)

we have

{qvfdfé eiqx<n/T[A\)(x), JU(O)]|P> -

_,—)—5
- i sad e en| [a (0,0, 1 (O] [P>

In the limit q + O the first integral contributes with the two Born terms,
which are 0(1l/¢); hence it gives a finite result when multiplied by qv. The

second integral, in the same limit q > O, can be evaluated using E.T.C.:
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lim ; 43 i

q-0

x e | [a (0,%), Ju(O)]|P> = ~<nla (@]p> =

= GA(KZ) G(Pn)ysyuu(P) + hA(Kz) (P gu(P) K,

After a straighforward calculation one obtains the g+0 gauge invariant result:

2
. 2 G, (K%) 2 L
lin L, M- e hr - ——y N+ el kD)
4 M
P

30 mnn GA(O) omZ-g KO

where L0+ is the longitudinal s-wave multipole, proportional to GE(KZ) in the
soft pion limit. For on mass shell pions two models evaluate finite mass
corrections in a rather wide range of KZ. The first model, due to Furlan,
Paver and Verzagnassi (5) has a validity up to ]Kzl = .3 (GeV/c)z. The
other one, due to Benfatto, Nicold and Rossi (BNR) (6), uses "weak PCAC" and
can be used up to [KZI =1 (GeV/c)z. Both these models use the soft pion
tesults as a subtraction constant for the dispersive representation of the

on mass shell amplitudes and give éig KLG/q as a function of GA(KZ). For

this reason we have expanded the cross section in powers of d around threshold

(4=0):

L2 b T, s 2 .2
o= [Al + B3” + Cq  + Z-AAq cos ¢ + §-A5q cos 2¢] (1)

19
27 KL
lim . 2 ..
where, A1 = q»O(KLO)/q contains GA(K ); B and C account for the variation
of o above threshold and are necessary to obtain a correct value of Al'

AA and A5 give o4 and op at threshold.

The experiment:

this experiment has been performed at the NINA Synchrotron by the Daresbury-
Frascati-Pisa collaboration.

The following physicists were involved in the experiment:

D.R. Botterill, H.E. Montgomery, P.R. Norton (Daresbury), G. Matone (Fra-
scati), A. Del Guerra, A.Giazotto, M.A. Giorgi, A. Stefanini (Pisa).

In this experiment the neutron was detected in coincidence with the scatte-
red electron. We detected the neutron since, unlike the n+, it was going
in a narrow cone around the virtual photon direction, even for large W.

«
In this experiment the maximum W was chosen to have 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.

Table I
&% (Gev/c)? .45 .58 .88
E (GeV) 3.198 3.198 3.511
E' (GeV) 2.754 2.685 2.839
8, 13.0° 15.0° 17.1°
W (GeV) 1.132 1.144 1.132

max

e .96 .95 .94
6 53.0° 50.5° 46.5°

nc

T (MeV) 130-330 175-400 270-540

Fig. 2 shows the experimental layout; the target was a cell containing 10 em

liquid Hy, with an identical empty cell underneath for BKG 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 AP/P = +.25% and Aee = +.05°; the acceptances AP = 8% and AQE = .6

msr.

The neutron counter

was composed by an array of 145 blocks of plastic scintillator, each 15 x 15
x 27 cm3; each bloék was seen by a RCA 8575 phototube; the neutron kinetic
energy was measured by time of flight (TOF) (AT = *1 ns). A system of 26
veto counters pairs, with TOF facility,allowed to off-line coincide or anti-
coincide the charged yield. The whole system 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 efficiency of the neutron detector was carefully measured both for true
neutrons (nnrl = 20%), and for protons converted to neutrons in the front

shielding \npn = 37).
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VG velo counters
T Targel

HQ Half quadrupole

W17 Bending magnet

H Counler hodoscopes

c Scintillation counter

Ch Gas Cherenkov counter

Sh Shower counter

NG Neutroo counter

WAB WAB Counter Fig.2

Data analysis:

the data were binned in 45 W bins in the range .98 < W < 1.16 GeV and in 6 ¢
bins between O and 180°. Since we measure the L.S. kinetic energy and

the angles of the neutron we could reconstruct the pion missing mass in each
of the 45 x 6 bins. The pion mass peak was sitting on the random BKG and the

S/N ratio was always > 3.

o .
7 p subtraction and results:

to subtract the signal from the process eD»ebﬂo we had to know the expansion
coefficients (see eq. (1)) for this reaction. For |K2| = .45 and .6 (GeV/c)2
we used model dependent coefficients while at |K2| = .88 (GeV/c)2 we directly
measured this reaction using the neutron counter as a proton detector.

The M.Carlo-simulated neutronyield in every W and ¢ bin was given by

G(W,0) = [ff (K+(w,¢|q,¢') o TA1+B512+C614+ 1A4<j cosé' + zAsqz cos 2¢] +

accept. 4 3
o N 0. .0.2 0.4 MO, 2.0.2
+ KO(W,9]q,9") - Mpn [A1+B §7+C7q + 28,4 cos¢' + 454" cos 247 1
+ .. o ,0 .0
where Al’ B, C, ... are the unknown m =~ n coefficients; Al,B ,C ...are the

.. + .
known nop coefficients. K' and K° are the functionrs, evaluated by M.Carlo
method, which measured the distortion on the data produced by the finite re-
solution of the apparatus; they include thj/KI and the radiative corrections.

The final step of the analysis was to minimize with respect to A B, C, A

1° 4



5
G(W, ¢). The contributions of the nop

BKG to the 7' nyieldwas 5.5%, 10%, 15%

at |K2| = .45, .6, .88 (GeV/c)2 re- 1%

spectively. We estimate an overall

27 uncertainty due to this BKG sub-

A_ the XZ between the neutronyield and 04

. T
traction. <

In Fig. 4 the coefficient Al is plot-—

ted together with the results of our s
previous experiment (1) and the Desy
results (4). The continuous line is

the prediction of Devenish and Lyth 0+

dispersive model (8). To evaluate
GA(KZ) we used the BNR (6) model, para-
metrizing:

9 .
G, (K%) 2
S | Sl O B
G, (0) 2
A MA

the best fit was done using the

world's coincidence data (1,2,3,4) and 5 oo
the results of this experiment. See gos
Fig. 5. The fit favoured the dipole E s
representation (n=2) and gave a mass 03
parameter MA = .96 + .03 GeV. One can 02
see from the curves (a) and (b) of o1

Fig. 5, that it is the point at ‘K2| =

"
0o 01 02

o Nira 1]
o DESY{4]
® This expefmmnt
— Devenieh and Lyh [8)

Fig.4

Fia5

03y o4 05 06 07 o8 09
-Kk3(GeV/c)?

@ This expenment
& NINA (1]
o FRASCATH[23]
o pEsY(4]
monopo’e
r.)?::g_‘“ o7 GeV
=825
 fit Dipole
e 96+ 003 Gov
x2S

Dwole Mp=121GeV

Dipole My 08 GeV

03 04 05 o6 o7 o8 09

.88 (GeV/c)2 which allowed to discri- “KiGev/elt
minate between dipole and monopole.
To further investigate the functional
character of GA(KZ) we used the pa- :::
rametrization 1o
2
G, (K 1
%E-O)—) =17 et K| ecp €)% » LON !
which reduces to the monopole for CB=O o8- I ipote e
and to the dipole for CA=CB' Using "(Z:_ :i?ssrr;e\;/::w
the same data pointsand the BNR model 03-] ) 2 ST.DEV contour
we minimized the XZ with respect to o4
CA and CB (see Fig. 6). The minimum :z: Fiab
is on the dipole line and there is o
0 o1 02 03 04 05 06 07 08 07 1O 11 | 13 14

evidence of dipole shape up to v2 ST.

Ca
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DEV. A check on the finite pion mass corrections was done and it was found to
be 87, 137, 20% at |K2| = .45, .6, .88 (GeV/c)2 respectively.

Electroproduction looksfvery sensitive tool to measure GA(KZ): using BNR we
obtained for the quantity

o(K2, M, = 1.1) - o(k%, M

= 1.0)

5, (KD =
o(K”, M, =1.0)
which is the relative variation of o for 100 MeV MA variation, the values
2437, 29%, 37% at |K2| = .45, .6, .88 (GeV/c)> respectively.
For the reaction v + D > P+Ps+u_, using a dipole representation for GA(KZ),

Barish et al (7) quoted MA = .84 + .11 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- My (V)
production using the BNR model. :: o Barish ot ai[7)
It is evident that there is full o] * o Thie exn 8234
agreement between the neutrino and the . t e i
electroproduction measurements of - ¥
6, %), -

o

5]

| Fe.7

-

.2
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MORE THAN FOUR_QUARK FLAVOI
AND VECTOR-LIKE MODELS
F. HAYOT
DPh-T. C.E.N. Saclay

Abstract : This report gives a brief description of vector-like
models, with emphasis - for experimentalist's sake - on the vec-—
tor caracter at all energies of the weak neutral current in the-

se models.

Résumé : Dans ce rapport on décrit bri@vement les modéles dits
"vectoriels'", en insistant sur le caractére vectoriel 3 toute

énergie du courant faible neutre dans ces modéles.
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Many models with more than the usual four quark flavors have by now
appeared in the literature. In this report we will limit ourselves to a
description of vector-like models based on the weak gauge group SU(2) xU(1)
of Weinberg and Salam(l). These models appear to be the must compelling
from a theoretical and esthetical point of view. Moreover, independently of
the arrangement of additional quarks, they make some definite prediction

about the nature of the weak current which can be tested at present energies.

As an introduction we recall that in the standayd quark model, with
flavors c, u, d and s, quarks are arranged, with respect to SU(2) xU(1), in

two left-handed doublets

(n
L L

and a number of right-handed singlets. Here
de =d cos 6 + s sin ©
and s, = -d sin 6 + s cos 0,

where 6 is the Cabibbo angle.

The leptons appear in the left-handed doublets

'\)e\ \)u

SO
¢ L Yoy

and the right-handed singlets ep and Mp -

Left~handed here means that the couplings of the pairs (ve,e ) and (u,de),

for example, to the intermediate vector boson are of V-A type.

There are two features of the arrangements (1) and (2) which we would like

to point out. The first one is the existence of a lepton-hadron symmetry in

the sense that four leptons have as a counterpart four ﬁuark flavors. The

other one is the absence of the so-called triangular anomalies(z). These ano-

malies, which occur in field theories with vector and axial vector currents,

prevent renormalization and therefore have to be eliminated. 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 single quark occurs in one



right-handed and one left-handed doublet. This is what happens in vector-
like models, where above threshold for the production of any quark the theory
becomes pure vector. Correspondingly, in the leptonic sector, which now is no
longer linked to the hadronic one in order for the anomalies to cancel
together, the introduction of new heavy leptons and right-handed doublets is
required.

Phenomenologically, the four quark model, with the charmed quark, has

(3)

been quite successful. The BNL event the dimuon events of the HPWF colla-

boration(A), the pe events observed at Gargamelle and FNAL (discussed by
M.Jaffre and D.Cundy at this Meeting), are interpreted in terms of the pro-
duction and decay of charmed particles. Moreover, the "charmonium" 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 electron-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 addition a heavy lepton con-—
tributes to the hadronic state), the rise with energy of the ratio of the to-

tal antineutrino and neutrino cross—sections in deep inelastic v(v) hadron =+

u_(u+)X scattering. (Preliminary results reported by C.Rubbia at this Meeting).

Among the many models with more than four quarks we will now describe
the vector-like models, which we have introduced above, and whose theoretical
justification appears the most compelling. To build a vector-like model, one
has to add at least one new left-handed doublet to the two standard doublets

given in (1). One then has for the left-handed doublets

6 L 6 /L L

where the only parameter retained is the Cabibbo angle. As mentioned above,
each of the quarks in (3) has to appear also in a right-handed doublet. If
one requires that ordinary AS = O, 1| decays are pure V-A, one is left with

essentially two possibilities. These are

u c .
o) (dl S)R (4)
or (u e ut
d'>R ) d>R (s)
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The set (3) + (4) (model I) is 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 all these models imposed by the KL - KS mass diffe-
rence, and by the relative sign of the I = 1/2 and I = 3/2 contribution in

7)

K -+ 27 and K -~ 37 decays . The effects of these constraints are hard to
evaluate and we will not discuss them here (for a short review see ref.8).
Models (I) or (II) are the simplest vector-like models one can consider, with
six quark flavors and as sole parameter the Cabibbo angle. They will serve

to illustrate the general behavior of the weak charged hadronic current in
vector-like models. First, the is a series of thresholds associated with the
energies necessary to create the heavy quarks. Above all thresholds the theo-
ry is vector and thus, in this region, the differential cross-sections in
inelastic neutrino-hadron and antineutrino-hadron scattering become equal. In
particular the ratio

R = 0(;b+u+x) + o (Voru'X) 6)

a(upru X) + o(vn>u X)

goes to 1, and this holds in any model.

In model I it is assumed 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 (3) .

R

This term acts on the valence quarks in neutrino scattering only, thus
destroying charge symmetry (as measured for instance by the Adler sum rule)

between v and v scattering on an isoscalar target. Moreover while the (¢
d sin © L

doublet contributes to the inelastic differential v-hadron cross-section a

term independent of the standard variable y, the right-handed [ ¢ contributes
d
2 R
a (1-y)” dependent term. This is a general feature, namely in a given scatte-

ring process the y dependence of a right-handed doublet is 1 (respectively

(l—y)z) 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 it, while it will ultimately increase to 1, as mentioned above.

In model II, the c quark is not excited from the valence quarks (when
6 = 0), and therefore we assume that at present energies the u', d' quarks
are excited. As a possibility, we consider the masses of the ¢, u', d' quarks
to be degenerate. Then one obtains a valence quark contribution in inelastic
v and v scattering from the right-handed doublets (u') and u respectively.
4/r (d>R

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 7/16 in II (above u', d').
However in II, above this same threshold, R reaches the value of 1. These and
other results are summarized in the Table for the valence quark contributions
(and 6 = 0) in deep inelastic v and v scattering. The numbers given here cor-
respond to phenomena well above threshold, and it clearly remains an impor-

tant question at what pace these numbers are approached.

Table

For models I and II, valence quark contributions (for 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 II
(above ¢ threshold
Quark doublet (u) below u', d')
. . ]
contributions d L (u) N (c) (u) . (u ) or (u )
1
d L d R d L d R d R
e’ _ v 2 32
axdy - do 1 1+ (1-y) 1+ (1-y)
oV ) 4 4
3 3
1 7 7
DAY 2 16 16
v 2 2
do¥ (-y)? (1-y) a-n? o+
v i L 4
° 3 3 3
1 1 7
s 7 7 16
_ oV 1 1
R = 6;' 3 A 1

Vector-like models with more than six quarks are of course possible.
Actually, eight quarks are required if 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 with at least eight leptons, in order to avoid the occurrence of a

right-handed (\m) or (ve> , incompatible with the data. Right-handed
R R

U
partners of the v_and v nevertheless appear, but only inassociation with
some heavy charged lepton. By symmetry between leptons and hadrons, this
consideration leads to eight quark flavors in the hadronic vector. Here of
course many combinations are possible. In some models, moreover, of diffe-

rent type, one introduces massive Majorana spinors in the leptonic sector as
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in<M> which leads to neutrinoless double u decays.
¥R

It is clear from the preceding description and discussion that as
far as the structure of the weak charged current is concerned, it will not
be easy to pinpoint its features, in particular its quark content, from the
data, and even to establish 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 all energies. A number of

important consequences follow :

a) there are no parity violating effects in atomic physics in lowest order

of G.

b) the differential cross-—sections

V +A > vV +B

where A, B are any hadronic states, are equal.
In particular
(i) in elastic uu(sﬁ) e  scattering the quantity gy = 0 whereas, for compari-
son, in the Weinberg-Salam model 8y =~ 1/2.
(ii) in inelastic v(v) hadron - 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

a(l-yg) + B(1+v5)]u

-G - ow —
neutral J3 vy d YS)v {u YU

Ay |vU-vg + 6(1+Y5)Jd} ©)

In vector-like models one has

R
[}
™

= 1/2(4/3 sin® 6, - 1)

¥ =6 = 1/201 - 2/3 sin” 8,)

where 8y is the Weinberg angle. Except for a factor of a in the u quark cou-

pling and a factor y in the d coupling, the expression is identical to the



hadronic coupling in deep inelastic electron scattering, where the y depen-

dence is given by 1 + (l—y)z.

Evidently in the Weinberg-Salam model o # B and Yy # 8, since there the

weak neutral current has a V-A piece.

Consider in particular the ratios

Re = o(Gb»GX + vn>uX)
v

— + — +
g(vpru X + voru X)

and similarly for Rv'
For vector-like models one has a linear relationship between Rv and R;3 given

by

— o+ -+
_ o(upru X + vnoy X) R
O(vpéu_X + vn>u X) v

where, as indicated above, 1

dE¢_(E) [ [1+(|—y)2]dy
VB /E

2 2
R = (a™+y7) 1

J dE ¢ (E) J dy

Eo/E

Here ¢v(E) describes the incoming neutrino spectrum and we have assumed
that there is a lower bound E_ on the observed hadronic energy. We have
also used a ratio equal to | 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

Clearly, from the experimental point of view, it is 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 results reported by the Gargamelle group are such as to exclude
a pure vector neutral current (four standard deviation effect) while the
results of the Caltech group are best fitted by a V-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 eliminating field theoretical triangular anomalies, used in

vector-like models, 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 Physics

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(1l)' can generate the flavour-chang-
ing, in particular the needed charm-changing, neutral current in a nat;
ural fashion. A substantial p°-»° mixing can be obtained to account
for the "wrong~sign'" dimuons observed in vu—induced reactions. Because
of the role of the extra neutral boson in this model, the flavour-chang-
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 schemel.of Glashow, Iliopoulous, and Maiani (GIM)
coupled with the minimal gauge group2 SU(2) x U(1) hgs been quite suc-
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 Y-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- > u+u_ is
approximately constant about 5 at high energies3,
B. The neutrino experimentsa by HPWF collaboration have observed di-
muons in abundance, i.e., ov(u'u+)/cv(u-)=10-2,0_(u+u-)/cv(u_u+)=

v
0.8+t0.6. Furthermore, the wrong-sign dimuons have been observed

both for vu and ;u interactions, i.e., ov(u_u_)/cv(u_u+)=10_l,
while no trimuon events are seen yet.

C. Effort55 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 quarks,
such as t and b, with the usual color tripling so that R becomes
15/3. In vectorlike theory with the minimal gauge group, these are
assigned ;o a doublet along with the two doublets of GIM. From lep-
ton-hadron symmetry, such theory then requires one more charged

N
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

cv(AC=l)/c“(AC=0)=sin26c=42. On the other hand, from experi-



(2)

3)

(%)

ments, the leptonic and semileptonic AC=1l cross section is
about 1%, which 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

Because of no valence quark contribution, o_(AC=-1) in v-in-
duced reactions is expected to be suppresse: but the experi-
ments, though the data is meager at the moment, 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 UV(AC=1) must also do the same for o_(AC=-1).

The standard model can give at the most 0.1% in:tead of 10%
for ov(u-u-)lcv(u—u+). Thus one is needed to have a substan-
tial DO(CJ)—ﬁo Eu) mixing8 analogous to 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(1l)

is expected to give trilepton events through Zu decay into a

u+u_ pair, though it is possible to make the charm-changing

neutral current small while maintaining the maximal p°-n° mixing.

If the associated production of charmed hadron and its antipar-

ticle pairs in AC=0 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 experiments, one has to modify the standard

model by going beyond the minimal gauge group SU(2) x U(l) and per-

haps with 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.

SU(2) x U(1) x U(l)' Gauge Group

The standard model is known to account for only about 25% of the
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needed AI = %—enhancement in nonleptonic weak decays. To salvage this,
an additional charm-changing right-handed charged current Eyu(l—ys)d

has been suggested.9 But this current makes the K -KS mass difference

1
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,lo this right-handed current
does not agree with the requirement of PCAC and current algebra for

K » 27 and 3w decays, which is supported by experiments.11 We have or-
iginally proposed12 the gauge group SU(2) x U(1l) x U(l)' with the GIM
quarks to explain the AI = % rule and suppression of AS=2 transition

simultaneously. "As we have discussed in Ref. 12 the extra gauge group

U(1)' may be a subgroup of SU(3) x + ¢+ * » or manifestation of

color
octet gluons in a picture where the strong interactions are exactly

gauge invariant under color-tripling of quarks, and octet color gluoms etc.
In this group, a triplet gauge field Az(a=l,2,3) and two singlets

Bu and Cu are coupled to the weak isospin, hypercharge and charm griups

f, Y and C respectively. In addition there are a scalar doublet (10) and

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 to 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 be severely restricted by requiring that

the additional neutral vector boson Xu’ which is obtained along with the

usual Zu and the photon field Au thrcugh the three orthogonal combina-

tions of AS, Bu and Cu, 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

2

related by -e = gsinew = g'cosewsinc = g"cosewcosc and e_2 =g +g'-2+

g"_z. The masses of the gauge bosons are M = g2/4¢26 s M, = M sech ,
w F Z w w

= ) L L 12 ll2 ;5

MA = 0 and MX = Gv'/2 where v' = /2<¢ >o and G = (g'“+p"")”. Note that

MX is independent from Mw or NZ.



3. Flavour-Changing Neutral Currents With Five Quarks
The experimental constraints elaborated in Section 1 can easily be sat-

1sfiedl?

by the tricolored five quarks u, d, s, ¢, and f with the gauge

group SU(2) x U(l) x U(l)' where f 1s the heaviest quark with charge 2/3
v

carrying fancy quantum number. If we arrange the gauge parameters so

that Xu 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 DO(CG) formation in
vu—induced reactions, the right-sign dimuons are produced through its
semileptonic decay to K_u+\)u and the wrong-sign dimuons through switch-
ing to 56(Eu) and its subsequent decay to K+u_5u. Since X does not
couple to leptons, no trimuons are expected in this model.

In this five quark scheme, we must have two left-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

u Cc v
L= () » L= () ,» £ 1)
1 d L 2 s 'y L
where
u' cosb -sinf cosa -sinf sina u
c c c
c') = | sinb cosb _cosa cosb _sina c 2)
c c c
£ 0 -sina cosa

The 3 x 3 orthogonal transformation (2) warrants not only the correct
Cabibbo charged current but also the decoupling (coupling) of the flavour-
changing current from (to)Zu(Xu). The neutral interaction 1is given by

o ~ _ayem _8 VA _Gc X,
aZfint VA - & seco 3z -5 Ix, 3)

where Vﬁm and Ji for a=0 have exactly the same structure as in the stan-

dard model and Jﬁ contains charm or fancy changing neutral currents,

X - - - _
Ju ~ —isin28c{cosu(uLYucL+cLYuuL)+Sinu(uLYqu+fLYuUL)} (4)

of which the first term is responsible for the p°-p° mixing discussed above.
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Finally we mention that a vectorlike model can be constructed in

k]
this five quark scheme by considering (1) and

c f
Ri= (), Ry= (), w (5)

From lenton-hadron symmetry, one heavy charped lepton is needed;

v \ v N _
(G0 TN (i N MY Gt T i) TN

- I 'R
L L3 © R L

(6)

Here, NU 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

- + +, . . 1
cross sections of vu+N +qu * * * and vu+N > p + . is Z—above the
fancy threshold. It is interesting to observe that the heavy lepton L™
should decay right-handedly, which leads to speculation that the recently

discovered U particlela is a possible candidate.15
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NEUTRAL CURRENTS

IN GARGAMELLE

Violette BRISSON
Ecole Polytechnique, Palaiseau, France

Abstract : We present here all the new results on neutral currents
which have appeared since about a year in the Gargamelle experiment.
Three channels have been investigated : purely leptonic reactions,
and in hadronic reactions, inclusive and one pion channels.

Résumé : Tci sont présentés tous les résultats nouveaux sur les
courants neutres qui ont été extraits de l'expérience Gargamelle
depuis environ un an. Les courants neutres ont &té recherchés de
trois maniéres différentes : dans les réactions purement leptoniques,
et en ce qui concerne les hadroniques, dans les réactions inclusives
et dans les canaux 3 un pion.
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In this report, I will concentrate on what new results have been
obtained in the different channels in which we have looked for neutral cur-
rents since about a year.

The chamber used was Gargamelle filled with heavy freon CFaBr.
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 will be successively described :

- Purely leptonic neutral currents
- Hadronic neutral currents :
one pion channels

inclusive reactions

I. PURELY LEPTONIC NEUTRAL CURRENTS

The reaction

V. o+te Vv +e
3 3

has been studied in 1.400.000 pictures taken partly with booster, correspon-
ding to a total number of 4.7 1018 protons on the target. The useful volume

in Gargamelle was 6.3 m3.

The analysis is now completely finished. Events looked for were

- + + . . + = e :
e , e and e candidates, and isolated e e pairs, in the following cuts

°

0.3 <E < 2 GeV, and 6 <5
e (e,beam)  _ .-
We have found 3e , 6e e pairs, and one event ambiguous e /e e

pair.

A. Background

+
1. Isolated y's without wisible e

The probability for a Y to appear like an e has been found to be
(3.4 £ .7)Z. The 6 pairs inside the cuts and the e /y ambiguous event lead

to a background of 7 x .034 = .24 * .11 event.

Remark : The number of pairs is consistent with expectation from 1m° NC

with only Iy detected.



2. v, +mn> e +p with an e inside the cuts and a proton not
seen,

The estimation comes from the reaction v tn> W+ p with
8. < 5° and a proton not seen, which has been determined experimentally as
(1.4 £ .5)7 of vu +n>yu + mp. Among those events, only 1 out of 15 satisfy
the E < 2 GeV cut. The total number of Ve o> e + mp events is 70,

leading to a background of 0.07 * 0,04 event.

3. ve(\)e) +e - \)e(ve) + e

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 Ve and 0.08 t 0.06 ev. for Ge'

The total background is ,42 event. The probability that the three

events are due to background is 17,

B. Signal Losses

Events can be lost for three reasons :

1. Scanning losses : the scan efficiency has been measured to
be 927.

2. Identification ambiguities

The probability that an e looks like a Y has been determined

experimentally and varies from 87 to 207 inside the cuts.

The impossibility to determine the charge of electrons varies
from 57 to 137 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 507,

. 2
whatever the value of sin Gw.

C. Interpretation

The observed cross section uncorrected for losses depending on
the model is

o . = .05 1074

2
obs By em/e
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The 907 C.L. limits are :

~41 -
.01 10 EU < cobs < .12 10

41 2
E-cm'/e
3 /
Our data can be compared to theoretical predictions, after correc-
tion for signal losses. Assuming that the neutral leptonic current is a

linear combination of V and A,

1 =V v

u w Yo (a+ Ys)\’u ewru(GV + G, Ygle

the differential cross section can be expressed as :

£ 2
-y +
2 2

2 2.

do 26%mE-  ((Gy + G) (Gy -6, )
v v v A .
—= , with y = E_-/E5

dy m

Integration over the electron energy (taking account of identification
probability) and on the ;ﬁ spectrum, and correction for scan efficiency

lead to a predicted number3of events n = f(Gv,GA). We can compute a likeli-
m’e

hood function (GV,GA) = where m = n + background. The most probable

countour and the 907 confidence area are shown in fig., 1.
The shaded area is the zone

for GA and GV allowed by both results

ve >Vv.e
U U from v and 3'(]).

907 In the frame of Weinberg
model, the only parameter is ew, such
as

e G=-lioain?e r G777
1. 1 G, v 2 o
v
A one parameter likelihood function
leads to sinzew < .4, with 90% confi-
dence. Combining this result with our
previous results on vue_ > vue- we get
oz 1 0.1 < sin’8 < 0.4
vue 4 vue Fig. I

Remark.- A new run of 250.000 pictures in a Vu beam has allowed the obser-
vation of one candidate for the reaction vue_ > vue_. The analysis is

being performed.



II, ONE PION NEUTRAL CURRENTS

All the details about the determination of the ratios

GV (VW) + N>V (V) + N +7°
v, () WO )

N@ ~

2000, (W) + N> U w@H s N o)

(2)

have been published in 1975 . 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 120.000 Vv
pictures and 120.000 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 :

- a_minimum_background has been computed, which accounts

only for neutrino induced neutrons.

pessimistic assumption that all NC candidates with a single m (+ protons

eventually) are due to neutron interactions.

The final numbers are given in Table 1.

CcC NC
7° events| Tm°events |T events| T°/m Max BG Min BG
\Y 338+27 146+13 60 2.,4%.5 60+19 22 *8
\Y 199+15 17614 42 4.2+.7 42411 9=*4
39
AS (28in v, 40 .97+.23
i1 in V)
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with maximum background, we get

max max
= . + . - = .
Rv 18 02 Rv 40 04

with minimum background :

R™™ = 13 + .03 REM™ = 32 £ ,06

with 687 probability : 0.10 < Rv < 0.20

0.26 < RG < 0,44

Interpretation

A tentative interpretation has been made in the frame of Weinberg-
Salam model. We need a model for estimating the effects of nuclear rescat-

(3)

tering. An early attempt was made by Albright et al , who give a lower
bound for Rv, related to the cross section for the reaction e N - e_ﬂ°N',

and to the ratio of charged pions over neutral pions in the charged currents,
which has been measured in our experiment as 2,06 + .13. Another prediction
has been made by Adler(h), who has evaluated the nuclear corrections for an
Al target (for CF3Br, corrections differ by about 57). Both predictions are

shown in fig.2 as a function of sin26w

From Albright et al, we get sin 6 > 0.07
From Adler, we get sin 9 > 0.35

x b
A
.3 Adler
.2
Albright (r =
° 2



Ts0spin properties of newtral cuwvrent

The preceding results have been used to try to get informations
about the isospin properties of neutral current, i.e. to determine whether

the reaction

v(V) + N> v+ T+ N

occurs via a AT = 0 or AT = 1 transition.

1. Hypothesis : only AI = O is present

The relative rates of the possible reactions are :

for v(V) + p > v(V) +p + T° , rate = 1/3
for V(V) + p > v(V) + n + T , rate = 2/3
for V(V) + n > v(V) + p + T , rate = 2/3
for v(V) + 10 > v(V) + n + T° , rate = 1/23

and the different pions are created with the relative frequencies

ﬂ+/ﬂ°/ﬂ_ = 1/1/1, for an isoscalar target,

The final states are perturbated by reinteractions inside the

nucleus. The possible reactions are :

+ +
(a) ©°p - Tn (¢) Tn->7°p

(b) T ~ T p (d) mp~>7n

Because they are reverse reactions, we have

(a) = (c) and (b) = (d). From charge symmetry, we get (a) = (b) and
(e)

have

(d). So, after reinteractions, for a I = 1/2 final state, we still

ﬂ+/ﬂ°/n_ =1/1/1

An experimental determination of theses frequencies can allow to
check this prediction. We have seen that in the preceding analysis we have
determined the raw ratio m°/m . 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 n°/7” ratio to .9.
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The detection efficiencies for events with T° and events

with T have been determined experimentally, as 86 * 7% for T°'s

and 49 * 67 for T 's.

The results are given in table 2 :

T° T
e | PR, e | ™o | P,
NC eff, | Background NC eff. Background ﬂ°/n—(no
min min background)
v 142 | 86%77 22 60 | 49+67 22 1.4 = .2
v 152 " 9 42 " 9 2,1+ .4

Without taking account of the background, the two values gotten for

T°/T ratio are not compatible with 1, at least for V, If we substract

the minimum background, the ratios increase, since the relative back-

ground is larger in T events ; in that case the values are 1.9 * .35

for v and 2.5 * .6 for V. And if we do the crazy assumption that the

background is maximum for 7° and minimum for T , which gives the lower

+

limit obtainable for T°/m ratio, we get 1.25 * .4 for v 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 AL = O transition is

ruled out.

2 . Hypothesis : both AI = 0 and AI

= 1 transitions are

present

In that caseif A isthe amplitude for AI = O and A the

amplitude for AI =

1, it is easy to compute

m° events 2

+

that :

2
a 171830

+
m

events + T events 1+

For a pure AT = O transition, A

For a pure AI = 1 transition, A

2

1

(la, 171857

53 =

I

0 and R
0 and R

1/2
2




A measurement of the ratio R leads to the determination of the propor-

tions of AI = O and AT = 1
problems (ambiguity in the

tracks, and reinteractions

a result in a near future,

III. INCLUSIVE NEUTRAL CURRENTS

During this last year, the statistics for inclusive

has been multiplied by 3 in v, and attempts have been made for

ting the results in the frame of some theoretical models. What

measure essentially is the ratio

v (V) + N > v(V) + (identified hadrons,at least one

Robs -

amplitudes, In spite of some experimental
tdentification of the positively charged

in the nucleus) there is some hope to get

channels
interpre-

we

) EH > 1GeV

v (V)

v (V) + N+ u—(u+)+(identified hadrons, at least one

) EH > 1GeV

We do not measure absolute values of cross sections for neutral currents.

In principle, this should be feasible, but we should haveto correct for

different efficiencies, not always well known, and which disappear when

we measure only ratios. The final numbers appear in table 3 :

Neutron V contami-
pictures rough 7= BG False CC nation Corrected #

NC 183 20 163

\Y 150 K
cC 783 27 756
NC 172 14 10 148

v 325 K
cc 292 25 267

261



The ratios obtained from these numbers are Rgbs = ,22 * ,03 and

R%bs = ,55 t+ ,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 m -in fact the probability for
being a i 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 1 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 will
be used for comparison with theory, but may still change.

These results are

RS - .27 + .04
pY
caution : preliminary results
roPS 50 + .08
v

All numbers derived farther from these ratios are of course also

preliminary.

Comparison with theory

The main feature of our observed ratios is the 1 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
for V.

Starting with theoretically predicted y distributions
(y = EH/Ev)’ we have to compute ratios :

1

ﬂmz)[ @’ @y /ey oy ]as
v min
Robs _
v 1 cc
f¢(E) { do (E,y)/dy dy ]dE
y min
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where ¢$(E) is the beam energy spectrum,
dONC(EyY)/dY = theoretically predicted y distribution for NC
4oC(E,y)dy = same for CC

v . = EH min _

min 5 &

In all what follows, we will make the following general assumptions :

- scaling is valid
- 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 :

dUCC G2M E dGEC GZM E
v 2 v 2
= a) +a, (1 -1y y —— = a, -y + a,

dy m dy m

where a is related to the contribution of quarks and a, is related to the

contribution of antiquarks. a, and a, are obtained from measured slopes of

o's :
cc GZM E -38 2
o = ——= (a, +a,,,) = (.76 £ ,08)E 10 ~cm
v T 1 2/3
cc_ GME -38_ 2
oy = T (al/3 + az) = (.28 + .03)E 10 ~ cm
U t:
¢ ee 0.04
a = .48 £ .05 a, = .02 *
0.02
cCc, cC
€ = azla1 can be -evaluated more accurately from r = 00./0v = ,38 +* ,02 :

€ = .053 £ .,023



2, Parameters_for NC

If only V and A are present

NC
dOv G%‘I E

dy T

[AL + a0 - Y>2] , il = ks [AL(I - s AR]

dy T

If there is no qq sea, AL is related to the V-A contribution and

Ap to the V + A contribution. In fact, we have seen that € is not zero, and

the qE sea contributes.

The ratios of neutral to charged currents can be written as :

! AL AR )
JE 0®) aE ({ + ; (- dy

Robs _ y min (AR AL
. !
v i € 2
Jeom® dE[f o ({E +{1 a -9y
y min
We have :
obs _ _
Ry = .27 £ .04 = (.99 A + 15 AR)/ a
obs
RG = ,50 £ .08 = (.71 AL + 5.42 AR)/ a
which gives AR = .03 + .01 AL = .13 £ .02

bs

o
The determination of / and € allows to correct R —
Ap/AL v,V

for the 1 GeV cut, independently of any V_and A mixing model.

We get :

RE°"T = 1.05 x ROPS = .28 + .04 R§°rr = .76 x R%PS = .38 £ .06

3. Comparison with_some models

a) Parity conserving models

All models which predict pure V or pure A neutral currents
lead to AR = AL and ONC(\)) = ONC(\)). With GCC(\))/GCC(\J) = .38, R; must be
2.6 R\)'



We get ;

AL - AR = .10 £ ,022 , 2.6 Rv - RG = .32 £+ ,08

which is about 4 standard deviationsfrom the prediction, and we can deduce

that our results are incompatible with these models.

b) Weinberg - Salam model

. . 2
AR and AL can be expressed as functions of sin Gw,

If there is no sea :

1 . 2 . 4
AL a, [ 7 = sin Gw + 5/9 sin GW]

Ao =a .,

. 4
R 1 sin Gw

3
9
To include the contribution of qq sea required by the value € = 0.053%.023,
we have used the assumption (Ref.5) that all quarks of the sea contribute

by the same structure function. A, and AL become functions of sinzew and €,

R
and their variations are shown in fig.3, which shows also our experimental

point. The value found for sin2 ew is

. 2,
sin Gw = .28 * .05

In fig. 4 are shown the variations of szs and R%bs (taking

. . . 2
into account the 1 GeV cut) as a function of sin Gw.

The two values found for sinzew are in very good agreement.

P Pure V + A
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. . .2
In fig, 5, the values of Rv and R\7 , for given values of sin Gw,

are presented : curve (a) represents the theoretical variation corrected
. . . obs
for the 1 GeV cut, and the corresponding experimental points are Rv and

obs . P .
Rﬁ . Curve (b) represents the theoretical variation without the 1 GeV cut,

. . . . . corr
the corresponding experimental points being corrected for this cut (Rv
corr . . . .
and RU ). For comparison with other experiments, this last curve (b) has

to be used.

3 R, 4
Vv obs

As a conclusion, I like to remark that in the three different
studies of neutral currents, the results are in good agreement with the

Weinberg-Salam model, with a value of sin26w between .3 and .4.
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EXPERIMENTAL STUDIES OF NEUTRAL CURRENTS
WITH THE FERMILAB NARROW BAND NEUTRINO BEAM

ARIE BODEK

California Institute of Technology,
Pasadena, California 91125 (USA)

Abstract : The structure of the neutral current coupling
was investigated using the Fermilab narrow band neutrino
beam. The final state hadron energy distributions of
neutral current events were measured with incident
neutrino and antineutrino beams. The best fit to the
shapes and relative normalizations of the neutrino and
antineutrino distributions yields both neeative and
positive helicity contributions. The results are in
agreement with gauge theory models.

Résumé_; Nous étudions la structure du couplage du
courant neutre a l'aide du faisceau neutrino a bande
étroite de Fermilab. Nous mesurons les distributions en
energie hadronique de 1'état final pour les événements

a courant neutre, avec les faisceaux neutrino et
antineutrino.Le fit des donn€es neutrino et antineutrino,
formes et normalisations, donne les deux contributions
d'hélicité négative et positive. Les résultats sont en
accord avec les modéles de théorie de jauge.

-
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Neutrino events without a visible muon in the final state
were first gbserved in the CERN-GARGAMELLE bubble chamber
experimentl. The incident neutrino beam used in that experiment
was a low energy (Ey~1 to 5 GeV) wide band beam. Subsequently
such events were observed by other groups2 and by the Caltech-
Fermilab neutrino experiment3. The experiment used a narrow
band high energy neutrino beam4 (E,~ 50 GeV). The known peaked
energy spectrum of the incident narrow band beam was used to
establish experimentally that there was missing energy in the
muonless events. This missing energy was carried out of the
steel apparatus without interaction thus indicating that there
was a neutrino like object in the final state. The present
favored explanation for those events is that they proceed via
a neutral current (NC) interaction of the type

v(V) + N —> V (¥) + hadrons (1)
which occurs in addition to the charged current (CC) interaction
v(V) + N — ‘r(‘ﬁ) + Hadrons (2)

The neutral current reaction is expected to be mediated by
a heavy neutral boson (Zg) in analogy to the charged W bosons
mediating the charged current reaction.

The kinematic definitions in the CC and NC reactions are
almost the same except that the final state lepton is different.
The exchanged boson carries 4-momentum G . The energy transfer
to the nucleon in the laboratory is g, =V = E . The usual
Bjorken scaling variable is x = qz/ZMV where M is the nucleon
mass. The quantity y = Eh/E, is the inelasticity where E, is
the incident neutrino energy.

The narrow band beam which is sign selected (neutrinos_or
antineutrinos) and has a peaked and well understood neutrino
energy spectrum is almost essential for the investigation of
neutral current phenomena as the final state lepton is not
observed. In this kind of beam the measured Ej distributions
are directly related to the y distributions of the events. Also,
neutrino and antineutrino cross sections can be measured
separately. The narrow band beam was produced as follows.
Secondaries produced near 0 mrad by 300 GeV protons were charge
and momentum selected and focused into a parallel beam of 170

GeV central momentum. The momentum spread of the beam was +18%

(HWHM) . The secondary beam was directed down a 345 m evacuated



decay pipe in which pion and kaon two body deca¥§ (PV) produced
a neutrino spectrum in the forward direction that contained two
bands. The high“énerdy band was centered about 150 GeV (these
neutrinos originated from kaon decays), and the low energy band
was centered about 50 GeV (these neutrinos resulted . from pion
decays) .

The Caltech-Fermilab neutrino target detector is located
downstream of the decay pipe behind 500 meters of dirt and
steel shielding. The target-detector consists of 143 tons of
steel in the form of seventy slabs, each 1.5m x1.5m in area and
10 cm in thickness. Seventy scintillation counters (one after
every 10 cm of steel) are used to signal the passage of charged
particles and to measure the hadron energy using calorimetry
techniques. The hadron energy resolution5 is + 33% (rms) at
10 GeV and + 9% at 150 GeV ( it varies like l.l/JE; ). Thirty
five magnetorestrictive readout wire spark chambers (one every
20 cm of steel) monitor the final state muon trajectory in the
detector. A 1.5m diameter solid steel toroidal magnet is
located immediately downstream of the target-detector. It is in
turn followed by a large array of spark chambers and several
trigger counters. For muons traversing the magnet, the charges
and momenta are determined from the direction and magnitude of
the bend in the magnet. The muon energy is determined to + 20%
(rms) by adding the dE/dX energy loss in the target to the
energy measured by the deflection in the magnet. The apparatus
is triggered by either a muon traversing the magnet or by a
significant energy deposition in the target ( E,> 12 GeV). The
efficiency for triggering on hadron energy as a function of Ep
is shown in figure 1. It was determined by inv%Figating charged
current events which had also 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 resolution)
is clearly evident. For antineutrinos there is essentially only

one band because the kaon neutrino peak is very low. This is

due to the low cross section for the production of negative K's.
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Charged current events are characterized by the presense 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 penetratipn of about 1 meter of steel. An

example of a neutral current event candidate is shown in figure

3.
Neutral Current Interaction .
_ Figure 3: A neutral current
Figure 3
event candidate in the
NEUTRAL CURREN
EVENT Caltech-Fermilab apparatus.
ENERGY DEPOSITED SCINTILLATION .
IN CALORIMETER COUNTERS A neutrino enters from the
FIRED N . .
left, interacts well within
35 30 25_.20 15 0 5
L sean [TEAAAAAARTS e ] the steel target. There is
SIDE, .. . .
_____________ T ™ d no indication of a muon in
STEEL' TARGET (5'x &' area, 50' long) the final state, and there
SPARK CHAMBERS
il is 18.4 GeV of hadron
vBEAM ” Lond energy deposition.

A A A
MV
T ITTrTT

MAGNET

Hodron energy 184 GeV

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 scintillation counter firing) is less
than 1.5 meters of steel. Charged current events are 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 distributions from various background sources
are subtracted from the accumulated distributions.

An important subtraction is that of the wide band contribut-

—-ion. The narrow band beam contains a small wide band component
that originates from decays occuring before the final sign 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 pgnetration NC events
as the final state muons are at lower energy and larger angles.

Also, the wide band component contains both neutrinos and anti-

neutrinos. Therefore, neutral current events induced by this
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component must be subtracted if neutrino and antineutrino NC
cross-sections are to be separately measuréd. This wide band
contribution is measured by running with the momentum slit

at the entrance of the decay pipe closed, and thus eliminating
the normal high energy narrow band beam.

There are also some small corrections of opposing signs
that tend to cancell each otﬁer. These include: (1) cosmic ray
events measured in a separate off-beam cosmic ray gate. The
number of cosmic ray events was small because of the fast spill
(2 msec) accelerator beam extraction mode that was used. (2)
electron neutrino contamination in the beam. It was calculated
from the known decay modes containing electron
neutrinos in the final state. (3)long penetration hadron shower
events, vertex inefficiency and back scattering hadrons. The
sum total of these corrections was 1.9% of the final neutrino
NC signal and 9.6% of the final 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 distribution of identified long penetra-
tion charged current events and extrapolating to get the number
and energy distribution of events with a muon of large angle
and/or low energy in the final state. As will be discussed
below three radically different models were used to fit the
charged current data and all yield similar results. The final
corrected hadron energy distributions 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 used to fit
the charged current data. There are basically two quantities to
be extracted from the charged current data for use in the NC
analysis. The first is n the ratio of short penetration CC
events (mimicing NC events) to that of identified 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 is necessary in a neutral current experiment in order to
minimize the cosmic ray background.
A general expression for the charged current cross section

for a target containing equal number of protons and neutrons is

v
d2¢ G2M E\J v ) v 2y 4 oV 2)(1_ )2 . f\)( 2) z—-|
T=d =—22 FZ(X.q ) [n (X»q ) p (x,q y X,97)y (3)
Vee  m(lg?/M)
d%c M Eg Visoa?y To¥(x.q2 Y ix,q2) (1-y)2 + £°(x,q2)y2](4)
&) T 37 Fed® [Peed®) £ niGhe) AT+ £ GdDy
Ce n(l+q2/Mw)

The mass M, is assumed to be large and qz/Mi is neglected.
Model 1 : A scaling quark parton model with antiquarks and no
new particle production. This model is charge symmetric i.e.

F; = F; = Fz(x), n’=n= n(x) and pv= p’= p(x). Also, as

indicated in e-p experiments6

there are few non spin 1/2 partons
in the nucleon. We therefore set £ = f:= f(x) = 0. We assume the
following functional forms for the distributions of quarks (qg(x))
and antiquarks (a(x)) in the nucleon

alx) +d(x) =  Fy(x)ed (5)

J(x) =05 F,(x)ed e (6)
where F2(x)ed is from electron deuteron scattering. Since there
is no new particle production in model 1 F2(x) = F2(x)ed and
n(x) + p(x) = 1 . Here Fz(x)n(x) = g(x) and F3(x)p(x) ='a(x).
We fit to one unknown parameter of ignorance A or equivalently

the fraction of antiquarks « where
o= [Geoax/ [lax)+G)ax , 0.0 €xX<0.5 .

Most of the sensitivitly to ® comes from the antineutrino data.
Note that the interpertation of & as an antiquark fraction
should be taken with caution as the result for &« will somewhat
depend on the assumed functional form for E(x). The best fit to
the charged current data yields a surprisingly large & with
! = 0.27;8:%; . There is indication in that data that o may
be energy dependent (i.e. a violation of scaling), and in model
2 we let ¥ be a function of energy.
Model 2: A quark parton model as is model 1, but it is non-
scaling as the fraction of antiquarks « is allowed to vary
with energy. The 50 GeV band and the 150 GeV band are fitted

separately.



dl = 0.l7;8:%§. And the few anti-

-0.15
+0.18 °

At 50 GeV the best fit is
neutrino events at 150 GeV yield the value QE = 0.32
Model 3: Barnett'sB
cle production. In this model a new quark doublet(g) is coupled

quark parton model which includes new parti-

to the normal (;) quarks via a V+A current. The fraction of
antiquarks &t is fixed at 0.06 (to fit low energy electroproduc-
tion data and low energy neutrino data) and the flattening of
the y distribution for antinuetrinos at high energies is due to
a u —» B V+A current which occurs in addition to the usual
u—>d V-A current. At high, but not too high, energies there
is a viclation of charge symmetry as the mass 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 mass of the B quark. We have
taken the mass of the T quark to be so high such that it can
be neglected. In that case, the structure functions for neutrino
scattering are the same as in model 1 ( but withet= 0.06). For
antineutrino scattering we now have an increase of the cross
section due to the turnon of a new threshold. This violation 6f
charge symmetery occurs only at large y and small x because
the mass of the B quark introduces a modification to the scaling
variable x. In this model
F;(x,qz)ﬁﬂx,qz) = a(x) + g(x + M%/(ZME?y))
fz(x,qz)ﬂﬁx,qz) = g(x)
where g(x) is defined with eol= 0.06 . The data is fit to one
unknown parameter which is the mass of the B gquark (MB)' The
best fit to the data is MB =5+ 1.5 GeV.

It turns out that the three models (with the parameters that
fit the data) give the same number for \( the fraction of CC
events mimidﬁng a NC signal). For antineutrinos the value of n»
is 12.5% . For neutrinos f#] is 26%

For the flux normalizations we use all identified CC events
in conjunction with the cross sections predicted by the three
different models. For the 50 GeV band the models yield very
similar cross sections and hence very similar fluxes. They vary
substantkjy for the 150 GeV band. However, since the number of
150 GeV V events is small, the variation is not important. It is

included in the systematic errors ( see table 2)



We now proceed to fit the corrected and normalized En final
state hadron energy distributions for v and Y neutral current
events (see figure 4) . A general expression for the NC cross
sections which relies only on hermeticity is

G?M E
=2 F (x’qZ) &N(x,qz) + SP(x’q,z)(l_y)z + gF(x,qz)]
<d"d 1r(1+q2/M§)2 2

GZM E
2
= —Y _ F (%,92) [gP(x,9%) + gN(x,q®) (1-y)" + gF(x,q?)]
(dxd> 1T(1+q2/M2 2 "2 F:

Here g is the neutral current coupling constafht- ( in units of
G2). The assumptions made in the analysis are the following:
M, is very large such &hatzqz/Mg can be neglected; scaling;
and'Fz(x) = Fz(x)ed. Also, since the final state neutrino is
not observed, the measured cross sections are integrated over

all x. Therefore define

=IF2(x)dx , N = _[N(x)dx , P = fPEﬁx)dx, F =/F(x)dx

then

GME 2
( ) - — Y g [gN+ gp(1-y° + FyZ]
Ne

G2M E
,é_'. = ¥ q [gp+ Na-y 2 + Fy?]
dy Ne T
where N is the negative helicity contribution, P is the positive

helicity contribution and F is the helicity flip contribution’.
The table below shows how various helicity terms in the y
distribution can arise from various space time structures of the
neutral current coupling. Note that the V-A and V+A currents
yield differént y distributions for scattering from quarks vers;s
scattering from antiquarks, while the scalar (S), pseudoscalar
(P) and tensor (T) couplings do not differentiate between quarks
and antiquarks. In a scaling model‘a)yzﬂterm 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 g mimic any V,A y distributions. The present

data rules out any pure y2

distribution. 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=0 and do a

two parameter fit that only includes P and N terms. The results



Reaction Current

vV-aA V+A V,A S,P T
J - g flat | (1-y)? | 1+(1-y)2 y? (2-y)2
v -3 (1-y)2[f1at | 14(1-y)2 | y2 (2-y)2
J -q (1-y)2[f1at | 1+(1-y)2 | 2 (2-y)2
-3 flat [(1-y)2 | 14(1-y)2 | y2 (2-y)2

Table 1.
of the fit are shown in figure 5.

0.5
(O]
Z 04
W g
Z 3 0.3~
E 3%
3 >
o - 02
a O
w o,
I
I ) y, 1
0 0.l 0.2 0.3 0.4 0.5

g, NEGATIVE HELICITY COUPLING

Figure 5: Two parameter contours for the best fit for the
negative and positive helicity neutral current
couplings.

The results are ( including systematic errors in parenthesis)

gP = 0.11 + 0.04 ( + 0.02)

gN = 0.19 + 0.02 ( + 0.02)
or defining P+N = 1 we get

g =20.30 +0.04 ( +0.02) and P = 0.36 + 0.09 (+0.04)

The systematic errors include the variations obtained when the
three models for the charged current data were used to get the
short penetration CC background in the NC signal and the flux
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normalizations. These variations are shown in the table below.

CC model Ignorance /XZ Extracted NC results
Parameter g9 3
. _ -0.13
I Scaling A= 0.27,5705 |18-6 0.30+0.03(0.36+0.09
. _ -0.11
11 Non-Scaling d‘— 0.l7+0_13
15.8 0.3040.03]0.39+0.09
_ -0.15
d,= 0.32757 73
III B-quark
i A=0.06 | Mp= 5+ 1.5 GeVv|20 0.32+40.04{0.3340.09
Table 2.

The data favor both positive and negative helicity terms. The
results give the strength and fraction of positive and negative
helcity in the neutral current data. For example, a vector-
like ( or axial vector) theory predicts equal amount of
positive and negative helicity contributions. The data is within
1.5 standard deviations of a vector-like theory line.

In a V,A theory a positive helicity term can come from a
V-A current on antiquarks as well as a V+A current on quarks.
In particular, if g_ and g4 are the V-A and V+A couplings and

the antiquark fraction is ol then

gN =g_(1-o) + g3

gP = g-o + gy (1 -
Note that the neutral current is diagonal, so no new quarks can
be produced. Therefore, only antiquarks can affect the y
distributions, but an existence of a B quark has no effect.
Figure 6 shows the g_ and g4+ values that are obtained with the
two assumptions o= 0.06 and &= 0.17 .

In the single parameter Weinberg mode110 g+ and g- are

described in terms of a single angle ©Ww where

g_ = (1/2) sin2@,+ (5/9) sini@,

(5/9) sinig,

g+

As can be seen in figure 6, the data &re in agreement with the

predictions of the single parameter model with sinzsbm 0.35 .
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Figure 6: The g_ and g; ( V-A and V+A ) neutral current

coupling strengths obtained with two assumptions
for the fraction of antiquarks. Predictions of the
Weinberg-Salam model and simple vector-like
theories are shown for comparison.
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In conclusion, the best fit to the neutral current data
lies between V-A and V. The best fit is within 1.5 standard
deviations of pure V ( or pure A) and is also about 1.5
standard deviations from V-A ( this last number is somewhat
dependent on the amount of antiquarks in the nucleon). The
results for the V-A and V+A coupling strengths g. and g+ are
reasonably insensitive to the fraction of antiquarks (see
figure 6) and are well described by the single parameter
Weinberg-Salam model both in magnitude and in the V-A and
V+A mixing parameter with sin26a~ 0.3- 0.4. The best results
for O are still being determined.

Further analysis and mare data will yield information on
possible S, P or T contributions and on whether the neutral
current cross sections rise lineraly with the incident neutrino
energy. The latter can be studied by varying the relative flux
in the high energy band ( Jk neutrinos) versus the flux in the
low energy band (Vs neutrinos). This can be accomplished by
steering the beam and thus varying the decay angle that is
vieweéd by the neutrino 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 OF EXCLUSIVE NEUTRAL CUR&ENT REACTIONS
AND SEARCH FOR ue-PAIRS AT BNL

K. GouLIANOS"
The Rockefeller University
New York, N. Y. 10021 (USA)

kS

Abstract : We describe briefly the Columbia-I11inois-Rockefeller
neutrino experiment being performed at the AGS of Brookhaven
National Laboratory, and we present results on single m° produc-
tion by charged and neutral currents, on neutrino-proton elastic
scattering, and on muon-electron pair production by muon neutrinos.
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We report on an experimental study of the following neutrino-induced
reactions:

a) Single 7° production by charged and neutral currents,
+ = + N' + 0
v, N> vu(u Y+ N +m (1)
b) Neutrino-proton elastic scattering,
+ +
vyt Py P (2)
¢) Muon-electron pair production,
vy +N->u+ e+ anything (3)

The study was conducted at the Brookhaven AGS using a 26-ton spark-
chamber/scintillation-counter detector, Figure 1, placed in a neutrino beam
as shown schematically in Figure 2. The AGS was operated in the fast ex-
traction mode so that each pulse consisted of 12 rf bunches separated by
220 nsec. The time of arrival of fast muons at the detector is shown in
Figure 3. The width of the rf bunches is 20 = 24 nsec. The time structure

of the pulse was used to separate out neutron-induced events.

i 14 plates (1"x8'x8' Ag) 21 plates
i 3" Tig.scint.
l 3/8" plastic scint.
10 spark chamber modules

Each module: 7 A% plates 1/4"x6'x6' 0.5 radiation lengths

0.175 collision lengths

FIG. 1 - Schematic Diagram of Neutrino Detector
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Focusing ,L— 100' —N:E’;i
N
remd @0 O

/ . Neutrino
150' 100’ 6 Fe Detector
Shield

Drift space Iron shield

To reduce neutron background:

(i) No materials near the detector
(i) & Tlarge
(ii4) Time-of-flight measurement

FIG. 2 - Beam-Tine Arrangement (not to scale)

Plneutron)
GeV/c

[0} 10 20 30
At (nsec) over 50'

FIG. 3 - (a) Time structure of the beam (b) Time of arrival of neutrons
originating in the shield 50' upstream of the detector.
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Approximately 750,000 v and 550,000 v pictures were taken. This report
deals only with the neutrino pictures. The neutrino energy spectrum at the
detector is shown in Figure 4. At an average beam intensity of 3 x ]0]2
protons/pulse and for six tons of 4' x 4' fiducial detector mass, the ex-

pected number of charged-current events is as follows (before corrections

for detection efficiency):

. Cross - section Number of events
Reaction
(o x ]038 on?) (expected)

5 +N>uX 0.8 x Ev(GEV) 22.5K (1.7K for Ev > 4 GeV)
vt N up 0.8 6.5k (75% for 0.5<E <2.5 GeV)
vt uwpm 0.2 1.6K
ve(Gé) + N> e (ef) X 60 (~0.3% of v events)

The results presented in this report for reactions (1), (2), and (3) are

based on about 65%, 15% and 50% of the data, respectively.



I. Single m° production by charged and neutral currents.

The study of single m° production by neutrinos, reaction (1), is moti-
vated by the interest in probing the isospin structure of the neutral
current (N.C.) interaction. The isospin of the Nr® final state may have
the value of 1/2 or 3/2, while the initial nucleon has I = 1/2. Thus, the
change in isospin is AI = 0, 1, or 2 corresponding to isoscalar, isovector,
or isotensor interaction. For charged currents (C.C.), Al = 0 is forbidden
since |A13| = 1. Recent results of the Argonne-Perdue co]]aboration] are
consistent with a pure isovector transition, AI = 1. These results show

that the Nw°® final state is dominated by A(1232) production, I = 3/2.

Specifically, it is found that

|A1/As| = 0.78"0+13 for c.c. (4)

where Ay 3 are the amplitudes of the I =1/2, 3/2 final state. Thus, about
2/3 of the pr® events in the C.C. case belong to the A(1232) resonance.
In the N.C. case, the questions of interest are:
a) Is there A(1232) excitation?

b) If "yes", what is the value of the ratio

a(vn > nr®) + o{vp » pr’) (5)
2 a(vn > u pr°)

RO =

evaluated for masses of the Nm® system in the vicinity of the

A(1232) resonance?
Observation of a A(1232) peak would establish the presence of an isovector
piece in the neutral current interaction. The value of R0 could then be
used to test specific gauge models, e.g., the Weinberg-Salam model.

Detailed theoretical predictions of weak soft pion production have

been reviewed recently by S. Ad]erz. These predictions include the effects
of pion charge exchange inside the AL or C nucleus which alter severely the
value of RO. Preliminary results of this experiment on the value of Ro'
(value of R0 in our aluminum-carbon detector) were reported at the 1975

Paris Conference3.
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From -65% of the data, we now have obtained 536 C.C. and 170 N.C.
events, yielding the value

= (NC) - (0.095 £ 0.02) (€C) _ 17,003 ()

°  (1.2+0.) [1.095 (cc)]

The evaluation of RO' takes into account two major corrections to the raw
data:
(i) In 9.5 + 2% of the C.C. events the muon is at a wide angle and
is not seen in the spark chambers. These events are included in the
raw N.C. count and must be subtracted.
(ii) The detection efficiency for nn® events is 0.4 + 0.1 and for N.C.
pr® events (no muon!) is 0.8. Therefore, the factor 2 in the denomi-
nator-of eq. (5) is replaced by 1.2 + 0.1 in eq. (6).
Figure 5 shows our result for RO' plotted against the prediction2 of the
Weinberg-Salam model for an aluminum-carbon target. In evaluating the
charge exchange effects, we have taken the n+/n° ratio in the C.C. case to

be equal to 3.9, as calculated from the Argonne-Perdue result given in eq.(4).

0.8
R (vn= vnw°)+ (vp— vp7°)

-\ 2(vn—p-pw°)

0.6 ,
Ro =0.63 Ro
0.4
0.2 p--=mmmmmm oo ;
[ R R SR I B R
0 05 10

Sin2 §,, —>
FIG. 5 - Values of R0 and Ro' (for AL + C) versus the Weinberg-Salam angle.
The dotted 1ines correspond to our experimental result for RO'
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From Figure 5 we obtain

sinzew = 0.48 + 0.08 (7)
This result, however, is meaningful only if the mass distribution of the Nm°
system is that predicted by the model. Figure 6 shows the charged and neu-
tral current pn® mass distributions for a selected sample of events within
the following cuts: Bp < 70° , pp > 550 MeV/c , 250 < Pro < 800 MeV/c .
This selection is necessary in order to insure high detection efficiency and
minimize the effects of Fermi motion. A pure A(1232) distribution is also
shown for comparison. Both charged and neutral current distributions show
an enhancement in the A(1232) region and, within statistics, they are not
different from each other. We conclude that our present experimental re-
sult does not exclude the existence of an isovector piece in the N.C. inter-
action, in general, and is not incompatible with the Weinberg-Salam model,

in particular.

NC cc
]
]
|
|
1
i
|
1 30 +— -
0 Pure A(1232)
|
- »
: ~—— CC: y,+N— p~+ N+ 70
n = (o H
< ! 70 events
o l
> — 20 -
@ 1— NC: Yt N==y,+ N'* 7°
kS = Lo 59 events
5 s ‘.
o 5+ i ~) R
€ bl 8p < 70°
= 7ok P Pp > 550 Mev/c
]
= | 250< p,e< 800 MeV/c
]
L
]
1
]
.
]
|
Lo
0 1.5 20 25

M2 (pmo) — Gev?

FIG. 6 - Mass spectrum of the pn® final state
for charged and neutral currents.
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II. Neutrino-proton elastic scattering.

We have scanned about 120,000 pictures for quasi-elastic events,
+ T+
v, tnou p (8)

and for neutrino-proton elastic scattering events, reaction (2). Our
scanning definitions for "muon" and "proton" were:

muon : straight track >2 collision lengths
OR exiting straight track
OR stopping track with visible multiple scattering

proton: stopping straight track with range between 2" and
20" of AL.

The time of flight of the events found is shown in Figure 7. The quasi-
elastic events are all concentrated around t = 0 * 12 nsec while the "elastic"
ones contain a large number of flat off-time background above which a prompt
peak is clearly visible. We believe that the flat background is caused by
neutrons which yield protons by charge exchange. In fact, most of the off-
time events are low energy protons entering from the top of the apparatus
(neutron "sky-shine"). By removing events which originate at the top half
or within 1.5 feet from the right or lTeft edge of the chambers and point
down, and by requiring pp > 550 MeV/c (range > 3" Ag) and 25° < Bp < 70° (most
of the neutrino events are at angles larger than 25°) we obtain the hatched
histograms of Figure 7. The off-time events have been reduced uniformly by
about a factor of 10 while only about 60% of the "signal" was lost. There are
39 prompt events within the time bin indicated by the markers in Figure 7a.
After making a "flat" background subtraction we are left with 25 + 6 candi-
dates for the elastic vup scattering process to be compared with 69 + 8
candidates for the quasi-elastic process, reaction (8).

These numbers must be corrected for contamination from partially visible
final states of neutrino induced reactions which simulate elastic or quasi-
elastic scattering. The largest correction comes from our estimate that in
about 8 + 2% of the quasi-elastic events the muon is at such a wide angle
(90° + 15°) that it is not visible in the apparatus. Thus, about 6 + 1.5

events must be added to the quasi-elastic ones and the same number must be
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surviving the following cuts:
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subtracted from the elastic. These events are induced by low energy neutri-
nos, 0.5 < Ev < 1 GeV, and the error is mainly due to the uncertainty in the
low energy neutrino spectrum. In addition to the wide-angle muon correction,
there are several inelastic neutrino reactions that contribute to the prompt
signal. These are listed in Table I along with the estimated number of

events they contribute to our sample.

W_L

I0F
5 o (C) On-time events
{g O _:}::I::L_J
S !
> 5F (b) Protons from quasi-elastic
— - _]_‘_l events
1S)
6 O - | 1 L 1 J
Fe}
§
Z 10f (a) Muons
5 -
O T I O N S R B | Fi .
g.8 Pulse height
0rz2a34567s8 distributions

Pulse height (arb.units)

TABLE I - Estimated number of events from neutrino induced
inelastic reactions simulating u"p and vup final states.

WP vents e e 1
uop(r?) 2.7 p(m®) 0.5 0.5
wrt(n) 5.7 7 (n) 3.0 0.7
Wt (p) 4.5 7 (p) 1.0 0.2
Total no. 12.9 Total number 4.5 1.4

In estimating these numbers we start from our measured rates for

yn > wpr® and P pr® , and calculate the 7% production rates using
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isotopic spin symwetry. In the case of charged currents we make use of

Eq. 4, while for N.C. we conside; the two extreme possibilities of I =1/2
and I = 3/2 nN final states. In order for the inelastic reaction to simu-
late the (quasi) elastic one, the particle in parenthesis must not be seen
in the apparatus while the additional hadron must meet the criteria of a
"proton" as defined previously. We estimate the probabilities of occur-
rence of this combination using our knowledge of the distributions for the
u (or vu)pn° final states, of the distributions for the C.C. reactions',

and of the interaction properties of pions in aluminum and carbon. The
pulse height spectra shown in Figure 8 are consistent with the small number
of pion background given in Table I and incompatible with a much larger pion
contamination. By subtracting the "background" given in Table I from the
corresponding C.C. and N.C. events obtained from Figure 7, and by making the
wide angle muon correction mentioned above, we obtain 14+ 6 < Nog <17+6
and 62+9 events for the elastic and quasi-elastic channels, respectively.

We conclude that we have observed elastic vup scattering at the rate of

a(v p > v p)
=—HB- MW <0.27 +0.1 (9)

0.22 + 0.1 <R u" o
€ o(v,n>up)

2
in the g2 range of 0.3 < q% < 1 (GeV/c)?2.

III. Muon-electron pair production.

We have made a systematic study of all events containing a shower,
searching for muon-electron pair candidates. Such events have been reported
by the Gargamelle collaboration and by two experiments using the Fermilab
15' bubble chamber (talks given at this conference). Currently there is
great interest in this type of events because the electron may be associated
with the decay of a charmed particle produced in neutrino interactions. But
aside from this possibility, we-pairs, like the dimuon events observed at
Fermilab, signal new particle production.

A ue - candidate, found among a sample of our neutrino events in 1975,

is shown in Figure 9.
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FIG. 9 - Muon-electron pair candidate.
The "muon" traverses about 3.5 collision lengths of material without visible
interaction before exiting, while the "electron" shower is contained in the
apparatus and has an estimated energy of about 1.7 GeV. Such an event, if

not a genuine pe-pair, could be produced by the following two "normal"

reactions:
(a) v + N>y + 1% (+"electron" shower) + ....

(b) ve(Gé) +N>re+n (=) + ...

(10)

In about one-half of our pictures, corresponding to ~ 14,500 neutrino
events, we observed -~ 400 showers with energy 2 200 MeV. In order to enrich
this sample in "electrons" of the type shown in Figure 9, we made the fol-

Towing selection on the basis of the characteristics of the shower:

(i) Energy of shower > 500 MeV (50 sparks)

(i) Shower should have at least three single sparks in a straight
line (~0.2 rad lengths) before multiple sparking occurs.

"e-type" shower

— —— — ——

1
|



(Cl) 40 [ e-type events (75)
60% < 4gaps
1I8% > Ir.l.

2y events (sample)
30% < 4 gaps
37% > 1r.l.

NI wrllrardll
4 2 20 28 36 44

Conversion distance in gaps
(Il gaps =1 rad. length)

FIG. 10 - Conversion distance (origin of shower from vertex) distribution
for (a) e-type events and (b) true y-shower events.

The selected events are plotted in Figure 10a as a function of the con-
version distance, i.e., the number of gaps from the vertex to the beginning
of the shower. Figure 10b shows the conversion distance of true y-showers
obtained from a sample of events with two y's. It is evident that the se-
lected e-type events convert closer to the vertex as expected of a sample
enriched in electrons. In particular, we estimate that the first bin (54 gaps)
contains ~ 65% of electrons.

In Figure 11a we plot the energy of the shower in number of sparks
(~10 MeV/spark) versus the collision lengths traversed by the “muon" for the
e-type events converting within the first three gaps from the vertex. We
estimate that among the 37 events shown here there are -~ 10 y-showers, the
remaining 27 being genuine electrons. This number is consistent with the

expected number of inelastic events induced by ve(Gé). A similar plot is
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shown in Figure 11b for non e-type ly events.

e-type < 4gaps b (b) ¥ (non e-type)
. 37 events (~27 electrons) | ® :* 137 events
: *
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FIG. 11 -

by "muon"

Energy of "electron" versus visible collision lengths traversed
(a) for e-type events converting within the first 3 gaps
and (b) for non e-type one shower events.

From 137 events plotted here, only two are in the region

Ee (energy of electron) > 150 sparks ( ~1.5 GeV)

(M)

Ru (range of muon) > 3 C.L. (collision lengths)

as compared to four events
Thus, the number of events
attributed to reaction 10a
greater than 150 sparks in
reaction 10b with the pion

collision lengths.

in Figure 11a out of an estimated 10 y-showers.

in region (11) of Figure 11a due to y-showers

is

~0.15.

From the 15 e-type events with energy

Figure 1la, we estimate that ~ 0.35 may be due to

either decaying early or punching through three

Thus, the total number of background events due to

processes 10a,b in region (11) of Figure 11a is expected to be at most 0.5

and the number of events found in this region is four.

It is unlikely, then,

that these 4 events are produced by reactions 10a,b and hence they could be

genuine ype- pairs signaling the production of.a new particle(s) in neutrino



interactions. If this preliminary conclusion is substantiated by the analy-
sis of the rest of our pictures, it will be of interest that the we- pairs
selected by our Ee > 500 MeV cut are not associated with V's which would

signal the simultaneous production of strange particles as is the case with

the Gargamelle events.
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EIGHT QUESTIONS YOU MAY ASK ON NEUTRAL CURRENTS
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Abstract : The properties of weak neutral currents are reviewed from
a phenomenological point of view. Some crucial experiments are sug-
gested.

Résumé : Les propriétés des courants neutres sont revues d'un point

de vue phénoménologique. Quelques expériences cruciales sont suggé-
rées.
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g



300

Nearly six months ago, I gave a series of lectures at the DESY Summer
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 will eventually be published in the Proceedings of the
Summer Institute. When I decided to participaté in the Rencontre, I was hop-
ing that there would be much progress in the subject 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 will be presented by the experimental speakers). Since the experts can
study 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 subject, I omit the names and references
since a fairly complete bibliography can be found in my DESY Summer Institute
paper.

In a conference dominated by the supergtars 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 1 : WHY ARE NEUTRAL CURRENTS INTERESTING ?

To most theorists neutral currents are interesting because their
discovery 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 :
— + —
v+ v>W + W (1.1)

would go like s. To me, however, neutral currents are interesting because
they represent genuinely new phenomena. Until 1973, much of weak interaction
physics could be visualized as being based on Fermi's 1933 Lagrangian with

only minor modifications :

(1) Change V to V-A.
(ii) Change p and n to u and dC (= d cos ec + s sin ec).
(iii) Double the number of leptons :



With the advent of neutral currents some major modifications are
needed ! After 40 years of physics with neutrinos, something qualitatively
new is finally happening. Whenever we have genuinely new phenomena, it is
profitable to study 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 is to triumph ulti-
mately, there are now many gauge models that make very different predictions
on neutral currents ; for example, so-called vector models are very diffe-
rent from the Weinberg-Salam model, which, with the currently accepted value
of sin? Gw is mostly axial vector. Once a phenomenological framework is
given, it becomes easier to compare your favorite model with your competitor

's in an objective 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 experiment". This is appropriate

because the reaction under consideration is
"invisible particle" + N - "invisible particle'" + hadrons (2.1)

It is now almost certain that the initial invisible particle is v
from 7 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 effect. Neutral cur-
rent events werg induced by the ANL neutrino 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)

L° > Vv +V +v

Conversely, it is amusing to speculate that the production of

charmed meson pairs by AC = 0 neutral-current interaction :

v+ N->v+D°+D°+ other hadrons

R+ 7" (2.3)

- - +
v+pu +K

may contaminate the charged current sample.

Even if the final "invisible" particle turns out to be a massless
neutrino, it is still worth examining whether the final neutrino is of the
same kind as the initial neutrino. This question of neutrino identity can,

in principle, be settled by performing :
:)_+e > V' + e (2.4)

at lgg.(reactor) energies. First, note that this reaction occurs with

v' = ;e even in the old V-A charged-current theory since 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 studying whether the two diagrams
interfere. Quite generally, if the neutral current interaction is of the

V,A type, the energy distribution of the final electron is given by

do _ Z [ _ N 2 _ -
T " (2G°m /m) (A + B(1 = E/E )" - Cam_ E/hvj (2.95)

To test neutrino identity we examine how A, B and C are related

C2 =AB if V' o=V
(2.6)

c?2 = A(B-1) if V' #

As for semileptonic reactions, we may test the identity or noniden-—
tity of the initial and final neutrinos in the following way. Suppose the
initial and final neutrinos are the same. Then the space and time components
of the hadronic neutral current must necessarily be Hermitian, i.e. if we

write the Intecactlion as :



£ i Vo, (v g, (2.7)
we must have
J=J,J;=J (2.8)

On the other hand, if the initial and final neutrinos are diffe-
rent, the current need not be Hermitian. An immediate consequence of the

Hermiticity requirement is that

v+ I>vVv+F (2.9.a)

V+I+V+F (2.9.b)

are characterized by the same current matrix element < FIJAII >. This does
not necessarily mean that the two cross sections are equal because of VA
interference which changes sign as we go fromv to v. We can, however, spe-

cialize to the configurations in which VA interference must vanish just by

kinematics

(a) q2 -+ 0 with W (final hadronic mass) fixed (exclusive reaction)
(b) Ev > @ with W fixed (exclusive reaction)

(c) v = qz/ZmEv > 0ory= l—Ej/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
Hermitian, 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
unusually 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 just 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 following specific predictions.

(1) Neutral current processes are parity conserving (pure V).
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(ii) Apart from the absence of the 1/q% factor in the cross section,
the final states in the neutral current processes are the same as in elec-

troproduction.

(iii) There is no neutral current effect observable in processes not

. . . + -+ - - -
involving neutrinos, e.g. e + e > pu +HW , U + p~>u + hadrons.

The main difficulty 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 section by a factor of

2o anG/m]

QUESTION 3 : IS SPT RULED OUT ?

If we approach the subject of neutral currents without theoretical
prejudices, we should not discard the possibility that covariants other than
V and A are involved in neutral current processes. Actually, when we say
"neutral currents', we are already prejudiced in favor of V and/or A. We
should really say, 'meutral density".

As is well known, the covariants wv, ;§5v and GbAIv connect states
of opposite helicity. The neutrinos used in accelerator neutrino experiments
are left-handed because they come from n+'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 condition, but so what ? The two-
component condition 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 simple case of
v e and Gﬁe scattering. If we have the most general combination of V and A,

u
the y distribution can be written as

V and/or A : CL + CR(l—y)Z, c. 20, C_,20 (3.1)

L R

The main point is that we always have a distribution that does not
rise with increasing y. The situation is very different with SPT. When we

have S and/or P, we get a y distribution that rises quadratically

S and/or P : y2 (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 falling distribution
T : l-y+ y2/2 (3.3)
and ST or PT interference that changes sign as we go from v to ;-goes like
ST or PT interference : y(2-y) (3.4)

exactly the same as the y dependence of VA interference.
If we now turn to semileptonic inclusive reactions

— —)
SN -9 any : (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 v,e and ;Le scattering can be shown to survive. In particular,
we have what is known as the "Confusion Theorem"

"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".

Experimentally 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 E distributions are expected. By stu-

had

dying the E distributions both the Harward-Pennsylvania-Wisconsin group

and the Cal:ZSh group have found that a y distribution that goes like y? 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 astrophysical argument has been advanced
against a sizable tensor interaction in neutral currents by, Ruderman and
collaborators. Their reasoning goes as follows. Suppose we have a tensor-type

interaction. We then expect a finite magnetic moment for a neutrino due to

Figure 1, which gives

26
2
b= — ln(é\— (3.6)
VZ [

where GT is the tensor-type coupling constant defined by

26, _ _
75— Vo, WG % . L) (3.7)
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FIGURE T

Note that % can also be a "quark'. Now a photon in astrophysical

plasma can be visualized as having a small effective mass
m 2 =huw (3.8)

where w_ is the plasma frequency. With a finite 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 F vy .
plasma photon vy (3.9)
implies that the cooling 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 2% 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
(mz/mu) n (A/mu) 26 (3.10)

Then the astrophysical cooling time inferred from the distribution

of white dwarfs implies
GT/G < 1/15 (3.11)

which is too small to account for the observed 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 structure of neutral currents under the more orthodox assumption
that only V and A are involved.

To start with let us review what we expect on the basis of the most
naive version of quark parton models. When the antiquark content within the
nucleon is ignored, we have the following well-known predictions for the y

distributionin deep inelastic reactions.

V-A : 1 for v, (l-y)2 for V
2 -
V+A i (l-y)” for v, 1 for v (4.1)
1 2
pure V/pure A : 7 [1 + (1-y) J for both

The famous l-to-3 ratio for o(v*u_)/o(3+u+) readily follows upon

integration :
1
2
J a-n®ay
o _ 1
1 = 3 (4.2)
| ay
o]

The neutral-to-charged current ratio usually quoted in the litera-
ture refers to
) -
U(U+N BN hadrons)

= — — (4.3)
U(viN - u S0 + hadrons)

where N stands for the average of proton and neutron. In terms of these ra-

tios, we have

(4.4)

i

pure V/pure A : R L R
3y

Having stated what we expect on the basis of the naive quark parton
model, I now would like to make a few cautionary remarks. At Gargamelle ener-
gies, a substantial fraction of events is eliminated by energy cuts ; when

the experimentalists accept only events with E > 1 GeV, the v-to-v ratio

had
for the charged-current case is no longer 1/3 but more like 0.25, which means
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that the pure V/pure A prediction. should be more like Rv: (1/4)R_. At Fermi-
lab energies, we must take account of the famous y distribution %nomaly and
the v—to~v ratio anomaly in the charged-current data reported by the HPW
collaboration.

To be specific, let us suppose that the y distribution for the neu-
tral ~ current v data is not flat but has a nonvanishing (l—y)2 component .

This can be due to two reasons.

(1) The basic current is still 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 effects a careful analysis of 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 ¢’ dependent scaling viola-
tions.

With these cautionary remarks in mind, you are invited to look at
the latest experimental data reported by Mme Brisson (Gargamelle) and Bodek
(Caltech). As far as I can see, both groups find that the best fit is some-
where between pure V/pure A and V-A. The Gargamelle Collaboration is closer
to V-A than to pure V/pure A while the Caltech group is closer to pure V/
pure A than to V-A. It is 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 simply via isospin rotations, we can derive clean relations
just based on isospin invariance. Suppose the hadronic part of neutral cur-
rents is pure isovector and is related to the charged current via simple iso-

spin rotations. The relevant interaction is given by :
. L1+i2 .1-12
L = (6/V2) {[MJY)\(U‘YS) v Gy +dg H.C.]
.- .3 .3
+ vy, (v v (vy d5 + ay JS)\)} (4.5)

where vy and ay are the vector and axial vector coupling constants. In such
a model, with the additional 'chiral symmetry'" assumption that the vector

and axial vector contributions to the charged-current reactions are equal,
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we can readily derive :

g (v+v) + a(V*V)

(v% + a%) = (4.6.a)

e

alvu ) + 0(;;u+)

% v a = 2Qv) - o) (4.6.b)

= — ¥
olvu ) = a(vou)
where o(v*v) stands 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 simple 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

2 a(v>v) + a (V)

2 1 2 2y o
3 * a3) * 9 (Vs *ag) =

. (4.7.a)

L (v
4 o(v+u_) + 0(34U+)

%v a, + 93 v oa =-20mzy) o) (4.7.b)

oy - o)

where the isoscalar constants vy and a_ are defined by

et .5 .S
{ isosc = (G/V2) 1vyx(1+Y5) v (vS iy +ag Jsx) (4.8)
NEE R X (4.9.a)
J)\_S uY)‘u YA e ’. .
T Y TR VR RS (4.9.b)
Isn T3 UMTs 1\ Y5 <7

I have tried to present a general framework for discussing the deep
inelastic reactions without commitment to particular models. If we so desire,
we can, of course, easily specialize to any of your favorite models. For exam-
ple, for the one-parameter Weinberg-Salam model, just set

v, =1-2 sin® § a, =1

%)
(4.10)

= - gin? =
v sin‘ 6 a =0
%)
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

|a3| = 1 (4.11)
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with a small vector pgrt. This is often taken as evidence in favor of the
vp=Salam model, the simplest (one-parameter) version of which requi-
res a, to be unity.

From a move general point of view, however, the same data also

admit a "vootor cfouinant solutien" such that

vyl =1 (4.12)

with a small axial-vector part. Using the inclusive data alone, it is impos-—
sible 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

channels - e.g. diffractive production of A, and p, to which I'll come back

1
later. Another way is to look for a low energy transition which selects A

or V only. For instance, the reaction
V+D>Vv+n+p (4.13)

at low (reactor) energies directly measures the strength of the isovgctor
axial part of the neutral current.

There are now several models that predict 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 simply

test :
do(v+I »v+F) = do (v+I> V+F) (4.14)

between any pair of initial and final states. The target I need not be iso-
scalar ; the reaction can be exclusive or inclusive ; the cross section can
be differential or integrated ; you may apply any angular or energy cut as
long as the same cuts are applied to both sides. The equality (4.14) is a
rigorous consequence of Hermiticity and absence of VA interference. Obviously
the fact that such an equality relation is satisfied for some reaction does
not prove that the interaction is pure vector ér pure axial vector. It is

most informatiwe 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)lﬁPROPERTIES OF THE
HADRONIC NEUTRAL CURRENT ?

The hadronic part of the neutral currents is nonstrange (S = 0) ;

in addition Q = B = 0, of course. So just from the Gell-Mann-Niahijima rule



we have

I.=Q-22=0 (5.1)

1=01, 2, ... (5.2)

We are prejudiced against I = 2 or higher because (i) it is diffi-
cult to make a bilinear current with I > 2 using quark fields, and (ii) there
is no evidence for I > 2 currents in the electromagnetic 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>v+ T +op, v+ 4
(5.3)

v+n->v+7n®+n, v+ +p

If the current is pure isoscalar, only I = 1/2 N final states are

possible. So we expect
a(n°p) 0(n+n) : o(nr®n) : o(ﬂ_p) =1:2:1:2 (5.4)

If the current is isovector, both I = 1/2 and I = 3/2 final states
are possible. However, if we work in the W = 1236 MeV region, it may be rea-
sonable to expect that the reactions (5.3) are dominated by A(1236) provided,

of course, that the current is predominantly isovector. We then expect
o(n°p) 0(ﬂ+n) : o(r°n) U(ﬂ_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 stud
-ied the m -to-7° ratio in single pion production. If we have a pure isosca—

. + - .
lar current on an isoscalar target, the T —to-T —-to-7° ratios must be

1 :1:1; this is clear because we have no preferred direction in isospin space

to start with. Furthermore, this conclusion holds even in the presence of
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final state interactions among nucleons and pions since the nuclear charge
exchange corrections are expected to obey charge independence. The high
n°-to-m 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 strong A signal in the neutral current
reactions (5.3). This is an inevitable consequence of isospin invariance
because a A signal shows up strongly in both charged-current single pion
production and single pion electroprodﬁction. The 7°p mass distribufions
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 Af
or CF_Br,. Obviously it is desirable to look for a clean A signal in the

3772

T p combination using D, targets.

2

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 study isovector-isoscalar interfe-
rence. For definiteness let us take pion inclusive reactions

t,0

v+ N>v+m0° 4 x (5.6)

where, as usual, N stands for the nucleon averaged over equal numbers of

protons and neutrons. For a pure isoscalar current we obviously expect
+ ° -
o(m) : o@®) : o(wr)=1:1:1 (5.7)

which relation, according to the Aachen side of the Gargamelle Collaboration,

is also in difficulty, while the combination
+ - o
o(r ) +o(m ) - 2c(x°) (5.8)

isolates the isovector contribution. Isoscalar-isovector interference can be

obtained by looking at

A = & (VN +vﬂ+X) - o(WN » vn_X)
(5.9)

o@EN+» W) - o@N > U1 X)

€|:>
H



The sum and the difference of A and A_ are proportional to pro-

. . v
ducts of isoscalar and isovector constants as onlows :

A + A £ Vv,V , a,a
v v 3's 3s
(5.10)
A - A v,a , v a

v g-°° 37s’ "s°3

If we have separate data on proton and neutron targets (e.g. H2

and D2 bubble chamber experiments), we may study isovector-isoscalar inter-
ference in the following manner. If the current is isospin pure, i.e. pure

I=1 or pure I=0, we, of course, expect :

o(vp ~ VX+) = og(vn > vX°)
(5.11)

o(p > \TX+) =g(n + vX°)

where X may be any hadronic state, exclusive or inclusive.

Deviations from these equality relations would provide conclusive
evidence for the presence of isovector-isoscalar interference.

If an isoscalar piece is indeed present, we may examine its SU(3)
(or SU(4), etc ...) properties. Even in the days when it was believed that

there were only three flavors, we could consider two independent isoscalars :

Z

3SS

% (wu + dd) -
(5.12)

-;'—(Uu +dd + ss)

The first transforms like the eight component of an SU(3) octet
(e.g. the isoscalar part of the electromagnétic current) while the second
transforms like a unitary singlet (e.g. the baryon current). The difference
is ss, a ¢ like piece. This is unfortunate. Within the framework of naive
quark models which visualize the nucleon as being made up of three valence
quarks, the deep inelastic inclusive reactions are insensitive to the pre-
sence or absence of a ¢ like piece. Resonance excitation (Nx production)
does not help either because ¢N - N% is forbidden by the Zweig (or Okubo-
TIizuka) rule. To isolate a ¢ like component, we must look at Pomeron exchange
reactions that violate the Zweig rule, e.g. diffractive w and ¢ production.
We'll come back to this point later.

If we start adding quarks of more exotic flavors - EE(W/J like),
tt, bb, ... - the situation becomes even more involved. It seems practically

impossible to propose an experiment to determine, for instance, the amount of

313



314

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 predictions

do
3oz (vp>vp)
dqc

= a5

Rel -
2=0 (vn >~ )
q 5&7 ¥ P

v+ (1.29)° a2
— , pure isovector
41 + (1.25)7]

(1 - 4 sin? ew)2 + (1.25)2
= 3 , Weinberg Salam (6.2)
41+ (1.257]

v2
s .
, 1soscalar vector

1+ (1.25)2

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 q? and E. This is unfortunate ; experimentally low q2 events are
difficult to study because (i) the recoil kinetic energy of the proton is
low, and (ii) the neutron background is most serious when q? is small. Des-
pite these difficulties we are pleased to hear at this meeting that the
Columbia-Illinois-Rockefeller Collaboration now has positive evidence for
the elastic reaction (6.1) with q7 between 0.3 GeV? and 1 GeV? (c.f.
Goulianos' report).

Going up in the hadronic mass W, the next channel we encounter is
m+N. The soft-pion techniques developed in the sixties enable us to relate
single pion production near threshold to elastic vp scattering. 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 :



vHn > v+T 4D (6.3)

near threshold was an order of magnitude higher than the soft-pion expecta-
tions with any combination of V and A. Fortunately, or unfortunately, the
data showing threshold enhancement, which stimulated many interesting spe-
culations - SPT, second-class V, A etc ..., - have subsequently been with-
drawn.

A great deal of theoretical work has been done on A(1236) produc-—
tion ; however, I won't discuss it here. Let me instead turn to diffractive
production of vector and/or axial vector mesons. We first recall that in

photoproduction and also in low q? electroproduction, the reactions :
y(real or virtual) + p + (p°, 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 slopes characteristic of elastic scattering, sharp coherent
peaks when nuclear targets are used, etc ... Likewise we expect that in neu-

trino reactions

v+N+v+(o°,w,¢,A;, L.) + N (6.5)

the states with the same quantum numbers as the current get filtered out

p 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 details. Fortunately various model uncertain-
ties cancel when comparisons are made with the analogous charged current pro-

cesses, e. g. :

o (VN > vio iN) - %_vg SW % (1 - 2 sin2 ew)2 (6.6.a)
(VN = yu +p +N)
diff.
g (VN > V+AZ+N)
S b - %6‘3 W % (6.6.b)
o (VN »p +A1+N)
diff.
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where SW stands for Salam~Weinberg. Notice, in particular, that we can examine
whether the vector doginant 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) singlet or belongs to
the same SU(3) octet as the isovector part.

Finally I wish to mention coherent scattering off nuclei :
V+A > V+A

where A stands for some complex nucleus. A coherent effect is 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 sin? ew = 0.35, it is unlikely
that the vFe scattering cross section predicted is of sufficient strength to

blow off the outer layer of a collapsed stellar object.

QUESTION 7 : WHAT CAN WE LEARN FROM NEUTRINO-ELECTRON SCATTERING ?

Let us now turn to neutrino-electron scattering. There are four

reactions of interest :

vy +e - v, + e (7.1.a)
U; +e - ;; +e (7.1.b)
vu +e - vu +e (7.1.¢)
G"u +e v_u +e (7.1.d)

Of these (7.1.c) and (7.1.d) are allowed only by the neutral-current
interactions while (7.1.a) and (7.l.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.l.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.l.a) and (7.1.b) detailed studies of the
rate and the spectrum shape are needed.

There are now three events of Ghe scattering reported by the



Gargamelle Collaboration. The cross section corresponding to the observed
three events is of the order of 10 2 cm? E (E in GeV). Perhaps the most
important conclusion we can draw from the data is that the effective strength
of the ;ue- interaction is not too different from that of the semileptonic

N
2 ¢m2 E corresponds

neutral current interactions. An ve cross section of 10
to a cross section of 0.06 G2s/q ; in comparison, for hadronic final states,
the observed neutral current inclusive cross sections for v and v are typi-
cally in the range (0.04 - 0.06) G2s/1 per nucleon. So, independently of any
detailed theory, we can conclude that the coupling strength of ece to ;uvu is
not too different from that of qq to vuvu. In other words we have rough
"universality", at least.

For a more quantitative formulation of universality, we must, of
course, specify the group structure of the leptonic and hadronic currents.
Definite predictions on the vector and axial vector coupling constants for
v e, Je scattering can then be made. For example, in the (one-parameter)
Weinberg-Salam model based on SU(Z)(:)U(I) the coupling constants gy and N
defined by :

& == (6/V2) vuYA(1+Y5) AN (gv + gAYS)e 7.2)
are given by :
1 . 1
gv=-i+251n26w, 8=~ 3% (7.3)

with sin2 g already determined from the semileptonic data to be n 0.35.

Ivll not present a detailed comparison between the data and various
theoretical models except to emphasize that it is desirable to design an expe-—
riment that determines both 8y and 9N separately. When one compares the data
with the (one-parameter) Weinberg—-Salam model, one is, in effect, asking :
What is the value of gy when Y 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 8y~8s 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 :&e scattering and semi-
leptonic inelastic reactions that Eq and g2 (2 = e and presumably also u by

pe 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 aﬁ and 2% are both enhanced by a
factor of r c&ﬁpared to models based on nomal universality while that in front
of Vv is down by 1/r. To eliminate such a possibility 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 electron-positron
collisions. In normal models based on universality the partial decay width of

Z into e'e” goes as :
r(z - e+e_) NG mg (8.1)

just from dimensional considerations. Recall that even though we now know
that Yy is a hadron, the leptonic decay width of y is about what one would
expect for a weak boson of mass ~ mw. This means that a higher mass weak boson
would give rise to an effect even more spectacular than the Y peak that shook
the world.

Even if the Z boson turns out to be too massive (as in the Weinberg-
Salam model) to be produced directly in electron-positron collisions in the

near future, we are likely to start detecting neutral current effects in
e +te oy +q (8.2)

in the kind of colliding beam machines now under construction.

With a Z mass much higher than the center-of-mass energy of the
e+e_ system, denoted by Vs, the ratio of the weak amplitude to the electroma-
gnetic amplitude goes roughly as :

ANC/AEM & G/ (e2/s) ~ 107 % (s in GeV?) (8.3)

Thus, at sufficiently high energies, the weak amplitude becomes
comparable to the electromagnetic amplitude. Even at moderate energies, say,
s v 103 GeV2, we may be able to detect significant interference effects.

To be quantitative let us write down the most general interaction

with pe universality



& == (6/2) [hyy (eyye + ) (ey, e + v,
*+ 2 hy, (nye + ;YA“NEYXYSE + ;Y)‘YS“) (8.4)
+ by (EY)\YSE + ;YAYSV)(EYAYSE * :YXY51‘)]

where I have assumed m, >> /s. If the interaction arises from the exhange of

a single weak boson, then we must have :

2 =
hVA hVVhAA (8.5)

However, if there are several intermediate bosons, all we can say

is :

0s My s Pyybas (8.6)

So it is desirable to devise experiments that test each of the

three terms separately. Various theoretical models give definite predictions

on hVV’ hVA’ hAA' For example, in the Weinberg-Salam model :
=1 ) 2
hVV =7 (1 - sin ew)
=L ey (8.7)
hVA 4 W
_1
b = 3
Weak current effects in muon pair production can be tested in three
places :
(1) The magnitude and s dependence of the total cross section (sensi-

tive to hVV)'

(ii) Forward-backward asymmetry (sensitive to hAA)'
(iii) Longitudinal polarization of the muon (sensitive to hVA).
The relevant formulas are :

49 - (6//7 ra)s h (8.8.a)
OQED \'A%
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g(3) - o(m-8) _ 2 cos @
A T olime) T (6/VZ na)s by, \ T Coaz o e> (8.8.b)

2 cos @
(G/fZ— T[ot)hVA s E. + m (8.8.(:)

P,.="P_
H H
Just to give an order of magnitude, (G/vZ na)s hAA is about 0.08
at s = 900 GeV2 in the Weinberg-Salam model (independent of ew) ;5 so forward-
backward asymmetry should be comfortably measurable with a cblliding beam
apparatus of E = 15 GeV each. In pure vector models hAA and hVA vanish, but
hvv is expected to be large ; so we are likely to see deviations from the
QED predictions in the magnitude and the energy depeannce of the muon pair
cross section. It is amusing that from QED tests already performed at SPEAR

energies we can already conclude

< o .
hVV 6 (90 7% CL) (8.9)
The main point I wish to emphasize is that, as long as we have
rough universality, we are guaranteed to observe weak-electromagnetic inter-—
ference effects at PETRA or PEP regardless of whether the interaction is predo-
minantly axial-vector (as in the Weinberg-Salam model) or pure vector. In the

1981 Rencontre de Moriond we look forward to hearing about the first experi-

ment to detect neutral current effects in electron-positron annihilation into
muon pairs.

Neutral current effects without neutrinos can also be looked for by
studying possible parity violation in atomic physics and in inelastic ptp

scattering . However, I'll not treat them here.
oo0oo

It has been nearly three years since the dramatic discovery of neu-
cral currents was announced by the Gargamelle Collaboration. We have to admit
that the progress in this field has been rather slow when compared to the
spectacular progress we made in the field of new particle spectroscopy since
that fateful Sunday, November 10, 1974. Perhaps we have to be a little patient.
It took twenty five years to show that nuclear beta decay interactions involve
V and A.

The history of weak interaction physics has been characterized by
(i) wrong experiments, and (ii) bad theoretical models based on wrong data.

Let us hope that history won't repeat itself.

o0o0oo
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